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Objective To evaluate the performance of a diagnostic protocol for neonatal/infantile cholestasis in which the
main clinical patterns steered the early use of different genetic testing strategies.

Study design An observational study was conducted between 2012 and 2017 in a tertiary care setting on a pro-
spective cohort of children with cholestasis occurring at <1 year of age and persisting >6 weeks, to measure the
detection rate of underlying monogenic diseases. After the exclusion of biliary atresia, a clinically driven genetic
testing was performed, entailing 3 different approaches with different wideness: confirmatory single-gene testing;
focused virtual panels; and wide search through trio whole-exome sequencing.

Results We enrolled 125 children (66 female, median age 2 months); 96 (77 %) patients had hypocholic stools and
were evaluated rapidly to exclude biliary atresia, which was the final diagnosis in 74 (59%). Overall, 50 patients un-
derwent genetic testing, 6 with single confirmatory gene testing, 38 through panels, and 6 with trio whole-exome
sequencing because of complex phenotype. The genetic testing detection rate was 60%: the final diagnosis was
Alagille syndrome in 11, progressive familial intrahepatic cholestasis type 2 in 6, alpha-1-antitrypsin deficiency in
3, and progressive familial intrahepatic cholestasis type 3 in 2; a further 7 genetic conditions were identified in 1 child
each. Overall, only 18 of 125 (14%) remained with an indeterminate etiology.

Conclusions This protocol combining clinical and genetic assessment proved to be an effective diagnostic tool
for neonatal/infantile cholestasis, identifying inherited disorders with a high detection rate. It also could allow a
noninvasive diagnosis in children presenting with colored stools. (J Pediatr 2019;211:54-62).

eonatal/infantile cholestasis, affecting 1 in 2500 children at term, is defined as an impairment in bile formation or flow

presenting early in life, resulting in the retention of biliary substances within the liver." It can be caused by biliary or

hepatocellular diseases (genetic and metabolic defects disrupting bile composition and transport)."” Prompt identi-
fication of the underlying etiology is important to initiate appropriate surgical or medical treatment. The most common cause
of neonatal/infantile cholestasis is biliary atresia, in which an early surgical referral is needed to optimize the success rate.” In
treatable metabolic conditions, a timely diagnosis certainly warrants a prompt specific treatment and a better outcome.

In recent decades, it has been clarified that the vast majority of the previously unexplained cases referred to as “idiopathic
neonatal hepatitis” are monogenic liver disorders.”” Nevertheless, the diagnosis of such inherited liver diseases has relied on
extensive biochemical and histologic characterization, which is expensive, time-consuming, limited by local availability and
mastery, and affected by the stage of the disease.

The advent of the next-generation sequencing (NGS) has allowed us to generate and analyze massive sequence and high-
resolution data, in a rapid, cost-effective, and high-throughput fashion, from panels of a few genes to the exome to the whole
human genome.”” This offers the opportunity to move genetic testing upwards in the diagnostic algorithm.”

Nearly 20% of pediatric liver transplants are performed in children with monogenic, mostly cholestatic, liver disorders, and
genetic characterization has important implications for liver transplantation. Therefore, an institutional protocol was designed
to implement the use of genetic testing—mainly based on the NGS—in a stepwise process, in which clinical and laboratory data
are used to select type and wideness of genetic approach. The aim of this study was to evaluate the overall diagnostic accuracy
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and the genetic detection rate of such protocol in children
with neonatal/infantile cholestasis referred to a pediatric hep-
atology and liver transplantation unit.

All children with cholestasis persisting for >6 weeks with
onset in the first 12 months of age referred to the Pediatric
Hepatology Gastroenterology and Transplantation Unit at
Hospital Papa Giovanni XXIII, Bergamo, between January
2012 and June 2017 were enrolled and followed for at least
6 months. Cholestasis was defined in presence of serum-
conjugated bilirubin level >1 mg/dL when the total bilirubin
was <5 mg/dL or a conjugated component >20% of the total
when the total bilirubin was >5 mg/dL.” Newborns with pre-
maturity, sepsis, parenteral nutrition lasting 22 weeks, and
endocrine abnormalities were excluded.

The diagnostic protocol for neonatal/infantile cholestasis
was discussed, revised, and approved in October 2011 by
an institutional board including pediatric hepatologists and
geneticists of our center. All demographic, auxologic,
biochemical, genetic, and histologic data from all the patients
enrolled were recorded anonymously. A written informed
consent approved by the ethical committee of our hospital
was obtained before genetic testing. The ethical committee
of our institution approved the study.

General Protocol and Use of Virtual Gene Panels
The protocol is illustrated in Figure 1 (available at www.
jpeds.com). Children initially received a comprehensive
first-tier laboratory characterization and were stratified
according to stool appearance and serum gamma-glutamyl
transpeptidase (GGT) concentration.

Patients with pale (hypocholic) stools rapidly underwent
liver biopsy to rule out biliary atresia after exclusion of
alpha-1 antitrypsin (A1AT) deficiency by serum enzymatic
activity. In the presence of a consistent histology (ductular
proliferation, portal fibrosis, ductular cholestasis with bile
plugs), biliary atresia was confirmed by cholangiography.

