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Pediatric liver disease (PLD) is a major cause of severe morbidity and prolonged hospitalizations in children.
Stratifying patients in terms of prognosis remains challenging. The limited knowledge about molecular me-
chanisms causing and accompanying PLD remains the main obstacle in a search for reliable prognostic bio-
markers. A systematic search of MEDLINE via PubMed and Embase via OVID was conducted on studies published
between August 2007 and August 2017. Molecular markers with a prognostic potential in terms of survival, need

for liver transplantation or disease progression/regression were selected. In general, identified studies were
single center smaller case-control studies or case series with a low level of evidence and a high risk of bias. Only
23 studies comprising 898 patients could be included, mostly focusing on biliary atresia, non-alcoholic fatty liver
disease, viral hepatitis, and LT; and markers related to morphogenesis and fibrosis. Furthermore, molecular
markers in metabolic pathways and inflammation shown to be relevant, however requiring further validation.
Hence, further biological and clinical studies are needed to gain greater molecular insight into PLD.

1. Introduction

Pediatric liver disease (PLD) is a serious condition causing repeated
hospitalizations and long-term morbidity and has a potentially fatal
outcome without curative or supportive treatment. The true incidence
and prevalence are unknown, but an estimated 15,000 children are
hospitalized for PLD in the US annually [1,2]. Based on the clinical
pictures, PLD is essentially comprised of two main groups, i.e. acute
liver failure [3] and chronic liver disease, although etiologies can
overlap. Pediatric chronic liver disease has a more insidious course of
varying degrees of inflammation and changes in the extracellular ma-
trix often leading to fibrosis/cirrhosis [4].

Prognostication based on disease severity or etiology is difficult in
PLD. Seemingly comparable children can present markedly different

outcomes. Although some prognostic scoring systems appear promising,
addressing prognosis in PLD remains challenging [5-7]. Prognostic
markers range from general ones such as age, sex, and clinical ap-
pearance to clinical scoring systems, histology, functional liver tests,
and biomarker analysis. Prognostication is especially important for PLD
patients with a potential need for liver transplantation (LT). Liver
transplantation can be lifesaving for PLD patients and should be re-
served for patients who have lost their capacity for liver regeneration;
however, a shortage of donor organs still exists [8]. Prognostic markers
enabling children requiring rapid and extensive medical attention
possibly involving LT to be differentiated from patients with a favorable
prognosis continue to be sought by physicians.

The exponential development of precision medicine and accordingly
related molecular methods has shifted the focus of PLD research onto
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molecular biomarkers [9,10]. Biomarkers evaluated in liver biopsy (LB)
have demonstrated the strongest diagnostic and prognostic values
among various PLD diagnoses [11]. Hence, despite being an invasive
procedure, LB remains the gold standard for PLD diagnostics. Of note,
while prognostic molecular liver tissue markers are well described in
malignant PLD [12-14], there is only limited knowledge about markers
in non-malignant PLD.

The aim of this systematic review was to summarize, and present
liver-specific molecular markers associated with the prognosis and
spontaneous course of non-malignant PLD.

2. Methods

The databases MEDLINE via PubMed and Embase via OVID were
searched in August 2017. A systematic strategy based on the PICO
criteria [15] was used. This approach included MeSH terms and text
words for the PubMed search and Subject Heading and text words for
the Embase search. Briefly, three main aspects for the search were de-
fined: i) patient and diagnosis; ii) molecular marker; and iii) the
prognostic outcome. For each of these aspects, the queries were MeSH
term/Subject Heading search combined with a text word-based search
combined with “OR”. All three aspects of the search were combined by
“AND” to ensure identification of articles fulfilling all aspects. Studies
published between August 2007 and August 2017 were included in the
review. Applied search filters were “human studies”, “child 0-18
years”, “English or Danish language”.

COVIDENCE systematic review software (Veritas Health Innovation,
Melbourne, Australia. Available at www.covidence.org) was used for
the abstract and full text screening process. All articles from the initial
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search were independently screened for study title and abstract by 2
authors (JN, O0). 10,996 articles were excluded after title and abstract
screening. Full text of remaining 74 articles (Table 1_online) was stu-
died for inclusion or exclusion by 4 authors (JN, VB, MSK, O@), and
subsequently 23 articles fulfilled the inclusion criteria for the final re-
view. An overview of the search is found in Fig. 1 and in the supple-
mentary material (Method 1_online and Method 2_online). Decision
concerning in- or exclusion were blinded between authors. Disagree-
ments were solved by joint discussion of the article. Papers on mole-
cular markers in liver tissue addressing the prognostic course of pe-
diatric liver disease were included. Case reports were excluded and
neoplasia, in vitro studies, polymorphism, germline mutation/variant, non-
child, non-human, non-liver tissue were all exclusion criteria. Only studies
identifying a significant up- or downregulation of marker(s) were in-
cluded. Assessment of prognosis across PLD diagnoses is not a well-
defined entity. Hence, overall survival, native liver survival, liver
transplant free survival and jaundice free survival were all used to
evaluate prognosis of liver disease. Moreover, hepatic fibrosis was used
as prognostic surrogate [11,16-18], due to the proven risk of progres-
sion to cirrhosis dependent on fibrosis stage. In non-alcoholic fatty liver
disease (NAFLD) and non-alcoholic steatohepatitis (NASH) inflamma-
tion was included as a prognostic surrogate since NASH is the in-
flammatory progression of NAFLD. Other disease specific scoring sys-
tems were excluded when evaluating prognosis.

