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Abstract: Interleukin (IL)-8 (CXCLS8), a chemokine involved in neutrophil recruitment, has been
implicated in ductular reaction and liver fibrogenesis. We studied liver and serum IL-8 expression
in a large biliary atresia (BA) cohort and explored its prognostic and pathophysiological potential.
IL-8 expression was assessed in liver utilizing quantitative polymerase chain reaction (qQPCR),
immunohistochemistry and in situ hybridization and in serum using an enzyme-linked
immunosorbent assay, among 115 BA patients, 10 disease controls and 68 normal controls. Results
were correlated to portoenterostomy (PE) outcomes, biochemical and histological liver injury,
transcriptional markers of fibrosis and cholangiocytes, and expression of other related cytokines.
IL-8 was markedly overexpressed in liver and serum of BA patients at PE (n = 88) and in serum
samples obtained during postoperative follow-up (n = 40). IL-8 expression in the liver was
predominantly in cholangiocytes within areas of ductular reaction. Liver IL-8 mRNA expression
correlated positively with its serum concentration, bile ductular proliferation, Metavir fibrosis
stage, and transcriptional markers of activated myofibroblasts (ACTA2) and cholangiocytes
(KRT19). Taken together, IL-8 may mediate liver injury in BA by promoting ductular reaction and
associated liver fibrogenesis. Prognostic value of serum IL-8 to predict native liver survival was
limited and confined to the postoperative period after PE.

Keywords: biomarker; cholangiocyte; ductular reaction; liver fibrosis; pediatric liver disease

1. Introduction

Biliary atresia (BA), presenting in the neonatal period, is characterized by
fibro-inflammatory obliteration of the extra- and intrahepatic bile ducts. Although its exact
etiology remains elusive, previous studies have at times suggested a developmental,
dysfunctional immune response or environmental toxin hypotheses either individually or
in some combination [1,2]. Untreated, the resulting bile duct disruption and cholestasis
rapidly progresses to fatal biliary cirrhosis and end-stage liver disease within 2 years from
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birth [2,3]. The current management of BA involves an early attempt at restoration of bile
flow with excision of the obliterated extrahepatic bile ducts and biliary reconstruction
using a Roux jejunal loop (portoenterostomy (PE)) [2]. Consequent normalization of serum
bilirubin levels is then regarded as a successful outcome. Although PE is successful in over
half of the patients, progressive fibrosis continues in their native livers necessitating liver
transplantation (LT) in the majority of patients before the age of 20 years [3]. Consequently,
BA is the leading cause of LT in children [4].

The highly variable surgical prognosis of BA necessitates intensive postoperative
monitoring [5]. Reliable tools for prediction of the outcome of PE and progression of liver
injury are limited [5,6], but urgently needed for individualized patient follow-up, family
counselling and early prediction of the need for LT as well as interventional studies [7]. A
chemokine, interleukin (IL)-8 or CXCLS8, mediates innate immune activation and
regulates neutrophil recruitment and degranulation [8]. Increased IL-8 expression has
been linked with reactive cholangiocytes in ductular reaction (DR) and progression of
liver fibrosis in other chronic liver diseases in accordance with the ability of IL-8 to
induce alpha-smooth muscle actin (a-SMA), a marker of myofibroblast activation [9,10].
Numerous studies have shown that IL-8 expression is increased in patients with BA and
experimental data suggest that IL-8 might contribute to disease progression [8,11-13].
However, a recent study has reported that tissue and serum levels of IL-8 of BA patients
at the time of PE were not related to the outcome [14]. Thus the pathophysiological
significance and the role of IL-8 as a biomarker for liver injury and thereby its predictive
ability for PE outcomes has not been yet fully established [3].

The aim of this study was to explore the prognostic and pathophysiological potential
of IL-8 in BA by assessing its serum and liver expression in a controlled manner. We
hypothesized that by correlating with liver fibrogenesis, IL-8 expression could serve as a
valuable prognostic biomarker for the success of PE and native liver survival thereafter. To
this end, we assessed liver expression and serum levels of IL-8 and other connected
cytokines including IL-18, IL-33, tumor necrosis factor-alpha (TNFa) and interferon
gamma (IFN-y) at PE. We extend previous knowledge by addressing IL-8 expression also
during postoperative follow-up and by relating IL-8 in a large patient cohort to histological
liver fibrosis, bile ductular proliferation and transcriptional markers indicative of active
liver fibrogenesis and cholangiocytes as well as surgical outcomes.

2. Materials and Methods
2.1. Patients and Controls

This was a retrospective observational study. We included all BA patients with
stored serum or liver samples, who had undergone PE at King’'s College Hospital,
London, UK, during 20052013 or the Children’s Hospital, University of Helsinki,
Finland during 2012-2018. Of the 115 included patients representing 33% and 90% of all
patients operated on in London and Helsinki during the same eras, 75 had available
samples obtained at PE, 27 during post-PE follow-up and 13 at both time points (Table 1).
Follow-up samples were collected from stable patients in Helsinki during 2012-2018,
where serum samples were obtained at least yearly and liver biopsies at 1 year post-PE
and once in 5 years thereafter as a part of routine clinical follow-up [15]. Wedge liver
biopsies were taken at PE, and ultrasound guided core needle biopsies under general
anesthesia for endoscopic variceal surveillance as described previously [15]. Liver biopsy
is not part of the clinical management of patients post-operatively at King’s College
Hospital. All PE surgeries were open and postoperative steroids, ursodeoxycholic acid
and antibiotics were routinely used in both centers [15]. The diagnosis of BA was
confirmed by histopathological assessment of bile duct remnants in both centers.

