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Deletion of Interferon Lambda Receptor Elucidates
Susceptibility to the Murine Model of Biliary Atresia

Stephen J. Hartman,' Madeleine A. Weiss,' Haley M. Temple,' Bryan Donnelly, Rajamouli Pasula,

Holly M. Poling, Monica McNeal,;' Sujit K. Mohanty,? and Greg M. Tiao'

Biliary atresia (BA) is a life-threatening cholangiopathy occurring in infancy, the most common indication for
pediatric liver transplantation. The etiology of BA remains unknown; however, a viral etiology has been
proposed as multiple viruses have been detected in explants of infants afflicted with BA. In the murine model of
BA, Rhesus rotavirus (RRV) infection of newborn BALB/c pups results in a cholangiopathy that mirrors human
BA. Infected BALB/c pups experience 100% symptomatology and mortality, while C57BL/6 mice are
asymptomatic. Interferon-A (IFN-L) is an epithelial cytokine that provides protection against viral infection. We
demonstrated that IFN-A is highly expressed in C57BL/6, leading to reduced RRV replication. RRV-infection
of C57BL/6 IFN-A receptor knockout (C57BL/6 IFN-AR KO) pups resulted in 90% developing obstructive
symptoms and 45% mortality with a higher viral titer in bile ducts and profound periportal inflammation
compared to C57BL/6. Histology revealed complete biliary obstruction in symptomatic C57BL/6 IFN-AR KO
pups, while C57BL/6 ducts were patent. These findings suggest that IFN-A is critical in preventing RRV
replication. Deficiency in IFN-A permits RRV infection, which triggers the inflammatory cascade causing biliary
obstruction. Further IFN-A study is warranted as it may play an important role in infant susceptibility to BA.

Keywords: biliary atresia, interferon-A, type III interferon, rhesus rotavirus, cholangiocytes

Introduction

B ILIARY ATRESIA (BA) is a rare, but life-threatening oblit-
erative cholangiopathy that occurs in the first few months
of life, varying in frequency from 1 in 8,000 to 15,000 live
births per year (Yoon and others 1997; Davenport 2005).
Without surgical drainage via Kasai portoenterostomy or liver
transplantation, BA is universally fatal (Kasai 1959; Hopkins
and others 2017). The etiology of BA remains unknown,
though several hypotheses have been proposed including viral
infection as evidenced by the presence of virus in the explanted
livers of BA patients [cytomegalovirus (CMV), reovirus, ro-
tavirus, Human Papilloma Virus, Epstein—Barr virus (EBV)]
(Tyler and others 1998; Asai and others 2015; Zani and others
2015; Lakshminarayanan and Davenport 2016). A viral in-
fection initiates an inflammatory cascade, leading to immune

cell recruitment, activation, biliary epithelial injury, and sub-
sequent obstruction (Ohya and others 1995; Mack and others
2007; Erickson and others 2008).

Newborn BALB/c mouse pups injected intraperitoneally
with rhesus rotavirus (RRV) develop symptoms of biliary ob-
struction consistent with human BA patients including jaun-
dice, hyperbilirubinemia, and acholic stools (Mohanty and
others 2019, 2020). We have previously demonstrated that
RRV replicates at high levels in the bile duct and liver (Allen
and others 2007; Mohanty and others 2013). Histopathology
demonstrates significant periportal inflammation and bile duct
obstruction paralleling the human disease (Riepenhoff-Talty
and others 1993; Davenport and others 2001).

Previous studies have shown that mouse lines vary sig-
nificantly in their susceptibility to infection and immune
response (Simpson and others 1997; Santos and others 2010;
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Sellers and others 2012). For example, the C57BL/6 mouse
line typically elicits a stronger Thl response, whereas
BALB/c mice exhibit a predominant Th2 response, making
BALB/c mice more dependent on cytokines released by
antigen-presenting cells for innate immunity (Mills and
others 2000). These different strains of mice also produce
immune cells and their cytokines in varying quantities, af-
fecting their ability to respond to infection. Because of their
Th1 bias, C57BL/6 mice have more dominant cell-mediated
immunity, which is evidenced by their resistance to infec-
tion with intracellular pathogens (Elkins and others 2002).
The murine model of BA is unique to the BALB/c mouse
line, suggesting a unique strain-specific aspect of its host
response to infection that may be playing a role in the
pathogenesis of murine BA. We sought to investigate this by
using knockout mice in a known mouse strain that has been
previously resistant to the murine BA model.

