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Abstract
Introduction—Biliary atresia (BA) is a unique neonatal disease resulting from inflammatory and
fibrosing obstruction of the extrahepatic biliary tree. Previous studies demonstrated the critical
role of innate immunity and the Th1 response with activated inflammatory cells and over-
expressed cytokines in the pathogenesis of BA. Myeloid differentiation factor 88 (MyD88) is a
critical adaptor molecule which has been shown to play a crucial role in immunity. We
investigated the role of MyD88 in the inflammatory response and development of cholangiopathy
in murine BA.

Methods—MyD88 knockout (MyD88−/−) and wild-type (WT) BALB/c pups were injected with
RRV or saline on day 1 of life. Mice were monitored for clinical symptoms of BA, including
jaundice, acholic stools, and bilirubinuria and mortality. Liver and extrahepatic bile ducts were
harvested for histologic evaluation, quantification of viral content, determination of cytokine
expression and detection of inflammatory cells.

Results—RRV infection produced symptoms in 100% of both the MyD88−/− and WT pups with
survival of 18% of WT and 0% of MyD88−/− mice. Histological analysis demonstrated bile duct
obstruction in both MyD88−/− and WT mice. Viral titers obtained 7 days post infection and
expression of IFN-γ and TNF-α at day 3, 5, 8 or 12 days post infection revealed no significant
differences between WT and MyD88−/− mice. Flow cytometry demonstrated similar levels of
activated CD8+ T cells and NK cells.

Conclusions—Pathogenesis of murine BA is independent of the MyD88 signaling
inflammatory pathway, suggesting alternative mechanisms to be crucial in the induction of the
model.

INTRODUCTION
Biliary atresiea (BA) is a unique neonatal disease resulting from inflammatory and fibrosing
obstruction of the extrahepatic biliary ducts. Despite early surgical intervention with Kasai
portoenterostomy, patients frequently progress to cirrhosis and end-stage liver disease. As a
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result, BA continues to be the leading indication for pediatric liver transplantation.1

Although the underlying etiology remains under investigation, viral infection of the bile duct
resulting in subsequent immune mediated inflammation is one proposed mechanism.
Evidence for this hypothesis includes patient-based investigations, which have demonstrated
reovirus2, cytomegalovirus3–5, human papillomavirus6, Epstein-Barr virus7, and rotavirus8

in livers of infants with BA.

In order to gain further understanding of BA and advance treatment options, a murine model
has been developed.9 Obstructive cholangiopathy with symptomatology that mirrors human
disease can be elicited in the BALB/c mouse through intraperitoneal injection of rhesus
rotavirus (RRV), a double stranded RNA virus of the Reoviridae family.10 Previously, our
group demonstrated co-localization of RRV in biliary epithelial cells (BECs), resulting in a
mortality rate of 81%.11 These mice exhibit symptoms of bile duct obstruction, including
jaundice, bilirubinuria, and acholic stools. Ongoing research employing the RRV murine
model has investigated the pathophysiological function of dsRNA viruses and the immune
response on the pathogenesis of BA.

The role of the immune system and the resulting inflammatory response as a cause of biliary
obstruction is an important focus of research in the field of BA. The innate immune response
is instrumental in the recognition of conserved structures present on pathogenic
microorganisms. These structures, pathogen-associated molecular patterns (PAMPs), are
recognized by Toll-like receptors (TLRs). TLRs are transmembrane receptors that are
widely expressed on immune cells and lead to the activation of the innate immune response
through the intracellular adaptor molecule myeloid differentiation factor 88 (MyD88).12

MyD88 plays a central role in the propagation of the inflammatory pathway. MyD88 is also
involved in adaptive immunity, a response that is antigen-specific and characterized by
antibody-productive B-lymphocytes and the activation of cytotoxic T-lymphocytes.
Previously, impaired interferon gamma (IFN-γ) production from CD4+ T cells was noted in
MyD88-deficient mice, suggesting that the Th1 response is also regulated by MyD88
signaling pathways.13

The precise involvement of the immune system in the development of biliary atresia remains
to be defined. Previous studies have demonstrated activation of the innate immune response
as a pathway to the inflammation seen in BA.14 Furthermore, Harada et al. demonstrated
that innate immune response was sustained after initiation in this model, thus a potential
cause of ongoing cholangiopathy after the viral insult has been cleared.15 Additional studies
have demonstrated that BA results in a Th1 immune profile with over-activated
inflammatory cells and cytokines16,17 while others have discovered a link between BA and
activation of the autoimmune response.18 Since TLRs are responsible for the induction of
both the innate and adaptive systems and MyD88 is central in their activation, we
hypothesized that MyD88 may play a role in BA pathogenesis.

