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Abstract

Biliary atresia (BA) is a neonatal inflammatory cholangiopathy that requires
surgical intervention by Kasai portoenterostomy to restore biliary drainage.
Even with successful portoenterostomy, most patients diagnosed with BA
progress to end-stage liver disease, necessitating a liver transplantation for
survival. In the murine model of BA, rhesus rotavirus (RRV) infection of neo-
natal mice induces an inflammatory obstructive cholangiopathy that parallels
human BA. The model is triggered by RRV viral protein (VP)4 binding to chol-
angiocyte cell-surface proteins. High mobility group box 1 (HMGB1) protein
is a danger-associated molecular pattern that when released extracellularly
moderates innate and adaptive immune response. In this study, we investi-
gated how mutations in three RRV VP4-binding sites, RRV"P4K18R (sjalic
acid-binding site), RRV"P4P308A (integrin a2p1-binding site), and RRY /P4-R4466
(heat shock cognate 70 [Hsc70]-binding site), affects infection, HMIGB1 re-
lease, and the murine model of BA. Newborn pups injected with RRVVP4-K187R
and RRV"P4P308A developed an obstruction within the extrahepatic bile duct
similar to wild-type RRV, while those infected with RRV"P4R446C remained
patent. Infection with RRVVP4-R446G jnquced a lower level of HMGB1 release
from cholangiocytes and in the serum of infected pups. RRV infection of
HelLa cells lacking Hsc70 resulted in no HMGB1 release, while transfection
with wild-type Hsc70 into HeLa Hsc70-deficient cells reestablished HMGB1
release, indicating a mechanistic role for Hsc70 in its release. Conclusion:
Binding to Hsc70 contributes to HMIGB1 release; therefore, Hsc70 potentially
serves as a therapeutic target for BA.
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INTRODUCTION

Biliary Atresia (BA) is a devastating fibro-obliterative
cholangiopathy that occurs in one out of every 15,000
births in the United States.[" Surgical intervention by
Kasai portoenterostomy can reestablish bile flow in
some patients; however, most patients progress to cir-
rhosis and end-stage liver disease. As a result, BA is
the primary indication for pediatric liver transplantation
worldwide.!”! While the mechanistic basis of BA remains
elusive, there is clinical and experimental evidence sup-
porting viral infection as an important cause.P! Evidence
in support of a viral etiology include the detection of
multiple viruses in explanted livers of infants with BA,
including rotavirus group C, reovirus type 3, Epstein-
Barr virus, cytomegalovirus (CMV), and human papillo-
mavirus (HPV).'"*° That patients afflicted with BA who
have elevated CMV immunoglobulin M titers do better
with antiviral treatment is additional clinical evidence in
support of a viral pathogenesis of BA.1 Additionally, the
viral etiology is supported by the murine model of BA,
where newborn mice develop extrahepatic biliary ob-
struction with symptoms that include hyperbilirubinemia,
jaundice, acholic stool, and growth retardation when in-
fected with rhesus rotavirus (RRV).'”'% This model is
temporal in nature as the obstruction is only inducible
within the first 3days of life, paralleling human BA, which
does not occur in adolescence or adulthood.'"

Rotaviruses are double-stranded RNA (dsRNA) viruses
within the Reoviridae family that typically induce diarrhea
in humans and in severe cases, death of an estimated
215,000 children under the age of 5years annually.m]
Rotaviruses are 65- to 75-nm, icosahedral, nonenveloped
particles containing 11 dsRNA gene segments that en-
code for six structural proteins (viral protein [VP]1-4, VP6,
and VP7) and six nonstructural proteins (NSP1-6).

The ability of a virus to infect a cell (viral tropism) is a
multistep process involving attachment to the cell sur-
face, internalization, and replication. The VP4 and VP7
proteins composing the outer layer of the protein capsid
are involved in cellular attachment and entry to suscep-
tible host cells. Within the VP4 protein are amino acid
sequences that govern its ability to bind to cell-surface
proteins that serve as “receptors.” These receptors
include KYY interacting with sialic acid glycosylated
proteins,I”! DGE with the integrin (x2[31,[14] and SRL
with the heat shock cognate protein 70 (Hsc70).1°-"7]
We have demonstrated that the murine model of BA
is triggered by infection of biliary epithelial cells (chol-
angiocytes) with RRV and requires all three of these
receptors.[8'17'18] Hsc70 is a molecular chaperone that is
involved in various cellular functions, including protein
foIding,“g] degradation,[zol and clathrin-mediated endo-
cytosis, and is up-regulated during inflammation and
infection.?” Viruses have adapted to use this protein
for multiple functions of viral tropism from attachment
and entry?22% to trafficking®*?°! and replication.[25-2"]

High-mobility group box 1 (HMGB1) is a member of
the alarmin family that, when in the nucleus, facilitates
DNA binding, stabilizes nucleosome formation, and
enhances transcription, replication, and repair. When
HMGB1 is released extracellularly, it becomes a key
signaling molecule, alerting the immune system to tis-
sue damage and stimulating an immediate response.[zgl
HMGB/1 plays a critical role in many pathological con-
ditions, including cancer,?”! ischemia/reperfusion in-
jury,[30] and other inflammatory diseases.B"3 |t can
be released either passively or actively by various
cell types, including monocytes, macrophages, natu-
ral killer cells, dendritic cells, and hepatocytes.[33‘35]
Recently, we reported that infection of cholangiocytes
with RRV induces HMGB1 release, which was shown
to be RRV VP4 dependent and played a significant role
in the pathogenesis of BA.B®!