We conducted the review according to PRISMA guidelines and the
levels of evidence of included articles were graded according to those of
the Oxford Centre for Evidence-Based Medicine [19,20]. The risk of bias
was evaluated independently by two authors (JN, MSK) according to
predefined criteria (Table 2_online). Results from the included trials are

Records identified searching
PubMed (n=10,111) and EMBASE
(n=1012) August 2017
(n=11,123)

Additional records identified
through other sources
(n=3)

Medline journals excluded from EMBASE
search. No duplicates removed.

Records screened for title and

Records excluded (n=10,996)

abstract
(n=11,126) - Non-child
- Non-liver tissue
- Animal study

- Polymorphism/Germline

(n=74)

Remaining records for full-
text assessment

- Non-prognostic
- Not valid endpoint
- Neoplasia

Excluded (n=51)
- No prognosis (n=19)

reading
(n=23)

Included studies after full-text -

- Not valid endpoint (n=12)
Questionable/wrong study
design (n=8)

- Inconclusive (n=2)

- Germline mutation (n=2)

- No statistical assessment
(n=3)

- Adult study (n=4)

- Serum marker (n=1)

Fig. 1. PRISMA search flowchart.
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presented and discussed in a descriptive manner and subdivided into
specific disease categories.

3. Results

Twenty-three studies comprising 898 patients were included in this
review (Table 1). Most of the studies addressed patients with biliary
atresia (BA; n = 15), while the remaining ones focused on NAFLD and
NASH (n = 4), viral hepatitis (n = 3), and LT (n = 1). From a metho-
dological viewpoint, most of studies (n = 15) used conventional im-
munohistochemistry (IHC) in isolation for marker detection. Only two
studies applied a broader transcriptomic screening for potential marker
identification [21,22], rather than solely relying on conventional PCR
methods (n = 2) [23,24], while four studies used a combination of PCR
and IHC [25-28]. The identified studies were small case-control studies
or case series of a descriptive nature, with an inherent high risk of bias,
although recall and observer biases are minimized due to the objective
nature of molecular factor analysis. Due to small cohort size, study
design, and limitations in the availability of appropriate controls, all
studies were assigned low levels of evidence (=4). Such studies show
considerable variation in outcome measures, patient population, and
estimated prognostic factors.

BBA - Molecular Basis of Disease 1865 (2019) 577-586

3.1. Biliary atresia

Biliary atresia, an inflammatory, sclerosing cholangiopathy occur-
ring in early infancy, is manifested by fibrous obliteration of extra-
hepatic bile ducts, leading to biliary cirrhotic transformation and pro-
gressive intrahepatic bile duct damage with subsequent cholestatic liver
failure. Despite early hepatoportoenterostomy, up to 70-80% of those
affected eventually need LT [29]. Table 2 and Table 3_online present an
overview of identified markers in BA studies. Only three of the markers
(collagen-1, a-SMA, and TGF-B1) were evaluated in more than one
study.

Fibrosis is the main pathological process that occurs in BA.
Consequently, eight studies chose to study the prognostic value of in-
dividual fibrosis-related markers. Interestingly, six of these studies se-
lected well-known markers of fibrogenesis and bile ductular prolifera-
tion, such as collagen-1, CK-7, a-SMA, TGF-f31, and CTGF [27,30-34].
The markers showed to have a prognostic value, i.e. collagen-1, CK-7,
and a-SMA correlated to mortality [32], need for LT and/or native liver
survival [30-32]. Indeed, early deposition of collagen-1 indicates faster
progression to LT as shown in survival analysis, and a high percentage
of CK-7 positive cells reflected decreased 1 year native liver survival
with an area under the receiver operating characteristic (AUROC) curve
of 0.845 [30,32]. TGF-1 and CTGF correlated to fibrosis [27,34] and
one study found a moderate correlation of a-SMA with fibrosis and