Serum samples from 68 generally healthy pediatric day surgery patients and 10
pediatric donor liver biopsies were used as normal controls, and 10 liver biopsies from
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children with other cholestatic disorders as disease controls. Clinical details of disease
controls are displayed in Supplementary Table 1.

Table 1. Baseline patient characteristics and included study samples for all patients (n = 115), this included patients with
samples only at portoenterostomy (PE) (1 = 75) and patients with samples only at follow-up (1 =27) as well as 13 patients
with samples both at PE and follow-up. Data are median (interquartile range) or frequencies (%).

All patients Patients at PE Patients at follow up
(n=115) (n =88) (n=40)
Age at PE, days 56 (41-76) 55 (41-75) 56 (35-76)
Follow up after PE, years 3.6 (1.1-9.7) 2.1 (0.7-6.6) 9 (3.6-11.7)
Type of BA, n (%)
lor2 5 (4%) 1 (1%) 5 (13%)
3 110 (96%) 87 (99%) 35 (87%)
Splenic malformation, 1 (%) 17 (15%) 11 (13%) 8 (20%)
Cystic disease, 1 (%) 15 (13%) 12 (14%) 5 (13%)
Clearance of Jaundice, 1 (%) 74 (64%) 47 (53%) 38 (95%)
Liver transplantation, 1 (%) 56 (49%) 49 (56%) 10 (25%)
Age at liver transplantation, year 1.5 (0.8-3.0) 1.2 (0.7-2.3) 6.9 (2.5-94)
Died without transplantation, n 3 3 0
Liver biochemistry
Bilirubin total, umol/L 132 (18-167) 145 (124-177) 10 (5-17)
GGT (U/L) 329 (107-673) 572 (235-873) 62 (25-162)
AST (U/L) 165 (94-232) 196 (143-260) 74 (52-122)
ALT (U/L) 84 (44-123) 112 (64-163) 48 (24-98)
APRi 0.84 (0.49-1.43) 0.83 (0.5-1.23) 1.2 (0.48-1.92)
Included serum and liver samples
Number of patients with Serum IL-8 samples n =109 n=77 n=40
Number of Serum IL-8 samples/patient 1 1 3(24)
Number of patients with liver biopsies n=_82 n=66 n=22
Number of liver biopsies/patient 1 1 2 (1-2)

BA: biliary atresia; PE: portoenterostomy; GGT: gamma-glutamyl transferase; AST: aspartate transaminase; ALT: alanine
aminotransferase; APRi: AST-to-platelet ratio index; IL-8: Interleukin-8.

2.2. Liver Biochemistry and Histology

Serum levels of bilirubin, alanine aminotransferase (ALT), aspartate transaminase
(AST), AST-to-platelet ratio index (APRi) and gamma-glutamyl transferase (GGT) were
measured by the local hospital laboratories. Liver biopsies were graded for fibrosis using the
Metavir staging and scored for cholangiocyte marker cytokeratin (CK)-7 positive bile
ductular proliferation (0-2) and portal inflammatory cell infiltration (0-3) by an experienced
pediatric liver pathologist blinded to the clinical data as described previously [15,16].

2.3. Serum Cytokine Levels

Serum concentrations of IL-8, IL-18 and TNF-a were determined using commercially
available Q-Plex multiplex ELISA (enzyme-linked immune sorbent assay) array kits
(Quansys Bioscience, Logan, UT, USA) following the manufacturer’s instructions.

2.4. Liver mRNA Expression

RNA from liver biopsies was extracted using the RNeasy Mini Kit (QIAGEN,
Frederick, MD, USA). RNA concentration was assessed spectrophotometrically. mRNA
expression of IL-8, IL-18, IL-33, TNF-a, IFNG, COL1A2, ACTA2, KRT7 and KRT19 were
analyzed in triplicate by quantitative real-time polymerase chain reaction (QPCR) using
Custom RT Profiler PCR Array (CAPH12366A) (QIAGEN SABiosciences, Frederick, MD,
USA) on BIO-RAD CFX384 Real-Time System (Bio-Rad, Hercules, CA, USA) according
to the manufacturer’s instructions. ACTA2 (marker of myofibroblast activation) and
COL1A2 (marker of collagen production) were studied as surrogates for active liver
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fibrogenesis, and KRT7 and KRT19 as cholangiocyte markers, while HPRT1, GAPDH,
ACTB and B2M were used as housekeeping genes. Quantification of target gene mRNA
expression was performed using the AACt method and expressed after normalization to
housekeeping genes and relative to normal control subjects.

2.5. Immunohistochemistry

Formalin fixed, paraffin embedded (FFPE) sections were deparaffinized, hydrated, and
treated with target retrieval solution pH 9 (Dako - Agilent Technologies, Glostrup,
Denmark). Commercially available antibody for IL-8 (rabbit polyclonal, AHCO0881,
ThermoFisher Scientific, Waltham, MA, USA) was used at a dilution of 1:3000 along with the
Novolink TM polymer detection system (Leica biosystems Newcastle Ltd, Newcastle Upon
Tyne, UK). Primary antibody was incubated overnight at 40 °C. Images were generated
using 3DHISTECH Panoramic 250 FLASH 1I digital slide scanner at Genome biology unit
supported by HiLIFE and the Faculty of Medicine, University of Helsinki, and Biocenter
Finland.

