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ABSTRACT
Aim: Vascular damage has been reported to contribute to atresia formation in several diseases
including biliary atresia. This study focused on the extrahepatic biliary plexus in experimental

Q) biliary atresia.
~ Methods: Newborn BALB/cANNCrI-pups were infected with rhesus rotavirus within 24 hours

after birth to induce experimental biliary atresia. The extrahepatic biliary plexus was examined

C

o M by confocal microscopy on whole-mount preparations, scored by three independent researchers
and further evaluated at the subcellular level with transmission electron microscopy.

Results: Imaging results revealed a progressive destruction of the extrahepatic biliary vascular
plexus in the course of experimental biliary atresia induced by rotavirus infection. Endothelial
cell damage was already visible as cell swelling and necrosis in the first days after infection and
a damaged microcirculation that rapidly deteriorated with progression of obliterative
cholangiopathy, was observed in the infected mice as early as 72 hours after birth.

Conclusions: In experimental biliary atresia, the destruction of the extrahepatic biliary vascular
plexus starts already in the first days post infection and clearly precedes the morphological
symptoms of atresia. The deterioration of the vascular bed architecture continues with disease
progression. Therefore, we conclude that the (ultra)structural changes in the extrahepatic biliary
microvasculature occurring before the visible onset of atresia has a predictive diagnostic value
and this impairment in blood supply to the extrahepatic bile duct may be an important

contributing factor to the pathogenesis of acquired biliary atresia.
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INTRODUCTION

Biliary atresia or progressive obliterative cholangiopathy is a rare disease of the infant’s
hepatobiliary system, resulting in subsequent liver cirrhosis and eventually liver failure. This
liver disease, which can be either congenital or acquired and is most common in East Asia, leads
to an abnormal narrowing, blocking or absence of one or more bile ducts. Although tissue
destruction in biliary atresia can be attenuated surgically through a Kasai portoenterostomy, the
20-year survival rate with the native liver in affected children is only 29.6% (x 2% SEM)
(Chardot et al. 2013), making biliary atresia the most common indication of pediatric liver
transplantation (Rana et al. 2015). Despite intensive research efforts, the causative event for
biliary atresia remains unclear. Most results of human and murine studies on acquired biliary
atresia point in the direction of a short-lived viral infection of cholangiocytes, which may be
followed by an exaggerated auto-inflammatory or auto-immune response that targets bile duct
epithelia, resulting in progressive bile duct damage and eradication (Mack 2007; Petersen and
Davenport 2013; Mack 2015). An important role in this adaptive immune response seems to be

played by lymphocytes (for review see (Mack 2015)).

Of all viruses known to be implicated in biliary atresia, reovirus, rotavirus and
cytomegalovirus (CMV) have been studied most extensively (for review see (Mack 2007; Mack
2015)). In murine models, experimental biliary atresia is usually induced by intraperitoneal

injection of newborn BALB/c pups with rhesus rotavirus (RRV) within the first 24 hours after
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birth (Petersen et al. 1997; Oetzmann von Sochaczewski et al. 2014). In these models,
progressive obstruction of the extrahepatic bile duct accompanied by clinical signs of cholestasis

eventually results in complete obliteration of the bile duct’s lumen (Riepenhoff-Talty et al. 1993;
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Petersen et al. 1997). The presence of RRV particles has been clearly demonstrated in ductal
cholangiocytes and in cells of the subepithelial duct layers in an RRV Kkinetics study using whole
mounts of the bile duct, as such providing valuable clues to the pathogenesis of extrahepatic

biliary atresia (Oetzmann von Sochaczewski et al. 2014).

Likewise, in biliary atresia following CMV-infection, it has been proposed that direct
infection of the cholangiocytes followed by an immune attack against infected biliary epithelial
cells is as a possible cause of the disease (Martelius et al. 1997; Op den Dries et al. 2011).
However, according to an alternative hypothesis, CMV infection may cause injury to endothelial
cells of the peribiliary plexus, followed by microthrombus formation and subsequent inadequate
oxygenation of the surrounding tissues (Martelius et al. 1997; Op den Dries et al. 2011). This
anoxic damage may result in ischemic injury to the bile duct and development of ischemic

cholangiopathy (Hoekstra et al. 2009; Op den Dries et al. 2011).

