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Abstract
Extrahepatic bile ducts are character-

ized by the presence of peribiliary glands
(PBGs), which represent stem cell niches
implicated in biliary regeneration.
Orthotopic liver transplantation may be
complicated by non-anastomotic strictures
(NAS) of the bile ducts, which have been
associated with ischemic injury of PBGs
and occur more frequently in livers
obtained from donors after circulatory death
than in those from brain-dead donors. The
aims of the present study were to investi-
gate the PBG phenotype in bile ducts after
transplantation, the integrity of the peribil-
iary vascular plexus (PVP) around PBGs,
and the expression of vascular endothelial
growth factor-A (VEGF-A) by PBGs.
Transplanted ducts obtained from patients
who underwent liver transplantation were
studied (N=62). Controls included explant-
ed bile duct samples not used for transplan-
tation (N=10) with normal histology.
Samples were processed for histology,
immunohistochemistry and immunofluo-
rescence. Surface epithelium is severely

injured in transplanted ducts; PBGs are dif-
fusely damaged, particularly in ducts
obtained from circulatory-dead compared to
brain-dead donors. PVP is reduced in trans-
planted compared to controls. PBGs in
transplanted ducts contain more numerous
progenitor and proliferating cells compared
to controls, show higher positivity for
VEGF-A compared to controls, and express
VEGF receptor-2. In conclusion, PBGs and
associated PVP are damaged in transplanted
extrahepatic bile ducts; however, an activa-
tion of the PBG niche takes place and is
characterized by proliferation and VEGF-A
expression. This response could have a rel-
evant role in reconstituting biliary epitheli-
um and vascular plexus and could be impli-
cated in the genesis of non-anastomotic
strictures.

Introduction
Large intrahepatic and extrahepatic bile

ducts are characterized by the presence of
peribiliary glands (PBGs), which are locat-
ed within the bile duct wall and have been
shown to harbor a heterogeneous popula-
tion of stem cells, the biliary tree stem/pro-
genitor cells (BTSCs).1 Their stem cell
properties, including self-replication and
capability to differentiate into mature cells,
have been characterized.1

BTSCs and PBGs have been identified
as key players in the pathogenesis of
human cholangiopathies.2,3 Hyperplasia of
peribiliary glands has been associated with
the development of fibrosis in large bile
ducts in patients with primary sclerosing
cholangitis.2 Damage to PBGs has been
implicated in the development of non-
anastomotic strictures (NAS) of the biliary
tree, a complication emerging after ortho-
topic liver transplantation (OLT) and
potentially leading to re-transplantation.4

Interestingly, livers obtained from donors
after circulatory death (DCD) are more
likely to develop NAS compared to those
obtained from brain-dead donors (DBD).5,6

The transplanted extrahepatic biliary tree
experiences ischemia-reperfusion injury,
which could be important in the pathogen-
esis of PBG damage.4

Ischemia-reperfusion injury is associ-
ated with activation of signalling pathways
involving hypoxia-inducible factor 1 (HIF-
1) and vascular endothelial growth factor
(VEGF).7 The VEGF family includes sig-
nalling proteins which act on endothelial
cell proliferation and vessel pathophysiol-
ogy.8 Interestingly, several epithelial cells
have been shown to express VEGF path-
way elements, which take part in the mod-
ulation of cell growth in both autocrine and
paracrine manner.9 However, little is

known about the role of VEGFs in BTSC
regeneration.

In the light of these observations, the
aims of the present study were to investi-
gate in transplanted bile ducts obtained
from DBDs and DCDs: i) changes in PBG
mass and morphology; ii) phenotypic
changes in cells within PBGs; iii) integrity
of the peribiliary vascular plexus (PVP);
and, iv) expression of VEGF family mem-
bers by PBGs.

Materials and Methods

Recipient, donor and surgical 
characteristics

This is a retrospective single-centre
study of 62 patients who underwent liver
transplantation (34 from DBD and 28 from
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DCD donors) at Queen Elizabeth Hospital
Birmingham/University Hospitals Birming -
ham (UHB) National Health Service (NHS)
Foundation Trust from July 2012 to March
2015, with a minimum follow-up of 12
months. 