MATERIALS AND METHODS
Cells, viruses, and animals

MA104 cells (Bio Whittaker, Walkersville, MD) were grown in Dulbecco’s modified
Eagle’s medium (DMEM) (Cellgro) supplemented with 10% fetal bovine serum (FBS)
(Gibco/BRL, Gaithersburg, MD), 0.01% penicillin-streptomycin (Gibco/BRL), 0.01% L-
glutamine (Gibco/BRL), and 0.005% amphotericin B (Cellgro). Rhesus rotavirus (RRV), a
simian strain of genotype G3P[3] (kindly provided by H. Greenberg, Stanford University,
Palo Alto, CA) was used. Breeding pairs of BALB/c mice (Harlan Labs, Indianapolis, IN)
and MyD88 Knockout mice (MyD88−/−) (a generous gift from Dr. Alegre, University of
Chicago, Chicago, IL) were kept in micro isolator cages in a virus-free environment with
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free access to sterilized chow and water. The mice were bred, and pups in litters of 4 or
more were used. MyD88 knockout mice were confirmed by PCR (Figure 1) as previously
described.19

Viral inoculation of newborn mice for phenotypic characterization
Newborn pups were injected intraperitoneally (i.p.) with RRV at a dose of 1.5 × 106 focus-
forming units (FFU) per mouse within 24 h of birth. Saline-injected pups served as controls.
Overall survival rates and clinical signs of hepatobiliary injury, including jaundice in non-
fur-covered skin, acholic stools, and bilirubinuria were recorded. The presence of bilirubin
in the urine was detected quantitatively using commercially available urine dipsticks (Bayer
Co., Elkhart, IN). A subset of injected mice was sacrificed 10 days post injection, the liver
and extrahepatic biliary tract were harvested, preserved in formalin, and analyzed
histologically as previously described.11 For another subset of mice harvested at 7 days after
inoculation, the extrahepatic biliary tract was weighed (wet weight) and homogenized in
Earle’s balanced salt solution (EBSS). Tissue samples were analyzed for the presence of
infectious rotavirus by a focus-forming assay (FFA), and quantities of virus were reported as
FFU per milliliter per milligram (wet weight) of tissue as described previously.11

Histologic assessment of biliary and hepatic injury
Ten days post injection with RRV or saline, the extrahepatic biliary trees and livers from
mice were microdissected and preserved in formalin. After being embedded in paraffin,
samples were sectioned at 5 µm serially along the length of the sample. Sections were
allowed to dry overnight, deparaffinized at 60°C for 30 minutes, and stained with
Hemotoxlin and Eosin (H&E) using standard techniques. All sections were analyzed using
an Olympus BX51 microscope and photographed with an Olympus digital camera DP71
(Olympus, Center Valley, PA, USA).

Focus-forming assay
Tissue samples of bile ducts and livers were analyzed for the presence of infectious rotavirus
by fluorescent focus-forming viral titration assays as described previously.20