Ischemia due to blood vessel injury is known to be associated with atresia (Osborne et al.
1991; Gaillard et al. 1996; Evans et al. 1999; Dutta and Harsh 2009), including biliary atresia (Di
Sant *Agnese and Blanc 1976). These observations are further strengthened by recent data on the
molecular profile of biliary atresia in livers from affected patients suggesting involvement of

hypoxia-ischemia pathways in the pathogenesis of biliary atresia (Fratta et al. 2015) .
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The hypothesis that the peribiliary vascular plexus is involved in CMV infection, as well
as the finding that rotaviridae are able to infect endothelial cells (Morrison et al. 2001; Nuovo et

al. 2002), prompted us to investigate the microcirculation in the extrahepatic bile duct in an
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RVV-infected mouse model for biliary atresia. Blood vessels were visualized in whole-mount
preparations of intact extrahepatic bile ducts by using immunohistochemical staining and
confocal microscopy. Ultrastructural changes, including the presence of RVV in endothelial cells
and the presence of immune cells in the vicinity of blood vessels were examined using

transmission electron microscopy.

METHODS
Animals

Rotavirus-free BALB/cANNCrl mice were purchased from Charles River Laboratories
(Sulzfeld, Germany) and kept in a specific pathogen-free environment in laminar flow cages
equipped with a shelter and material to build a nest. Animals were subjected to a 12:12 h light-
darkness cycle and sterilized water and food were provided ad libitum. Pups were always kept

with their mothers and were euthanized by decapitation with scissors. All experiments and
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procedures were in accordance with both the directive 2010/63/EU, the NIH guidelines for the

P

care and use of laboratory animals as well as with German national regulations. The study
protocol was approved by the ‘local authority for the protection of animals’ (LAVES,

Oldenburg, Germany) (permit number 11/360).

Experimental biliary atresia

Acce

Virus production and induction of experimental biliary atresia were described elsewhere
(Oetzmann von Sochaczewski et al. 2014). In brief, rhesus rotavirus (strain MMU 18006) was

grown in MA-104 cells and titrated for an adequate concentration to induce experimental biliary
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atresia. Pups received intraperitoneal injections of 50pL with 2.5x10° focus-forming units of
RRV or 50uL of saline. Eight out of 119 pups (6.7%) that died within 72 hours post injection
were considered as injection-related mortality cases and hence excluded from the analysis.

Animals were assigned to three groups based on the respective age group that correlated
to the key points in the development of the disease: postnatal day 3 marks the start of the early
phase of experimental biliary atresia, which progresses from inflammatory obstruction of the
extrahepatic bile duct at postnatal day 7 to complete atresia at postnatal day 14 (Bessho and
Bezerra 2011). Accordingly, group | contained animals from postnatal day 1 to 5 (n=33), group
Il consisted of 6- to 10-day-old animals (n=41) and group Il included the remaining animals
from postnatal day 11 to 14 (n=22).

A total of 119 mice were used: 96 mice (including 35 non-infected controls) were
evaluated with confocal microscopy and 23 mice were analyzed with transmission electron

microscopy.

Examination of the vascular plexus using whole-mounts of extrahepatic bile ducts
Immunohistochemistry

Preparation of extrahepatic bile ducts for microscopy was carried out as described before
(Oetzmann von Sochaczewski et al. 2014). Bile duct whole mounts were immersion-fixed with
4% paraformaldehyde (in 0.1 M phosphate buffer; pH 7.4) for 30 minutes after isolation.
Immunohistochemical incubations were carried out at room temperature on free-floating bile
ducts. Primary and secondary antisera were diluted in phosphate-buffered saline (PBS; 0.01 M;
pH 7.4) containing 10% normal horse serum, 0.1% bovine serum albumin, 0.05% thimerosal,

0.01% NaN3 and 1%Triton-X-100. Prior to incubation with the primary antisera, whole mounts
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were incubated for 1 h with the antibody diluent. Whole mounts were incubated overnight with a
monoclonal primary antibody raised in rat against the endothelial marker CD31 (1:50; Abcam
ab56299, Cambridge, UK). To visualize immunoreactivity for CD31, whole mounts were further
incubated for 4 h with Cy3-conjugated donkey anti-rat immunoglobulins (DARa-Cy3; 1:200;

Jackson ImmunoResearch, 712-165-150, West Grove, PA, USA).