Interferon-A (IFN-A), also known as type III IFN, is a
member of the IFN family of cytokines involved in innate
immunity and host defense. IFN-A is preferentially ex-
pressed in the epithelial cells of both humans and mice
(Ye and others 2019). Previous work has demonstrated that
IFN-X plays a critical role in the host defense against several
viruses both in the respiratory and intestinal epithelium
acting as a paracrine cytokine, signaling surrounding cells
after viral exposure, and protecting against subsequent in-
fection of neighboring cells. This has been observed with
influenza A virus, CMV, herpes simplex virus type 1, EBV,
and rotavirus in epithelial cells (Brand and others 2005;
Jewell and others 2010; Muzammil and others 2017; Doldan
and others 2022). Additionally, IFN-A has been shown to be
protective of reovirus infection in the cholangiocytes of the
bile duct (Mahlakdiv and others 2015).

Mouse cholangiocytes are unique as they are the only cell
in the mouse liver that is responsive to IFN-A (Hermant and
others 2014). Given these findings, we sought to evaluate
IFN-L’s role in the prevention of RRV replication and the
development of the murine model of BA.

Materials and Methods
Animals, cells, and virus

BALB/c and C57BL/6 mice were obtained from Envigo
Labs (Indianapolis, IN). C57BL/6 mice knocked out for the
IFN-A receptor (C57BL/6 IFN-AR KO) were kindly pro-
vided by Dr. Sergei Kotenko (Ifnlrl™'>5¥%, 6200891;
MGI) (Department of Microbiology, Biochemistry, and
Molecular Genetics, Rutgers University, Newark, NJ) (Lin
and others 2016). All animal research was performed in
accordance with regulations and protocols approved by the
Institutional Animal Care and Use Committee at Cincinnati
Children’s Hospital Medical Center (Protocol no. IACUC
2022-0048), which follows the National Institutes of Health
OLAW regulation (Animal Assurance no. A3108) and the
Animal Welfare Act (certification no. 31-8-001).

MA104 cells (BioWhittaker, Walkersville, MD) were
grown in Dulbecco’s modified Eagle’s medium (DMEM)
(Cellgro) containing 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), as described (Jafri and others
2008; Mohanty and others 2013).
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The rotavirus strain RRV generously provided by Dr.
Harry Greenberg (Stanford University, Palo Alto, CA) was
propagated in MA104 cells as previously described (Mo-
hanty and others 2019).

Murine model of BA

Newborn pups were injected intraperitoneally with
RRV at 1.5 x10° focus-forming units (FFU) per pup. The
mice were monitored for 21 days for clinical signs of
hepatobiliary injury (ie, acholic stools, bilirubinuria, and
jaundice in bare skin) along with survival. Mice were
recorded as symptomatic if they met two of these previ-
ously described symptoms. Subsets of these mice had their
extrahepatic bile duct and liver harvested at various time
points for viral titers and histology.

Isolation of primary murine cholangiocytes

On day of life (DOL) 2, primary cholangiocytes were
harvested from noninfected neonatal BALB/c and C57BL/6
pups. Livers were extracted, homogenized, and subse-
quently digested with DMEM/Nutrient Mixture F-12 (F12)
supplemented with L-glutamine, penicillin, streptomycin,
heat-inactivated FBS (Invitrogen, Waltham, MA), collage-
nase, hyaluronidase, and DNase I (Sigma-Aldrich, St. Louis,
MO). After incubation for 1h at 37°C, the digestate was
filtered (40 pm), collected, and purified with a Percoll gra-
dient (GE Healthcare, Sweden).