The stool appearance was evaluated according to the stool
color card published by Hsiao et al."” The reference ranges for
GGT in the first year of life are reported by Cabrera-Abreu
and Green.'' Three different targeted virtual gene panels
(cholestasis panel [CP] 1, CP2, and CP3) were designed
and selected according to patients’ features (Table I;
available at www.jpeds.com). Patients with hypocholic
stools were tested with CP1 when histologic examination
showed signs of intrahepatic cholestasis (giant cell
transformation, canalicular cholestasis, cholestatic rosettes);
when histology was consistent with biliary atresia but
intraoperative cholangiography showed a patent biliary
tree; and when histology was consistent with biliary atresia
but surgery was not indicated due to diagnostic delay.
Patients with normocholic stools were further divided
according to serum GGT activity: those with elevated GGT
were tested with CP1; those with low or normal GGT and
elevated serum bile acids were tested with CP2; and those
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with low or normal GGT and low total serum bile acids
were tested with CP3 (targeted to the bile acid synthesis
defects) + urine mass spectrometry for bile acid profile. In
case CP2 and CP3 did not achieve any molecular diagnosis,
the analysis was extended to the remaining genes of CP1.

The choice of virtual (exome sequencing followed by bio-
informatically selected panel) rather than physical panels al-
lowed to update the loci as new cholestasis-related genes were
identified. At the last revision, the virtual panels include a to-
tal of 37 genes associated with 33 cholestatic liver diseases. All
the patients were evaluated by a clinical geneticist and a pe-
diatric neurologist before undergoing genetic testing. Neuro-
logic and clinical genetic assessment addressed family history,
general appearance including dysmorphic features, develop-
mental milestones, complete neurologic examination
including posture, and muscle tone.

Genetic Confirmation of a Strong Clinical Suspicion
Patients in whom the clinical phenotype suggested a specific
diagnosis such as Alagille syndrome (AGS) or AIAT defi-
ciency on a low serum concentration were considered for a
prioritized evaluation of the specific locus (eg, JAGI,
NOTCH2, SERPINA1I).

Use of Wide Genetic Analysis as the First Step
(Direct trio-Whole-Exome-Sequencing)

A wide molecular approach through a first-tier Whole-
exome-sequencing (WES) on the case—parents trio was em-
ployed as the first step in patients with complex phenotypes
(liver disease associated with major malformations and/or
minor anomalies and/or intellectual disabilities and/or other
medical problems) but no clear clues to a definite etiology or
when a condition was suspected but the clinical presentation
was not typical or complete.

Biochemical studies and second-tier trio-WES
Table II displays the baseline laboratory evaluation and the
extensive biochemical studies for underlying infectious,
endocrine, and metabolic causes that are performed in the
patients with neonatal/infantile cholestasis. The first-tier
workup is carried out in all patients, whereas the second-
tier workup is carried out in patients without a definite
diagnosis, following an inconclusive molecular study. In
the presence of clear suspicion of a specific etiology,
relevant tests were performed promptly, especially if the
suspected disease was not previously ruled out by newborn
screening or the referring center. In undiagnosed patients, a
second-tier trio-WES was not offered routinely but only in
selected cases in whom the family history was strongly
suggestive of a genetic condition (eg, =2 affected siblings
and/or consanguinity).

DNA Extraction, Enrichment, Sequencing, and
Analysis

After genetic counseling, genomic DNAs of patients and par-
ents (when the suggested test is trio-WES) were extracted
from peripheral blood using commercial DNA extraction

55


http://www.jpeds.com
http://www.jpeds.com
http://www.jpeds.com

THE JOURNAL OF PEDIATRICS . www.jpeds.com

Volume 211

r

Table II. Biochemical investigation protocol in infants with cholestasis

Protocols

Details

First-tier (at enroliment)
General workup

Second-tier (if negative
genetic testing)
Endocrine workup
Virologic workup

Metabolic workup

Other investigations

Serum/blood: transaminases, GGT, total/conjugated bilirubin, ALP, CK, complete blood count, Coombs test, glucose, albumin,
electrolytes, ferritin, ATAT AFP, ammonia, gas analysis and acid—base balance, liver Doppler ultrasound.

Cortisol (ACTH) stimulation test if indicated), TSH, and thyroxine.
Serology (I9G and IgM): HBV, HCV, (EBV, EBNA IgG, and EBV-VCA IgM), CMV, HSV-1/2, Toxoplasma gondii, Rubella.
Nucleic acids: EBV-DNA, CMV-DNA, HSV-1/2-DNA
Plasma and urine amino acids, urine organic acids, serum total bile acids + mass spectrometry urine analysis, transferrin
isoelectric focusing, acylcarnitine profile, lactic acid, red blood cell galactose-1-phosphate uridyl transferase activity, urine
galactose, urine fructose, lysosomal acid lipase, and acid sphingomyelinase on dried blood spot mass spectrometry.
Echocardiography, spine radiograph, eye examination, bone marrow aspiration (if lysosomal storage disease is suspected).

W

ALP, alkaline phosphatase; ACTH, adrenocorticotropic hormone; AFP, alpha-fetoprotein; CK; creatine kinase; CMV, Cytomegalovirus; EBV, Epstein—Barr virus; HBV, hepatitis B; HCV, hepatitis C; HSV-

1/2, herpes simplex virus-1 and-2; TSH, thyroid-stimulating hormone.

kits (QIAGEN, Valencia, California). Exonic regions and the
splice sites flanking regions of all human exons were enriched
using an Agilent SureSelect Clinical Research Exome enrich-
ment kit (Agilent, Santa Clara, California) followed by
sequencing with 150-bp paired-end reads on the NextSeq500
platform (Illumina, San Diego, California). Reads were map-
ped to the human genome and analyzed by BWA Enrichment
tool (Illumina) and a second independent homemade pipe-
line."”