Previously, we demonstrated that the VP4 gene
of RRV is the primary factor for inducing the murine
model of BA.I"®37 Furthermore, we have shown that
specifically the inability of RRV to bind to Hsc70
abolishes the obstructive process.[38] Undetermined
from this previous report was whether this was at-
tributed to the unique role of Hsc70 in infection or an
effect that would result from ablation of any rotavirus-
binding receptor. In this current study, we generated
two new, novel, single-amino acid mutations in RRV
VP4 associated with known rotavirus-binding sites to
complement our published strain RRVVP4-R446G and
we used the resulting viral strains to determine their
effects on cellular binding, infectivity, the induction of
the murine model of BA, and the intracellular basis
for HMGB1 release. We demonstrated how muta-
tions in RRV VP4 alter this mechanistic process,
establishing HMGB1 as a potential target for thera-
peutic intervention.

MATERIALS AND METHODS
Cells, viruses, and animals

The mouse cholangiocyte cell line (generously provided
by James Boyer, Yale Liver Care Center, Hartford, CT);
MA104 cells (BioWhittaker, Walkersville, MD); H2.35
hepatocyte cells, RAW cells, Chinese hamster ovary
cells, and Caco-2 cells (ATCC, Gaithersburg, MD);
and wild-type (WT)-HeLa and HelLa Hsc70-knockout
(KO) cells (Abcam, Cambridge, MA) were cultured
in Dulbecco's modified Eagle's medium (DMEM)
(Cellgro) containing 10% fetal bovine serum (Gibco/
BRL, Gaithersburg, MD), 0.01% penicillin-streptomycin
(Gibco/BRL), 0.01% L-glutamine (Gibco/BRL), and
0.005% amphotericin B (Cellgro), as described."®
Human cholangiocytes (H69 cells) (kindly provided by
Douglas Jefferson, New England Medical Center, Tufts
University, Boston, MA) were cultured as described.®
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The viruses used were the simian rotavirus strain, WT-
RRV (generously provided by H. Greenberg, Stanford
University, Palo Alto, CA), rotavirus (Ro)1845 (kindly
gifted by Yasutaka Hoshino, National Institute of Allergy
and Infectious Disease, Bethesda, MD), and the Hsc70-
binding-deficient mutant RRV /P4-R446C 38 RRy/VP4-KIBTR
RRVVP4D308A  and Ro1845'F4+C446R \vere generated
and used as described below. All rotaviruses were
propagated in MA104 cells as described.®¥ Reovirus
T3SA* was a generous gift from Dr. Terence Dermody,
University of Pittsburgh Medical Center Children's
Hospital of Pittsburgh (Pittsburgh, PA),#% and CMV AD-
169 was commercially available (ATCC).

WT BALB/c mice (Envigo, Indianapolis, IN) were
housed in microisolator cages in a virus-free environ-
ment with free access to sterilized chow and water
ad libitum. All animal research was performed in ac-
cordance with regulations and protocols approved by
the Institutional Animal Care and Use Committee at
Cincinnati Children's Hospital Medical Center (protocol
number IACUC2019-0063).

Introduction of mutation in the RRV and
Ro1845 VP4 gene and generation of
mutated virus by reverse genetics

The details of the generation of RRV VP4-encoding plas-
mid have been described.®® The full-length RRV VP4
(accession no. AY033150) was cloned as described.*®!
A similar strategy was used to clone Ro1845 (accession
no. EU708893). All the desired mutations were carried out
as shown in Table S1 using a QuikChange Lightning site-
directed mutagenesis kit (Agilent Technologies, Santa
Clara, CA) according to the manufacturer's instructions.
The amino acid change from lysine (K) to arginine (R) at
position 187, aspartic acid (D) to alanine (A) at position
308, R to glycine (G) at position 446 in RRV and G to R at
position 446 in Ro1845 was carried out using the primers
shown in Table S2 as described.*® The cloned segments
in the plasmids were confirmed by sequencing. Briefly, the
pBacT7-VP4(RRV) plasmid (or mutant VP4 plasmid) was
transfected into BHK21-T7 cells by using TransIT LT-1
(Mirus, Madison, WI) according to the manufacturer's in-
structions. Twenty-four hours after transfection, the trans-
fected cells were washed twice with serum-free medium
and then infected with KU, a human strain of rotavirus that
does not cause symptoms in infected mice, as the helper
virus. Twenty-four hours after the helper virus infection,
the BHK21-T7 cells were harvested, freeze-thawed 3
times, and centrifuged at low speed to remove cell debris.
To rescue recombinant viruses, supernatants contain-
ing the viral progenies produced in BHK21-T7 cells were
propagated in MA104 cells. Recombinant KU viruses
carrying the RRV VP4s (KU-VP4[RRV]) were rescued
from the MA104 cells by two plaque-to-plaque cloning
steps in MA104 cells, as described.’? KU-VP4(RRV) was