The filtered cells were washed, pelleted, and then sus-
pended in phosphate-buffered saline (PBS) (Gibco) sup-
plemented with 0.1% bovine serum albumin (BSA) and
incubated at 4°C with an Ep-CAM antibody (Developmental
Studies Hybridoma Bank, The University of lowa, Iowa City,
IA). The cells were washed, suspended in PBS +0.1% BSA,
and mixed with sheep anti-rat Dynabead IgG antibodies (In-
vitrogen) at 4°C. Dynabead-coated cells were magnetically
purified, suspended in cholangiocyte media then plated on
collagen-coated T25 cell culture flasks (Becton Dickinson,
Franklin Lakes, NJ), and incubated at 37°C in 5% CO, until
80%—100% confluency.

Infection of primary cholangiocytes. The previously de-
scribed primary cholangiocytes were seeded in 24-well
plates in DMEM/F12 and incubated at 37°C until 90%
confluence as previously described (Mohanty and others
2013). These cholangiocytes were then washed with Earles’
balanced salts solution and subsequently infected with RRV
at a multiplicity of infection (MOI) of 1 at 37°C for 1 h. At
this MOI, the cells were infected at a 1:1 ratio with viral
replicates. The plates were then washed and incubated with
serum-free (SF) DMEM/F12 at 37°C for 24h, and viral
titers were quantified by focus-forming assay (FFA).

Quantification of infectious rotavirus

Infectious rotavirus was quantified by FFA as previously
described (McNeal and others 1994; Mohanty and others
2019). MA104 cells were placed on 96-well plates and
subsequently incubated at 37°C to confluency. These cells
were infected with serially diluted RRV for 1 h at 37°C. The
cells were washed, overlaid with DMEM supplemented with
4 pg/mL of trypsin, and incubated for 14-16h. The cells
were fixed with cold acetone (80%, 15min, —20°C), and
then guinea pig anti-rotavirus immunoglobulin G (IgG)
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antibody (1:1,000) was added for a 30-min incubation pe-
riod. Wells were washed with PBS, and fluorescein
isothiocyanate-tagged goat anti-guinea pig IgG antibody
(1:500) was added for 30 min at 37°C. After washing, in-
fectious virus was quantified using UV microscopy
(10 x objective). This was recorded as FFU per milliliter.

Quantification of IFN-J. by Western blot analysis
and ELISA

Serum from 2-day old BALB/c and C57BL/6 mice as
well as media from primary cholangiocytes before and after
a 24-h incubation period in SF media with and without virus
were diluted in 5 xloading buffer, ran on a 4%-20% tris-
glycine gel (Invitrogen), transferred to polyvinylidene di-
fluoride membranes (GE Healthcare, Pittsburgh, PA), and
blocked with 5% milk solution. IFN-A was evaluated on
membranes with rabbit anti-IL-28/IL-29 antibody (1:1,000
dilution) (Abcam, Waltham, MA) and mouse anti-Actin
antibody (1:5,000 dilution) (Seven Hills Bioreagents, Cin-

BALB/c

C57BL/6

IFN-A Fold Change

Actin >

Days Post Infection

exact test *P<0.05.
(B) BALB/c mice demon-
strated 100% mortality with-
in 21 days, compared to 0%
mortality in the C57BL/6
line. Fisher’s exact test
*P <0.05. (C) C57BL/6 mice
(n=5) at 7 DPI have signifi-
cantly lower RRV titer in
the bile duct compared to
BALB/c mice (n=10). Un-
paired t-test *P<0.05. Tri-
angles represents BALB/c.
Circles represents C57BL/6.
DPI, days postinfected;
RRYV, rhesus rotavirus.

10 15 20 25

cinnati, OH) as a loading control. Blots were imaged using a
Bio-Rad ChemiDoc MP (Bio-Rad Laboratories, Hercules,
CA). Densitometry was used to quantify levels of IFN-A and
compare between groups.