Baseline recipient characteristics were
extracted from the hospital administrative
databases at the time of admission; baseline
bloods were extracted based on the last
measurement before transplantation.
Functional donor warm ischemia time is
exclusively related to DCD donors and was
defined as the time from the decline of
patient’s systolic arterial pressure below 50
mm Hg and/or arterial oxygen saturation
below 70%, to cold perfusion. It includes
the mandatory 5-min period of waiting,
after asystole, before donor incision. Graft
cold ischemia time was defined as the time
from the cold perfusion to the liver out of
ice before the implantation in the recipient.
Recipient warm ischemia time was defined
as the time from liver out of ice to hepatic
artery reperfusion into the recipient.

The project was approved by University
Hospitals Birmingham NHS Foundation
Trust’s Liver Research Forum (prot.
C26A14N8L4) and by the Human
Biomaterials Resource Centre, College
Medical & Dental Sciences, University of
Birmingham (Application Number: 14-
196). Written informed consent was
obtained from each patient and the study
protocol was conformed to the Ethical
Guidelines of the 1975 Declaration of
Helsinki.

Histological assessments
The samples of transplanted extrahep-

atic bile ducts obtained from DBD (n=34)
or DCD (n=28) donors were retrieved at
the time of transplantation after portal and
arterial reperfusion of the liver and before
starting the biliary anastomosis. Samples
were immediately preserved in 10%
formaldehyde for 1-3 h and embedded in
paraffin by a dedicated team of researchers
to avoid delay between sample collection
and fixation/storage. Routine histological
stains including using hematoxylin-eosin
(H&E) and Periodic acid-Schiff (PAS)
were performed. Control samples included
bile duct samples from DBD livers not
used for transplantation (n=10). These
samples were obtained at the moment of
the organ explant, thus not experiencing
any ischemia and serving as healthy con-
trols. The walls of these ducts included
PBGs characterized by almost normal his-
tological appearances, as previously
described.1

The histological evaluation of bile duct
injury was carried out using H&E stained
sections of paraffin-embedded tissue sam-

ples. The degree of injury was graded
using a scoring system as described in two
previous studies4,10 (Supplementary Table
1). Moreover, severely damaged PBGs
were identified as glandular acini display-
ing disrupted and detached epithelium
and/or cells with pyknotic nuclei and dis-
torted shape and are expressed as percent-
age of damaged PBGs over total PBGs per
bile duct. The evaluation was performed
on H&E and/or on slides processed for
cytokeratin 7 immunohistochemistry (see
below).

Immunohistochemistry and
immunofluorescence

From each specimen, 3-μm sections
were obtained. For immunohistochemistry,
endogenous peroxidase activity was
blocked by a 30-min incubation in
methanolic hydrogen peroxide (2.5%).
Antigens were retrieved, as indicated by
the vendor, by applying Proteinase K
(Dako, Glostrup, Denmark; code S3020)
for 10 min at room temperature. Sections
were then incubated overnight at 4°C with
primary antibodies (Supplementary Table
2). Then, samples were rinsed twice with
phosphate buffered saline (PBS) for 5 min,
incubated for 20 min at room temperature
with secondary biotinylated antibody, and
then with Streptavidin-horseradish peroxi-
dase (LSAB+, Dako; code K0690).
Diaminobenzidine (Dako; code K3468)
was used as substrate, and sections were
counterstained with hematoxylin.11

Apoptosis was detected by Terminal
deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) assay as indicated
by the vendor (ApopTag® Plus Peroxidase
In situ Apoptosis Detection Kit, Chemicon
International, Sigma-Aldrich, St. Louis,
MI, USA; Code: S7101). For all
immunoreactions, negative controls (the
primary antibody was replaced with pre-
immune serum) were also included. Slides
were scanned by a digital scanner (Aperio
Scanscope CS System, Aperio Digital
Pathology, Leica Biosystems, Milan, Italy)
and processed by ImageScope.12

