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Background: An aberrant immune response is
the predominant pathogenetic factor in biliary atresia
(BA). Programmed death-1 (PD-1) and its two ligands,
programmed death ligand-1 and programmed death
ligand-2 (PD-L1 and PD-L2, respectively) play an important
inhibitory role in immune reactions. We aimed to illustrate
the expression of these molecules in BA.

Methods: Liver specimens were obtained from infants
with BA during the Kasai procedure (early BA) and liver
transplantation (late BA). Intrahepatic expression of PD-
1, PD-L1, and PD-L2 were examined by immunostaining
and compared with that in patients with neonatal hepatitis
syndrome and normal controls. The correlation between
the expression levels of these molecules in the liver and
clinicopathological parameters was analyzed for each group.

Results: Enhanced expression of PD-1 and its ligands
occurred in the livers with early BA. In the BA-affected
livers, PD-1 was correlated with the degree of peri-biliary
inflammation, while PD-L2 was linked more directly with
portal fibrosis. None of the three molecules was correlated
with the prognosis of the Kasai procedure in patients with
early BA.

Conclusion: Only PD-1 and PD-L1 are involved in the
immune reactions of early BA. Elucidation of the detailed
role of PD-L2 in BA requires further research.
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Introduction
ost patients with biliary atresia (BA) have
Mthe acquired type, which is characterized by
progressive cytotoxic lymphocyte-induced

inflammation and fibro-obliteration of the extrahepatic
and/or intrahepatic bile ducts."”) This immune response
may be triggered by prenatal maternal microchimerism
or perinatal viral/toxic insults.”* The immunologic
pathogenesis of BA includes activation of innate immunity,
dysregulation of adaptive immunity, and development
of other contributors to immune dysregulation such as
regulatory T-cell (Treg) deficits.”) BA is described as a
CD4+ T helper 1 cell-mediated immunity with increased
infiltration of CD4+, CD8+ T lymphocytes and CD68+
Kupffer cells in the portal tracts.'” Additionally,
combinatory effects of natural killer (NK) and CD8+
lymphocytes are involved in injury to the bile ducts."”

The two most important factors of immune regulation
are the programmed death-1 (PD-1)/programmed death
ligands (PD-Ls) pathway and Foxp3+ Tregs."*! Compared
with the abundance of studies on Tregs in BA,”"" no studies
have yet addressed the role of the PD-1/PD-Ls pathway in
BA. PD-1 is a member of the CD28/cytotoxic T lymphocyte
antigen-4 superfamily. Engagement of PD-1 by its ligands
PD-L1 (also known as B7-H1) or PD-L2 (also known as
B7-DC) leads to depression of T-cell proliferation, cytokine
production, and cytolytic function."” Crosstalk exists among
the PD-1/PD-Ls pathway, T helper 17 cells, and Tregs in
feto-maternal tolerance."” The PD-1/PD-Ls pathway also
plays an important role in T-cell exhaustion in patients with
virus hepatitis.""” Expression of the PD-1 inhibitory pathway
is more directly associated with the degree of inflammation
than with the underlying etiology of liver damage.""”

The aim of this study was to elucidate the expression
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of PD-1 and its ligands in BA. We also evaluated the
correlation between the expression of these molecules
and clinicopathological parameters of BA.

Methods

Patients

Liver specimens were obtained from 28 infants with BA
during Kasai procedure (early BA), another 15 infants
with BA during liver transplantation after a failed Kasai
operation (late BA), 15 infants with neonatal hepatitis
syndrome (NHS) during operative cholangiography,
and 5 normal living liver donors from July 2014 to
July 2015. Fresh specimens were washed with sterile
phosphate-buffered saline, fixed in formalin, and
embedded in paraffin. Informed consent was obtained
from each donor and the patient's parent or guardian,
and the experimental protocol was approved by the
Ethics Committee of Xinhua Hospital.

The diagnosis of BA relied on intraoperative
cholangiography and liver histopathologic examination.
All patients with early BA had type III BA and were
followed up regularly after the Kasai procedure. The
effect of the Kasai procedure was evaluated as "good" if
the serum bilirubin level returned to <50 umol/L within
3 months after surgery, "partial" if the bilirubin level
dropped transiently after surgery but re-appeared and
did not return to <50 umol/L, and "poor" if the bilirubin
level continued to rise."