Microscopy
High-resolution images were obtained using a microlens-enhanced dual spinning disk
confocal microscope (UltraVIEW VoX; PerkinElmer, Seer Green, UK) equipped with a 561-nm

diode lasers for excitation of Cy3. Images were processed and analyzed using Volocity software.

Statistics
To assess possible impairment of the extrahepatic biliary vascular plexus, whole-mount,
preparations of the extrahepatic bliary duct of all animals were randomly and independently

scored by three researchers (I.P., I.B. and S.T.) as ‘healthy’ or ‘impaired’, based on 4 parameters
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(capillary density, vessel size, number of anastomoses within the plexus and the distance
between them). Agreement was examined with Krippendorff’s a (Hayes and Krippendorff 2007),
yielding a moderate agreement (based on the rating proposed by (Landis and Koch 1977) of
a=0.571 (95% confidence interval: 0.446 to 0.6941) for the whole dataset. Krippendorff’s o was

calculated using (version 3.4.2) with the rel-package (version 1.3.1). Confidence intervals were

Acce

calculated using the bootstrap approach with 1,000 iterations. Mice were assigned to a certain
group, if there was disagreement between the observers, results were debated until a consensus

was found and the extrahepatic biliary plexus was rated as either ‘healthy’ or ‘impaired’.
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Barnard’s test (Barnard 1947) was used for comparison of the frequencies in the assessment of
the extrahepatic biliary plexus and calculated with the Barnard-package (version 1.8). Two-sided

P values <0.05 were considered significant.

Examination of the blood vessels of the extrahepatic duct using transmission electron
microscopy

Bile ducts were immersion-fixed after isolation in 2.5% glutaraldehyde solution for 30
min, rinsed in 0.1 M sodium cacodylate buffer (pH 7.4) and postfixed in 1% OsO4 solution for 2
h. After dehydration in an ethanol gradient (70% ethanol for 20 min, 96% ethanol during 20 min,
100% ethanol for 2 x 20 min), whole mounts were embedded in EMbed 812 (Electron
Microscopy Sciences, Hatfield, PA, USA). Ultrathin sections were stained with 2% uranyl
acetate and lead citrate, and examined in a Tecnai G2 Spirit Bio Twin Microscope (FEl,

Eindhoven, the Netherlands) at 120 kV.

RESULTS
Characteristics of the extrahepatic biliary microvascular network during progression of
experimental biliary atresia

Confocal microscopy of CD31-immunostained whole-mounts revealed that in non-
infected animals the peribiliary vascular plexus consisted of a dense network of similarly sized
capillaries that evenly surrounded the extrahepatic bile duct (figure 1a) and contained multiple
anastomoses (figure 1a). This pattern was already discernible in the first postnatal days (postnatal

days 1-5; Group I) and became more pronounced as the density of the capillary network
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increased between postnatal days 6 and 10 (group Il; figure 1b). This increase in density was no

longer observed after postnatal day 10 (group I11) (figure 1c).

In contrast, the capillary network of RRV-infected animals already showed a number of
alterations in the first days post infection (Group 1), i.e., the gaps between the collaterals were

wider compared to non-infected controls, anastomoses were scarce and the capillaries differed in

cle

® M size (figure 1d). The presence or absence of structural changes in the extrahepatic biliary

microvascular bed, blindly scored by three independent researchers, allowed us to differentiate

were identified based on a normal appearance of the microvasculature (= healthy vascular

= :l between non-infected control and infected animals: all 10 non-infected control animals (100%)

plexus) whereas 12 out of 23 infected samples in Group | (52.2%) could be recognized

(P=0.0049) (0=0.709, 95% confidence interval: 0.446 to 0.879) (figure 2a).
The pathological alterations observed in the extrahepatic biliary plexus coincided with

areas deprived of capillary supply expanded, the number of anastomoses decreased further and

the size variation of the capillaries increased (figure 1e). In line with this development, the

qurther progression of the disease in postnatal days 6 to 10 (Group Il): extrahepatic bile duct

number of infected mice scored with an impaired microcirculation increased to 19 of 24 (79.2%),

C

while only two (11.8%; n=17) non-infected control was scored as having an impaired

microcirculation (P<0.0001) (a=0.452, 95% confidence interval: 0.252 to 0.638) (figure 2b).

