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Hepatitis in children: aetiology

Syndromic Autoimmune

Haematological

Baby / Infant

Metabolic /
endocrine

Haematological Autoimmune Idiopathic
Older child
Idiopathic Drug / toxin Meta}bollc/ Genetic
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Hepatitis iIn neonates

Alloimmune disorder

Iron studies — high ferritin, low transferrin and high iron saturation
Often slightly elevated transaminases but jaundice, hypoglicemia
Salivary gland biopsy — presence of extrahepatic iron

double exchange transfusion, IVIG, liver transplantation

Meyer
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Research article

JHEP|Reports

Opinion paper on the diagnosis and treatment of progressive

familial intrahepatic cholestasis

Patrick McKiernan,"* Jesus Quintero Bernabeu,” Muriel Girard,” Giuseppe Indolfi,* Eberhard Lurz,°

Palak Trivedi’®*

The unmet need

Prog ive familial i

cholestasis (PFIC) relates to a collection
of rare but debilitating liver disorders

Has resulted in:
Physicians lacking guidance and practical

experience to drive good management for
patients with PFIC

How was this addressed?

They agreed on two areas where expert

guidance was required:

What was the result?

An algorithm was developed to
optimise the diagnosis and treat
of children with suspected PFIC

Prescription of
approved ileal bile
acid transporter
(IBAT) inhibitor as
first-line treatment

Monitoring of pruritus, serum bile acid

Genetic testing
to confirm
genotype

Referral of PFIC cases to a
specialist centre

levels, growth and quality of life

McKiernan P, J Hep Rep 2024

Table 1. Overview of genes associated with PFIC and their related histological and ic char =14
Protein deficiency Mutated gene Histological characteristics Phenotypic characteristics
FIC15 ATPSB1 o Canalicular cholestasis  Early infancy
* Giant cell transformation * Low GGT
 Ductular paucity * Jaundice
* Lobular disarray * Pruritus
* Hepatosplenomegaly
* Hearing loss
* Diarrhoea
» Poor growth
BSEP6 ABCB11 « Canalicular cholestasis « Early infancy
« Hepatocellular disarray * Low GGT
s Lobular and portal fibrosis s Hepatocellular carcinoma/cholangiocarcinoma
* Jaundice
* Pruritus
* Hepatomegaly
= Poor growth
MDRST ABCB4 * Portal fibrosis * Later in childhood/young adultheod
* Bile duct proliferation * High GGT
* Mild giant cell hepatitis * Hepatocellular carcinoma/cholangiocarcinoma
* Jaundice
= Pruritus
= Hepatosplenomegaly
s Portal hypertension
* Reduced bone density
Tjp28 P2 o Intracellular cholestasis  Early infancy
 Giant cell transformation * Low GGT
= Hepatocellular carcinoma/cholangiocarcinoma
* Jaundice
* Pruritus
* Rapid progression
FXR9 NR1H4 « Intralobular cholestasis  Early infancy
* Hepatocellular ballooning * Normal GGT
* Giant cell transformation = Rapid progression
 Fibrosis = Vitamin K independent coagulopathy
* Hyperammonaemia
0STu-0STR10 SLCS1A * Not reported * Early infancy
 High GGT
* Diarrhoea
usps31t Usps3 « Not reported « Early infancy/later in childhood
* Low GGT
* Pruritus
* Hypocalcaemia
* Hearing loss
KIF1212 KiF12 « Not reported = Early infancy/later in childhood
« High GGT
MYO5B13 MYO5B » Hepatocellular cholestasis = Early infancy
« Portal and lobular fibrosis * Low GGT
» Giant cell transformation * Hepatomegaly
* Abnormal BSEP and MDR3 staining * Pruritus
» Diarrhoea
* Poor growth
= Microvillus inclusion disease and intestinal failure
LSR14 LSR  Not reported + Early infancy
* Low GGT
* Pruritus
RUDRESESI RUDEZIS * Not reported * Later in childhood
* Microcephaly
* Dysmorphic facies
+ Genital abnormalities
GGT, gai n.a, not applicable; PFIC, familial intrahepatic cholestasis.
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Autoimmune

Hepatitis in children: autoimmune

Diagnosis n 55 Age at diagnosis
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Hepatitis in children: chronic infections

.

Treat all adults and adolescents (aged =12 years) with chronic hepatitis AND:

Evidence of fibrosis (= F2) or cirrhosis (F4) based on
 clinical criteria or
* APRIscore of = 0.5o0r
* transient elastography value of 8.3 Kpa¥*, regardless of HBV DNA or ALT levels

HBV DNA >2000 IU/ml and an ALT level above ULN (30 U/L for men and 19 U/L for women)

Presence of co-infections, family history of liver cancer or cirrhosis, co-morbidities

Persistently abnormal ALT levels (in absence of access to an HBV DNA assay), regardless of APRI score
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Acute Hepatitis of Unknown Origin:
the Outbreak

- 572 cases of acute hepatitis of unknown aetiology reported by 22 countries
- 100 (27% of 371 cases with available information) admitted to ICU
- 24 (7.5% of 320 cases with available information) received liver transplant
-7 (1.7% of 405 cases with available information) died

- 358 patients under investigation
- 22 (6%) received liver transplant
- 13 (4%) died

- 1010 cases from 35 countries in five WHO Regions
- 46 (5%) received liver transplant
- 22 (2%) died




Hepatitis in children: infectious/idiopathic

=

Treat all adults and adolescents (aged =12 years) with chronic hepatitis AND:

Evidence of fibrosis (= F2) or cirrhosis (F4) based on
* clinical criteria or
* APRIscoreof 2 0.5 0r
* transient elastography value of 8.3 Kpa¥*, regardless of HBV DNA or ALT levels