The variant call file including single-nucleotide substitu-
tion and indels was annotated using available databases.
including the Genome Aggregation Database (http://
gnomad.broadinstitute.org/), ClinVar (https://www.ncbi.
nlm.nih.gov/clinvar/), and Human Gene Mutation Database
Professional. The variant call file, when indicated, was filtered
according to the suggested gene panels (CP1, CP2, CP3). The
remaining variants were prioritized using a sequential strat-
egy, based on the potential effect on protein and transcript
(splicing, missense, nonsense, and frameshift), the minor
allele frequency compatible with the rarity of the disease,
and all available information.

When trio-WES was suggested, in case of a negative family
history, the filtering of variants was based on an autosomal-
recessive, de novo filtering strategy or X-linked recessive
when the proband was a male subject, and their classification
and the potential pathogenic effect is focused on the patient’s
phenotype, according to the Human Phenotype Ontology
classification (www.human-phenotype-ontology.org/).

Variants were classified on the basis of American College of
Medical Genetics and Genomics guidelines.''* The poten-
tial pathogenic variants were evaluated and visual inspected
with Alamut Visual Software (http://www.interactive-
biosoftware.com/alamut-visual/) and subsequently confirmed
by Sanger sequencing using a second independent DNA sam-
ple including both parents.

In patients with a strong suspicion of AGS but no patho-
genic variants in JAGI and NOTCH2 genes, multiplex
ligation-dependent probe amplification (MLPA) analysis of
JAGI gene was performed (SALSA MLPA probemix
P184-C1/C2/C3 JAGIl; MRC-Holland, Amsterdam, The
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Netherlands) to identify large deletions of this gene. In case
of suspicion of A1AT deficiency, a focused sequencing anal-
ysis on exons 5 and 7 of the SERPINA1 gene was performed
for the 2 most common alpha 1-antitrypsin alleles (PiZ and
PiS).

Statistical Analyses

The Student ¢ test, ANOVA, the XZ method, or the Fisher
exact test were performed when appropriate for statistical
analysis, to compare continuous and categorical variables.
Univariate logistic regression was performed to analyze fac-
tors predicting the achievement of a genetic diagnosis; statis-
tically significant variables were then included in a
multivariate model adjusted for covariates to identify inde-
pendent risk factors. A P value lower than .05 was chosen
as a cutoff for significance. Data were analyzed with SPSS
(IBM Corp Released 2011, IBM SPSS Statistics for Mac,
Version 20.0; IBM Corp, Armonk, New York).

Of 170 children referred to our center for neonatal/infantile
cholestasis in the study period, 45 in whom cholestasis was
considered related to prematurity or judged to be multifacto-
rial or fading by 6 weeks from onset, all with colored stools,
were excluded. The remaining 125 children (66 female, 109
white), with a median age of 2 (1-11) months at first visit,
were enrolled in the study and followed for a median time
of 15 (6-98) months. Twenty-five children were referred for
liver transplantation from foreign hospitals, where initial
management was performed in close collaboration with our
unit. Their clinical and laboratory features are shown in
Table III. Consanguinity was present in 5 (4%), and in 4
(3%) a history of liver disease in the first-degree relatives
was documented. Coagulopathy (international normalized
ratio >1.2) was present in 32% of the children.

Median total and conjugated bilirubin were 10.6 mg/dL
(range 1.9-54.4) and 8 mg/dL (1-50), and median GGT and
alanine aminotransferase were 306 IU/L (14-2200) and 135
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Table III. Demographic, clinical, and laboratory
features of 125 children with neonatal-infantile
cholestasis
Demographic and clinical characteristics n/proportion of subjects
Sex, female/male, n 66/59
Gestational age, wk, median (range) 40 (29-41)
Age at visit 1, mo, median (range) 2(1-11)
Birth weight, g, mean + SD 3135 & 547
Ethnicity, n (%)
White 109 (87%)
Black 12 (10%)
Asian 4 (3%)
Consanguinity, n (%) 5 (4%)
Liver disease in first-degree relatives, n (%) 4 (3%)
Dysmorphisms/malformations, n (%) 27 (22%)
Hypocholic stools*, n (%) 96 (77%)
Coagulopathy’, n (%) 35 (32%)*
Biochemistry mean = SD Ref. range
Total bilirubin, mg/dL 13.06 + 10.6 0.2-1.2
Conjugated bilirubin, mg/dL 109 + 9.6
AST, IU/L 292 + 226 3-46
ALT, IU/L 179 4 146 2-50
GGT, /L 531 -+ 780 §
Serum bile acids, mmol/L 179 + 133 0-6
Total cholesterol, mg/dL 238 + 241 20-199
Triglycerides, mg/dL 199 + 188 40-170
Vitamin A, ug/dL 41 4+ 116 20-80
Vitamin 25(0H)D, ng/mL 18 £ 18 >30
Vitamin E, ug/dL 468 + 507 300-1200
PT INR 1.32 + 0.46 0.8-1.25
. W

ALT, alanine aminotransferase; AST, aspartate aminotransferase; PT INR, prothrombin time in-
ternational normalized ratio.

*Clay-colored, pale yellowish, and light yellowish stools according to published color card
(Hsiao et al'”).

tPatients with PT INR >1.2.

19 missing values.