Table 2
Studies of prognostic molecular markers in biliary atresia.
Biliary atresia marker Finding Method  References
Inflammatory and fibrotic gene signatures  Fibrotic signature relates to lower TFS (p = 0.04)° KM [21]
Fibrotic compared to inflammatory gene signature relates to OR (8.2) for death or LT (p = 0.04")
TLRs 1TLR3 in patients with LT vs. non-LT (p = 0.02%) [23]
Toll like receptors 1TLR7 in patients with LT vs. non-LT (p = 0.01%)
PXR |PXR in poor prognosis vs. good prognosis (p = 0.014") KM [25]
Pregnane X receptor |PXR relates to lower survival rate (p = 0.008")
CAR JCAR in patients with poor prognosis compared to good prognosis (p = 0.025) KM [25]
Constitutive Androstane receptor | CAR relates to lower survival time (p = 0.0417)
SHH & Gli-2 1SHH on stromal cells associated to poor JFS (HR: 1.16, p = 0.01° & HR: 1.20, p = 0.032") COX [38]
Sonic Hedgehog 1Gli-2 associated to poor JFS (stromal (HR: 1.14, p = 0.003" & HR: 1.35, p = 0.01") cholangiocytes (HR: 1.05,
Glioblastoma associated protein p = 0.032%9)
1SHH on stromal cells associated with poor JFS on Kaplan-Meier (p = 0.036%)
1Gli-2 on cholangiocytes and stromal cells associated with poor JFS on Kaplan-Meier (p = 0.006 & p = 0.002%)
Collagen-1 tcollagen-1 associates with worse Kaplan-Meier progress-time curve to LT (p = 0.04%) [30]
?collagen-1 associate with higher need for LT (p = 0.024") [31]
CK-7 1CK-7 relates to mortality and need for LT (p < 0.001%) AUROC [32]
Cytokeratin-7 1CK-7 relates to 1year NLS (p < 0.001%) (sensitivity 0.71; specificity 0.88) KM
1CK-7 relates to lower 1-year NLS (p < 0.001%)
1CK-7 associates with OR (1.5) for death/LT (p = 0.002")
Apelin 1Apelin in high fibrosis stage (p < 0.05" & p < 0.01" stage 4 vs. stage 0-1; stage 4 vs. stage 2-3) [26]
COxX-2 1COX-2 in severe liver dysfunction post HPE (p < 0.005° vs. satisfactory liver function) [37]
Cyclooxygenase-2
T-cell subsets }Th-17 relates to CJ six months post HPE (p = 0.008") [36]
RRAS |RRAS relates to better CJ (p = 0.007) [22]
1RRAS relates to occurrence of cholangitis (p = 0.028")
a-SMA ta-SMA associates with higher need for LT (p = 0.009%) [31]
a-smooth muscle actin a-SMA moderate positive correlation to fibrosis (p = 0.022%) [33]
a-SMA moderate negative correlation to conjugated bilirubin 3 months post HPE (p = 0.029%)
miR-200b 1miR-200b in severe fibrosis (p < 0.05") [24]
CD34 1CD34 associates with higher need for LT and NLS (p = 0.029%) [31]
Cluster of differentiation 34 1CD34 relates to esophageal varices (p = 0.019%)
OPN OPN correlates to fibrosis (r = 0.97, p < 0.01%) [27]
Osteopontin
TGF- B1 TGF- B1 correlates to fibrosis (r = 0.96, p < 0.01" & r = 0.584, p < 0.017) [27]
Transforming growth factor-31 [34]
CTGF CTGF at diagnosis correlates to BA and hepatic fibrosis stage (r = 0.741, p < 0.01%) [34]

Connective tissue growth factor

Studies in bold applied survival statistical methods, i.e. Kaplan-Meier (KM; log rank), Cox proportional hazards regression and/or information on performance or
accuracy measures (AUROC curve, sensitivity, specificity, positive or negative predictive values).
Abbreviations: AUROC, area under receiver operating characteristics; CJ, clearance of jaundice; JFS, jaundice-free survival; LT, liver transplantation; NLS, native