Histopathologic studies

Liver specimens were evaluated for peri-biliary
inflammation and portal fibrosis as described by Russo
et al.'” Specifically, 4-5 um thick sections were cut
from the liver specimens. Hematoxylin-eosin staining
was performed to evaluate the degree of infiltration of
mononuclear inflammatory cells in the ducts. Filtration was
graded as follows: A, absent; B, mild (present in occasional
ducts); and C, multiple (present in many ducts). Masson's
trichrome stain was used to grade portal fibrosis as follows:
FO, absent or fibrous expansion of some portal tracts; F1,
fibrous expansion of most portal tracts; F2, focal porto-
portal bridging; F3, marked bridging; and F4, cirrhosis.
Two observers (K.Z. and J.W.) independently interpreted
the slides without knowledge of the clinical data, and
differences were resolved by discussion.

Immunohistochemistry

Polyclonal rabbit antihuman PD-1 (Sigma, St. Louis, MO,
USA; catalog number: HPA035981), polyclonal rabbit
antihuman PD-L2 (Abcam, Cambridge, UK; catalog
number: ab200377), and monoclonal rabbit antihuman

PD-L1 (CST, Danvers, MA, USA; catalog number:
15165) were used for immunohistochemical staining
according to a previously described protocol.""* Negative
controls were set using isotype-matched, concentration-
matched immunoglobulin without primary antibodies;
brown coloration of cells represented positive staining.
The number of PD-1-, PD-L1-, and PD-L2-stained cells
per high-power field (HPF; x 400) were counted using
a light microscope (Eclipse; Nikon, Tokyo, Japan).
One or two representative slides were taken from
each specimen. Five HPFs in the portal areas were
examined, and periductal areas were chosen.'"”’ The
mean number of positive cells per HPF was calculated
for each slide. Two authors (K.Z. and J.W.) evaluated
the immunostained slides in a blinded fashion.

Immunofluorescence double staining
Immunofluorescence dual staining was performed
to determine which cell types express PD-1, PD-L1,
and PD-L2. Briefly, liver slides were incubated at 4°C
overnight with diluted primary antibodies followed by
diluted secondary antibodies for 45 minutes at room
temperature. The following mouse-derived monoclonal
primary antibodies (Abcam) were used to match PD-1
and its ligands: anti-CD4 (catalog number: ab846), anti-
CD8 (catalog number: ab187279), anti-CD20 (catalog
number: ab9475), anti-CD68 (catalog number: ab201340),
anti-CD11b (catalog number: ab36939), anti-CD83
(catalog number: ab123494), anti-CD56 (catalog number:
ab9018), anti-CK7 (catalog number: ab9021), and anti-
CD31 (catalog number: ab24590). Alexa Fluor 488-
and 594-conjugated polyclonal goat anti-rabbit (Jackson
ImmunoResearch, West Grove, PA, USA; catalog number:
115-545-003) and polyclonal goat anti-mouse IgG
antibodies (Jackson ImmunoResearch; catalog number:
115-585-003) were used as secondary antibodies. Finally,
slides were incubated with 1 ug/mL 4',6-diamidino-2-
phenylindole (CST; catalog number: 4083) for 10 min to
stain the nuclei. Sections incubated with the appropriate
isotype control primary antibodies were set as negative
controls. The results were analyzed using a fluorescence
microscope (Eclipse).

Statistical analysis

Descriptive results are expressed as mean+standard
deviation or number (percentage). SPSS 19.0 software
(IBM, Armonk, NY, USA) was used for data analyses.
The Mann-Whitney U test or Chi-square test was
used to assess comparisons between two groups as
appropriate. Spearman's rank correlation was used to
analyze the association between the number of stained
cells and clinicopathological variables. A P value of
<0.05 was considered statistically significant.
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Results

Demographic information and clinical parameters
The infants in the late BA group were older than those
in the NHS or early BA group. The sex distribution
was similar among the three groups. No differences
existed in the alanine aminotransferase (ALT) or
aspartate aminotransferase (AST) concentration among
the three groups except that the ALT concentration
showed a marginal difference between the NHS and
early BA groups. The early and late BA groups had
similar y-glutamyltransferase concentrations, but both
were higher than those in the NHS group. The early BA
and NHS groups had similar direct and total bilirubin
concentrations, and both were lower than those in the
late BA group (Table 1).