Cytokeratin 7 was used as PBG marker
based on our previous studies and the area
occupied by cytokeratin 7+ PBGs was
quantified using an image analysis algo-
rithm and is expressed as percentage of the
total bile duct wall area.13 The expression
of proliferation index in PBGs was calcu-
lated by immunohistochemistry for PCNA
(proliferating cell nuclear antigen).
Positive nuclei were automatically counted
by an image analysis software (Aperio
ImageScope System) and are expressed as
percentage of positive cells within PBGs.
The distribution of peribiliary vascular
plexus (PVP) was evaluated on CD31-

stained slides and expressed as number of
vessels per high-powered field (HPF) and
as proportion of vessels per PBG
(PVP/PBG ratio).14 For PAS and for
immunohistochemistry for Sox9 (sex-
determining region Y-box 9, a progenitor
cell marker), VEGF, and HIF-1α, the pro-
portion of positive cells was automatically
counted by an image analysis software
(Aperio ImageScope System), then, a
semi-quantitative (SQ) scoring system was
applied (0= <5%; 1= 5-10%; 2= 11-30%;
3= 31-50%; 4= >50%).11

Statistical analysis
Data are expressed as mean ± standard

deviation. The Mann–Whitney U test was
used to determine differences between
groups. The Spearman nonparametric cor-
relation were used. A P-value <0.05 was
considered statistically significant.
Analyses were performed using IBM SPSS
software (IBM, Armonk, NY, USA).

Results

Histological assessment of 
extrahepatic bile ducts 

Transplanted extrahepatic bile ducts
showed variably higher degree of surface
epithelial cell loss (Figure 1A, yellow
arrows), mural stroma necrosis, intramural
bleeding, arteriolonecrosis, and inflamma-
tion compared to controls (Table 1).
Interestingly, no differences in histopatho-
logical damage was observed when ducts
obtained from DBD were compared with
those from DCD (Table 2) except for the
detachment/loss of cells in periluminal
PBG (P= 0.022) and signs of peribiliary
vascular plexus damage (P=0.043).

Assessment of peribiliary gland
damage and mass in extra-hepatic
bile ducts

The percentage of damaged PBGs was
higher in transplanted (31.4±12.8%) com-
pared to control ducts (4.7±3.1%; P<0.001,
Figure 1B). No differences in term of PAS
positivity were detected between control
and transplanted ducts (Figure 1C).
However, the evaluation of PBG mass,
conducted on cytokeratin 7-stained slides,
indicated that transplanted extrahepatic
bile ducts showed no difference in terms of
PBG mass (1.61±0.91%) compared to con-
trol ducts (1.76±0.49%; P=0.635; Figure
2). In transplanted ducts, PBG mass
inversely correlated with damaged glands
(r= 0.478; P=0.045). According to the
increased number of damaged PBGs, the
study of apoptosis by TUNEL assay indi-
cated that transplanted ducts showed 
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Figure 1. Histological findings and changes in peribiliary gland (PBG) mass in extrahepatic bile ducts (EHBDs). A) Haematoxylin and
eosin (H&E) stain in EHBDs obtained from control and transplanted organs; transplanted bile ducts are characterized by extensive sur-
face epithelium loss compared to controls (arrows). B) Haematoxylin and eosin (H&E) stain in EHBDs obtained from control and
transplanted organs; transplanted EHBDs are characterized by disrupted PBG acini; damaged PBG are characterized by distorted and
detached cells (arrows) and cells with pyknotic nuclei (arrowheads). C) Periodic acid-Schiff (PAS) in EHBDs obtained from control and
transplanted organs; no differences in term of PAS positivity in PBGs (arrows) are detected between control and transplanted ducts.
Scale bars: 50 μm.
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higher percentage of apoptotic PBG cells
(39.5±7.3%) compared to controls
(10.6±2.7%; P<0.001; Figure 2). PBGs in
transplanted extrahepatic bile ducts
showed higher percentage of PCNA+ and
SOX9+ cells (47.4±25.3% and SQ score:
2.7±1.2) compared to controls (7.8±4.2%
and SQ score: 1.3±0.5; P<0.001 and
P=0.026, respectively; Figure 3). PCNA
co-localized with SOX9 expression in the
same cells as demonstrated by double
immunofluorescence. SOX9+ PBG cells
correlated with damaged PBGs in trans-
planted extrahepatic bile ducts (r= 0.713;
P=0.031).