RNA isolation and real time PCR for mRNA expression of cytokines
Subsets of previously injected mice were sacrificed at 3, 5, 8, and 12 days post-injection.
Livers were harvested and total RNA from the tissues was extracted using the Direct-zol
RNA MiniPrep (Zymo Research, Irvine, CA) according to manufacturer’s instructions.
cDNA pools were generated using standard reagents (Invitrogen) and mRNA expression for
IFN-γ and TNF-α relative to glyceraladehyde-3-phosphate dehydrogenase (GAPDH) was
quantified by real-time PCR using SYBR Green on a Mx-3000 Multiplex Quantitiative PCR
(Stratagene, La Jolla, Ca) as previously described.21 The murine primers used for PCR were
as follows: IFN-γ: sense, 5’-GGCTGTCCCTGAAAGAAAGC-3’, antisense, 5’-
GAGCGAGTTATTTGTCATTCGG-3’; TNF-α: sense, 5’-
AAGGGAGAGTGGTCAGGTTGCC-3’, antisense, 5’-
CCTCAGGGAAGAGTCTGGAAAGG-3’; GAPDH: sense, 5’-
TACACTGAGGACCAGGTTGT-3’, antisense, 5’-CAAAGTTGTCATTGAGAGCA-3’.

Flow Cytometry
Livers were harvested from pups 7 days post injection and pooled two per sample in RPMI
+2%FBS. Samples were then minced, aspirated through an 18g needle three times, and
passed through a 40 nm filter. Following centrifugation at 2000 RPM, a 33% Percoll
gradient (GE Lifesciences, Uppsala, Sweden) was used to purify the mononuclear cells.
Pellets were then treated with red blood cell lysis buffer, washed two times, and suspended
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in 1XPBS+1%FBS. 1×106 cells were added to each well of a 96 well v-bottom plate, treated
with FC blocker (BD Bioscience, San Jose, CA) and incubated at 4°C for 30 min. A panel of
1:100 dilution of anti-CD3, CD8, CD69 or CD49b (eBioscience, San Diego, CA) was next
added for 30 mins and incubated at 4°C. Cells were washed twice and filtered through a 40
µm cell strainer into a tube containing 4% paraformaldehyde to fix cells. Samples were read
on the Accuri C6 flow cytometry machine (BD Bioscience, San Jose, CA) and analyzed
using FlowJo Software (Tree Star, Inc., Ashland, OR).

Statistical analysis
Assessment of symptom development and mortality rates following rotavirus inoculation
was based on experimental groups of at least 12 pups. Findings were expressed as
percentage of survival and percentage of pups expressing at least two symptoms. These
results were analyzed using a Log-Rank test and a Fisher’s exact test, respectively. Each
subset utilized for the FFAs consisted of at least 5 pups. The results of these continuous
variables were expressed as arithmetic means ± standard errors and were analyzed using
Student’s t test and by analysis of variance (ANOVA) with post hoc testing as appropriate.
A P value of less than 0.05 was considered significant.

RESULTS
Symptoms and survival of MyD88−/− versus WT mice in the murine model of BA were
analogous

One hundred percent of both WT and MyD88−/− pups injected with RRV manifested
symptoms of biliary obstruction. Symptomatology included jaundice, acholic stools, and
bilirubinuria. Symptoms were detected at and beyond Day of Life (DOL) 7 in the MyD88−/−

group. All pups demonstrated jaundice, acholic stools, and moderate to large bilirubinuria.
This is similar to the findings of WT mice injected with RRV, where the phenotype was
elicited in the entire group between DOL 5 and 12 (Figure 2A).

Mortality rates, monitored for 21 days, for WT pups infected with RRV was 82% (n=21) in
comparison to 100% for the MyD88−/− mice injected with RRV (n=16) (Figure 2B). All
surviving mice cleared the previously noted symptoms of biliary obstruction. The MyD88−/−

mice were noted to expire at an earlier time point compared to WT mice, which was
statistically significant (p<0.05).

Histologic assessment of liver and extrahepatic bile ducts of WT and MyD88−/− are
identical

After observing symptoms of BA consistent with biliary obstruction, histology was
performed to evaluate the ductal architecture and for liver damage. The livers and
extrahepatic bile ducts from WT and MyD88−/− mice were harvested from a subset of mice
10 days after inoculation with RRV and histologically analyzed. Evaluation of the livers
from both groups demonstrated extensive infiltration of inflammatory cells within the area
of the portal tract (Figure 3A). Extrahepatic bile ducts examined from the two types of mice
were indistinguishable; both revealed periductal inflammatory infiltration, epithelial
sloughing, stromal proliferation, and lumen obstruction (Figure 3B). The histologic
appearance of the livers and extrahepatic bile ducts of WT and MyD88−/− mice was
consistent with the phenotypic characteristics seen prior to organ harvest.