backcrossed to an RRV reassortant containing TUCH
VP4 (R™P4) TUCH being a simian rotavirus strain that
does not cause murine BA, to obtain RRV with recombi-
nant VP4 (RRV'VP4). Therefore, the viruses obtained from
the plasmids pBacT7-VP4(RRV) with mutations K to R at
position 187, D to A at position 308, R to G at position
446 in RRV, and G to R at position 446 in Ro1845 were
named RRVPAKIB7R RR\/VP4-D308A Dy VP4-RA4EG 51 g
Ro1845/P4-G446R respectively.

Synthetic peptides

Peptides TRTRVSRLY, NVTTKYYST, DGEA, and
GHRP corresponding to different binding regions on
the VP4 protein of RRV were purchased from GenScript
(Piscataway, NJ).""! Peptides were diluted to 1mM in
DMEM for experiments, as determined previously.m]

Viral induction of the murine model of BA

Newborn pups were injected intraperitoneally within the
first 24 hours of life with 1.5x 10° focus-forming units
(FFU)/pup of WT-RRV, RRVVP4KI87R = pR\/VP4-D308A
RRVVP4-RA46E T \WT.R01845, Ro1845P4C4ER  or sa-
line as a control. Pups were examined daily for 21 days
for clinical symptoms of hepatobiliary injury (i.e., jaun-
dice, acholic stools, and bilirubinuria) and for survival.
Subsets of mice were killed at 7 and 10days after in-
fection, with their extrahepatic biliary tracts and livers
harvested for histology or for virus titers determination
by a focus-forming assay (FFA).

Histology

Ten-day postinfected liver and extrahepatic bile duct
samples were fixed with formalin, processed and em-
bedded in paraffin, sectioned with a microtome at 5
pm thickness, and stained with hematoxylin and eosin
(H&E) using a Varistain Gemini ES (Thermo).

Immunohistochemistry for detection of
rotavirus antigen

Fixed liver slides were baked at 65°C for 30 min, deparaffi-
nized, and rehydrated through an ethanol series. Antigen
retrieval was performed using a trishydroxymethylami-
nomethane (Tris)-ethylene diamine tetraacetic acid (EDTA)
solution in a pressure cooker for 30 min. Slides were then
washed in Tris-buffered saline (TBS) and placed in a 3%
hydrogen peroxide + methanol solution, followed by four
washes with water. Tissues were outlined with a PAP pen
and blocked in 1.5% normal goat serum in TBS and incu-
bated for 15 min at room temperature. Rabbit anti-rotavirus
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antibody was added at a 1:250 dilution in TBS and incu-
bated at 4°C overnight. Slides were then washed 3 times
and incubated for 30 min with secondary horse rad-
ish peroxidase-anti-rabbit antibody (PK-4001) (Vector
Laboratories, Burlingame, CA) diluted 1:200 in TBS at
room temperature. ABC solution (Vector Laboratories) was
then applied according to the manufacturer's specifica-
tions, incubated at room temperature for 30 min, and fol-
lowed by 3,3'-diaminobenzidine (DAB; Vector Laboratories)
precipitation for 2.5 min, counterstained with hematoxylin
for 30 seconds, dehydrated, and finally cover slipped with
Vectashield mounting media (Vector Laboratories).

Quantification of replication of mutant
RRYV strain in various cell types

Cells were seeded in 24-well plates in DMEM and incu-
bated at 37°C until 100% confluence. Plates were washed
with serum-free DMEM, infected with mutant RRV strains
at a multiplicity of infection (MOI) of 1, and incubated at
37°C for 1 hour. The cells were washed and incubated
with serum-free DMEM containing 4 pg/mL trypsin at
37°C for 24 hours. Viral yields were assessed by an FFA.

Virus-binding assay

Cholangiocytes were grown to confluency in 24-well plates.
The cells, medium, and inoculating virus were cooled to
4°C. Cells were washed, inoculated with an MOI of 0.5,
and incubated at 4°C for 1 hour. The inoculum was col-
lected, and cells were washed twice to remove unbound
virus, collecting the washes with the original inoculum.
This combined solution represented all unbound virus.
The cells then underwent two freeze—thaw cycles, and the
virus within the final cell fraction represented the attached
virus. An FFA was used to determine the quantity of bound
and unbound virus. The amount of attached virus was ex-
pressed as a percentage of the total amount of virus used
to inoculate cells.

Quantification of live replication-
competent viruses

Rotavirus

Cell suspensions were analyzed by a fluorescent FFA for
the presence of infectious rotavirus as described %41
Reovirus

L929 cells were seeded onto six-well plates. Once con-

fluent, cells were exposed to serial-diluted virus samples
in duplicate for 1 hour at 37°C with periodic rocking. Wells

were overlaid with an equal mixture of 2x media 199 and
2% agar and incubated at 37°C for 2days, followed by
refeeding with additional media 199 agar mixture and in-
cubated at 37°C for 4days. Plaques were counted using
a 1% neutral red solution and visualized on a light box.