When DBD and DCD transplanted
ducts were compared, no difference was
found in terms of PBG mass (1.79±1.22%
and 1.49±0.69%, respectively; P=0.255).
However, transplanted ducts obtained from
DBD showed lower percentage of dam-
aged glands (25.0±12.9%) compared to
ducts obtained from DCD (35.4±11.5%;
P=0.046, Figure 4). DBD transplanted
ducts showed lower percentage of PCNA+

cells (50.0±17.3) compared with DCD
(75.0±8.6; P=0.044, Figure 4). No differ-
ence was revealed between DBD and DCD
in terms of SOX9 expression.

Peribiliary Vascular plexus and
expression of vascular endothelial
growth factor pathway elements 
in PBGs 

The evaluation of PVP was conducted
on CD31 stained slides (Figure 5).
Transplanted extrahepatic bile ducts
showed lower number of PVP vessels per
field (5.2±3.0) compared to control ducts
(14.2±2.6; P<0.001). Similarly, the
PVP/PBG ratio was lower in transplanted
bile ducts (0.57±0.30) compared to con-
trols (1.1±0.2; P=0.002). The PVP/PBG
ratio was inversely correlated with the per-
centage of damaged PBG in transplanted
ducts (r= -0.578; P=0.039). No difference
was found when DBD and DCD trans-
planted ducts were compared.

Then, the VEGF-A, VEGF-C, and
HIF-1α expression by PBGs was evaluated
(Figure 6). VEGF-A but not VEGF-C (not
shown) was expressed in PBGs. VEGF-A
expression was significantly increased in
transplanted extrahepatic bile ducts (SQ
score: 2.3±1.1) compared to controls (SQ
score: 1.2±0.4; P=0.007). Similarly, nucle-
ar HIF-1α expression was significantly
increased in transplanted extrahepatic bile
ducts (SQ score: 2.2±1.2) compared to
controls (SQ score: 1.1±0.6; P=0.031).
VEGF-A expression correlated with
SOX9+ PBG cells (r= 0.686; P=0.041). No
difference was found when DBD and DCD
transplanted ducts were compared. 

Interestingly, VEGF receptor

(VEGFR)-2 was expressed by PBG cells
as. demonstrated by double immunofluo-
rescence with SOX9 (Figure 6B).

Discussion
The present study demonstrated that: i)

PBGs in transplanted extrahepatic bile
duct are diffusely damaged, particularly in
ducts obtained from DCD compared to
DBD; ii) PBGs in transplanted extrahepat-
ic bile ducts are composed of a higher pro-
portion of SOX9+ and PCNA+ cells com-
pared to controls; iii) PVP around PBGs is
reduced in transplanted compared to con-
trol ducts; iv) VEGF signalling is highly
activated in transplanted ducts.

PBGs are tubulo-alveolar glands locat-
ed within the wall of large intrahepatic and
extrahepatic bile ducts and are in direct
communication with the bile duct lumen.
PBGs are composed of mucinous and
serous cells;15-17 moreover, PBGs contain a
subpopulation (nearly 10%) of multipotent
stem cells, namely the biliary tree
stem/progenitor cells (BTSCs). BTSCs can
differentiate into mature cholangiocytes,

hepatocytes and endocrine pancreatic
cells. The stemness (i.e., self-replicative
and differentiative capabilities) of BTSCs
has been demonstrated both in vitro and in
vivo.18,19 In murine models, BTSCs are
activated in response to biliary injury.20,21

Accordingly, human chronic cholan-
giopathies are characterized by BTSC
expansion.18,22 In primary sclerosing
cholangitis, chronic inflammation induces
BTSC activation, thus leading to PBG
compartment expansion and driving fibro-
sis in the walls of large bile ducts;2 further-
more, PBG niche can induce the remod-
elling of peribiliary vascular plexus via
VEGF pathway.14