ELISA was performed on the same samples according to
the manufacturer’s instructions of the RayBio® Mouse IL-
28A/B ELISA Kit (RayBiotech, Norcross, GA). Serum and
supernatant samples were diluted 1:20 and 1:5, respectively.
The optical density was obtained using a Biotek Synergy H1
microplate reader (Agilent, Santa Clara, CA) set to 450 nm.
Concentrations were calculated with Biotek Gen5 v3.04
(Agilent).

Statistical analysis

Continuous variables were expressed as means * standard
error and evaluated by analysis of variance with post hoc
testing, where appropriate. A P value <0.05 was considered
significant. All statistical analysis was completed using
Prism 9 (GraphPad Software, Inc., La Jolla, CA).
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FIG. 2. Western blot analysis and ELISA of IFN-A in the serum of noninfected mice. (A) Serum obtained from DOL 2
saline-injected C57BL/6 mice demonstrated 2.5-fold higher levels of constitutive IFN-A compared to BALB/c mouse serum
as determined by Western blot. (B) Protein levels were confirmed by ELISA (rn=3 per mouse strain). Unpaired z-test
*P <0.05. Circle represents BALB/c. Square represents C57BL/6. DOL, day of life; IFN-A, interferon-A.
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FIG. 3. RRYV replication in primary cholangiocytes at 24-
and 48-h postinfection. RRV titers from day 2 primary
cholangiocytes were similar between BALB/c and C57BL/6
mice at 24 h following infection with multiplicity of infec-
tion of 1. At 48h postinfection, BALB/c cholangiocytes
demonstrated a significant increase in viral replication,
while C57BL/6 cholangiocytes had no significant change in
viral titer (n=3 wells per time point per cell line, experi-
ment repeated 3 times). Two-way ANOVA *P<0.05.
ANOVA, analysis of variance.

Results
Characterization of in vivo infection of mouse strains

We have previously demonstrated that BALB/c mice
develop bile duct obstruction when injected with RRV
within 24 h of birth (Shivakumar and others 2004; Allen and
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others 2007; Jafri and others 2009). Following RRV infec-
tion, BALB/c mice developed symptoms of biliary ob-
struction by DOL 7-10, while C57BL/6 mice expressed no
symptoms over the 21-day study period (Fig. 1A). At 21
days, BALB/c mice experienced 100% mortality, while all
C57BL/6 mice survived (Fig. 1B).

To determine if viral load was contributing to the BA
phenotype, we evaluated the amount of live virus present
within the bile ducts from 7 days postinfected (DPI) mice,
the primary target of RRV (Jafri and others 2008). BALB/c
bile ducts demonstrated significantly higher quantities of
infectious RRV compared to the C57BL/6 mice (Fig. 1C).

We next sought to compare levels of IFN-A in vivo. Serum
obtained from noninfected C57BL/6 and BALB/c mouse pups
on DOL 2 revealed a 2.5-fold higher level of IFN-A in
C57BL/6 mice compared to BALB/c mice as illustrated by
Western blot and confirmed by ELISA (Fig. 2A, B). This
demonstrated that neonatal C57BL/6 mice have constitutively
higher levels of IFN-A in their sera compared to BALB/c mice.

Compatrison of infection in primary cholangiocytes
of different mouse strains

To understand if this increase in viral titers was due to
direct infection of the bile duct, primary cholangiocytes were
isolated from day 2 old BALB/c and C57BL/6 pups and
infected with RRV. FFA performed on these cholangiocytes
at 24 and 48 h demonstrated similar titers of infectious RRV
at 24 h postinfection. At 48 h, RRV viral titers increased more
than twofold in BALB/c cholangiocytes, while C57BL/6 viral
titers remained relatively constant (Fig. 3).
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FIG. 4. Western blot analysis of IFN-A from primary cholangiocytes with and without infection. (A) IFN-A levels were
significantly higher in C57BL/6 primary cholangiocyte supernatant both with RRV infection and serum-free media alone at
24h when compared to supernatant from cells before treatment while no difference was witnessed in primary cholangio-
cytes isolated from BALB/c mice, quantified by densitometry and (B) confirmed by ELISA (n=3, repeated 3 times). Two-

way ANOVA *P<0.05.
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Primary cholangiocytes were infected with RRV and
underwent analysis for IFN-A release. IFN-A levels were
significantly elevated in C57BL/6 mouse cholangiocytes
both after infection and SF media alone but were nearly
undetectable before treatment or in the BALB/c cho-
langiocytes after treatment (Fig. 4).