liver survival; TFS, transplant-free survival; 1, upregulation; |, downregulation.
@ Univariable test/unadjusted comparison.
> Multivariable test/adjusted comparison.
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Table 3
Studies of prognostic molecular markers in non-alcoholic fatty liver disease and non-alcoholic steatohepatitis.
NAFLD Marker Finding References
SHH & Gli-2 1SHH correlates with fibrosis stage (p = 0.0008"; p = 0.002") [43]
Sonic Hedgehog 1SHH correlates with steatosis grade (p = 0.0227%)
Glioblastoma associated protein 1Gli-2 correlates with fibrosis stage (p = 0.0013% p = 0.045")
1Gli-2 correlates with portal inflammation grade (p = 0.0012% p = 0.022")
CK-7 1CK-7 in NASH compared to NAFLD biopsies (p < 0.05%) [41] [44]
Cytokeratin-7 CK-7 expression correlates with degree of fibrosis (p = 0.033") [41] [43]
1CK-7 in NAFLD with fibrosis compared to NAFLD biopsies without fibrosis (p < 0.01%) [41]
1CK-7 positively associated with severity of portal inflammation (p = 0.0185") [40]
Vim 1Vim in advanced fibrosis stages (p = 0.038) [43]
Vimentin
Casp-3a 1Cleaved Casp-3 in NASH compared to NAFLD biopsies (p < 0.05%) [41] [44]
Caspase-3a 1Casp-3a relates to low inflammation grade (p = 0.03) [42] [45]
CD45 1CD45 in fibrosis vs. no fibrosis (p = 0.035) [46]
Cluster of differentiation 45 1CD45 positive cells in NAS = 5 compared to NAS < 5 (p < 0.0001%)
CD45 correlates with lobular inflammation and steatosis (r = 0.555, p = 0.001" & r = 0.842, p < 0.001%)
CD3 1CD3 in fibrosis vs. no fibrosis (p = 0.047%) [46]
Cluster of differentiation 3 }CD3 positive cells in NAS = 5 vs. NAS < 5 (p = 0.003%)
CD3 correlates with lobular inflammation and steatosis (r = —0.618, p < 0.001" & r = —0.702, p < 0.001%)
CD163 1CD163 in fibrosis vs. no fibrosis (p = 0.019) [46]
Cluster of differentiation 163 CD163 correlates with lobular inflammation and steatosis (r = 0.489, p = 0.003" & r = 0.755, p < 0.001%)
Adiponectin JAdiponectin in NASH compared to NAFLD (p < 0.01%) [44]
% of adiponectin positive HPCs/HPF correlates with inflammation (r = —0.487, p < 0.01%)
% of adiponectin positive HPCs/HPF correlates with NAS and steatosis (r = —0.792, p < 0.001% r = —0.769, p < 0.001%)
Resistin 1Resistin in NAFLD with fibrosis vs. NAFLD without fibrosis (p < 0.05%) [44]
Resistin in NASH compared to NAFLD (p < 0.05%)
GLP-1 1GLP-1 in NASH compared to NAFLD (p < 0.01%) [44]
Glucagon-like peptide-1
p21v¥! 1p21%2f! in NASH compared to NAFLD (p < 0.05%) [44]
M30 1M30 in low fibrosis stages vs. higher fibrosis stages (p = 0.02%) [45]

Cytokeratin-18

Abbreviations: NAS, NAFLD Activity Score.
1, upregulation; |, downregulation.
2 Univariable test/unadjusted comparison.
> Multivariable test/adjusted comparison.

bilirubin [33]. Three studies explored the prognostic value of novel
markers — a complex fibrotic-inflammatory gene signature [21], CD34
[31], and miR-200b [24] — which were found to relate to mortality,
need for LT, and risk of hepatic decompensation manifested by eso-
phageal varices or to fibrosis grade, respectively. The first study [21]
was designed to differentiate between patients having inflammatory or
fibrotic liver features. In transplant free survival analysis, inflammatory
gene signature proved favorable when compared to a fibrotic gene
signature. However, lower age in the molecular inflammatory group
could reflect diagnosis of the disease at an earlier stage, which poten-
tially affects outcome. Among other markers, the second study [31]
looked at CD34 a cell-surface glycoprotein expressed in vascular en-
dothelium which might be crucial for interplay between angiogenesis,
neovascularization, and fibrogenesis, and thereby serve as an indicator
for response to hepatic injury in chronic liver disease [35]. Similarly,
apelin, known for its function in angiogenesis, was found to be posi-
tively correlated with fibrotic stages [26], further confirming the role of
angiogenesis in BA pathophysiology.

Inflammation and related markers were investigated in six BA
studies. Four studies selected known inflammation-related factors, i.e.
osteopontin [27], T-cell subsets [36], toll-like receptors (TLRs) [23],
and COX-2 [37], to validate their prognostic value in BA. Osteopontin
strongly correlated to fibrosis [27], while Th-17 related to clearance of
jaundice [36]. The absence of clearance of jaundice was also related to
high RRAS expression [22]. Both markers, Th-17 and RRAS, however,
did not translate into improved native liver survival. The analyses of
COX-2 and TLRs found that COX-2 was elevated in patients with severe
liver dysfunction and need for LT [37], while TLR3 and TLR7 were
elevated in patients needing LT [23], in concordance with the role of
TLRs as biomarkers of innate immune response. Host immunological
reactions may trigger progressive inflammatory biliary destruction
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manifesting as BA in infants. Hence, unregulated activation of immune
response mechanisms would relate to the prognosis of patients.