Nevertheless, PBGs themselves can be
affected during bile duct injury.23-25 At
OLT, the biliary tree is subjected to
ischemia from the time of liver explant to
reperfusion in the recipient;4,26 in this con-
text, previous reports showed that trans-
planted bile ducts are characterized by
extensive histological injury of bile duct
wall, including also PBGs.4 This injury
was reduced in organs, which had under-
gone machine perfusion prior to transplan-
tation, indicating how preventing ischemia
can preserve bile duct and PBG integrity.27
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Table 1. Histological scoring of control and transplanted extrahepatic bile ducts.

                                                              Control ducts       Transplanted ducts       P-value
                                                                    (n=10)                      (n=62)                        

Biliary epithelial cell loss                                                                                                                                <0.001
    No epithelial loss                                                 5/10 (50%)                          0/62 (0%)                              
    ≤50% epithelial loss                                            4/10 (40%)                        2/62 (3.2%)                             
    >50% epithelial loss                                            1/10 (10%)                      60/62 (96.8%)                           
Mural stroma necrosis                                                                                                                                    <0.001
    No necrosis                                                         10/10 (100%)                    10/62 (16.1%)                           
    ≤25 % of duct wall necrotic                                 0/10 (0%)                       16/62 (25.8%)                           
    25-50 % of duct wall necrotic                              0/10 (0%)                       13/62 (21.0%)                           
    >50 % of duct wall necrotic                                0/10 (0%)                       23/62 (37.1%)                           
Intramural bleeding                                                                                                                                         <0.001
    No bleeding                                                         10/10 (100%)                    24/62 (38.7%)                           
    ≤50 % of the bile duct wall                                  0/10 (0%)                       38/62 (61.3%)                           
    >50 % of the bile duct wall                                  0/10 (0%)                           0/62 (0%)                              
Inflammation                                                                                                                                                     <0.001
    No inflammation                                                 10/10 (100%)                    52/62 (83.9%)                           
    At least one HPF with >10 leukocytes              0/10 (0%)                         3/62 (4.8%)                             
    At least one HPF with >50 leukocytes              0/10 (0%)                        7/62 (11.3%)                            
Peribiliary vascular plexus damage                                                                                                                  NS
    No injury                                                                 9/10 (90%)                      51/62 (82.3%)                           
    ≤50 % vessels damaged                                      1/10 (10%)                      11/62 (17.7%)                           
    >50 % vessels damaged                                       0/10 (0%)                           0/62 (0%)                              
Arteriolonecrosis                                                                                                                                                 NS
    None                                                                        9/10 (90%)                      52/62 (83.9%)                           
    ≤50 % vessels damaged                                      1/10 (10%)                      10/62 (16.1%)                           
    >50 % vessels damaged                                       0/10 (0%)                           0/62 (0%)                              
Thrombosis                                                                                                                                                            NS
    Absent                                                                   10/10 (100%)                    61/62 (98.4%)                           
    Present                                                                    0/10 (0%)                         1/62 (1.6%)                             