CMV

Human foreskin fibroblasts were seeded onto 12-well
plates and grown to 70% confluency. Serial-diluted
virus samples were added to cells for 1 hour at 37°C,
with periodic rocking. Inoculum was removed, cells
were overlaid with 1.5% methylcellulose mixed with 2x
basal medium Eagle media (1:1 volume [vol]/vol), and
incubated at 37°C for 7 days. Plaques were visualized
using a crystal violet stain and light box.

Quantification of HMGB1 protein

An enzyme-linked immunosorbent assay (ELISA)
for HMGB1 protein was performed according to the
manufacturer's instructions (Aviva Systems Biology,
San Diego, CA) to quantitate the amount of HMGB1
in the serum of 7-day postinfected mice. Plates were
analyzed using a microplate reader (Spectramax Plus,
Molecular Devices, Sunnyvale, CA) set to 450 nm.

Detection of proteins by western
blot analysis

Supernatant from infected cholangiocyte cultures
were diluted 1:5 in 5% loading buffer and assessed
for secreted HMGB1 protein. Samples were loaded
in equal amounts, run on a 4%—-20% tris-glycine gel
(Invitrogen Corporation, Carlsbad, CA), transferred to
polyvinylidene difluoride membranes (GE Healthcare,
Pittsburg, PA), and blocked with 5% milk solution.
Membranes were probed with a rabbit anti-HMGB1
antibody (1:1000 dilution) (Abcam), mouse anti-DDK
(1:1000 dilution) (OriGene, Rockville, MD), and mouse
anti-actin antibody (1:5000 dilution) (Seven Hills
Bioreagents, Cincinnati, OH) as loading control.

Transfection of heat shock protein alpha
8 plasmid

HelLa Hsc70-KO cells were seeded on 24-well plates
and incubated for 24 hours at 37°C. Wells that were
40% confluent were washed twice, overlaid with media
without antibiotics, transfected with 1 pg of heat shock
protein alpha 8 (HSPa8) plasmid (OriGene) in FUGENE
HD (Promega Inc., Madison, WI), and incubated at
37°C for 48 hours.
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Statistical analysis

Continuous variables were expressed as means =
standard error and were analyzed by analysis of vari-
ance with post hoc testing, where appropriate. Analysis
of noncontinuous variables was performed using
Fisher exact and chi-square tests. p <0.05 was consid-
ered significant. All statistical analyses were completed
using Prism 9 (GraphPad Software, Inc., La Jolla, CA).

RESULTS
Generation of RRV VP4 mutants

We previously demonstrated that the induction of the
murine model of BA is governed by the RRV-binding
protein VP4. To determine which of the known cellular
receptors is essential for the induction of the murine
model of BA, we generated VP mutations in specific
amino acid sequences that corresponded to the bind-
ing sites of a cellular receptor. Using published recep-
tor sequences, we mutated K to R at amino acid 187,
D to A at 308, and R to G at 446, which blocked sialic
acid, integrin a2p1, and Hsc70 binding, respectively
(Figure 1A). All mutations were confirmed by sequenc-
ing and by a synthetic peptide-binding/blocking assay
in immortalized cholangiocytes (Figure S1A). To further

validate the authenticity of the sialic acid-resistant
strain RRVVP4KI8R “\we treated cholangiocytes with
neuraminidase to cleave extracellular sialic acids. This
treatment significantly reduced both the binding ability
and replication of the WT-RRV strain while having no
deleterious effects on RRVP4K187R (Figure S1B,C).

Effect of mutations on viral binding and
replication

To determine the effect of each mutation as a primary
attachment site of the RRV VP4 protein, we performed
binding assays on immortalized mouse cholangiocytes.
As hypothesized, all three mutations resulted in a sig-
nificant reduction in their ability to bind to cells, with
the mutation against sialic acid binding resulting in the
greatest reduction (Figure 1B).

To ascertain how the reductions in viral binding af-
fect the ability of these mutants to replicate, cholangio-
cytes were inoculated with each mutant at an MOI of 1
and allowed for one 24-hour replication cycle. Similar to
the binding results, all three mutant infections yielded
significantly reduced viral titers when compared to WT-
RRV, with RRVVP4-K187R replicating the least amount of
infectious virus (Figure 1C). We additionally assessed
these mutant strain replications in other cell types as-
sociated with the hepatobiliary system and general