The capillary network vanished in the last days before the pups perished (Group I11). The

number and density of the capillaries and their anastomoses gradually decreased; only straight
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vessels of a larger caliber persisted at the site of atresia and anastomoses between them were
only very sporadically observed (figure 1f). As such, 13 of 14 (92.9%) mice were correctly
assigned to the infected group and all five of six (83.3%) non-infected controls were correctly

scored as well (P=0.0058) (0=0.53, 95% confidence interval: 0.226 to 0.803) (figure 2c).

The endothelium of the extrahepatic biliary vascular plexus is progressively damaged in

the course of acquired biliary atresia.

In non-RRV-infected animals, the peribiliary vascular plexus showed a normal
endothelium on all postnatal days examined: the endothelium was composed of typical squamous
cells, with a thin rim of cytoplasm surrounding the flattened nucleus. Non-condensed cytoplasm
was present in the rest of the endothelium lining the vessel wall (figure 3a,b). The inner surface
of the endothelial cells had a smooth appearance (figure 3a,b).

In the early days post RRV (Group 1), the capillaries surrounding the extrahepatic bile
ducts showed endothelial cells that were edematous (figure 3d) and contained swollen nucleli
(figure 3d). Some endothelial cells became necrotic (figure 3e,f), while others still seemed to be
intact (figure 3c).

Endothelial damage worsened with disease progression (Group Il), as the endothelial
edema became more pronounced and started to narrow the vessel lumen (figure 3g). In addition,
necrosis of endothelial cells became more extensive (figure 3h).

The vascular destruction progressed further in the end stage (Group I11) of experimental

biliary atresia when endothelial necrosis outweighed the rare intact capillaries (figure 3i,j).
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Interestingly, careful examination of the capillary endothelium revealed, in contrast to the vessel

lumen, no virus particles in any of the infected groups (figures 3a-j).

Progressive endothelial damage is accompanied by changes in the inflammatory infiltrate

While immune cells surrounding the microvascular bed of the extrahepatic biliary duct
were scarce in non-infected animals (figure 4a,b), the inflammatory infiltrate consisted
predominantly of neutrophils in the first five days post infection (Group I; figure 4c,d). The
cellular composition of the inflammatory infiltrate changed between postnatal day 6 and 10
(Group I1): a reduction in the number of neutrophils coincided with an increase in the number of
lymphocytes (figure 4e, f).

In Group 11, the inflammatory infiltrate consisted predominantly of lymphocytes (figure

4qg,h).

This changing inflammatory process was paralleled by an increasing obstruction of the

extrahepatic bile duct that resulted in a complete obliteration at day 14 post infection (figure 4c-

9).

DISCUSSION
Thorough investigation of our RRV-induced model of experimental biliary atresia
(Oetzmann von Sochaczewski et al. 2014) revealed a progressive destruction of the peribiliary

vascular plexus, prior to and along with progressive obliterative cholangiopathy leading to severe
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hepatobiliary injury. Diminishing of the blood vessel density was accompanied by progressive

endothelial destruction, as could be detected using TEM microscopy.

Although rotaviridae are able to infect endothelial cells (Morrison et al. 2001; Nuovo et
al. 2002), no signs of rotavirus were detected in the endothelial cells of the extrahepatic biliary
vascular plexus of infected mice in any of the post-infection time periods investigated, whereas
extrahepatic cholangiocytes of infected mice do harbor viral particles in the same time period, as

was shown in an earlier study of our lab (Oetzmann von Sochaczewski et al. 2014). Given this

rticle

absence of viral particles in the endothelium, the progressive destruction of endothelial cells of

the extrahepatic vascular plexus cannot be attributed to direct RRV infection.