§According to reference levels for age (Cabrera-Abreu and Green'").

IU/L (36-925), respectively. Dysmorphisms or major malfor-
mations were present in 27 (22%). Facial dysmorphisms and
cardiac abnormalities were present in 12 patients each, em-
bryotoxon was observed in 6, and abnormalities of the diges-
tive tract and situs inversus were present in 3 and 2 patients,
respectively. Microcephaly, cutaneous, and limb defects were
present in 1 patient each. The results of the diagnostic proto-
col are shown in Figure 2.

Patients with Hypocholic Stools

Ninety-six (77%) patients had hypocholic stools. These
children were rapidly evaluated to rule out biliary atresia:
liver biopsy was performed in all but 4 patients, 2 with
low serum AIAT and 2 older than 3 months bearing fea-
tures highly suggestive of AGS, and the diagnosis was
rapidly confirmed by SERPINAI prioritized testing and
JAGI mutation found at CP1, respectively. Of 92 patients
undergoing liver biopsy, 84 had predominant portal fibrosis
and ductular proliferation. A diagnosis of biliary atresia was
made in 72 of them by intraoperative cholangiography at
time of Kasai portoenterostomy; in another 2 of them
biliary atresia was presumed, laparotomy was omitted due
to old age at referral, and the diagnosis eventually was
confirmed at liver transplantation. Of the remaining 10 pa-
tients with biliary atresia—like histology, 3 children had
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extrahepatic biliary malformation, autoimmune sclerosing
cholangitis, and neonatal sclerosing cholangitis, 1 each,
and 7 children were tested through CP1.

In 8 patients, liver biopsy samples suggested intrahepatic
cholestasis with predominant giant cell transformation;
therefore, they were tested through CP1. Of note, 1 patient
with giant cell hepatitis ultimately was determined to be
affected by septo-optic dysplasia on clinical and laboratory
ground.

As for the child with the unusually early presentation of
autoimmune sclerosing cholangitis (onset was at 10 months
of age), the diagnosis was based on the presence of severe por-
tal and periportal lymphohistiocytic infiltrate and portal
fibrosis on histology and multifocal biliary strictures on mag-
netic resonance cholangiopancreatography. The child
dramatically responded to steroid therapy; he is currently
5 years old and had a recent relapse after long remission while
on minimal steroid treatment. A screening for primary im-
munodeficiency and Langerhans cell histiocytosis yielded
no result. Overall, biliary atresia was the underlying disease
in almost 60% of the enrolled children.

Patients with Normal Stool Color

Twenty-nine children had normally colored stools. Of them,
17 had an elevated GGT, and 12 had low or normal GGT, all
with elevated serum bile acids. In all of them, clinical evalu-
ation guided the choice of genetic testing. Four children with
high-GGT cholestasis and features suggesting AGS under-
went confirmatory focused analysis of JAGI and NOTCH?2;
of the remaining 13 children with elevated GGT, 11 under-
went targeted sequencing through CP1; finally, 8 of 12 chil-
dren with low GGT received first-step sequencing through
CP2.

In the remaining 6 patients, neurologic and medical ge-
netic assessment defined a complex phenotype, leading us
to choose trio-WES as the first-tier genetic testing (patients
25-29 in Table IV; available at www.jpeds.com).

In a 3-month-old boy of North African origin presenting
with end-stage liver disease, severe hepatosplenomegaly,
and hypotonia, WES did not identify any variant explain-
ing the phenotype. Patient 25 was a 2-month-old white
girl with hepatosplenomegaly, failure to thrive, apneas,
neurodevelopmental delay, and opisthotonos. Homozy-
gous mutations in the GBA gene allowed a diagnosis of
acute neuronopathic Gaucher disease. In patient 26, a 4-
month-old white infant born abroad, and therefore
without newborn screening, admitted in severe clinical
conditions with severe cholestasis and liver failure, failure
to thrive, hepatosplenomegaly, severe neurodevelopmental
delay, and seizures, homozygous mutations in FAH (tyro-
sinemia type 1) were found.

In patient 27, a 2-month-old boy with hepatomegaly, lactic
acidosis, hypoglycemia, and hypotonia, WES identified bial-
lelic mutations in the TRMU gene responsible for a rare mito-
chondrial infantile liver disease. In patient 28, a newborn girl
with low birth weight, limb anomalies, failure to thrive, hy-
potonia, renal tubular acidosis, and low-GGT cholestasis,
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Figure 2. Results of the adopted diagnostic protocol for neonatal/infantile cholestasis. ASC, autoimmune sclerosing cholangitis;
NP-B, Niemann—Pick disease type B; NSC, neonatal sclerosing cholangitis; TRMU, TRMU gene-related transient liver failure;
Tyr, tyrosinemia type 1. *Clinical genetic consultation (+ advice by pediatric neurologist and/or inherited metabolic disorders, if
needed) was obtained for phenotype characterization and to choose the appropriate genetic testing; *one child with negative
genetic result was diagnosed as affected by sept-optic dysplasia on clinical and instrumental ground.

WES analysis led to the diagnosis of arthrogryposis-renal
dysfunction-cholestasis (ARC) syndrome.