Statistically significant P-values are reported; HPF, high-powered field; NS, not significant.
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Recently, an ex vivo model showed that the
regeneration of ischemic injured surface
epithelium in explanted biliary tree is
ensured by BTSC activation.28 In the pre-
sent study, the response of PBG niche to
bile duct injury in transplanted ducts was
investigated. In our series, transplanted
bile ducts were characterized by loss of
surface epithelium, necrosis and inflam-
mation. Compared to histologically normal
controls, transplanted ducts did not differ
in PBG mass extension but were character-
ized by a higher proportion of damaged
PBGs. Remarkably, an increased percent-
age of damaged PBGs was observed in
ducts obtained from DCD compared to
DBD ones. This aspect is in accordance
with the longer ischemic period time expe-
rienced by DCD organs.5 The degree of
PBG damage during the transplant proce-
dure is clinically relevant due to its corre-
lation with the development of non-anasto-
motic biliary strictures (NAS) within the
first year after OLT, which often leads to
liver re-transplantation.4 When the pheno-
type of cells within PBGs was studied, we
observed a higher proportion of cells
expressing SOX9, a marker of stem/pro-
genitor cells.29 Generally, stem/progenitor
cells are characterized by higher resistance
to ischemia compared to mature cells.30 In
the biliary tree, mature cholangiocytes are
highly susceptible to ischemic injury,31 as
also confirmed by extensive loss of surface
epithelium in our series. Thus, the high
proportion of SOX9+ BTSCs within PBGs
suggests that these cells are more resistant
to ischemic injury compared to mature
cells. In keeping with that, PBGs in trans-
planted ducts were composed of a higher
percentage of proliferating BTSCs com-
pared to controls; hence in transplanted
ducts, BTSCs are a relatively spared cell
compartment and counteract the ischemic
insult by a replicative response. Moreover,
we did not find differences in term of
mucous cells within PBGs between trans-
planted and control ducts. This suggests
that response to ischemic injury implies
different mechanisms compared to other
human diseases determining PBG activa-
tion (i.e., primary sclerosing cholangitis)
and characterized by high mucinous meta-
plasia.2

Besides PBGs, bile duct injury in
transplanted ducts also involves vessels
within duct walls. Transplanted ducts were
characterized by an overall lower extent of
PVP compared to controls. Most interest-
ingly, the reduction of vessels around
PBGs in transplanted duct was correlated
with PBG damage. These results indicate
that ischemic injury could be accentuated
by the destruction of PVP around PBGs.
Thus, we further evaluated the activation

of VEGF pathway in transplanted bile
ducts. VEGF is a family of related growth
factors that includes VEGF-A, -B, -C, -D,
and -E and placenta growth factor.9 VEGF-
A is a mitogen for vascular endothelial
cells and regulates vascular pathophysiolo-
gy, including vasodilatation, vascular per-
meability, migration, and survival of
endothelial cells. Three main receptors
have been identified for VEGF (VEGFR),
VEGFR-1 (Flt-1), VEGFR-2 (Flk-1), and
VEGFR-3 (Flt-4). While VEGF-A inter-
acts with VEGFR-1 and VEGFR-2,
VEGF-C interacts with VEGFR-2 and

VEGFR-3.8 The expression of VEGF and
its receptors is not restricted to vascular
endothelial cells; VEGF is secreted by sev-
eral epithelia, where it modulates cell
growth by autocrine and paracrine mecha-
nisms. Particularly, it has been shown that
in experimental models of biliary tree
regeneration, cholangiocytes can secrete
VEGFs and express VEGFR-2 and
VEGFR-3;9,31,32 in turn, VEGF can induce
cholangiocyte proliferation and mediate
the adaptive proliferative response of
cholangiocytes to cholestasis. Moreover,
VEGF-A secreted by proliferating cholan-
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Table 2. Histomorphological evaluation of extrahepatic bile ducts in donors after circu-
latory death (DCD) vs brain-dead donor (DBD) organ recipients.