BA is naturally related to lower liver performance. Upon in-
vestigation of metabolic markers in LBs from BA patients, survival
analysis showed that low expressions of pregnane X receptor (PXR) and
constitutive androstane receptor (CAR) were associated with sig-
nificantly lower survival [25]. Similarly, a dysregulated Sonic
Hedgehog (SHH) pathway (PTCH, Gli-2) proved to be associated with
poor jaundice-free survival in a Cox regression analysis combined with
Kaplan-Meier analysis [38].

In summary, increased expression of SHH, Gli-2, collagen-1, CK-7,
a-SMA, CD34, and TLR3/7 or decreased expression of PXR and CAR
may serve as markers of poor transplant-free survival in BA patients.
However as depicted in Table 2 and Table 3_online, the temporal aspect
of survival was only assessed by Kaplan Meier and/or Cox regression
analysis for SHH, Gli-2, collagen-1, CK-7, PXR and CAR, and assessment
of the accuracy of the method by AUROC curve analysis was only re-
ported for CK-7. Furthermore, a fibrotic gene signature may predict
lower transplant-free survival estimated by the Kaplan-Meier method.
Increased Th-17 or RRAS expression negatively relates to clearance of
jaundice at six months but should be interpreted cautiously due to the
statistical methods applied.

Nevertheless, potential prognostic markers in BA require further clinical
validation. Methodologically strongest evidence can be found on markers
involved in ECM remodelling, fibrillar collagen deposition, ductular reactions
and in tissue injury and repair.

3.2. Non-alcoholic fatty liver disease and non-alcoholic steatohepatitis

Childhood NAFLD is the most common cause of chronic PLD with a
prevalence of 9.6-38% in the US [39]. Mediated by accumulating fatty
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Table 4
Studies of prognostic molecular markers in viral hepatitis B/C.
Hepatitis-B/C marker Finding References
a-SMA 1 a-SMA correlates with fibrosis in 52
a-smooth muscle cHBV (r = 0.518, p < 0.001%)
actin
Casp-3a 1Casp-3a relates to fibrosis in cHCV 54
Caspase-3 (p = 0.03)
Casp-3a correlates with number of HCV
positive cells (r = 0.83, p < 0.0001%)
HCV NS3 INS3 relates to fibrosis in cHCV 54
viral protein (p = 0.039)
TUNEL tapoptosis correlates with number of 54
late apoptosis HCV infected hepatocytes (r = 0.61,
p = 0.0017%)
CK-7 1CK-7 relates to fibrosis stage in cHCV 53
Cytokeratin-7 (@ = 0.029%

1, upregulation.
? Univariable test/unadjusted comparison.

acids, mitochondrial dysfunction, increased oxidative stress, membrane
lipid peroxidation, and pro-inflammatory cytokine production, NAFLD
is described as the hepatic manifestation of metabolic syndrome [40].
NAFLD ranges from mild steatosis to accompanying ballooning and
necrotic inflammation known as NASH, with progression to liver cir-
rhosis in some subjects [41,42].

Using IHC, four studies assessed the expression of markers asso-
ciated with the fibrosis stage, activity, and disease progression in pe-
diatric NAFLD and NASH applying simple hypothesis testing without
survival analysis (Table 3 and Table 4_online). The SHH pathway re-
presented by PTCH and Gli-2 was found to be activated in NAFLD and
positively correlated with fibrosis, steatosis, and portal inflammation
[43]. Similarly, CK-7 was found to be overexpressed in NAFLD biopsies
displaying fibrosis compared to NAFLD biopsies without fibrosis, and in
biopsies displaying NASH compared to non-NASH [44].

During NAFLD, progressive cell death with expansion of the pro-
genitor cell compartment develops. Per se, the outcome is degenerative
liver disease with cirrhotic transformation and a high risk of hepato-
cellular carcinoma. Hence, markers of apoptosis and cell cycle arrest
may serve as potential prognostic indicators. Two studies assessed these
cellular processes by testing activated and cleaved caspase-3, p21"%,
and cleaved CK-18 (M30) as markers [44,45]. One of the studies ob-
served increased cytoplasmic levels of cleaved caspase-3 and nuclear
accumulation of p21**f in the hepatic tissue of children with NASH
compared to children with NAFLD [44]. However, in contrast to this
and the findings of many adult studies, the other study found increased
expression of activated caspase-3 in a low inflammatory state [45].
Moreover, increased M30 expression was found to be associated with
low fibrosis stages [45], thus indicating possible markers of a better
prognosis.