Detection of infectious rotavirus in the liver and extrahepatic bile ducts is similar
To determine if a difference in the quantity of virus in the liver and extrahepatic bile ducts of
WT versus MyD88−/− mice existed after inoculation, viral titers were measured. The livers
and extrahepatic bile ducts from WT and MyD88−/− mice were harvested from a subset of
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mice 7 days after infection with RRV, as previous studies have shown 7 days post infection
to have maximum RRV titers.11 The viral titer of the livers from MyD88−/− mice
(6.9±0.7×104 FFU/ml) was similar to that of livers from WT mice (2.5±0.6×104 FFU/ml)
(p=0.476) (Figure 4). Analogously, the viral titer of the extrahepatic bile ducts was also
similar in MyD88−/− mice (1.8±0.4×105 FFU/ml) compared to WT mice (2.4±0.4×105 FFU/
ml) (p=0.394) (Figure 4). The amount of virus localized to the liver and extrahepatic bile
ducts detected on day 7 was not affected by the absence of the MyD88.

Expression of interferon gamma (INF-γ) and tumor necrosis factor alpha (TNF-α) are
unchanged between the two groups

The inflammatory response has been demonstrated to play a key role in the pathogenesis of
BA. To evaluate the inflammatory profile, expression of IFN-γ and TNF-α were determined
in liver harvested at day 3, 5, 8 and 12 after inoculation. No significant difference in
expression levels were detected in RRV infected MyD88−/− mice versus WT mice (Figure
5).

Flow cytometry demonstrates equal immune cell activation
It has previously been shown that increased numbers of activated CD8+ T cells and NK cells
are found in the livers of RRV-infected mice at the time of bile duct obstruction (Day 7 post
infection), thus implicating them as effector cells in the development of BA. We sought to
determine if RRV infection in MyD88−/− mice induced a similar inflammatory response.
MyD88−/− and WT mice were inoculated with RRV; saline injected mice served as negative
controls. MyD88−/− mice inoculated with RRV demonstrated a significant increase in the
percentage of CD8+ T cell and NK cell activation when compared to those injected with
saline (47.1% versus 36.8% (p=0.02) and 67.6% versus 42.3% (p=0.02), respectively)
(Figure 6). WT mice inoculated with RRV also demonstrate a significant increase in the
percentage of CD8+ and NK cell activation when compared to saline injected mice (56.8%
versus 39.3% (p=0.02) and 66.7% versus 30.3% (p<0.01), respectively). The percent
increase in CD8+ T cells and NK cells did not differ significantly between the MyD88−/−

and WT mice injected with RRV (p>0.05). The absence of MyD88 did not result in a
decrease in activation of the inflammatory cells.

DISCUSSION
Although the etiology of BA is still unknown, viral infection, chronic inflammatory and
autoimmune-mediated bile duct injury postulated as mechanisms in its pathogenesis.22,23 A
number of studies have identified lymphocyte infiltrates surrounding the intrahepatic and
extrahepatic bile ducts in patients with BA.21,24,25 Recently, the intricacies of the immune
response have been a focus of research in hopes of determining the underlying pathogenesis
of BA, including the innate response and the involvement of an autoimmune component.
Innate immune cells and bile duct epithelial cells express pattern recognition receptors
(PRRs), which recognize PAMPs on infected cells. This interaction leads to pathogen and
even host cell death following activation and progression of the resulting inflammatory
cascade.26 One hypothesis is that unregulated TLR signaling may lead to chronic
inflammation and the development of obstructive cholangiopathy. TLR dependent activation
of autoimmunity is a proposed mechanism, due to the potential for recognition of self-
peptides.27

TLRs are central regulators during infection and inflammatory disease functioning as
detectors of a variety of invading pathogens. The subtypes of TLR recognize and bind to
different PAMPs. Viral PAMPs are detected by several TLRs: TLR3 detects dsRNA like
RRV while TLR7 and TLR8 detect ssRNA.28 Several studies have been performed to
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evaluate upregulation of TLRs in the setting of BA. In humans with the disease, increased
expression of TLR3, TLR7, and TLR8 has been demonstrated.29,30