Apart from the progressive deterioration of the blood supply and ongoing biliary atresia,
a bystander inflammatory response located in the bile duct lamina propria and submucosa was
observed in the present as well as in a previous study by our group (Oetzmann von Sochaczewski
et al. 2014). Our TEM results are in accordance with those of Shivakumar and colleagues
(Shivakumar et al. 2009), who reported that neutrophils were the predominant immune cell type
in the bile duct wall during the first days after RRV infection. These authors further showed that
the neutrophils were later gradually replaced by natural killer cells and, to a lesser extent, also by
macrophages (Shivakumar et al. 2009). Our results indicate that the inflammatory infiltrate in

Group | (postnatal days 1-5) merely consisted of neutrophils that were preferentially located

Accepted A

underneath the extrahepatic bile duct epithelium. In Group Il (postnatal days 6-10), the majority
of the neutrophils were replaced by mononuclear cells, especially lymphocytes, while in Group

111, lymphocytes, and to a lesser extent macrophages, made up the entire inflammatory infiltrate
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(postnatal days 11-14). Since the peribiliary vascular plexus is situated in the wall of the biliary
duct, several cytokines released from the inflammatory cells (Bessho et al. 2014; Klemann et al.

2016; Shivakumar et al. 2017) may also contribute to endothelial injury.

L

~ Although the exact cause of endothelial damage during RRV infection and biliary atresia
O remains unclear, we could show that endothelial damage results in obvious blood vessel
[ M destruction, even prior to the visible onset of atresia. The increasing impairment of the
g microcirculation in the present study parallels the damage of the cholangiocytes by natural killer
cells (Shivakumar et al. 2009). Whether these NK cells, as well as other cell types contributing to
biliary atresia such as regulatory T cells, macrophages, dendritic cells and CD8+ T cells are
involved in the destruction of the microvascular endothelial cells remains to be determined. It
has been reported that a different blood supply of the extrahepatic bile ducts, may render them
more susceptible to ischemia (Deltenre and Valla 2008). Progressive destruction of the

extrahepatic biliary vascular plexus, similar to the one observed in the present study, has also

bt
o
Qbeen reported in autoimmune-mediated biliary diseases, where it was found to lead to vasopenia,
and progressive destruction of the bile ducts (Washington et al. 1997; Matsunaga and Terada
Q) 1999). Moreover, ischemic injury has been put forward as one of the contributing factors in the
O pathogenesis of biliary atresia (Di Sant ’Agnese and Blanc 1976; Lee et al. 2010; Fratta et al.
O 2015) .

< In conclusion, the present study has shown that the microcirculation of the extrahepatic
peribiliary region is damaged in a model of RRV-induced biliary atresia prior to the onset of

clear hepatobiliary injury. Next to obvious other factors that contribute to the disease, we
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propose that an impaired microcirculation due to the damaged extrahepatic biliary microvascular

network might be an aggravating factor in the progression of acquired biliary atresia.

C
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< FIGURE LEGENDS

Figure 1. Progressive destruction of the extrahepatic biliary plexus in the course of
experimental biliary atresia
The extrahepatic biliary plexus was examined by confocal microscopy of whole-mounts of the
l ) biliary duct stained with the endothelial marker CD31. Group | consisted of 1- to 5-day-old pups
(A, D), group Il was composed of animals aged 6 to 10 days (B, E) and group Il included 11- to
14-day-old pups with end-stage disease (C, F).
Q) A, B and C (postnatal days 3, 7 and 10 respectively): In non-infected animals, a dense network of
O capillaries is seen to surround the extrahepatic bile duct. Capillaries are evenly sized and
O connected by anastomoses in all three groups.
D, E and F (postnatal days 3, 7 and 14 respectively): (D) A reduction in capillary numbers and
size differences are already visible in RRV-infected animals of group | of experimental biliary
atresia. In addition, the gaps between the anastomoses of the microvascular bed are wider in

these infected animals compared to non-infected controls. (E) The size variation between the
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capillaries is increased and the number of anastomoses between the capillaries is further reduced.
(F) The capillary network is nearly vanished and only few larger vessels are remaining.
Anastomoses between capillaries are scarce.