Patient 29 was a 6-month-old girl referred because of severe
cholestasis, hypotonia and cortical atrophy, central hypothy-
roidism, laryngotracheomalacia, and Coombs-negative
hemolytic anemia. WES identified a compound
heterozygosity for disease-causing mutation in ATP7B
(p-His1069GlIn + p.Gln7fs). Her mother was found homozy-
gous for p.His1069GIn in ATP7B and was cirrhotic, and the
father was heterozygous for the frameshift mutation
(p-Gln7fs). These results triggered further studies that
demonstrated biochemical and histologic evidence of copper
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overload that might have occurred prenatally. Mother and
child fulfilled the Leipzig criteria for the diagnosis of Wilson
disease.

Genetic Testing and Protocol Diagnostic
Performance

Opverall, 50 children were investigated with genetic testing,
including 2 with biliary atresia who did not undergo portoen-
terostomy and were confirmed at transplantation. A targeted
gene analysis was the test of choice in 38; 30 received CP1 as
the first step. Eight patients with low/normal GGT under-
went CP2 as the first step, followed by CP1 in 4 of them, of

Nicastro et al
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whom 3 remained without a molecular diagnosis. No patient
was studied with CP3.

Six patients underwent genetic testing that successfully
confirmed a clinical suspicion of AGS (4 patients) and
AIAT deficiency (2 patients). The remaining 6, studied
through direct trio-WES, have been described previously in
this article.

Overall, genetic testing allowed a final diagnosis in 29 of
48, with a 60% detection rate and a median diagnostic turn-
around of 43 (38-55) days. The disease-causing mutations
identified are shown in Table IV. AGS, progressive familial
intrahepatic cholestasis (PFIC) type 2, and A1AT deficiency
were the most common genetic causes (30%, 13%, and 6%,
respectively); PFIC3 was diagnosed in 2 cases, and PFICI,
Niemann—Pick type B, Gaucher disease, tyrosinemia type
1, ARC syndrome, and TRMU-related liver disease were
present in 1 child each (Figure 3; available at www.jpeds.
com). In 1 boy with the histologic picture of giant cell
transformation, in whom the CP1 failed to identify gene
variants, septo-optic dysplasia was diagnosed after few
months on the basis of clinical, endocrinologic, and
imaging data.

Overall, only 18 of 125 (14%) patients remained with inde-
terminate etiology, and the protocol diagnostic yield was as
high as 86%. The 18 children with indeterminate etiology
received extensive biochemical evaluation, and 6 of them
were further studied with a second-tier trio-WES because
of consanguinity or familial history of liver disease, but no
other pathogenic variants possibly responsible for the clinical
picture were identified.

The clinical and laboratory features of the children accord-
ing to the most frequent diagnoses are shown in Table V. The
proportion of children small for gestational age was greater in
AGS (54%) and low-GGT PFICs (28%, P < .01), and
dysmorphisms or malformations were invariably present in
the patients with AGS in comparison with 0%-20% of the
others (P < .01). Of 11 cases of AGS, 2 did not fulfill the
clinical criteria and were identified by genetic testing. The
overall outcomes were not different between the groups.
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Overall, 60 children (48%) received liver transplantation
after a median time of 13 months (range 4 months to 5 years),
38 (31%) remained with compensated cholestatic disease, 6
developed severe portal hypertension, 7 normalized the in-
dexes of cholestasis, and 4 were lost to follow-up. Ten chil-
dren died, 7 from complications of liver transplantation, 2
from disease progression in Gaucher disease and ARC syn-
drome, and 1 from cerebral hemorrhage in AGS. In 1 patient
with clinically evident AGS but without pathogenic variants
at CP1, MLPA allowed to identify a large deletion of JAGI.
No demographic, clinical, or anamnestic feature was corre-
lated to genetic etiology, as judged by univariate logistic
regression.

A few studies have assessed a comprehensive genetic testing
approach mainly based on high-throughput sequencing for
neonatal/infantile cholestasis. In a previous study, a NGS tar-
geted panel of 93 genes potentially associated with inherited
cholestatic diseases was used to define the underlying defect
in 6 children with neonatal/infantile cholestasis of indetermi-
nate etiology.'” In 4, novel variants in PKHDI, ABCBI1, and
NPCI were identified.

Togawa et al tested an 18-gene NGS custom panel in chil-
dren with intrahepatic cholestasis, with an overall detection
rate of 28%.® This low diagnostic yield was probably related
to the patient selection, because the authors included chil-
dren with probable nongenetic causes such as prematurity,
infections, and metabolic or hormonal system abnormalities.
Another study assessed prospectively a large panel of 61 genes
associated with cholestasis and 25 known recurrent large in-
sertions or deletions, allowing a diagnosis of genetic chole-
stasis in approximately 42% of the tested subjects.'”

A greater rate of detection was observed in another study
from Saudi Arabia, in which, probably due to the high rate
of consanguinity, a genetic cause was identified in 61%
of patients with advanced cholestatic disease.'® In the