Ligand binding to TLRs triggers recruitment of the adaptor molecule MyD88, which
subsequently recruits the downstream signaling molecule known as IL-1R-associated protein
kinase (IRAK).12 Activation of IRAK leads to a series of downstream signaling cascades
that activate nuclear factor-kB (NF-kB), mitogen-activated protein kinase (MAPK), and
other regulators of gene expression, leading to trans-activation of several proinflammatory
cytokine genes.29,31 RRV infection of cholangiocytes has been shown to increase MAPK
signaling, thus supporting the integral nature of this pathway in the pathogenesis of BA; how
this pathway applies to the in vivo murine model remains unclear.32 Previous studies have
confirmed the importance of MyD88 in inflammatory pathways, while others have
examined the specific role of MyD88 in various liver diseases. Seki et al33 demonstrated a
high mortality in MyD88-deficient mice infected with L. monocytogenes with simultaneous
decrease in the normal level of proinflammatory cytokine production. In the setting of
hepatic fibrosis induced by bile duct ligation, MyD88 was found to be a critical
component.34 Our study is the first to investigate the role of MyD88 in the pathogenesis of
BA.

Despite the central role of MyD88 in the propagation of most of the inflammatory pathways,
the genetic loss of functional MyD88 did not affect the ability of RRV to induce BA in the
murine model. Following RRV infection, MyD88−/− mice developed symptoms of jaundice,
bilirubinuria, and acholic stools by 7 days of life, similar to the RRV inoculated WT mice.
None of the MyD88−/− mice survived the infection while 18% of the WT mice survived.
Interestingly, at a standard dose, the MyD88−/− mice experienced a significantly higher
mortality rate as opposed to the anticipated protective affect against BA. This quicker death
suggests that the absence of MyD88 may make the mice more susceptible to a viral
infection. Both the pervasive presence of symptoms and ultimate demise of the mice lacking
the MyD88 protein suggest that this protein is not necessary for the underlying inflammatory
response that leads to the phenotype and mortality of BA. To evaluate for any difference
occurring at the level of the tissue, histology was performed on the liver and extrahepatic
bile ducts of both the MyD88−/− and WT mice. Again, no differences were observed, as both
subsets demonstrated extensive infiltration of inflammatory cells within the area of the
portal tract in the MyD88−/− and WT mice livers. Furthermore, periductal inflammation,
epithelial sloughing, stromal proliferation, and luminal obstruction was seen in both
MyD88−/− and WT extrahepatic bile ducts. Findings from the liver and extrahepatic bile
duct histology demonstrate substantial inflammation in both the MyD88−/− and WT mice,
indicating that MyD88 is not necessary for the inflammatory response leading to the
development of BA.

In the murine model of BA, expression of inflammatory cytokines and immune cell
activation parallels increased viral replication. In this study, we found that MyD88−/− mice
had the same level of RRV replication as that seen in WT mice. Similarly, the inflammatory
profile of MyD88−/− mirrored that of WT mice inoculated with RRV. Levels of IFN-γ and
TNF-α were detected in liver and extrahepatic ducts at comparable quantities. Using flow
cytometry to detect CD8+ T cells and NK cells, the inflammatory responses of MyD88−/−

and WT mice were compared. When MyD88−/− and WT mice are inoculated with RRV, a
significant increase in the percentage of CD8+ T cell and NK cell activation occurs when
compared to control mice injected with saline. Comparing the activation of MyD88−/− and
WT mice, however, there was no significant difference in CD8+ T cell and NK cell
activation. Therefore, the absence of MyD88 did not affect the quantity of virus present at 7
days post infection nor did it result in decreased activation of the inflammatory cascade or
downstream inflammatory response. The results of this study demonstrate that the
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pathogenesis of BA in this model was independent of the MyD88 signaling inflammatory
pathway.