Receptor AminoAcids Blocking Peptide Mutant Virus
Sequence

Sialic Acid KYY (187-189) NVTTKYYST RRVAGESIEIR
Integrin a2p1 DGE (308-310) AGE DGEA RRV/VP4-D308A
Hsc70 SRL (445-447) SGL TRTRVSRLY RRVVP4-R446G
(B) (C)
15+
g 1010
g, 10+ 10°
=1 * *
% —E'1oa
§ 5] 5107 *
S * tmé * -
a
105
" KN & & & 10¢
g\gg. «z"'& \\Q“'& & i é\gg' ﬁ‘*\& 4‘2"&@? AQ@’@O
Qg?\ Qg"A qg:\ & & &
FIGURE 1 Effect of mutant strains on virus binding and replication. (A) Amino acid sequences of known primary binding receptors

used by rotaviruses for attachment. Amino acid depicted in red signifies the mutation changes performed to reduce/remove binding to
specific receptors and the corresponding peptides listed to evaluate each mutant strain. (B) Direct viral binding to cholangiocytes revealed
significantly reduced attachment by all three mutants when compared to WT-RRYV. (C) Similarly viral replication was significantly reduced in
cholangiocytes following infection with all three mutant strains when compared to WT-RRV. For both sets of experiments, n = 3; each assay
was repeated 3 times; *p <0.05. FFU, focus-forming units; Hsc70, heat shock cognate 70; RRV, rhesus rotavirus; WT, wild type.
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rotavirus infections, and these yielded similar results
(Figure S2A-E).

RRV mutants and the murine model of BA

Newborn pups were injected with different mutant
strains within the first 24 hours of life and monitored for
21 days for symptoms of obstructive cholangiopathy. All
mice infected with WT-RRV and RRVP4&18R exhib-
ited symptoms by day 5 of life without resolution. Mice
infected with RRV VP4-D308A experienced a delay in the
onset of symptoms, ultimately peaking at 96% sympto-
matic before some resolved. A significantly lower num-
ber of RRVP4-R446C_infected pups displayed symptoms
peaking at 77% before resolving to 24% by day 21
(Figure 2A). Consistent with the symptomatology, WT-
RRV- and RRV"P4K87R jnfected pups experienced a
mortality rate of 100% by 16days postinjection. Pups
infected with RRV P4 D394 resuited in a 52% survival
rate. In contrast, infection with RRV'P4-R446C jnduced a
significantly lower mortality rate of 9% when compared
to the other three mutant strains (Figure 2B).

We next evaluated the quantity of live replication-
competent virus within the hepatobiliary system
following 7 days after intraperitoneal injection in new-
born mice. The viral titers within the bile ducts of
RRVVP4-KIETR gnd RRVVP4-R446C \yere both significantly
reduced when compared with WT-RRV. RRYVP4-D308
also replicated to a lower titer; however, it was not sig-
nificant (Figure 2C).

Immunohistochemistry and
histology of the hepatobiliary system

Liver samples harvested from 7-day postinfected pups
were stained with anti-rotavirus antibodies to determine

Survival

the infection pattern of each mutant strain. Consistent
with previous reports, WT-RRV infection was mainly
witnessed in and around portal triads, with a similar
pattern observed for the strain RRVVP4-D308A "Due to
the significantly lower titers, RRVVP4-R446G oy hibited no
positive staining (Figure 3A).

The livers and extrahepatic bile ducts were harvested
from 10-day postinfected mice and analyzed by H&E
staining. Histologic evaluation revealed an accumula-
tion of inflammatory cells within the livers of pups in-
fected with WT-RRV, RRV P4 K187R gng RRY/VP4-D308A
while RRVVP4R446C jinfacted livers displayed more
mild inflammation (Figure 3B). Serial sections of the
extrahepatic bile ducts revealed complete obstruc-
tion in mice injected with WT-RRV, RRV'P4KI8R
and RRVP4D308A that were symptomatic; in contrast,
RRVVP4-R446G K16 ducts were histologically normal and
remained patent (Figure 3C).

Detection of HMGB1 protein in serum of
infected pups

Recently, we published findings demonstrating a sig-
nificant increase in HMGB1 protein in the serum of
pups 7 days postinfection with WT-RRV.[36] To deter-
mine which of the RRV VP4 mutants were capable of
inducing increased levels of HMGB1, we performed
an ELISA on the serum collected from 7-day postin-
fected mice. Infections with the three strains WT-RRYV,
RRVVPAKIETR " gng RRVVPA-D308A ) produced a sig-
nificantly higher amount of HMGB1 when compared
to saline-injected mice. Conversely, RRVVP4-R446G 55
unable to elicit increased levels of HMGB1 in the serum
(Figure 4A).

To corroborate the increased HMGB1 in vivo find-
ings, we infected cholangiocytes in vitro with the
mutant strains to determine which strains could

Symptoms
—~ 120 120
=) — WTRRV _
£ 100 == --. RRYVPHKIBTR R
s \ =
£ 80 ! . -« RRYVP#D308A  §
S [ - 5
oS o J

E 60 ', v B A4 - RRYYPHRHES 5
@ 40 P £
] 0 vk e
o 20 ' o 4
5 ’ a
& 0+ T T T T 3 0 r

0 5 10 15 20 25 0 5

Days Postinfection

FIGURE 2

10
Days Postinfection

5
3
ﬁ 150000
— WT-RRV E
cws RRVvP4~K187R E 100000
S VP4.DI0BA
RRV E 5
. VP4-R4486G T 50000
RRV 5 *
g
H] 0
B s & & & Y
y v J & R W5 &
15 20 25 &g & £
& & &
& & &