                                                                    DCD (28/62)              DBD (34/62)          P-value

Biliary epithelial cell loss                                                                                                                                      NS
        No epithelial loss                                                     0/28 (0%)                            0/34 (0%)                          
        ≤50% epithelial loss                                                0/28 (0%)                           2/34 (5.9%)                        
        >50% epithelial loss                                            28/28 (100%)                     32/34 (94.1%)                      
Mural stroma necrosis                                                                                                                                          NS
        No necrosis                                                            3/28 (10.7%)                       7/34 (20.5%)                       
        Duct wall necrotic                                                25/28 (89.3%)                       27/34 (79%)                        
        ≤25% of duct wall necrotic                                   7/28 (25%)                         9/34 (26.5%)                       
        25 -50% of duct wall necrotic                              4/28 (14.3%)                       9/34 (26.5%)                       
        >50% of duct wall necrotic                                  14/28 (50%)                        9/34 (26.5%)                       
Intramural bleeding                                                                                                                                               NS
        No bleeding                                                           10/28 (35.7%)                     14/34 (41.2%)                      
        ≤50% of the bile duct wall                                  18/28 (64.3%)                     20/34 (58.8%)                      
        >50% of the bile duct wall                                     0/28 (0%)                            0/34 (0%)                          
Inflammation                                                                                                                                                            NS
        No inflammation                                                   25/28 (89.3%)                     27/34 (79.4%)                      
        At least one HPF with >10 leukocytes               1/28 (4.8%)                         2/34 (5.9%)                        
        At least one HPF with >50 leukocytes               2/28 (7.1%)                        5/34 (14.7%)                       
Peribiliary vascular plexus damage                                                                                                                       
        No injury                                                                 20/28 (71.4%)                       31/34 (91%)                        
        ≤50 % vessels damaged                                       8/28 (28.6%)                        3/34 (8.8%)                    0.043
        >50 % vessels damaged                                         0/28 (0%)                            0/34 (0%)                          
Arteriolonecrosis                                                                                                                                                    NS
        None                                                                        22/28 (78.6%)                     30/34 (88.2%)                      
        ≤50% vessels damaged                                        6/28 (21.4%)                       4/34 (11.8%)                       
        >50% vessels damaged                                          0/28 (0%)                            0/34 (0%)                          
Thrombosis                                                                                                                                                              NS
        Absent                                                                    27/28 (96.4%)                     34/34 (100%)                       
        Present                                                                     1/28 (3.6%)                           0/34 (0%)                          
Periluminal peri-biliary gland damage                                                                                                               NS
        No signs of injury                                                    7/28 (25%)                        19/34 (55.9%)                      
        Detachment/loss of cells                                     20/28 (75%)                       14/34 (44.1%)                  0.022
        ≤50% detachment/loss of cells                         17/28 (60.7%)                     11/34 (32.4%)                      
        >50% detachment/loss of cells                         3/28 (10.7%)                        3/34 (8.8%)                        
        Not available                                                            1/28 (3.6%)                         1/34 (2.9%)                        
Deep peri-biliary gland damage                                                                                                                           NS
        No signs of injury                                                 13/28 (46.4%)                     18/34 (53.0%)                      
        Loss of cells                                                          15/28 (53.6%)                       15/34 (47%)                        
        ≤50% loss of cells                                                13/28 (46.4%)                     13/34 (38.2%)                      
        >50% loss of cells                                                  2/28 (7.2%)                         2/34 (5.9%)                        
        Not available                                                             0/28 (0%)                           1/34 (2.9%)                        

Statistically significant P-values are reported; HPF, high-powered field; NS, not significant.
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giocytes in response to damage can induce
PVP remodeling.9,33,34 Similarly, hepatic
progenitor cells are activated in human
chronic pathologies35 and can secrete
VEGFs and drive neo-angiogenesis within

their niche.36 In the present study, we
demonstrated that PBGs can produce
VEGF-A but not VEGF-C in response to
ischemic injury in extrahepatic bile ducts;
this could be interpreted as a putative

response to PVP impairment. In keeping,
VEGF-C is a key driver of lymphangio-
genesis,37 thus its expression could be not
stimulated in PBGs by ischemic condition
experienced by transplanted ducts. In par-

                             Original Paper

Figure 2. Peribiliary gland (PBG) mass in extra-hepatic bile ducts (EHBDs). A) Immunohistochemistry for cytokeratin 7 in EHBDs
obtained from control and transplanted organs; transplanted EHBDs display a similar PBG mass compared to controls; area in the box
is magnified in the panels below; scale bars: 50 μm. B) Terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) assay
in EHBDs obtained from control and transplanted organs; transplanted EHBDs display higher TUNEL expression in PBGs compared
to controls; scale bars: 50 μm. C) Histogram shows means and standard deviation of PBG mass and TUNEL expression in control and
transplanted ducts; *P<0.05 compared to controls.
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Figure 3. Peribiliary gland (PBG) cell proliferation and stem cell marker expression in extra-hepatic bile ducts (EHBDs). A)
Immunohistochemistry for proliferating cell nuclear antigen (PCNA) and sex-determining region Y-box 9 (SOX9) in EHBDs obtained
from control and transplanted organs; transplanted bile ducts are characterized by a higher percentage of proliferating (PCNA+) PBG
cells (upper panels) and SOX9+ PBG cells (lower panels) compared to controls (arrows); scale bars: 25 μm. B) Immunofluorescence for
PCNA (green) and SOX9 (red) in transplanted EHBDs; PCNA expression co-localizes with SOX9 expression in PBG cells (yellow
arrows); in the panel on the right, nuclei are displayed in blue; scale bars: 25 μm. C) Histograms show means and standard deviation
of the percentage of PCNA+ and SOX9+ PBG cells; *P<0.05.