The inflammatory aspect of NAFLD was addressed using markers of
inflammatory cells. CD45 and CD163 were increased while CD3 was
decreased in fibrotic NAFLD patients [46]. As expected from the bio-
logical nature of these markers, CD45 and CD163 were positively cor-
related with inflammation and steatosis, whereas CD3 displayed a ne-
gative correlation. Association of increased vimentin with advanced
fibrosis stages was also found [43]. This is in accordance with the
finding of upregulated vimentin during the inflammatory process of
NAFLD [47,48].

A role of the insulin-triglyceride-fatty-acid axis in metabolic syn-
drome and hepatic steatosis with insulin resistance is evident. Many
other peptides and hormones including adipokines are believed to
modulate important biological actions in the progression of NAFLD
through and after the “first hit”. These actions involve effects on pro-
liferation, inflammation, hepatocyte injury, and fibrogenesis. Leptin,
adiponectin, and resistin are known effectors of this pathway. However,
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their role and prognostic value during the transition from simple stea-
tosis to NASH and to potential cirrhosis are still not fully elucidated.
Indeed, a protective role of an adipokine in one stage of hepatic fat
accumulation can shift towards a negative influence in a later stage of
the disease [49]. One study looked at adiponectin, GLP-1, and resistin
to evaluate the insulin-triglyceride-fatty-acid axis. Decreased expres-
sion of adiponectin accompanied progression to NASH and correlated
with NAFLD activity score, inflammation, and steatosis [44], illus-
trating an inverse relation of hepatic fat mass and levels of adiponectin
[49]. Resistin and GLP-1 were related to advanced stages and fibrosis in
NAFLD [44].

Morphogenic, apoptotic, and inflammatory pathways as well as the in-
sulin-triglyceride-fatty-acid axis may serve as markers of disease progression
and fibrosis in pediatric NAFLD. The effect on survival, however, has not yet
been investigated. Hence, methodologically robust studies of prognostic tissue
markers in pediatric NAFLD are lacking.

3.3. Viral hepatitis B and C

Viral hepatitis B and C (HBV/HCV) can cause decompensated PLD,
cirrhosis, and possibly hepatocellular carcinoma [50]. In HBV, viral
genotype, seroconversion to the immune inactive state, and more rarely
resolution of disease are important prognostic events in terms of the
risk of cirrhosis, but less is known about the risk of developing carci-
noma [50]. Knowledge on prognostic factors for sustained virologic
response, mortality, and decompensation in pediatric HCV is scarce at
present, but sustained response to treatment has been shown to depend
on HCV genotype [51].

All three identified studies on chronic HBV/HCV used IHC to detect
and compare markers to fibrosis stage using simple hypothesis testing
with no survival analysis (Table 4 and Table 5_online). a-SMA and CK-7
which identify stellate cell-induced fibrogenesis and progenitor cell
expansion in chronic HBV and chronic HCV were both related to fi-
brosis stage [52,53]. In another study, apoptosis in childhood chronic
HCV was evaluated by caspase-3a and TUNEL. Increased caspase-3a
expression was found in higher stages of fibrosis, while both apoptotic
markers correlated to number of infected hepatocytes [54].

In conclusion, markers of fibrogenesis and apoptosis may serve as
markers of fibrosis stage in pediatric viral hepatitis. However, the effect on
survival has yet to be investigated.

3.4. Pediatric liver transplantation

Liver transplantation constitutes the outcome of various childhood
conditions affecting the liver and biliary tree. Pronounced improve-
ments in patient and graft survival reaching a level of 90% have been
seen in both the short- and long-term [55,56].

Only one identified study on pediatric LT fulfilled the inclusion
criteria for this review. Miyagawa-Hayashino et al. explored the role of
Fas-mediated apoptosis in pediatric liver allografts and showed FasL
expression to be a marker of acute cellular rejection (p = 0.0045) [28].
Furthermore, an elevated ratio of FasL-positive Kupffer cells was found
to help distinguish acute rejection from chronic rejection (p < 0.01).
Increased apoptosis was observed in portal areas in acute cellular re-
jection compared to chronic rejection and stable grafts (p < 0.001).

3.5. Methodology in PLD molecular marker studies

In the field of diagnostics, the last decade can be defined as an era of
transformation from single marker detection to complex molecular
profiling by high-throughput technologies. Despite this advancement,
most of identified studies were based on standard IHC or conventional
PCR-based technologies (Table 1; Fig. 2). Moreover, rather than large
screening of several potential biomarkers, single or only a few potential
markers were selected and tested (Fig. 2). Among these potential
markers, predominance was found for known markers of fibrogenesis,
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inflammation, and apoptosis. Only two studies applied transcriptomic
profiling and succeeded in defining potential prognostic markers
[21,22]. Interestingly, three more studies applied array-based tran-
scriptomic profiling in PLD [57-59]. However, one of these studies
failed to prove the prognostic power of potential markers [57], while
another did not separate adult and pediatric patients in the analysis
[58]. The remaining study attempted to define expressional signatures
for fibrogenic and inflammatory types of BA, but proved inconclusive
for potential clinical application at this stage [59].