L

~ Figure 2. Scoring of microcirculation impairment in the extrahepatic biliary vascular
O plexus

o M The extrahepatic biliary vascular plexus was analyzed using whole-mount confocal microscopy.
g The appearance of the network was blindly scored by three independent researchers as ‘disturbed
H impaired’ or ‘healthy’, and the results for infected and non-infected pups were compared. The
visible check of the status of the microcirculatory network allowed differentiating between non-
infected and infected pups in all three groups. The inter-rater agreement was measured according
@ to Krippendorff’s a-value (0= no agreement; 1= full agreement) and showed a moderate
agreement of a=0.571 (95% confidence interval: 0.446 to 0.694) for the whole dataset. The Y-

l ) axis depicts the number of evaluated mice per subgroup.
(A) Group | 52.5% of the infected mice (n=23) were scored correctly as ‘impaired’, while all
non-infected animals (n=10) were scored as ‘healthy’ (¢=0.709, 95% confidence interval: 0.446
Q) to 0.879); (B) Group Il: 79.2% of the infected mice (n=24) were scored correctly as ‘impaired’,
O while 11.8% (n=2 out of 17) of the non-infected animals was scored as ‘impaired’ (0=0.452,
O 95% confidence interval: 0.252 to 0.638); (C) Group I11: 92.9% of the infected mice (n=14) were
scored correctly as ‘impaired’, while five of six (83.3%) were correctly scored as ‘healthy’
(0=0.53, 95% confidence interval: 0.226 to 0.803). Statistical significance was calculated using

Barnard’s unconditional test.
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Figure 3. Progressive damage of endothelial cells during development of experimental
biliary atresia

Endothelial damage and presence of viral particles were evaluated with transmission electron
microscopy. No viral particles were found in any of the endothelial cells examined.

A, B (postnatal day 7): In non-infected control animals, capillaries show a normal architecture,
i.e. an undamaged endothelium, open lumen and normal nuclear appearance.

Group I: In RRV-infected animals (C, postnatal day 3; D, postnatal day 5; E, postnatal day 3; F,
postnatal day 5), the endothelium has either a normal appearance (C), is swollen (D) or is
undergoing necrosis (E, F). Irregularly shaped endothelial nuclei are sometimes found (E).
Neutrophil influx is shown by neutrophil presence in the capillary lumen (D) or by obvious
diapedesis (C).

Group II: RRV-infected animals at postnatal day 8. (G) Destroyed capillary due to endothelial
necrosis. (H) Endothelial cells with extremely swollen nuclei, narrowing the capillary lumen and
inducing stasis.

Group Ill: RRV-infected animals at postnatal day 14. () Capillary remnant with necrotic

endothelial cells. (J) Rare irregularly shaped capillaries surrounded by necrotic cells.

Figure 4. Development and composition of the inflammatory infiltrate surrounding the
extrahepatic peribiliary vascular plexus

The inflammatory infiltrate of the extrahepatic biliary duct was assessed by transmission electron
microscopy. Submucosal regions contained several blood vessels (BV). If possible the
extrahepatic bile duct lumen (asterisk) and epithelium (E) are included in the pictures as

reference points.
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(A, B): In non-infected animals, immune cells surrounding the capillaries are scarce and diverse.
Capillaries do not display any abnormalities. The lumen of the extrahepatic bile duct is patent.
(C, D) Group I: In RRV-infected animals, the connective tissue layer surrounding the
extrahepatic bile duct and hence also the capillaries, contain a high number of neutrophils. Most
neutrophils appear as clusters situated immediately underneath the ductal epithelium. Some
macrophages are also found. Cholangiocytes in infected animals appear more swollen than in
non-infected ones.

(E, F) Group IlI: Severe inflammation is present with decreased neutrophil numbers and increased
macrophage numbers. Lymphocytes are abundantly present, especially in the submucosal region
of the extrahepatic bile duct wall. Note that the lumen of the extrahepatic bile duct is further
narrowed and made up of a reduced number of cholangiocytes.

(G, H) Group I1I: Immune cells populate all layers of the atretic extrahepatic bile duct. The
inflammatory infiltrate is solely composed of mononuclear cells represented by lymphocytes and

macrophages. The lumen of the extrahepatic bile duct is obliterated.
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