Activation of an alternative inflammatory pathway may be involved in the obstructive
cholangiopathy seen in BA. One such pathway employs TLR3, which functions independent
of MyD88.35 When TLR3 is activated by viral dsRNA produced by an infected cell, the
Toll/IL-1 receptor (TIR) domain-containing adaptor inducing IFN-β (TRIF) signaling
pathway is activated independent of MyD88 recruitment.36 TLR3 has been shown to induce
NFκB over-expression, DC maturation, and expression of type I interferon (IFN-α and β),
leading to antiviral and immune-stimulatory responses.37 Harada et al14 studied the
involvement of TLR3 in the pathogenesis of BA and demonstrated TLR3 expression in
extrahepatic bile ducts of patients. Consistent with TLR3 signaling, stimulation with a
synthetic analog of viral dsRNA induced activation of transcription factors such as NFκB
and production of IFN-β, as well as up-regulated the expression of tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL), which was found to enhance apoptosis of biliary
epithelial cells.14 In a separate study, Harada et al15 examined whether BECs demonstrated
tolerance of the innate immune response to dsRNA given the previously established
transient nature of viral infections in the setting of BA. In this study, cultured BECs failed to
show innate immune tolerance to a dsRNA synthetic analog and the biliary epithelial innate
immune response continued after clearance of the dsRNA virus in human BECs.24 While
these investigations implicate TLR3 in the pathogenesis of BA, the unique immune response
of the BECs may play a more complex role in the development of obstructive
cholangiopathy.

In conclusion, although MyD88 plays a highly conserved roll in both innate and adaptive
immune responses, the development of BA can occur in its absence in the murine model.
Although not protective against the development of obstruction, a more rapid mortality
occurred in the MyD88 knockout; thus, the absence of the protein may play a role in
increased susceptibility to viral infection and identifies an area necessitating further
investigation. In addition, the sustained induction of the innate response without the
development of tolerance as well as the role of other inflammatory cells, such as dendritic
cells, natural killer cells and neutrophils, are areas of ongoing research in further
understanding BA.
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Figure 1. PCR for confirming MyD88 wild-type (WT) or knockout (KO) mice
PCR was carried out according to the previously published method.19 The higher molecular
weight band represents the KO (Well 2) and the lower molecular weight band represents the
WT mice (Wells 1 and 3).
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Figure 2. Symptoms and mortality after RRV infection in MyD88−/− and WT mice
The symptoms and mortality were monitored for 21 days after RRV or saline challenge. (A)
Both MyD88−/− and WT mice exhibited symptoms of BA with no significant difference
between the two. (B) However, the mortality rate of MyD88−/− mice infected with RRV was
significantly different from WT infected mice (p<0.05).
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Figure 3. Histological evaluation of the extrahepatic bile duct and liver following RRV infection
The livers and extrahepatic bile ducts were harvested from MyD88−/− and WT mice 10 days
post inoculation with RRV or saline and stained with H&E. Both strains showed
accumulation of inflammatory cells in the livers around the portal tract (A). RRV injection
led to obstruction of the lumens of the extrahepatic bile ducts in both MyD88−/− and WT
mice (B). Arrows indicate bile duct lumen. Magnification: Liver 20×, Extrahepatic bile duct
40×.
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Figure 4. Virus titers in the extrahepatic bile duct and liver
Focus forming assay carried out on the extrahepatic bile duct and liver samples from
MyD88−/− and WT mice harvested 7 days post infection with RRV revealed no difference in
viral titers between the two mouse strains.
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Figure 5. Cytokine mRNA expression after RRV challenge
mRNA isolated from the livers of newborn mice injected with RRV and harvested at 3, 5, 8,
and 12 days post-injection showed increased expression of IFN-γ (A) and TNF-α (B) which
were not significantly different at any time point between MyD88−/− and WT mic
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Figure 6. Analysis of activated CD8+ T cells and NK cells by flow cytometry
CD8+ T cells and NK cells were isolated from livers of pups 7 days post infection. Both
MyD88−/− and WT mice demonstrated a significant increase in CD8+ T cells (A) and NK
cells (B) activation over saline control, but there was no significant difference in activation
when compared between the two strains (*= p<0.05).
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