2.6. RNA In Situ Hybridization

RNA in situ hybridization was performed on fresh 4.5 um FFPE tissue sections using
RNAscope Multiplex Fluorescent Reagent Kit Version 2 (#323100, Advanced Cell
Diagnostics, Newark, CA, USA) for target detection according to the manual. Tissue
sections were baked for 1 h at 60 °C, then deparaffinized and treated with hydrogen
peroxide for 10 min at room temperature (RT). Target retrieval was performed for 15 min
at 98 °C, followed by protease plus treatment for 15 min at 40 °C. All probes
(Hs-ONECUT1 (HNF6) #490081, Hs-IL-8 #310381, 3-Plex negative control probe dapB
#320871 and 3-plex positive control probe, POLR2A, PPIB, UBC #320861, Advanced Cell
Diagnostics, Newark, CA, USA) were hybridized for 2 h at 40 °C followed by signal
amplification and developing of HRP channels undertaken according to the manual. TSA
Plus fluorophores fluorescein (1:1000 dilution), Cyanine 3 (1:1500 dilution) and Cyanine 5
(1:3000 dilution) (NEL744001KT, PerkinElmer, Waltham, MA, USA) were used for signal
detection. The sections were counterstained with DAPI (4, 6-diamidino-2-phenylindole)
and mounted with ProLong Gold Antifade Mountant (P36930, Invitrogen ThermoFisher
Scientific, Waltham, MA, USA). Tissue sections were scanned using 3DHISTECH
Panoramic 250 FLASH II digital slide scanner at Genome Biology Unit (Research
Programs Unit, Faculty of Medicine, University of Helsinki, Biocenter, Finland) using 1 x
20 magnification with extended focus and 7 focus levels.

2.7. Statistical Methods

Unless otherwise stated, continuous variables were expressed as medians with
interquartile ranges and compared using the Mann-Whitney U test. Multiple group
comparisons were undertaken using the Kruskal-Wallis test. Correlations were tested with
Spearman’s rank correlation between different variables analyzed from the same liver
biopsy or from simultaneously obtained liver and serum samples. To address effects of
different expression levels on native liver survival, Kaplan-Meier analysis with log-rank
test was used to predict native liver survival between tertiles for serum IL-8 concentration
and relative liver mRNA expression. p < 0.05 was considered as statistically significant and
all analyses were done on RStudio version 1.2.5033 (RStudio, Boston, MA, USA). Numbers
throughout the analysis may be discrepant, owing to differing samples available from
relevant time points (Table 1). These are given in each section of the Results.

2.8. Ethics

The study protocol was approved by the local hospital ethical committees. All
procedures followed were in accordance with the ethical standards of the responsibility
committee on human experimentation (institutional/national) and with the Helsinki
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Declaration of 1975, as revised in 2008. The study was approved by the hospital ethical
committee (protocol number 345/03/1372008) and the institutional review board on 21
July 2017 (§68 HUS/149/2017) and also by the National Research Ethics Committee of the
UK (12/WA/0282 and 18/SC/0058). An informed consent for use of samples in research
was obtained from all patients.

3. Results
3.1. Patient Characteristics

Patient characteristics are listed in Table 1. The median patient age at the time of
surgery was 56 days (41-76), and 96% of the children presented with type 3 BA.
Following PE, 74 (64%) of the patients normalized their serum bilirubin (<20 pmol/L),
and 56 (49%) underwent LT at median age of 1.5 years (interquartile range (IQR) 0.8-3.0).
Native liver survival was 77% (95% confidence interval (CI) 70-85), 69% (95% CI 61-78)
and 56% (95% CI 47-66) at 1, 2 and 5 years respectively.

3.2. Liver Expression and Serum Levels of Interleukin-8 (IL-8) Were Increased and Intercorrelated

Liver IL-8 mRNA expression was markedly increased at PE (n = 66), when compared
to both disease (by 16-fold) and normal (by 9-fold) control groups (p < 0.001) (Figure 1a).
Similar to the upregulated liver expression, we found a significant, over 15-fold increase (p
< 0.001) in IL-8 serum levels at PE (n = 77) compared to normal controls (Figure 1b). Both
liver mRNA expression and serum levels of IL-8 peaked at and within one year after PE
and declined thereafter, although serum IL-8 levels remained significantly above normal
control values. A positive intercorrelation (r = 0.53, p < 0.01, n = 70) was observed between
liver mRNA expression and serum concentrations of IL-8 (Supplementary Figure 1).
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Figure 1. Liver and serum expression of interleukin-8 (IL-8). Box plots (median, interquartile range and 90th percentile) of
(a) liver IL-8 mRNA expression (fold-change) and (b) serum IL-8 concentration (pg/mL) in normal controls (NC), disease
controls (DC), biliary atresia patients at portoenterostomy (PE) and during follow-up following PE * p < 0.05 § = Years

after PE. circles = outliers

The patient age at PE positively correlated with liver IL-8§ mRNA expression (r=0.32, p
< 0.01, n = 66) and IL-8 serum levels (r = 0.31, p < 0.01, n = 77). At PE, the patients with
splenic malformation showed lower liver IL-8 mRNA expression (5.51 (3.95-7.22) fold, n =
10) than those without (13.31 (6.37-21.07) fold, n = 54, p = 0.02), but median serum IL-8
concentrations were similar in patients with (164 (116-225) pg/mL, n = 9) and without
(208 (121-381) pg/mL, n = 68, p = 0.44) splenic malformation. IL-8 liver mRNA expression
(14.9£10.7 vs. 11.6 £ 9.92) fold, p = 0.288) and serum levels (394 + 613 vs. 372 + 204 pg/mL,
p = 0.823) were comparable in the London and Helsinki samples.