In vivo effect of mutant virus strains in the murine model of biliary atresia. (A) Pups were observed for symptoms of

obstructive cholangiopathy for 21 days after infection. Infection with WT-RRV (n = 21) and RRV"P4K187R (4 = 33) resulted in 100%

symptoms, while 96% of the RRV/V/P4-D308A

-infected pups (n = 27) displayed symptoms before resolving to 63%. Symptoms in pups

injected with RRVVP4-R4466 (1 = 31) were significantly lower, reaching a peak at 67% that decreased to 30% by day 21. (B) Survival was
unchanged with the RRVVP4K187R ‘resyiting in 100% mortality similar to WT-RRV (100%), while in contrast, inoculation with RRYVP4-D308A
and RRVVP4R446C regyited in lower mortality rates of 47% and 6%, respectively. (C) Viral titers from extrahepatic bile ducts harvested 7 days
after infection (n = 6) were significantly lower in pups injected in RRVYP4K187R gnd RRVVP4R446C \when compared to WT-RRV; *p<0.05.

FFU, focus-forming units; RRV, rhesus rotavirus; WT, wild type.
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RRVVP4-K187R RRYV/VP4-D308A RRVVP4-R446G

Saline

(A)

FIGURE 3 Immunohistochemistry and histology of liver and extrahepatic bile ducts. (A) Livers harvested 7 days postinfection and
stained for rotavirus antigens demonstrated an infection pattern around the portal triad area in all strains examined except RRVVP4-R4466,
which did not exhibit any positive staining. (B) Hematoxylin and eosin-stained liver section from RRVYP4K187R_ gnd RRYVP4-P308Ajnfected
pups resulted in increased immune infiltrate 7 days postinjection similar to WT-RRV, while in contrast, RRV"P4R446C displayed a subdued
response. (C) Pups inoculated with WT-RRV, RRV"P4#KI187R ‘gnd RRVVP4P308A developed obstruction of the extrahepatic bile ducts by
11 days postinjection, while RRV"P4R446C_injected pup ducts remained patent. Image magnification x10. RRV, rhesus rotavirus; WT, wild

type.
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induce HMGB1 secretion. Similar to the serum lev- HMGB1 release by Ro1845 mutant

els, supernatants from cells infected with WT-RRYV,

RRVVPHKIBTR “and RRVVP4P308A g| resulted in a sig-  We previously reported that WT-Ro1845, a human
nificantly increased level of secreted HMGB1, with no  strain of rotavirus, was unable to bind to Hsc70!"]
difference in RRVVP4-R44€C a5 determined by western  and incapable of inducing HMGB1 release from in-
blot (Figure 4B). fected cholangiocytes.!*®! To determine if binding to
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Hsc70 might play a role in HMGB1 release, we gen-
erated a mutant Ro1845 strain (Ro1845"P4-C446R)
at amino acid 446 (change from G to R) on VP4 of
Ro1845. This mutation permits Ro1845 to attach to
the cellular protein Hsc70, which was demonstrated
by the blocking of binding to cholangiocytes with the
TRTRVSRLY peptide (Figure 5A). Infection of chol-
angiocytes with R01845"P4-C446R stimulated the se-
cretion of HMGB1 into the supernatant (Figure 5B).

Induction of the murine model of BA
by the Ro1845"P4-C446R putant

The rotavirus strain WT-Ro1845 has been reported to
be unable to induce the murine model of BA, while in
contrast, a reassortant strain of Ro1845 expressing
the whole RRV VP4 protein can induce the model.?
Pups given 7.5x10% FFU/pup (a dose 5 times the
normal reported dose) of WT-Ro1845 still did not de-
velop any symptoms of obstruction and resulted in 0%
mortality. In contrast, injection with the mutant strain
R01845"P4-C446R resulted in 90% of pups displaying
symptoms leading to 46% mortality (Figure 6A,B). It is
worth noting that injection with R01845VP4-C446R 5t g
dose of 1.5x10° FFU/pup resulted in transient symp-
toms for only a few days.

Serum analysis performed on pups 7days after
infection revealed a significant increase in HMGB1
following injection with Ro1845"P4-6446R (Figure 6C).
Histologic evaluation performed on the livers of
R01845VP4-G448R injected pups killed at 10days
after infection demonstrated an increase in in-
flammatory cells compared to those injected with
Ro1845 (Figure 6D). Similarly, the bile ducts of
Ro1845VP4'G446R-injected pups displayed complete

obstruction, while bile ducts of WT-Ro1845-infected
pups remained patent (Figure 6E).

Role of Hsc70 in HMGB1 release from
infected cells

To determine if Hsc70 is necessary to induce HMGB1
release from infected cells, we used commercially
available HelLa cells knocked out for Hsc70 (HelLa
Hsc70 KO); this was verified internally by western blot
and immunohistochemistry (Figure S3A,B). Infection
with WT-RRYV resulted in a significant reduction in viral
replication in HeLa Hsc70-KO cells when compared
to WT-HelLa cells at all MOls evaluated (Figure 7A).
Similar to results observed with infection of cholan-
giocytes, WT-HelLa cells released HMGB1 into the
supernatant 18 hours after infection, while infection of
HelLa Hsc70-KO cells did not result in HMIGB1 release
(Figure 7B). To ensure the HelLa Hsc70-KO cells were
capable of releasing HMGBH1, the cells were treated with
fenbendazole, a chemical known to induce HMGB1 re-
lease; this resulted in a significant release of HMGB1,
similar to the WT-HelLa cells (Figure S3C).