4. Discussion

This systematic review summarizes the prognostic value of tissue-
specific genetic and molecular markers in PLD across various diagnoses.
Presently, there is a small number of reviews describing the roles of
various markers in PLD (e.g. [10]). However, for the first time, this
review systematically addresses the prognostic role of biologically re-
levant markers in liver tissue. An ideal prognostic marker in PLD would
be non-invasive, sensitive and specific, reproducible among labora-
tories, easily measured, and inexpensive [60,61]. However, to identify a
non-invasive or minimally invasive biomarker, knowledge about the
marker's biology is of crucial importance. Therefore, a marker origi-
nating in the diseased organ undoubtedly has the highest potential to
possess prognostic value, which could then hopefully be extrapolated to
non-invasive diagnostics.

4.1. Study design

Despite the number of studies on PLD, only a small number provides
a clinically considerable prognostic marker. Most of the studies are
retrospective, small size, single center studies with a low level of evi-
dence combined with a high risk of bias (e.g. lacking information on
recruitment and patient selection). Furthermore, the rare occurrence of
PLD and apparent limitations in establishing suitable control groups
represent additional obstacles. Additionally, a small sample size limits
the ability to prove significant associations, as illustrated by, for ex-
ample, the apelin study [26].

BA represents an ideal condition for studying organ-specific prog-
nostic markers during PLD, and repeated liver tissue sampling is often
performed. In this review, BA was the most frequently studied condi-
tion. The natural history of BA with extensive and rapid liver damage
poses a clinically significant challenge in terms of predicting patients
needing early listing for LT and ones with a favorable prognosis.
Nonetheless, only one study was designed to follow a presumptive
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marker in repeated biopsies from the same patients at hepato-
portoenterostomy and LT. However, the study was inconclusive in
terms of intra-individual gene expression during disease progression,
likely due to the limited number of patients [26].

A possible prognostic biomarker, as opposed to a predictive bio-
marker, can be identified through relatively small retrospective studies.
However, validation and translation into a clinically valid prognostic
marker is much more complicated. Validation of a surrogate endpoint is
even more complex as it also demands evidence for a correlation with
the outcome and evidence that treatment effect on the surrogate cor-
relates with effect on the outcome. The evidence should preferably be
established through randomized trials or meta-analysis, though large
trials can sometimes be accepted [62]. None of these criteria are met in
the selected studies, which are all in the early pre-clinical phase of
identification. Moreover, several studies used surrogate endpoints,
further complicating the validation of identified markers.

Native liver survival, jaundice-free survival, transplant-free sur-
vival, overall survival, and LT were assessed as prognostic endpoints in
a total of seven studies. In five of these studies Kaplan-Meier analysis
was used [21,25,30,32,38], with only one study applying additional
multivariable Cox regression analysis [38], whereas two studies used
multivariable logistic regression analysis [21,32]. Most of studies
testing the surrogate endpoints as fibrosis and/or inflammation used
correlation analysis or simple comparisons of two or more independent
samples, often without adjusting for multiple comparisons. This ap-
proach, however, ignores the temporal aspect, a key feature of prog-
nostication. Survival statistics using Kaplan-Meier analysis and Cox
regression incorporate progression over time and censor for dropout,
and these methods along with assessment of the accuracy of the applied
method using AUROC curve are important for evaluation of disease
outcome. A lack of temporal assessment, adjustment for possible con-
founders and information on e.g. sensitivity and specificity as well as a
small population size are limiting factors of most of the included stu-
dies. Nevertheless, even though most of the PLD studies fail to provide
substantial prognostic evidence, many of them could serve as a basis for
generating hypotheses for further research.

4.2. Marker selection

Every biological marker reflects a process accompanying disease. In
PLD, markers relate to fibrosis, inflammation, cell cycle arrest and
apoptosis, metabolism, epithelial to mesenchymal transition (EMT),
and angiogenesis (Fig. 3). Despite etiological differences, some of these
processes may be general markers of liver damage [63] and thereby
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Fig. 3. Overview of identified PLD markers with prognostic values.

might serve as a good starting point for prognostic marker detection in
PLD. In addition, defining the exact etiology of PLD can be challenging
[3]. Hence, prognostic markers do not necessarily need to be disease
specific, and indeed, markers are demanded across the entire spectrum
of PLD diagnoses.