Peri-biliary inflammation and portal fibrosis grading
in each group

We first evaluated the liver specimen length and the
number of portal tracts in each group (Supplementary
Table 1). Both the liver specimen length and number
of portal tracts in the late BA group were higher than
those in the early BA group or the NHS group; this may
be because it is easier to obtain larger liver specimens
during liver transplantation. However, there were no
differences in the number of portal tracts per unit length
(the ratio of portal tract number and length) among the
three groups. We further analyzed whether differences
existed among the NHS, early BA, and late BA livers
according to inflammatory and fibrosis grading (Table 2).
First, the distribution of specimens in the early BA group

Table 1. Patients' demographic and clinical features

was similar to that in the late BA group with respect to the
degree of peri-biliary inflammation (P=0.837). Specimens
from the early and late BA groups had more severe
portal fibrosis than those from the NHS group (P<0.01);
in particular, more specimens from the late BA group
exhibited cirrhosis than those from the early BA group.

Significantly elevated expression of PD-1 and its
ligands in early BA

The expression of PD-1 and PD-Ls in liver specimens
from normal controls, patients with NHS, patients with
early BA, and patients with late BA were detected by
immunohistochemistry. The results showed that PD-1
expression was absent or rare in the control and late

Table 2. Inflammatory and fibrosis scores in the NHS, early BA, and
late BA livers

P value
. NHS Early BA Late BA
Variables (=15 (1=28) (n=15) Early BA Late BA Early BA

vs. NHS vs. NHS vs. late BA

Peri-biliary inflammation 0.046  0.078 0.837
A 8 7 3
B 5 11 8
C 2 10 4
Portal fibrosis grading <0.010 <0.010 <0.010
FO 7 2 0
Fl1 5 4 0
F2 2 7 1
F3 1 12 3
F4 0 3 11

NHS: neonatal hepatitis syndrome; BA: biliary atresia. A: absent;
B: mild (present in occasional ducts); C: multiple (present in many
ducts); FO: absent or fibrous expansion of some portal tracts; F1:
fibrous expansion of most portal tracts; F2: focal porto-portal bridging;
F3: marked bridging; F4: cirrhosis.

Variables Control (n=5) NHS (n=15) Early BA (n=28) Late BA (n=15) P (early BA vs. NHS)
Age 30.2+3.5 (y) 2.240.9 (mon) 2.5+1.2 (mon) 7.3£1.5 (mon) 0.139
Gender (male) 4 6 17 5 0.194
ALT (U/L) 44.4+12.7 97.4+52.0 175.5+138.4 151.1+£107.8 0.041
AST (U/L) 19.446.3 213.4+150.4 268.4+176.2 279.74271.3 0.198
y-GT (U/L) 24.6+5.7 141.2+151.1 582.4+421.0 337.7+£327.9 <0.010
DB (umol/L) 2.6x1.5 88.8+£33.6 109.6+46.3 187.5£98.4 0.202
TB (umol/L) 8.843.3 153.2451.1 180.3+86.8 299.1+168.7 0.111

NHS: neonatal hepatitis syndrome; BA: biliary atresia; ALT: alanine aminotransferase; AST: aspartate aminotransferase; y-GT: y-glutamyltransferase;

DB: direct bilirubin; TB: total bilirubin.

Table 3. Number of positive cells in the normal control, NHS, early BA, and late BA livers

Variables Control (n=5) NHS (n=15) Early BA (n=28) Late BA (n=15) P (early BA vs. NHS)
PD-1 (cells/HPF) 0.3+0.4 13.0+£21.5 37.3+21.5 1.4+2.0 <0.010
PD-L1 (cells/HPF) 0.6+0.8 18.6+25.2 49.6+25.5 5.0+4.1 <0.010
PD-L2 (cells/HPF) 1.2+1.2 9.5+10.0 47.3+£27.7 93.4+38.3 <0.010
PD-L1/PD-1 1.0£1.6 1.1£1.0 1.5+0.5 2.3+4.0 0.231
PD-L2/PD-1 1.6+2.4 0.7+0.7 1.8+1.6 24.5+32.3 <0.010
PD-L1/PD-L2 0.242.3 1.7£1.3 1.6£1.3 0.1+0.1 0.878

NHS: neonatal hepatitis syndrome; BA: biliary atresia; PD-1: programmed death-1; PD-L1: programmed death ligand-1; PD-L2: programmed death

ligand-2; HPF: high-power field.
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BA groups (Fig. A&J), while a small quantity of PD-
1-positive cells was found mainly in the portal areas
of 67% (10/15) of livers in the NHS group (Fig. D).
However, abundant PD-1+ cells were observed within
both the portal and lobule areas in the early BA group
(Fig. G). Similar to the characteristic expression of PD-
1, the expression of PD-L1 was absent or rare in normal
control and late BA liver tissues (Fig. B&K), while its
expression was found in 87% (13/15) of livers in the
NHS group; the expression was restricted to the portal
area (Fig. E). The expression of PD-L1 was abundant
in all early BA specimens and was also mainly located
in the portal area (Fig. H). The expression of PD-L2

NHS

Late BA 5 .

was infrequent in normal control and NHS specimens
(Fig. C&F). Increased expression of PD-L2 was found
predominantly in the lobule areas of early BA liver
specimens (Fig. I). However, in late BA liver tissues,
PD-L2 expression was strongly expressed throughout
the whole tissue section (Fig. L).