J. Clin. Med. 2021, 10, 2705

6 of 13

3.3. Liver IL-8 Expression Predominantly Localized to Cholangiocytes

As studied with immunohistochemistry IL-8 expression localized to cholangiocytes
in the bile ducts within the normal liver (Figure 2a). In BA livers, enhanced IL-8
expression was mainly observed in cholangiocytes within areas of DR and also in the
cytoplasm of surrounding cells, most likely representing inflammatory cells. IL-8
expression was more prominent at PE (Figure 2b) than during the follow up (Figure 2c).
The findings were confirmed using in situ hybridization for IL8 and a hepatocyte marker
HNEF6, showing IL-8 expression in bile duct cholangiocytes in the normal liver, and a
predominant IL-8 expression in the DR areas and cholangiocytes instead of hepatocytes
in biliary atresia patients.

IL-8

Figure 2. Representative liver expression of IL-8 on immunohistochemistry (IHC) and in situ hybridization (ISH) in (a)
normal control (NC), (b) biliary atresia patient at portoenterostomy (PE) and (c) during follow-up (FU) after PE. ISH
includes two magnified images (80x) from each of the original (20x) image focused on (1) the area of ductular reaction
(DR) and (2) hepatocyte rich parenchymal area. Arrow heads (black and white filled) point to IL-8 expressing cells
(brown in IHC and green in ISH) while arrows (white filled) point to a hepatocyte marker HNF6 expressing cells in ISH.
Note the expression of IL-8 in bile duct cholangiocytes in the normal liver, while IL-8 is strongly expressed in the DR area
and cholangiocytes instead of hepatocytes in biliary atresia patients. Scale bar = 50 pm (20x)/ 10 pm (80x)

3.4. IL-8 Associated with Liver Fibrosis, Ductular Reaction and Liver Injury

Liver IL-8 mRNA expression correlated positively with the Metavir fibrosis stage at
PE (r=0.28, p=0.04, n =51) and in follow-up biopsies (r = 0.44, p = 0.05; n = 19), and with
fibrosis markers ACTA2 encoding for a-SMA and COLIA2 encoding for collagen type 1
(Figure 3). Liver IL-8 expression correlated positively with bile ductular proliferation (r =
0.45, p < 00.1, n = 70) and cholangiocyte markers KRT19 encoding for CK-19 and KRT7
encoding for CK-7 (Figure 3). No correlation with portal inflammation score was
observed (r = 0.14, p = 0.26, n = 67). IL-8§ mRNA expression correlated positively with
bilirubin (r = 0.51, p < 0.01), AST (r = 0.48, p < 0.01), ALT (r = 0.53, p < 0.01) and GGT (r =
0.51, p < 0.0, n =70 for all) and with APRi during follow-up (r = 0.54, p = 0.04, n =15).
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Figure 3. Correlations between liver IL-§ expression and transcriptional markers of fibrogenesis and cholangiocytes.
Scatterplot for correlation between relative liver IL-8§ mRNA expression and (a) ACTA2 (b) COL1A2 (c¢) KRT7 and (d)
KRT19. Black dots represent samples obtained at portoenterostomy (PE) and grey dots represent follow up samples.

At PE, serum IL-8 levels correlated with GGT (r = 0.27, p = 0.02, n = 77), whereas in
the follow up serum samples, IL-8 not only correlated positively with GGT (r = 0.75, p <
0.01), but also with bilirubin (r = 0.58, p < 0.01), AST (r=0.71, p <0.01), and ALT (r=0.69, p
<0.01; n = 36 for all). Although serum IL-8 levels correlated positively with bile ductular
proliferation (r = 0.51, p < 0.01, n =101), COL1A2 (r=0.29, p = 0.01, n = 69) and KRT19 (r =
0.31, p < 0.01, n = 68), no significant correlations with the Metavir fibrosis stage, portal
inflammation score, ACTA2 or KRT7 expression were observed.

3.5. IL-8 Had Limited Ability to Predict Portoenterostomy (PE) Outcomes

At PE, median serum levels of IL-8 were similar in patients (1 = 41) who normalized
serum bilirubin after PE (191 (128-327) pg/ml) when compared to those (n = 36) who
remained jaundiced [208 (112-409) pg/mL, p = 0.54]. Liver IL-8 mRNA expression was
also not significantly different between patients who cleared their jaundice and who did
not (Supplementary Figure 2). However, when divided into tertiles based on their liver
IL-8 expression level, the patients with the lowest IL-8 expression at PE showed
significantly higher 1-year native liver survival (p = 0.03) compared to those with the
highest expression, while no difference was seen in their 2- and 5-year native liver
survival (Figure 4a). There was no difference in native liver survival rates at 1, 2 or 5
years between serum IL-8 tertiles measured at PE (Figure 4b).
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Figure 4. Native liver survival according to tertiles for IL-8 expression. Kaplan-Meier survival curves for native liver
survival according to tertiles of (a) liver IL-8 mRNA expression at portoenterostomy (PE) (n = 64), (b) serum IL-8
concentration at PE (n =77), and (c) serum IL-8 concentration measured at the first follow-up sample (1 = 40)