Activation of the hepatic stellate cell (HSC) and portal fibroblast
(PF) compartment with myofibroblast formation is one of the most
essential events in hepatic fibrogenesis [64-67]. The list of possible
prognostic markers from this pathway is extensive, including, for ex-
ample, a-SMA, fibronectin, vimentin, TGFs, HIF, and interleukins. The
role of EMT and ductular reactive epithelial cells as additional myofi-
broblast precursors in liver fibrogenesis has also been widely debated
[64,68]. Pediatric studies have evaluated the relation between EMT,
Hedgehog signaling, and fibrosis, and demonstrated that Hedgehog
signaling may possess a valuable prognostic potential [69].

Due to a crucial role in hepatic fibrogenesis, myofibroblast activa-
tion may also represent a tool for assessment of fibrosis formation and
chronic liver impairment. However, manifested fibrosis is regarded as a
relatively late event in liver decompensation. Hence, processes occur-
ring prior to fibrosis (e.g. the origin of HSCs and PFs and factors in-
volved in their regulation during liver injury) would be of much greater
clinical use as both prognostic indicators and a focus for antifibrotic
treatment [69-72]. Activation of morphogenic and organogenic path-
ways during myofibroblastic activation is therefore an area of extensive
biological investigations. Among these, the SHH pathway is likely to
play an important role in the onset of fibrosis and its activation relates
to poor jaundice-free survival in BA [38]. Similarly, growth factor-de-
rived activation and proliferation of HSCs and PFs is a central part of
the fibrotic process in liver decompensation. Furthermore, collagen and
a-SMA continue to be of interest as they have proved to have prognostic
implications for LT and native liver survival [30,31,33].

From morphogenic processes, angiogenesis and neovascularization
are closely correlated to progression of liver fibrosis. Pericytes from
proliferating capillaries accumulate in injured hepatic tissue and ac-
tively contribute to extracellular matrix formation [73]. Consequently,
anti-angiogenic drugs have become an area of interest in treating he-
patic fibrosis. In PLD, angiogenic markers are related to LT and native
liver survival, although the statistical strength of a possible prognostic
role remains questionable.

Xenobiotic metabolizing properties are key features of hepatic
function. Therefore, they offer comprehensive pathway analysis, but
appear to be less well investigated in terms of prognosis. In cholestasis,
failure to clear toxic biliary derivatives leads to progressive liver injury.
PXR and CAR are receptors possessing bile acid-detoxifying properties
[74,75] and both demonstrate prognostic properties in the neonatal
cholestasis of BA [25].

Cellular immunity is known to play a pivotal role in liver graft re-
jection, but a mediatory role of humoral immunity likely contributes to
the process [76,77]. Early and late apoptotic markers may possess
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prognostic implications in pediatric LT and viral hepatitis [78,79];
however, further clarification is needed.

4.3. Marker discovery

The rapid advances in high-throughput gene technologies present
new and interesting perspectives for prognostication. Though single
markers may prove to serve prognostically, the complexity of many
diseases, including PLD, implies that gene signatures would potentially
predict the course of a given disease more accurately. Two studies ap-
plied expression arrays to investigate the expressional changes accom-
panying fibrosis progression in BA [21] or specific for BA [22]. Moyer
et al. distinguished between a fibrotic and an inflammatory gene sig-
nature and found that a fibrotic gene signature associates with over-
expression of genes tightly connected to extracellular matrix formation.
BA patients with this profile were found to have lower transplant-free
survival compared to patients showing enrichment of binding sites for
transcription factors of the immune response [21]. A typical explorative
study was performed by Zhao et al. As a result, a new prognostic marker
was identified, RRAS, which correlated to clearance of jaundice and
occurrence of cholangitis. However, the number of samples studied was
rather limited and there was no subsequent appropriate clinical vali-
dation [22]. Despite these limitations, findings of this type provide not
only new prognostic perspectives but also potentially new knowledge
on BA and other PLD pathophysiology.

5. Conclusions

Numerical measures and an overall summary of the results were not
possible due to the designs of the studies, differences in outcome
measures and the quality of prognostic assessment. Hence, the results of
these studies do not translate directly into clinical practice.
Furthermore, based on this review, changes to the clinical guidelines or
prognostic workup of individual pediatric patients are not re-
commended. However, several markers and pathways show a great
potential for further investigation and perhaps even future clinical ap-
plication. Markers of manifest fibrogenic processes and ECM remodel-
ling should be further explored in terms of prognosis and seem pro-
mising, however pathways of morphogenesis, angiogenesis, metabolic
state and inflammation possibly reflect early prognostic markers and
need additional focus. Large scale transcriptomic screening can increase
our knowledge on critical steps in disease progression thus opening new
avenues of research on the prognostic assessment of PLD.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbadis.2018.12.018.
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