All of the PD-1+, PD-L1+, and PD-L2+ cells in the
liver tissues of these detected samples were counted and
compared (Table 3). The number of positive cells was
significantly higher in the early BA group than that in
the NHS and control groups. Interestingly, an obvious
decrease in PD-1+ and PD-L1+ cells and an increase
in PD-L2+ cells were found in the late BA group. We

.
»

e d e
- 1 B Wiy,
7 . W0 1A

Fig. Expression of PD-1, PD-L1, and PD-L2 in the liver tissues from the normal control, NHS, early BA, and late BA groups were detected by
immunohistochemistry. A&B: Expression of PD-1 and PD-L1 was absent in the normal liver; C: Small quantities of PD-L2-positive cells were
found in the normal control liver tissues, and the expression was restricted to the periportal area; D&E: Small quantities of PD-1- and PD-L1-
positive cells were found in the portal area in the NHS tissues; F: The expression of PD-L2 in NHS was similar to that in the normal controls; G-I:
Elevated expression of PD-1, PD-L1, and PD-L2 was found in the early BA livers. PD-1-positive cells were found in the portal and lobular areas;
the expression of PD-L1 was restricted to the portal area, while PD-L2 was found mainly in the lobular area. Expression of PD-1 and PD-L1 were
absent in the livers of the late BA group (J&K), while significantly increased PD-L2 expression was found throughout the whole tissue section
(L). The arrows indicate infiltrating positive cells, scale bar=20 um. PD-1: programmed death-1; PD-L1: programmed death ligand-1; PD-L2:
programmed death ligand-2; NHS: neonatal hepatitis syndrome; BA: biliary atresia.
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also evaluated the PD-L1/PD-1, PD-L2/PD-1, and PD-
L1/PD-L2 ratios in each group. The PD-L1/PD-1 ratio
was very stable among the NHS, early BA, and late
BA groups. The PD-L2/PD-1 ratio was not different
between the early and late BA groups, while the PD-L1/
PD-L2 ratio in late BA livers was clearly different from
that of the other two groups.

Correlation of PD-1 and PD-L1 with degree of
inflammation and stronger correlation of PD-L2
with fibrosis score

We analyzed the correlation between PD-1 and its two
ligands as well as the correlations between these three
molecules and the clinicopathological parameters in
each group. In both the NHS and early BA groups, there
was a significant correlation between PD-1 and PD-
L1 expression; neither PD-1 nor PD-L1 was correlated
with the expression of PD-L2 (Supplementary Tables
2&3). In the late BA group, we found no correlation
between PD-1 and its two ligands (Supplementary
Table 4). In the livers of all three groups, PD-1 was
closely correlated with the degree of liver inflammation
and PD-L2 was more directly correlated with the
fibrosis score. Although PD-L1 was correlated with
liver inflammation in the NHS and early BA groups,
this correlation was not present in late BA livers. The
expression of PD-1 was correlated with the serum ALT
and AST concentrations in the NHS group, while both
PD-1 and PD-L1 were correlated with the serum direct
bilirubin and total bilirubin concentrations in the early
BA group.

Phenotypes of positive cells in patients with early BA
The phenotypes of PD-1+, PD-L1+, and PD-L2+
cells in early BA livers were further examined by
immunofluorescence double staining. PD-1 was
expressed on CD4+ T cells, CD20+ B cells, CD68+
macrophages (Kupffer cells), CK-7+ epithelial cells,
and CD31+ endothelial cells (Supplemental Fig. 1).
PD-L1 expression was only observed on CD11b+
monocytes and granulocytes and CD83+ dendritic cells
(Supplemental Fig. 2). Similarly, PD-L2 expression
was only observed on CD4+ T cells and CD56+ natural
killer (NK) cells (Supplemental Fig. 3).

Discussion

This is the first report to illustrate the PD-1/PD-Ls pathway
in BA. In this study, we first found higher expression of
PD-1 and its ligands in patients with early BA than that in
patients with NHS and normal controls. These findings are
consistent with those in adults with chronic virus hepatitis
and autoimmune liver diseases.™” However, the different

distribution and function of PD-1 and its ligands may
distinguish BA from other inflammatory liver diseases.