3.6. Serum IL-8 Associated with Native Liver Survival During Post-PE Follow-up

Forty patients underwent median two (range, 1-6) follow-up serum IL-8
measurements after PE. The first follow-up measurement was performed 2.9 (1.1-4.2)
years postoperatively, and the median period between the first and last measurement
was 3.4 (0.18-5.4) years. Ten of these 40 patients underwent LT 3.8 (1.1-6.2) years after
PE, while 30 patients had survived with their native livers for 6.7 (2.9-9.2) years. The first
(154 (130-310) vs. 48.0 (32-197) pg/mL, p = 0.03), the last (117 (65-269) vs 35.4 (20-86)
pg/mL, p = 0.01) and the average (147 (108-289) vs 44.0 (28-164) pg/mL, p = 0.02)
postoperative serum IL-8 level was significantly higher among the patients who were
later transplanted when compared to those who continued to survive with their native
liver. In addition, the patients in the lowest serum IL-8 tertile of the first postoperative
measurement showed significantly higher native liver survival than the patients in the
highest tertile (Figure 4c).
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3.7. Expression of Cytokines Connected to IL-8

As shown in Figure 5, expression of other cytokines connected to IL-8 changed less
consistently, although IL-18 (n = 66) mRNA expression was also significantly increased
both at PE (p < 0.01) and <1 year after PE (p < 0.01). Despite IL-8 correlating positively
with IL-18 at transcriptional level (r = 0.56, p <0.01; n =95) and in serum (r = 0.28, p <0.01;
n = 107), the postoperative IL-18 expression remained unchanged. While TNF-o showed
slightly increased postoperative serum concentration among patients, it along with IFN-y
and IL-33 did not show any significant overexpression at transcriptional level. However,
also TNF-¢ (r =0.40, p < 0.01, n=90), IFN-y(r=0.26, p=0.01, n = 84) and IL-33 (r=0.46, p <
0.01, n = 90) positively correlated with IL-8§ mRNA expression in the liver while TNF-a
also correlated with IL-8 in serum (r = 0.14, p = 0.04, n = 107).
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Figure 5. Expression of several cytokines related to IL-8. Box plots (median, interquartile range and 90th percentile) of (a)
liver IL-18 mRNA expression (fold-change) and (b) serum IL-18 concentration (pg/mL), (c) liver TNF mRNA expression,
(d) serum tumor necrosis factor-alpha (TNF-a) concentration (pg/mL), (e) liver IL-33 mRNA expression, and (f) liver IFN
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mRNA expression in normal controls (NC), disease controls (DC), biliary atresia patients at portoenterostomy (PE) and
during follow-up following PE *p < 0.05. § = Years after PE circles = outliers

4. Discussion

In this study we have comprehensively addressed the prognostic value of liver and
serum expression of IL-8 for PE outcomes in a large number of BA patients in relation to
histological liver fibrosis, (transcriptional) markers of liver fibrogenesis and
cholangiocytes as well as biochemical markers of liver injury. We demonstrated marked
parallel increases in liver and serum expression of IL-8, which were specific for IL-8
among several other cytokines studied. Although liver IL-§ expression was associated
with histological liver fibrosis, and surrogate markers of liver fibrogenesis as well as bile
ductular proliferation and cholangiocytes at the mRNA level, serum IL-8 levels were
associated with further survival with native liver only in samples obtained during
postoperative follow-up after PE. Our findings suggest that although IL-8 may have a
distinctive pathophysiological role in BA by promoting DR and liver fibrogenesis,
prognostic value of serum IL-8 in predicting PE outcomes is limited to the postoperative
follow-up period after PE.

Prolonged immune activation with the release of several proinflammatory cytokines
in the affected liver is considered vital for the developing fibrosis and liver damage in BA
[17]. At the time of PE, an inflammatory infiltrate associated with DR and fibrosis along
the portal tracts occurs [16,18]. Liver fibrosis progresses, also following successful PE
surgery, for largely unknown reasons [15], but has been attributed to activation of hepatic
stellate cells and portal myofibroblasts by cytokines derived from Kupffer cells and
reactive cholangiocytes of DR [3,5,19,20], leading to the deposition of an extra cellular
matrix and collagen. In accordance with previous experimental observations [11], our
findings suggest that IL-8 is involved with the above outlined liver injury cascade in BA,
and that the involvement was specific to IL-8 as several other cytokines studied failed to
show enhanced expression to a comparable degree. Not only was IL-8 distinctively
overexpressed in BA livers, but also correlated with histological fibrosis, bile ductular
proliferation and transcriptional markers of fibrogenesis and cholangiocytes. In addition,
liver IL-8 expression was localized to cholangiocytes in the areas of DR in accordance
with previous findings in adult cholestatic liver diseases [21]. We can only speculate as to
the underlying reasons for the lower correlation of liver IL-8§ mRNA expression with the
Metavir stage than with ACTA2 or COL1A2. One possible reason could be that the
Metavir stage is a class variable as opposed to mRNA expression being a continuous
variable, which may skew the correlation between them. There is also a notable overlap
between histological scoring of adjoining Metavir stages, especially between stages 2 and
3. Histological portal inflammation score gives a crude estimation of all inflammatory
cells present in portal areas, and the missing correlation between portal inflammation
and IL-8 expression might be related to similar limitations as outlined above for
histological fibrosis score.