allel with VEGF-A expression, we
observed a higher percentage of HIF-1α
positive PBGs in transplanted bile ducts
compared to controls; this in accordance
with previous evidence that VEGF-A

secretion by epithelial cell is induced via a
HIF-mediated pathway in response to
ischemia.7,38 Interestingly, PBGs in trans-
planted bile ducts were positive for
VEGFR-2, suggesting that VEGF-A could

also have a paracrine/autocrine effect on
BTSCs. In conclusion, this study confirms
that the PBG compartment is damaged in
transplanted ducts during OLT procedures;
however, PBG integrity could play a rele-
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Figure 4. Peribiliary gland (PBG) injury and cell proliferation in extra-hepatic bile ducts (EHBDs). A) Immunohistochemistry for
cytokeratin 7 in transplanted EHBDs obtained from brain-dead donors (DBD) and donors after circulatory death (DCD); DCD ducts
are characterized by higher percentage of damaged PBGs compared to DBD ones (arrows); area in the boxes are magnified in the panels
below; scale bars: 50 μm. B) Immunohistochemistry for proliferating cell nuclear antigen (PCNA) in EHBDs obtained from DBD and
DCD; PBGs in DCD ducts are characterized by a higher number of proliferating (PCNA+) cells compared to DBD ducts (arrows);
scale bars: 25 μm. C) Histograms show means and standard deviation of the percentage of damaged PBGs and PCNA+ PBG cells;
*P<0.05. 

vant role in reconstituting biliary surface
epithelium and PVP after ischemic injury
by means of VEGF-A expression, thus
implicating the presence of an interplay

that could be necessary for appropriate bil-
iary restoration after OLT procedure.
Clinically, these aspects are particularly
relevant since they could be implicated in

the pathogenesis of NAS in transplanted
livers, which often leads to liver re-trans-
plantation.
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Figure 6. Peribiliary gland (PBG) phenotype in extrahepatic bile ducts (EHBDs). A) Immunohistochemistry for vascular endothelial
growth factor (VEGF)-A and hypoxia-inducible factor (HIF)-α in EHBDs obtained from control and transplanted organs; PBG cells in
transplanted EHBDs display increased expression of VEGF-A (upper panels) and HIF-α (lower panels) compared to controls (arrows);
scale bars: 50 μm. B) Immunofluorescence for VEGF receptor (VEGFR)-2 (green) and sex-determining region Y-box 9 (SOX9, red) in
transplanted EHBDs; PBG cells (SOX9+) are characterized by the expression of VEGFR-2 (green arrows); separate channels are provid-
ed; nuclei are displayed in blue; scale bars: 25 μm. C) Histograms show means and standard deviations of positivity score for VEGF-A
and HIF-α; *P<0.05.

Figure 5. Peribiliary vascular plexus (PVP) and relationship with peribiliary glands (PBGs) in extrahepatic bile ducts (EHBDs). A)
Immunohistochemistry for CD31 in EHBDs obtained from control and transplanted organs; transplanted EHBDs are characterized by lower
extent of PVP compared to control (arrows); area in the boxes are magnified in the panels below; scale bars: 100 μm. B) Histograms show means
and standard deviation of the number of vessels per high-powered field (HPF) and per number of vessels per PBG (PVP/PBG ratio); *P<0.05.
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