There was a significant correlation between PD-1
and PD-L1 in early BA livers; PD-1 or both PD-1 and
PD-L1 were linked more directly with the degree of
liver inflammation, while PD-L2 was more closely
correlated with the degree of liver fibrosis in both early
and late BA livers. This shows that the PD-1/PD-L1
axis plays an important role in the immunopathological
damage to the biliary system in patients with BA. PD-1
was expressed in the portal and lobule areas of early BA
livers, and the phenotype of positive cells included CD4+
T lymphocytes, B lymphocytes, macrophages, epithelial
cells, and endothelial cells. The former three types of
cells are reportedly involved in bile duct inflammation
and obstruction in patients with BA.”'"*! The positive
staining of these cells indicates the inhibitory role of
PD-1 in immune reactions. Interestingly, however, PD-1
but not PD-Ls is expressed on epithelial and endothelial
cells. Overexpression of major histocompatibility
complex class II molecules and costimulatory factors
(B7-1, B7-2, and CD40) have been found in the biliary
epithelium and/or vessels in patients with BA.">** The
expression of PD-Ls should accompany the expression of
these molecules. One theory regarding the pathogenesis
of BA is the autoimmunity theory, in which biliary
epithelia act as "autoantigens" and sustain attacks from
all types of inflammatory cells.”” The overexpression of
PD-1 on epithelial and endothelial cells may occur by
decreasing the "autoantigen" concentration to alleviate
the immune reaction. However, the potential PD-1-
induced dysfunction of epithelial and endothelial cells
could aggravate the pathological damage. Determination
of the detailed effects of PD-1 on the epithelium and
vessels requires further study.

Compared with broader expression of PD-1 in the
early BA livers, the expression of PD-L1 and PD-L2
were relatively restricted. PD-L1 was mainly expressed
on monocytes, granulocytes, and mature dendritic cells
in the portal area. The recruitment of myeloid monocytes
and granulocytes in BA was nonspecific and associated
with bile duct obstruction rather than an antigen-specific
immune reaction against the biliary epithelium.”**”
Studies have shown that the expression of PD-L1 alone
may lead to monocyte dysfunction.” In a murine BA
model, an increased population of plasmacytoid dendritic
cells worked with conventional dendritic cells to stimulate
proliferation of CD4+ and CD8+ T lymphocytes and
activate NK cells in the early phase of the pathogenesis
of biliary injury.”” Another study showed that mature
dendritic cells can also modulate liver fibrogenesis."”
High expression of PD-L1 on dendritic cells conferred
T lymphocyte and NK cell immune suppression by
engagement of PD-1."
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Another interesting finding of this study is the
discordant expression of PD-L2 in early BA livers and
its correlation with the progression of fibrosis. The
effect of PD-L2 on CD4+ T lymphocytes and NK cells
is still unclear because aside from the inhibitory effect,
PD-L mutants with abolished PD-1 binding capacity
can still co-stimulate proliferation and cytokine
production of T cells.”” Studies have found that a
portion of patients with BA exhibit predominance of the
T helper 2 cell response®'! and that T helper 2 cytokines
in the liver promote liver fibrosis.””’ NK cells are key
initiators of biliary epithelial injury in experimental
BA; however, NK cells can ameliorate liver fibrosis by
killing activated stellate cells.***”

None of the three molecules were expressed on
CD8+ lymphocytes, another vital effector cell type in
cholangiocyte injury. Coupled with Treg deficiency
in BA,"” the CD8+ lymphocytes were basically
uninhibited. This also demonstrates that the PD-1/PD-
Ls pathway is not correlated with the prognosis of the
Kasai procedure. Moreover, a significant decrease in
PD-1 and PD-L1 expression was shown in late BA.
Related studies have found that inflammation is often
less severe in late diagnosis of BA."

In summary, this study showed elevated PD-1/PD-
Ls pathway expression in early BA. PD-1 and/or PD-
L1 expression were correlated with liver inflammation,
and the PD-1 distribution on epithelial cells in early BA
livers shows that these two molecules are involved in the
process of immunopathological damage to the biliary
tract in BA livers. The dissimilar expression of PD-L2
was more directly associated with liver fibrosis and the
detailed role of PD-L2 in BA requires further research.
None of the three molecules were expressed on CD8+
lymphocytes, which suggests that they are not related
to the prognosis of patients who undergo the Kasai
procedure.
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