Overexpression of IL-8 peaked at and within one year after PE and gradually
decreased thereafter. The early expression peak may be attributable to the combined
effects of overt cholestasis, vigorous bile ductular proliferation and inflammation before
surgical re-establishment of bile flow as well as plausibly causative viral infection
directly inflicting the initial bile duct damage [1,3,17]. The fact that liver IL-8 expression
showed only limited prognostic value for PE outcomes suggest a non-decisive but
complementary role of IL-8 as an indicator for the success of PE or as a mediator for the
progression of postoperative liver injury in BA. Contrary to liver IL-8 expression, serum
IL-8 showed no association with histological liver fibrosis and only weak correlations
with surrogate markers of liver injury measured by qPCR, explaining the poor predictive
value of serum IL-8 at PE. Our findings are in accordance with a recent study among 57
BA patients, where serum and liver IL-8 concentration measured at PE was unrelated to
2-year native liver survival following PE [14].
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Interestingly, the increased post-PE expression profile of serum IL-8 followed that of
cholangitis episodes, frequency of which is reported to predominate the first postoperative
year with a prompt subsequent decline [22-24]. It has been previously shown that
expression of IL-§ in human biliary epithelial cells is stimulated by proinflammatory
cytokines IL-1B and TNF-o, and lipopolysaccharide produced by gram negative bacteria,
which are commonly causative microbes underlying BA associated cholangitis
[21,23,25,26]. In the early disease phase, enhanced secretion by an augmented peripheral
immature B-cell population seems to be an important source of elevated serum IL-8 [27].
Serum TNEF-a and IL-18 levels have been shown to be significantly increased within 6
months of PE surgery [28]. Here, liver and serum expression patterns of TNF-a followed
those of IL-8 and their liver mRNA expression correlated with each other. Based on these
data, we hypothesize that besides persisting DR, bacterial cholangitis may have
contributed to the increased postoperative serum IL-8 levels, and may help to explain their
association with native liver survival as recurrent postoperative cholangitis episodes are
known to relate with the need of liver transplantation following PE [29].

In accordance with previous reports, serum IL-8 levels positively correlated with
biochemical liver injury markers such as bilirubin, GGT and transaminases during
postoperative follow-up, reflecting progression of cholestasis and liver injury [30]. The
significant correlation of IL-8 with bile ductular proliferation and GGT both at PE and
during follow-up reinforces the connection between IL-8 and bile duct injury at both time
points. We hypothesize that the increased serum IL-8 levels mainly reflected active DR,
while postoperative serum levels may have been contributed by bacterial cholangitis.
However, the shift from a predominantly inflammatory liver injury phenotype at PE to
the one predominated by DR and fibrosis may have also allowed their more specific
detection and accurate prediction by serum IL-8 during follow-up [15,31].

The main limitations of this study include the retrospective design, which is
unavoidably associated with inaccuracies in data collection and missing data points.
Although we were not able to prospectively include consecutive patients, PE age,
occurrence of associated malformations, anatomic type of BA, clearance of jaundice rate
and native liver survival among the included patients were well represented in
previously described BA cohorts from Europe [32,33]. While we were able to include a
relatively large number of BA patients at PE and during follow-up, the number of
patients with simultaneous postoperative liver and serum specimens remained limited.
Moreover, serum samples were not collected during cholangitis episodes, precluding our
ability to address the actual relationship between serum IL-8 concentration and
cholangitis, which should be addressed in future studies. Most of the follow-up serum
IL-8 measurements were performed after 2 years of PE, which introduces a selection bias
and precludes any conclusions regarding the early postoperative period. Finally, our
findings concerning follow-up studies may not be generalizable to patient cohorts with
different postoperative treatment regimens.

5. Conclusions

Our data showed significant and distinctive overexpression of IL-8 by
cholangiocytes within DR in BA patients both at PE and during postoperative follow-up.
Despite the IL-8 overexpression in the liver, increased serum IL-8 levels associated
weakly with decreased native liver survival only during the postoperative period
following PE.

Supplementary Materials: The following are available online at
www.mdpi.com/article/10.3390/jcm10122705/s1, Figure S1: Correlation between liver and serum
expression of IL-8, Figure S2: Liver and serum expression of IL-8 in relation to clearance of jaundice
after portoenterostomy, Table S1: Baseline characteristics of disease control patients.

Author Contributions: Conceptualization, M.P.P. and M.H.; methodology, M.P.P.,, M.H., AK,,
M.P.,, MH, KE, N.G. and LN,; validation, N.G.; formal analysis, N.G., M.P.P.,, M.H. and A K,



J. Clin. Med. 2021, 10, 2705 12 of 13

investigation, N.G.,, N.A,, JL. and P.H. resources, M.P.P.,, M.H,, JRD., AT. and M.D.
visualization, N.G. and MUP.; writing—original draft, N.G, M.P.P., MH. and AK;
writing—review and editing, all authors; supervision, M.P.P., M.H. and AK., project
administration and funding acquisition, M.P.P. and M.H. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Sigrid Juselius Foundation (M.P.P., M.H.), Finnish Pediatric
Research Foundation (M.P.P.), Helsinki University Hospital Fund (M.P.P., M.H.) and Finska
Lakareséllskapet (M.H.). Open access funding provided by University of Helsinki.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and was approved by the Helsinki Hospital ethical committee
(protocol number 345/03/1372008) and the institutional review board on 21 July 2017 (§68
HUS/149/2017) and also by the National Research Ethics Committee of the UK (12/WA/0282 and
18/5C/0058).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Acknowledgments: The authors would like to acknowledge the excellent technical assistance by
Tuike Helmio.