~ )
Table V. Characteristics of the children according to final diagnosis
Characteristics Biliary atresia AGS PFIC1/2 Indeterminate Other P
Sex, male (%) 31 (42) 7 (64) 3 (43) 10 (56) 8 (53) .58
Consanguinity, n (%) 2(3) 0(0) 1(14) 2(11) 0 (0) A7
Prematurity, n (%) 7(10) 109 0 (0) 1(6) 0 (0) .88
SGA, n (%) 6 (8) 6 (54.5) 2 (29) 2(11) 1(7) <.01
Dysmorphisms/malformations, n (%) 10 (13.5) 11 (100) 0(0) 3(17) 3(20) <.01
Hypocholic stools, n (%) 74 (100) 6 (54.5) 3(43) 8 (44) 5 (33) <.01*
Birth weight, g 3166 + 556 2675 + 288 3222 + 506 3216 + 559 3205 + 553 .06*
Age at visit 1, mo 1.8 +£07 27+24 42430 3127 38+25 <.01*
ALT, IU/L 165 + 148 198 + 76 207 £ 96 225+ 194 170 £+ 133 .56"
GGT, IU/L 555 + 520 1134 £ 2039 24+5 334 + 356 441 + 617 .02*
TB, mg/dL 141+ 115 142 +71 17.4 + 16 11.3 + 8.1 7.0 £5.1 A2
SBA, umol/L 205 + 172 134 £ 52 166 & 72 132 + 68 180 = 101 53"
PT INR 13+04 1.07 + 0.1 1.9+09 13+04 13+£03 <.01*
Outcome: death/LT, n (%) 42 (56.8) 7 (63.6) 5(71.4) 8 (44.4) 8 (53.3) 77 )

\,

LT, liver transplantation; SGA, small for gestational age; sBA, serum bile acid; 75, total bilirubin.

*ANOVA test.
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aforementioned reports, NGS was used to define a diagnosis
in cases already classified as “intrahepatic” cholestasis. In
contrast, the present diagnostic protocol addresses all new-
borns and infants with persistent cholestasis, aiming at
achieving a timely identification of the extrahepatic causes
and simplifying the characterization of the monogenic dis-
eases underlying intrahepatic cholestasis. To do that, we de-
signed a blended clinical—genetic algorithm, in which the
genetic testing approach was flexible and adjusted on the ba-
sis of the clinical picture.

We demonstrated that a protocol for neonatal/infantile
cholestasis embedding a clinically steered use of genetic
testing provided good diagnostic accuracy and proved
feasible in a tertiary care setting, with a reasonable turn-
around time. In fact, no surgical cause of cholestasis was
missed by the initial clinical evaluation, and a molecular ge-
netic diagnosis was made in 58% of the remaining patients.

As expected in a liver transplant center, the study popula-
tion is mainly represented by children with a greater suspi-
cion of surgical causes and/or showing a rapid
deterioration toward liver insufficiency. Namely, biliary
atresia in this series accounts for almost 60% of the cases,
much greater than the 25%-30% observed in the general pop-
ulation of infants with cholestasis.”'”*’

In this setting, the pale stool color has demonstrated to be a
valuable clue of surgical cause of cholestasis. In children with
abnormal (hypocholic) stools, the presence of ductular reac-
tion and portal fibrosis in liver biopsy samples correctly iden-
tified the cases amenable to surgical treatment, and
conversely, in only 6 of 84 children the invasive cholangio-
graphic evaluation demonstrated a patent biliary tree, ruling
out biliary atresia.

In contrast, in children with pigmented stools, liver biopsy,
when performed as an optional evaluation or for staging pur-
poses, did not add substantial diagnostic information.

Among the inherited conditions identified, the most
frequent genetic diagnoses were AGS, identified in 11 chil-
dren, and PFIC1-3 in 9. These diagnoses do have implications
for liver transplantation. Although AGS could be easily
recognized in presence of typical cardiac, vertebral, and
ophthalmic stigmata, in children with isolated hepatic
involvement and an incomplete phenotype, the diagnosis
could be missed, especially in the very young infants. In these
children, it is important to identify and possibly treat coexist-
ing pulmonary artery stenosis or intracranial vascular mal-
formations at risk of potentially devastating complications,
especially in those requiring liver transplantation.”’ In this
series, 1 girl with AGS died from subarachnoid hemorrhage
before undergoing the scheduled pre-listing magnetic reso-
nance imaging of the brain.

In the pediatric liver transplant setting, genetic character-
ization of the “low-GGT” cholestatic diseases has special
importance. In fact, each condition has peculiar possible
complications, such as post-transplant severe diarrhea, and
progressive graft steatohepatitis in PFIC1,”>*” and the risk
of hepatocellular carcinoma in the native liver and of
recurrent immune-mediated graft cholestatic disease in
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PFIC2.”**” Genetic diagnosis has a central role in the man-
agement of such patients toward medical or surgical bile
acid-lowering treatments or transplantation.

In this series, exome sequencing was followed by virtual
panel analysis (CP1 or CP2). This strategy allowed us to up-
date and expand the candidate gene list over time and to re-
analyze patients when new cholestasis-related genes were
discovered.

In patients without a genetic diagnosis, the analysis was
expanded to the exome-wide scale only in case of a high index
of suspicion for a genetic cause. However, this second-tier
trio-WES did not further improve the detection rate. This
is in contrast with what has been reported in different clinical
fields. Walsh at al reported that, when applied sequentially,
WES increased the detection rate of a virtual panel for hered-
itary peripheral neuropathies from 22% to 60%.** Similarly,
Wortmann et al showed that WES allowed a molecular diag-
nosis outside a virtual targeted panel in about 20% of a
cohort of patients with clinical and biochemical suspected
mitochondrial disease.”’

The reasons for such different results are diverse and
mainly related to protocol design and patients’ selection. In
fact, in our protocol, the initial clinical evaluation efficiently
addressed the complex cases to a first-tier WES, possibly
reducing the second-tier exome analysis detection rate, but
also reducing costs and turnaround time.