Characterization of RRYV infection in vivo

Given that BALB/c mice had lower levels of IFN-A, we
evaluated RRV replication in C57BL/6 IFN-AR KO pups.
Bile ducts harvested on 7 DPI revealed RRV in both lines;
however, titers were significantly higher in bile ducts from
C57BL/6 TIFN-AR KO mice when compared to C57BL/6
(Fig. 5A).

Following RRV infection, 90% of C57BL/6 IFN-AR KO
mice developed symptoms of BA. This was significantly
increased compared with the C57BL/6 pups (Fig. 5B). At 21
days, there was 45% mortality in C57BL/6 IFN-AR KO
mice contrasting with 100% survival in wild-type mice
(Fig. 50).

Immunohistochemistry performed on liver sections of 7
DPI pups demonstrated that there was no positive staining
for RRV antigens within C57BL/6, whereas RRV antigens
were evident in the portal triad of C57BL/6 IFN-AR KO
mice (Fig. 6). These findings are consistent with our pre-
viously reported data in the BALB/c line (Allen and others
2007).

To determine if this increased infection had an effect on
the hepatobiliary system, histology was performed on livers
of 10 DPI in C57BL/6 and C57BL/6 IFN-AR KO mice.
C57BL/6 pups demonstrated minimal inflammation, con-
sistent with saline controls, while C57BL/6 IFN-AR KO
mice displayed significant inflammation within the portal
triads (Fig. 7A). Histological evaluation of the extrahepatic
bile ducts confirmed that the C57BL/6 were all patent,
whereas those from RRV-infected C57BL/6 IFN-AR KO
mice displayed complete obstruction in all symptomatic
mice (Fig. 7B).

Discussion

BA is a disease unique to infancy, occurring in the first 6
months of life (Sanchez-Valle and others 2017). The tem-
poral nature of BA suggests that there is an aspect in infant
immunology and/or physiology that makes them susceptible
to the disease process. We have previously shown that in-
fection with RRV in older mice fails to induce murine BA,
suggesting that the murine model of BA has a temporal
dependence which parallels the human disease (Mohanty
and others 2013). We have found that the murine model is
specific to the BALB/c strain without a biological expla-
nation as to why other mouse strains are not susceptible to
RRYV infection. In this report, we found that expression of
IFN-A may be a mechanistic basis for the susceptibility.

IFN-X is a cytokine in the family of IFNs predominately
found in cells of epithelial origin, which plays a role in
innate immunity and host response to viral infection (Don-
nelly and Kotenko 2010). We found that RRV does not
replicate as effectively in the extrahepatic bile ducts of
C57BL/6 mice, which express higher constitutive levels of
IFN-A indicating that IFN-A plays a role in host defense
from RRV infection.
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Primary cholangiocytes from BALB/c and C57BL/6 mice
revealed significantly higher levels of IFN-LA in the C57BL/6
cholangiocytes both with SF media alone and after RRV
infection, resulting in significantly lower viral replication
titers. IFN-A is a paracrine cytokine, which is released from
epithelial cells when exposed to viral antigens or environ-
mental stress, such as SF media. IFN-A then signals sur-
rounding cells, protecting them from subsequent infection
(Ramos and others 2019; Ye and others 2019). This down-
stream protection may explain why viral titers in BALB/c
primary cholangiocytes are equivalent to the C57BL/6 strain
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FIG. 5. RRV replication in bile duct, symptoms, and
survival in C57BL/6 and C57BL/6 IFN-AR KO mice.
(A) Viral titers were performed on bile ducts from 7 DPI
C57BL/6 (n=3) and C57BL/6 IFN-AR KO mice (n=6)
demonstrate 100-fold greater viral replication in C57BL/6
IFN-AR KO mice compared with C57BL/6 mice. Unpaired
t-test *P <0.05. (B) After RRV infection, 90% of C57BL/6
IFN-AR KO mice (n=22) demonstrated obstructive symp-
toms compared to 0% of the C57BL/6 mice (n=17). Fish-
er’s exact test *P<0.05. (C) C57BL/6 IFN-AR KO mice
experience a reduction in survival with an estimated 45%
mortality. Fisher’s exact test *P<0.05. Circles represents
C57BL/6. Squares represents C57BL/6 IFN-AR KO. IFN-AR
KO, IFN-A receptor knockout.
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Immunohistochemistry for detection of RRV antigens in liver sections of C57BL/6 and C57BL/6 IFN-AR KO