Conlflicts of Interest: The authors declare no conflict of interest. The funders had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the
manuscript; or in the decision to publish the results.

References

1.

10.

11.

12.

13.

14.

15.

Lakshminarayanan, B.; Davenport, M. Biliary atresia: A comprehensive review. |. Autoimmun. 2016, 73, 1-9,
doi:10.1016/j.jaut.2016.06.005.

Hartley, J.L.; Davenport, M.; Kelly, D.A. Biliary atresia. The Lancet 2009, 14, 1704-1713.

Bezerra, J.A.; Wells, R.G.; Mack, C.L.; Karpen, S.J.; Hoofnagle, J.; Doo, E.; Sokol, R.J. BILIARY ATRESIA: Clinical and Research
Challenges for the 21st Century. Hepatology 2018, 68, 1163-1173.

Sundaram, S.S.; Mack, C.L.; Feldman, A.G.; Sokol, R.J. Biliary Atresia: Indications and Timing of Liver Transplantation and
Optimization of Pre-Transplant Care. Liver Transpl. 2017, 23, 96-109.

Hukkinen, M.; Pihlajoki, M.; Pakarinen, M.P. Predicting native liver injury and survival in biliary atresia. Semin. Pediatr. Surg.
2020, 29, 150943, doi:10.1016/j.sempedsurg.2020.150943.

Grieve, A.; Makin, E.; Davenport, M. Aspartate Aminotransferase-to-Platelet Ratio index (APRi) in infants with biliary atresia:
Prognostic value at presentation. J. Pediatr. Surg. 2013, 48, 789795, d0i:10.1016/j.jpedsurg.2012.10.010.

Karpen, S.J.; Kelly, D.; Mack, C.; Stein, P. Ileal bile acid transporter inhibition as an anticholestatic therapeutic target in biliary
atresia and other cholestatic disorders. Hepatol. Int. 2020, 14, 677-689, doi:10.1007/s12072-020-10070-w.

Dong, R.; Zheng, S. Interleukin-8: A critical chemokine in biliary atresia. ]. Gastroenterol. Hepatol. 2015, 30, 970-976,
doi:10.1111/jgh.12900.

Clément, S.; Pascarella, S.; Conzelmann, S.; Gonelle-Gispert, C.; Guilloux, K.; Negro, F. The hepatitis C virus core protein
indirectly induces alpha-smooth muscle actin expression in hepatic stellate cells via interleukin-8. J. Hepatol. 2010, 52, 635-643,
doi:10.1016/j.jhep.2009.10.035.

Langhans, B.; Kramer, B.; Louis, M.; Nischalke, H.D.; Hiineburg, R.; Staratschek-Jox, A.; Odenthal, M.; Manekeller, S.; Schepke,
M.; Kalff, J.; et al. Intrahepatic IL-8 producing Foxp3+CD4+ regulatory T cells and fibrogenesis in chronic hepatitis C. ]. Hepatol.
2013, 59, 229-235, d0i:10.1016/j.jhep.2013.04.011.

Arafa, R.S.;; Haie, O.M.A,; El-Azab, D.S.; Abdel-Rahman, A.M.; Sira, M.M. Significant hepatic expression of IL-2 and IL-8 in
biliary atresia compared with other neonatal cholestatic disorders. Cytokine 2016, 79, 59-65, d0i:10.1016/j.cyto.2015.12.023.
Bessho, K.; Mourya, R.; Shivakumar, P.; Walters, S.; Magee, ].C.; Rao, M.; Jegga, A.G.; Bezerra, ].A. Gene expression signature
for biliary atresia and a role for interleukin-8 in pathogenesis of experimental disease. Hepatol. 2014, 60, 211-223,
doi:10.1002/hep.27045.

El-Faramawy, A.A.M.; E El-Shazly, L.B.; A Abbass, A.; Ismail, H.A.B. Serum IL-6 and IL-8 in infants with biliary atresia in
comparison to intrahepatic cholestasis. Trop. Gastroenterol. 2011, 32.

Madadi-Sanjani, O.; Kuebler, J.F.; Dippel, S.; Gigina, A.; Falk, C.S.; Vieten, G.; Petersen, C.; Klemann, C. Long-term outcome
and necessity of liver transplantation in infants with biliary atresia are independent of cytokine milieu in native liver and
serum. Cytokine 2018, 111, 382-388, d0i:10.1016/j.cyt0.2018.09.010.

Hukkinen, M.; Kerola, A.; Lohi, J.; Heikkila, P.; Merras-Salmio, L.; Jahnukainen, T.; Koivusalo, A.; Jalanko, H.; Pakarinen, M.P.
Treatment Policy and Liver Histopathology Predict Biliary Atresia Outcomes: Results after National Centralization and
Protocol Biopsies. . Am. Coll. Surg. 2018, 226, 46-57.el.



J. Clin. Med. 2021, 10, 2705 13 of 13

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Lampela, H.; Kosola, S.; Heikkild, P.; Lohi, J.; Jalanko, H.; Pakarinen, M.P. Native liver histology after successful
portoenterostomy in biliary atresia. J. Clin. Gastroenterol. 2014, 48, 721-728.

Bessho, K.; Bezerra, J.A. Biliary Atresia: Will Blocking Inflammation Tame the Disease? Annu. Rev. Med. 2011, 62, 171-185,
doi:10.1146/annurev-med-042909-093734.