Furthermore, as a transplant referral center, it is possible
that a bias toward isolated, rapidly progressive, and fibro-
genic forms of cholestasis exists. In fact, our cohort was
essentially composed of children with canalicular bile acid
transport defects and biliary developmental disorders, and
this also explains the limited number of genetic diagnoses
despite the large number of genes listed in the panels. It is
very likely that, if applied in an unselected cohort of patients
and with a less strict clinical selection, this protocol could
define a broader spectrum of diagnoses, maintaining a
good overall diagnostic performance.

For similar reasons, this work does not address the issue of
diagnostic workup in transient cholestasis of newborn/in-
fants. In this study, we purposely selected patients with chole-
stasis lasting longer than 6 weeks, therefore excluding those
with transient neonatal cholestasis. Transient neonatal chole-
stasis certainly ought to be studied extensively, especially with
wide genetic testing, but within a differently designed
research frame. Currently, our approach to newborn/infants
with neonatal/infantile cholestasis and colored stools having
risk factors for transient/multifactorial cholestasis is to main-
tain a 6-week observation policy before entering the algo-
rithm presented here. In case of hypocholic stools, the
patients are investigated promptly.

We used a wide genetic analysis (first-tier trio-WES) in
selected cases with high detection rate and sometimes ex-
panding the phenotypic spectrum of known disease genes.
Namely, WES allowed us to identify a boy with mutations
in the TRMU gene, a thiouridylase important to the matura-
tion of mitochondrial tRNA, that has been associated with
rare cases of infantile liver failure and a variable degree of

Nicastro et al
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cholestasis.”® In a girl with complex phenotype in whom it
was used as first choice, WES allowed to identify a compound
heterozygous state for pathogenic ATP7B mutations, born to
a mother who in turn resulted affected by cirrhosis due to
Wilson disease, raising the hypothesis—confirmed by
biochemical tests—that prenatal copper overload could
have occurred. This is under further investigations and could
expand the ATP7B disease spectrum.

Beside the diagnostic performance, we were able to couple
a decisional framework—using clinical and biochemical
pointers—to a genetic tool that has evolved over the years.
We attained a flexible use of genetic testing and a method al-
lowing us to reanalyze the stored bioinformatic data on the
basis of novel disease-associated genes, bearing the possibility
of future updates, with substantial cost-effectiveness.

In conclusion, this blended protocol for persistent
neonatal/infantile cholestasis, in which a comprehensive ge-
netic approach has a pivotal role, proved to be a feasible
and effective option in the differential diagnosis of this con-
dition. This approach allowed timely and accurate genetic
characterization and, if further implemented, could reduce
the complexity of the biochemical and histologic evaluation
currently in use.
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Figure 1. Schematic representation of the adopted diagnostic protocol for neonatal/infantile cholestasis. *Risk factors for
multifactorial neonatal cholestasis are at least 1 among prematurity, sepsis, parenteral nutrition lasting >2 weeks, and endocrine
abnormalities. $Clinical genetic consultation (+ advice by pediatric neurologist and/or inherited metabolic disorders, if needed)
was obtained for phenotype characterization and to choose the appropriate genetic testing. Liver bx, liver biopsy; ND, not

determined; sATAT, serum alpha-1-antitrypsin; sBA, total serum bile acids.
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Indeterminate
n=18

Alagille syndrome
n=11

Figure 3. Final etiology of cholestasis in 48 children with
neonatal/infantile cholestasis undergoing genetic testing.
*ATP7B-related disease in consecutive generations
(mother—infant pair both fulfilling the criteria for Wilson
disease); **no pathogenic variant identified, diagnosis based
on clinical and radiologic findings. ATATD, A1ATD deficiency;
ARCS, ARC syndrome; GauD, Gaucher disease; SOD, septo-
optic dysplasia; TyrT1, tyrosinemia type 1.
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Table I. Genes included in the targeted cholestasis panels at our institution
Liver diseases oMIM Gene Locus Panels
PFIC1 211600 ATP8B1 18021.31 CP1, CP2
PFIC2 601847 ABCB11 2q31.1 CP1, CP2
PFIC3 602347 ABCB4 7921.12 CP1
TJP2 deficiency 615878 TJP2 9g21.11 CP1, CP2
AGS 118450 JAG1 20p12.2 CP1
610205 NOTCH2 1p12 CP1
A1AT deficiency 613490 SERPINA1 14932.13 CP1
BASD1 607765 HSD3B7 16p11.2 CP3
BASD2 235555 AKR1D1 7933 CP1, CP3
BASD3 613812 CYP7B1 8q12.3 CP3
BASD4 614307 AMACR 5p13.2 CP3
Cerebrotendinous xanthomatosis 606530 CYP27A1 2935 CP1, CP2
Familial hypercholanemia 602938 BAAT 9q31.1 CP1, CP2
607748 EPHX1 10942.12 CP1
ARC syndrome 208085 VPS33B 15026.1 CP1, CP2
613404 VIPAR 14924.3 CP1, CP2
Transaldolase deficiency 606003 TALDO1 11p15.5 CP1
NICCD 605814 SLC25A13 7921.3 CP1
Niemann—Pick A, B 257200, 607616 SMPD1 11p15.4 CP1
Niemann—Pick C 257220 NPC1 18q11.2 CP1
607625 NPC2 14924.3 CP1
Gaucher disease 230800 GBA 1922 CP1
Wolman disease, CESD 278000 LIPA 10g23.31 CP1
CDG 1b 602579 MPI 15g24.1 CP1
Galactosemia 230400 GALT 9p13.3 CP1
Hereditary fructose intolerance 229600 ALDOB 9q31.1 CP1
Tyrosinemia 276700 FAH 15025.1 CP1
MCAD deficiency 201450 ACADM 1p31.1 CP1
MDS (POLG, Alpers type) 203700 POLG 15026.1 CP1
MDS (DGUOK) 251880 DGUOK 2p13.1 CP1
MDS (MPV17) 256810 MPV17 2p23.3 CP1
0TC deficiency 311250 0T1C Xp11.4 CP1
Neonatal sclerosing cholangitis 617394 DCDC2 6p22.3 CP1
NISCH syndrome 607626 CLDN1 3028 CP1
BACL deficiency 603314 SLC27A5 19913.43 CP1, CP2
FXR deficiency 603826 NR1H4 129231 CP1, CP2
MYOQ5B-related cholestasis 606540 MYO5B 18g21.1 CP1, CP2 )
\