To further confirm the role of Hsc70 in HMGB1 re-
lease, we next transfected HeLa Hsc70-KO cells with
a WT HSPa8 plasmid (the gene that encodes Hsc70).
Western blots revealed the expression of Hsc70
within these cells 48 hours after transfection along
with a DDK reporter that was incorporated into the
gene (Figure S4A,B). Immunohistochemistry demon-
strated approximately 33% of cells expressed Hsc70
on their surface and 7% expressed the DDK reporter
(Figure S4C). WT-RRYV infection of these transfected
cells recapitulated the WT results yielding a significant
release of HMGB/1 into the supernatant (Figure 7C).



2710 |

RRV RECEPTOR BINDING AFFECTS HMGB1 RELEASE

(A) Symptoms
g 120+
'% 100+ = « 5x WT-R01845
g 80+ — 5x Ro1845P4-G446R
o

60
£ *
@ 40+
c
S 201 :
A Y I P, ' -

0 5 10 15 20 25

Days Postinfection

(©) HMGBH1 in Serum at 7 days
= 25000

E

[e)]

£ 20000

o *
M 15000

=

= oy

s 10000

2

£ 5000+

©

3

[e) 0-

Q.
’b\\(\e '&bf: O&,b
9 g.o 4Qh
N o
Q'
st o
&¢
FIGURE 6 In vivo effect of Ro1845P4-C446R

(D)

(E)

Survival

= « 5x WT-Ro1845

— 5% Ro1845"P4+-GA46R

Percent Survival (%)
(2]
i

0 T T T T 1
0 5 10 15 20 25

Days Postinfection

5x WT-R0o1845

5X R01845/P4G44eR

Liver

Bile Duct

in the murine model of biliary atresia. (A) Newborn pups injected with 7.5 x 108 FFU/pup of

Ro1845VP4+G446R (1 = 29) displayed an increase in obstructive symptoms over 21 days postinfection when compared to those infected with
WT-R01845 (n = 11). (B) Subsequently, the mortality rate in Ro1845"P4-C446R infected pups was significantly higher at 55% compared to
0% in WT-Ro1845-injected pups. (C) Serum collected from pups 7 days after infection with Ro1845"P4-C446R yielded a significantly higher
level of HMGB1 compared to WT-Ro1845 infection. (D) Hematoxylin and eosin-stained liver section from 7 days postinfection showed

inflammation in those pups injected with Ro1845P4-6446R

when compared to those inoculated with WT-Ro1845. (E) Histologic evaluation

on serial sections of the extrahepatic bile duct 11 days postinfection revealed complete obstruction in the pups injected with Ro1845VP4-G446,
the ducts of WT-Ro1845-inoculated pups remained patent; *p<0.05; image magnification (D,E) x10. FFU, focus-forming units; HMGB1, high

mobility group box 1; Ro, rotavirus; WT, wild type.

HMGB1 secretion from human
cholangiocytes following infection with
other BA-associated viruses

Our recent publication revealed the presence of the
SRL-binding motif on additional viruses, other than ro-
tavirus, that are thought to be associated with BA.I!
Sequence analysis performed on the attachment pro-
teins of certain strains of CMV, reovirus, Epstein-Barr
virus, and HPV, using the program Sable (sable.cchmc.
org), a protein-solvent accessibility prediction tool,
predicted that the SRL peptide was exposed on these
viruses, suggesting that it could interact with other
cell-surface proteins (Figure 8A). To determine if these
viruses had the ability to bind to Hsc70, we treated
human cholangiocytes (H69 cells) with the peptides
VSRLY and VSGLY as a control. In all three viruses
tested, the peptide VSRLY was able to significantly re-
duce the binding of the virus while the peptide VSGLY
had no effect (Figure 8B). With all three viruses able

to bind to Hsc70, we next investigated their ability to
induce HMGB/1 secretion. All three viruses were capa-
ble of inducing HMGB1 release from human cholangio-
cytes as detected within the supernatant after 18 hours
of infection (Figure 8C).

DISCUSSION

BA is a devastating disease of infancy resulting from
the inflammatory obstruction of the intrahepatic and
extrahepatic bile ducts; it then progresses to liver
fibrosis and, without treatment, death. While the
exact cause for BA remains unknown, the presence
of various viruses in explanted livers of patients with
BA suggests a viral insult may be the leading cause
for the development of this disease. In the murine
model of BA, WT-RRYV infection leads to the release
of proinflammatory cytokines, including HMGB1,
that stimulate the immune response, leading to
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inflammation and eventually obstruction of the bile
ducts.[®®!