Mack, C.L.; Tucker, RM.; Sokol, R.J.; Karrer, F.M.; Kotzin, B.L.; Whitington, P.F.; Miller, S.D. Biliary Atresia Is Associated with
CD4+ Th1 Cell-Mediated Portal Tract Inflammation. Pediatr. Res. 2004, 56, 79-87, doi:10.1203/01.pdr.0000130480.51066.fb.
Ramm, G.A.; Nair-Shalliker, V.; Bridle, K.R.; Shepherd, R.W.; Crawford, D.H.G. Contribution of Hepatic Parenchymal and
Nonparenchymal Cells to Hepatic Fibrogenesis in Biliary Atresia. Am. ]. Pathol. 1998, 153, 527-535,
d0i:10.1016/s0002-9440(10)65595-2.

Deng, Y.-H.; Pu, C.-L,; Li, Y.-C; Zhu, J.; Xiang, C.; Zhang, M.-M.; Guo, C.-B. Analysis of Biliary Epithelial-Mesenchymal
Transition in Portal Tract Fibrogenesis in Biliary Atresia. Dig. Dis. Sci. 2010, 56, 731-740, doi:10.1007/s10620-010-1347-6.

Isse, K.; Harada, K.; Nakanuma, Y. IL-8 expression by biliary epithelial cells is associated with neutrophilic infiltration and
reactive bile ductules. Liver International. 2007, 27, 672-680, doi:10.1111/j.1478-3231.2007.01465.x.

Cheng, K.; Molleston, J.P.; Bennett, W.E. Cholangitis in Patients With Biliary Atresia Receiving Hepatoportoenterostomy: A
National Database Study. . Pediatr Gastroenterol. Nutr. 2020, 71, 452-458.

Ecoffey, C.; Rothman, E.; Bernard, O.; Hadchouel, M.; Valayer, J.; Alagille, D. Bacterial cholangitis after surgery for biliary
atresia. J. Pediatr. 1987, 111, 824-829.

Baek, SH.; Kang, J.-M.; Ihn, K.; Han, S.J.; Koh, H.; Ahn, ].G. The Epidemiology and Etiology of Cholangitis After Kasai
Portoenterostomy in Patients With Biliary Atresia. ]. Pediatr. Gastroenterol. ~Nutr. 2020, 70, 171-177,
d0i:10.1097/mpg.0000000000002555.

Chung, P.H.Y.; Tam, P.K.H.; Wong, K.K.Y. Does the identity of the bacteria matter in post-Kasai cholangitis? A comparison
between simple and intractable cholangitis. J. Pediatr. Surg. 2018, 53, 2409-2411, doi:10.1016/j.jpedsurg.2018.08.028.

Ni, Y.-H.; Hsu, H.-Y.; Wu, E.-T.; Chen, H.-L.; Lee, P.-I.; Chang, M.H.; Lai, H.-S. Bacterial cholangitis in patients with biliary
atresia: Impact on short-term outcome. Pediatr. Surg. Int. 2001, 17, 390-395, doi:10.1007/s003830000573.

Zhang, Y.; Zhou, L.; Gu, G.; Feng, M.; Ding, X; Xia, Q.; Lu, L. CXCL8 high inflammatory B cells in the peripheral blood of
patients with biliary atresia are involved in disease progression. Immunol. Cell Biol. 2020, 98, 682-692, d0i:10.1111/imcb.12366.
Narayanaswamy, B.; Gonde, C.; Tredger, ].M.; Hussain, M.; Vergani, D.; Davenport, M. Serial circulating markers of
inflammation in biliary atresia—Evolution of the post-operative inflammatory process. Hepatol. 2007, 46, 180-187,
doi:10.1002/hep.21701.

Koga, H.; Wada, M.; Nakamura, H.; Miyano, G.; Okawada, M.; Lane, G.J.; Okazaki, T.; Yamataka, A. Factors influencing
jaundice-free survival with the native liver in post-portoenterostomy biliary atresia patients: Results from a single institution. J.
Pediatr. Surg. 2013, 48, 2368-2372, d0i:10.1016/j.jpedsurg.2013.08.007.

Honsawek, S.; Chongsrisawat, V.; Vejchapipat, P.; Thawornsuk, N.; Tangkijvanich, P.; Poovorawan, Y. Serum interleukin-8 in
children with biliary atresia: Relationship with disease stage and biochemical parameters. Pediatr. Surg. Int. 2004, 21, 73-77,
doi:10.1007/s00383-004-1329-x.

Kerola, A.; Lampela, H.; Lohi, J.; Heikkild, P.; Mutanen, A.; Jalanko, H.; Pakarinen, M.P. Molecular signature of active
fibrogenesis prevails in biliary atresia after successful portoenterostomy. Surgery 2017, 162, 548-556.

Pakarinen, M.P.; Johansen, L.S.; Svensson, J.F.; Bjernland, K.; Gatzinsky, V.; Stenstrom, P.; Koivusalo, A.; Kvist, N.; Almstrém,
M.; Emblem, R.; et al. Outcomes of biliary atresia in the Nordic countries-a multicenter study of 158 patients during 2005-2016.
J. Pediatr. Surg. 2018, 53, 1509-1515.

Davenport, M.; Ong, E.; Sharif, K.; Alizai, N.; McClean, P.; Hadzic, N.; Kelly, D.A. Biliary atresia in England and Wales: Results
of centralization and new benchmark. J. Pediatr. Surg. 2011, 46, 1689-1694, d0i:10.1016/j.jpedsurg.2011.04.013.