BACL, bile acid-CoA ligase; BASD, congenital bile acid synthesis defect; CDG 1b, congenital defects of glycosylation 1b; CESD, cholesteryl-ester storage disease; FXR, farnesoid X receptor; MCAD,
medium-chain acyl-CoA dehydrogenase; MDS, mitochondrial depletion syndrome; NMICCD, neonatal intrahepatic cholestasis caused by citrin deficiency; NISCH, neonatal ichthyosis and sclerosing

cholangitis; OMIM, Online Mendelian Inheritance in Man; OTC, ornithine transcarbamylase.
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Table IV. Genetic causes of cholestasis identified among the 50 patients who underwent genetic testing.

Cohort Gene HGVS nomenclature References Diagnosis

Patient 1 JAGT p.[Glu36fs];[Glu36=] Novel AGS

Patient 2 JAGT p.[Val1055fs];[Val1055=] Crosnier 1999%° AGS

Patient 3 JAGT ¢.[886+3A>G];[c.866+3=] Heritage 2002%° AGS

Patient 4 JAGT ¢.[1395+3A>G];c.[1395+3=] Pilia 1999°' AGS

Patient 5 JAGT p.[Cys714Tyr];[Cys714=] Colliton 2001°2 AGS

Patient 6 JAGT entire gene deletion Kamath 2009 AGS

Patient 7 NOTCH2 p.[Lys2009Arg];[Lys2009=] Novel AGS

Patient 8 JAGT p.[Cys633Ter];[Cys633=] Crosnier 1999%° AGS

Patient 9 JAGT p.[His209fs];[His209=] Novel AGS

Patient 10 JAGT p.[GIn403fs]:[ GIn403=] Krantz 1998%* AGS

Patient 11 JAG1T ¢.[1395+5A>G];c.[1395+5=] Novel AGS

Patient 12 ATP8B1 p.[Arg271Ter];c.[2097+2T>C] Wang 2016°°; Bull 1998 PFIC1

Patient 13 ABCB11 €.[2179_2343del];[2179_2343del] deletion exon 19 Novel PFIC2

Patient 14 ABCB11 p.[lle541Leu];[lle541Leu] Nobili 2006° PFIC2

Patient 15 ABCB11 p.[Gly386ter];[Gly386ter] Shah 20178 PFIC2

Patient 16 ABCB11 p.[Arg487Pro];[p.Gly255GIu] Strautnieks 2008%° PFIC2

Patient 17 ABCB11 c.[2178+1G>A];p.[lle112Thr] van Mil 2004®; Davit-Spraul 2010*' PFIC2

Patient 18 ABCB11 p.[Arg487Pro];[Arg487Pro] Strautnieks 2008°° PFIC2

Patient 19 ABCB4 p.[Trp234ter];[Arg582Trp] Novel; Schatz 2018 PFIC3

Patient 20 ABCB4 C.[286+1G>A]; [286+1G>A] Kubitz 2011+ PFIC3

Patient 21 SERPINA1 p.[Glu366Lys];[Glu366Lys] Kidd 1983* A1AT deficiency

Patient 22 SERPINAT p.[Glu366Lys];[Glu366Lys] Kidd 1983* A1AT deficiency

Patient 23 SERPINAT ~ p.[Glu366LyS];[Glu366Lys] Kidd 1983* ATAT deficiency

Patient 24 SMPD1 p.[Ser192fs];[Trp393Gly] Gluck 1998°; Ferlinz 1995 Niemann Pick B

Patient 25* GBA p.[His294GIn+Asp448His];[His294GIn+Asp448His] Stone 2000*'; Eyal 1990 Gaucher disease

Patient 26* FAH p.[GIn64His];[GIn64His] Rootwelt 1994*° Tyrosinemia 1

Patient 27* ATP7B p.[GIn7fs];[His1069GIn] Vrabelova 2005°%; Tanzi 1993° ATP7B-related"

Patient 28* VPS33B p.[Tyr187fs];c.[778+2T>G] Gissen 2006°%; novel ARC

Patient 29* TRMU p.[Tyr128Cys];[Val279Met] Novel; Zeharia 2009> Liver failure, transient infantile
\ 7

ATAT, alpha-1 antitrypsin; AGS, Alagille syndrome; ARC, artogriposis-cholestasis-renal dysfunction syndrome; PFIC, progressive familial intrahepatic cholestasis.

*|dentified by direct trio-WES analysis.

+ATP7B biallelic disease causing mutations in the patient and her mother in presence of signs of copper overload.
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