HMGB1 is localized to the nucleus under normal
conditions; however, when released from the cell, it acts
as a DAMP and contributes to the immune response.
HMGB1 has been shown to play an important part in
the pathogenesis of various inflammatory diseases
as well as acute/chronic liver disease.*® HMGB1 has
been associated with hepatitis B and hepatic fibrosis
and is used as a biomarker of liver fibrosis.”** We have
also shown that the release of HMGB1 from cholangio-
cytes is an important step in the pathogenesis of BA.1%¢]

Viral tropism requires a virus to attach to the sur-
face of a cell, internalize, and replicate using the host
cell machinery. Previously, our laboratory showed the
importance of the attachment protein VP4 of RRV and
its role in the murine model of BA through cholangio-
cyte infection.'”37421 |n this study, we investigated
three amino acid sequences located within the RRV
VP4 protein that facilitate binding to known cellular
surface proteins used by rotavirus as receptors (SRL,
DGE, and KYY, which bind to Hsc70, integrin a2p1,
and sialic acid, respectively). We generated the follow-
ing mutant rotaviruses incapable of binding to these
sites: RRVVP4R446G \which no longer binds to Hsc70;
RRVVP4-D308A "\yhich fails to bind to integrin «2p1; and
RRVVP4KIBTR “\which ceases to bind to sialic acid. In
vitro infection of cholangiocytes with all three mutant
strains demonstrated significantly reduced binding and
viral titers when compared to WT-RRV.

After evaluating the efficacy of these viruses in vitro,
we next wanted to determine which of these strains
were capable of inducing the murine model of BA.
When injected into newborn pups, only RRYVVP4-R446G
demonstrated a significantly lower symptomatology and
mortality than WT-RRV. Previously we established the
peak of RRV infection within the extrahepatic bile duct
to be 7 days after infection.' As expected, all three mu-
tant strains yielded a lower viral yield when compared
to WT-RRV. However, even though RRVVP4-KI8TR rep-
licated to the lowest titer, unexpectedly it still induced
similar symptomatology and mortality as WT-RRV.
Histologic evaluations revealed significant inflamma-
tion within the livers of pups infected with all strains
except for RRVVP4-R446G “\hich, in contrast, expressed
a milder infilirate. Additionally, the bile ducts from
RRVVP4-R446C intacted mice remained patent, while
those from the other mutant strains all displayed com-
plete obstructions.

Our recent finding demonstrated a significant in-
crease in the serum levels of HMGB1 protein in pups
7 days after infection with WT-RRV. Furthermore, it was
determined that this increase was linked to the VP4
protein of RRV.E® Serum analysis from pups infected
with these RRV VP4 mutant strains revealed that they
all were capable of inducing an increase in HMGB1 ex-
cept RRVVP4-R446G  Thege findings were corroborated

through in vitro infection of cholangiocytes where only
RRVVP4-R446G \yas unable to induce HMGB1 release,
implicating the binding to Hsc70 as a requirement for
HMGB1 secretion. To further validate this mechanism,
we generated a mutant strain of Ro1845 that was
capable of binding to Hsc70. Previously, we demon-
strated the inability of WT-Ro1845 to induce HMGB1
release.® Conversely, cholangiocyte infection with
R01845P4-C446R (\hich binds to Hsc70) resulted in the
release of HMGB1. Correspondingly, pups infected with
R01845"P4-G446R displayed symptoms of an obstructive
cholangiopathy with significantly high levels of HMGB1
in their serum, an increase in liver inflammation, ob-
structed bile ducts, and ultimately resulting in increased
mortality.

To further elucidate the cellular basis of these
findings, we used Hela cells knocked out for Hsc70.
Infection of WT-HelLa cells resulted in a dose-
dependent release of HMIGB1 as previously observed
with cholangiocyte infection,® whereas Hela cells
knocked out for Hsc70 were unable to release HMGB1
at all MOls tested. However, transfection with a WT
HSPa8 plasmid, the gene that encodes Hsc70, facili-
tated the release of HMGB1 following RRV infection,
suggesting that binding of RRV to Hsc70 is required for
HMGB1 release.

Several viruses have been implicated in the onset of
BA (rotavirus, CMV, reovirus, HPV, and Epstein-Barr
virus) as they have been discovered in liver explants
from infants with BA.45=48 A published bioinformatic
analysis of these viruses revealed the presence of the
SRL motif on the attachment protein of specific strains
of each virus!'"M and was predicted to be exposed on the
surface of each protein and thus potentially involved in
interactions with host receptors. Blocking assays using
VSRLY peptides provide support for the ability of CMV
and reovirus to bind to Hsc70 protein on human chol-
angiocytes, similar to RRV. Subsequent infection by
these viruses resulted in the release of HMGB1 from
these cells; this signifies that HMGB1 release could be
a common pathway employed by multiple viruses to in-
duce BA.

In conclusion, our findings demonstrated that virus
interaction with Hsc70 is integral in the pathway for
HMGB/1 release and may be a common cholangiocyte
response induced by multiple viruses driving the onset
of BA. Future studies are underway to investigate the
mechanistic interaction between the SRL motif on the
virus protein and Hsc70 leading to HMGB1 release.
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