mice. Immunohistochemistry performed on liver sections of 7 DPI injected pups demonstrate RRV antigen staining in the
portal triads of C57BL/6 IFN-AR KO mice. The RRYV is localized predominately around the portal triads. No virus is seen

on C57BL/6 RRYV staining (10 x magnification).

at 24 h but increase 2.5-fold at 48 h, which is one replicative
cycle of RRV (Jafri and others 2008). It is likely that the
IFN-A released from infected cells is sufficient to protect the
neighboring cells against subsequent infection.

We next evaluated if knocking out the IFN-AR would
induce susceptibility to a previously protected strain of
mice, C57BL/6. When C57BL/6 IFN-AR KO mice were
infected with RRV, 90% of pups developed obstructive
symptoms and exhibited a significant reduction in survival
at 21 days compared to C57BL/6 pups. RRV also replicated
at significantly higher levels in the C57BL/6 IFN-AR KO
mice in the extrahepatic bile ducts, demonstrating that the
presence of IFN-A is playing a significant role in the inhi-
bition of RRV replication in the hepatobiliary tree. In ad-
dition, histology of the infected C57BL/6 IFN-AR KO mice
revealed significant periportal inflammation and bile duct
obstruction, similar to that seen in the BALB/c mouse line.

These findings indicate that IFN-A is critical in the host
defense against RRV infection. Deficiency in IFN-A permits

C57BL/6
A Saline

C57BL/6
RRV

higher levels of RRV replication in the bile duct, which is
sufficient to induce the inflammatory cascade leading to the
murine model of BA. This lower baseline level of IFN-A
may explain why we have previously only been able to
induce the murine BA model in the BALB/c mouse line.
Though the full mechanism of RRV infection and the mu-
rine BA model is likely multifactorial, IFN-A does appear to
be a critical signaling protein-inhibiting RRV infection.
Though this has not been previously assessed, more study
is needed on IFN-A in humans, specifically neonates. There
have been well-described genetic polymorphisms that affect
cytokine production in newborns influencing their ability to
fight infections. These include interleukin-1f and toll-like
receptors (TLRs) in susceptibility to malaria as well as
polymorphisms in TLR4 and increased vulnerability to
neonatal sepsis (Mockenhaupt and others 2006; Natama and
others 2021; Li and others 2022). If a cohort of newborn
infants has lower baseline levels of IFN-A, this may leave
them vulnerable to viral pathogens and the sequelae of

C57BL/6 IFN-AR KO
Saline

C57BL/6 IFN-AR KO
RRV

FIG. 7. H&E stain of (A) liver and (B) bile ducts in C57BL/6 and C57BL/6 IFN-AR KO Mice. H&E staining demon-
strated significant periportal inflammation in the C57BL/6 IFN-AR KO mice after RRV infection. C57BL/6 mice had
minimal inflammatory change. Extrahepatic bile ducts of 10 DPI mice were obstructed in the symptomatic C57BL/6 IFN-
AR KO mice, whereas C57BL/6 bile ducts remained patent (10 x magnification). H&E, hematoxylin, and eosin.
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subsequent infection. Further studies are needed both for
RRV’s association with human BA and IFN-X levels or IFN-
A gene polymorphisms in the first few weeks of infant life.
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