HBV DNA >2000 IU/ml and an ALT level above ULN (30 U/L for men and 19 U/L for women)

Presence of co-infections, family history of liver cancer or cirrhosis, co-morbidities

Persistently abnormal ALT levels (in absence of access to an HBV DNA assay), regardless of APRI score
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Number of cases by age in years, reported from countries in
the WHO European region as of 24 November, 2022

100

The majority (75.5%) of cases are 5 years old or younger

Number of cases

Age (years)
B Austria B Belgium [ Bulgaria B Cyprus [l Denmark
[ Finland B France B Greece B Ireland B Israel
O 1taly B Latvia [ Luxembourg Il Netherlands B Norway
B Poland B Portugal B Republic of Moldova [ Serbia B Spain
B Sweden B United Kingdom

Source: Cases reported from countries in the WHO European region according to the WHO/ECDC case definition to the ECDC European Monitoring System (TESSy)*. Note that the

UK local case definition includes only cases younger than 16 which means cases aged 16 are unlikely to be reported to TESSy from the UK I [—
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Aetiology

* temporal and geographical clustering

* non specific prodromal signs and symptoms

adenovirus

75

0
L 50

) ﬂ ﬂ B
0
US-CDC WHO/ECDC

UK Health Security Agency update 28 July;

US-CDC Technical report update 17 Aug
www.ecdc.europa.eu/en/hepatitis/joint-weekly-hepatitis-unknown-origin-
children-surveillance-bulletin update 30 Sept

Adenovirus F41

* 35/77 (45%) UK
SARS-CoV-2 PCR

* 34/196 (17%) UK

* 39/378 (10.3%) WHO/ECDC
SARS-CoV-2 Serology

e 68/108 (63%) WHO/ECDC

4L
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http://www.ecdc.europa.eu/en/hepatitis/joint-weekly-hepatitis-unknown-origin-children-surveillance-bulletin

Pathogenesis

natum https://dol.org/10.1038/341586-023-05948-2
Accelerated Article Preview

Adeno-associated virus 2 infectionin
children with non-A-E hepatitis

Genomicinvestigations of unexplained
acute hepatitisin children

Adeno-associated virustype2inUS children
withacute severe hepatitis




Methods

Sequencing only a specific region of a genome with or without viral enrichment based
sequencing

Analysis of all nucleic acids contained within an environmental sample to discover
which virus might be present

Precise localization of a specific segment of nucleic acid within a histologic section
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Methods

Antibodies are used to check for specific localization of certain antigens in a sample
of tissue

To study gene expression of microbes within natural environments
(metatranscriptome) and quantify their expression levels

The study of the entire set of proteins produced by the cell, i.e. by an organism

Meyer



Metagenomic
Target sequencing approach

T h e G I a S g OW St U d y Target enrichment NGS

Metatranscriptomic
In situ hybridisation

* metagenomic and metatranscriptomic
* plasma (n=9), liver biopsies (n=4), throat swabs (n=6), faecal samples (n=7) and a rectal swab (n=1)

* group 1 - 13 age-matched healthy children
* group 2 - 12 children with PCR-confirmed HAdV infection and normal transaminases
* group 3 - 33 children with raised transaminases HAdV PCR negative

* group 4 —16 Scottish children attending hospital contemporaneously with the
hepatitis cases

UNIVERSITA
£ %: DEGLI STUDI
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Metagenomic
Target sequencing approach

T h e G I a S g OW St U d y Target enrichment NGS

Metatranscriptomic
In situ hybridisation

* a CD4+ T-helper cell-mediated immunopathological response triggered by
exposure to AAV2 infection is highly likely

* AAV2 helper virus(es) were not identified as most clinical samples were
obtained more than 20 days after initial symptom onset

* AAV2 was not detected in a control group of children with HAdV infection who
had normal liver function.

SEERY, | UNIVERSITA
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Metagenomic
Metatranscriptomic

T h e L 0 n d 0 n St U d y Target sequencing approach

Proteomic
Immunohistochemistry

* metagenomic and metatranscriptomic
* 5 livers explants
* 6 whole blood samples (from 5 non transplanted cases)

e PCRs

* 28 non transplanted cases (liver, blood, stool, nasopharyngeal samples)

* 65 immunocompetent children
* 13 healthy
52 fever/hepatitis/critical care
* 17 immune-suppressed children with hepatitis

SHE, | UNIVERSITA
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Metagenomic

Metatranscriptomic

T h e L 0 n d 0 n St U d y Target sequencing approach
Proteomic

Immunohistochemistry

* immunohistochemical data showed that liver samples were enriched in
adaptive immune cells and immune-related proteins, but contained no
detectable HAdV or AAV2 proteins, or viral particles

* abnormal AAV2 replication enabled by HAdV and HHV-6B may have
triggered immune-mediated hepatic disease in genetically and
immunologically predisposed children
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Metagenomic

Target sequencing approach
T h e U S St U d y Target enrichment NGS

* metagenomic and target sequencing approach
» 27samples (212 whole blood, 2 plasma, 1 liver tissue, 1 nasopharyngeal swab and 2 stool sample(s)

* 69/113 controls (61.0%) were collected over the same time frame as the cases

42 patients (37%) without hepatitis

30 (26.5%) patients with acute hepatitis (ALT > 100 U/L) of defined aetiology

23 (21%) patients with acute gastroenteritis (12 with positive HAdV stool testing),
18 (16%) blood donors

Servellita, Nature 2023 Meyer



Metagenomic

Target sequencing approach
T h e U S St U d y Target enrichment NGS

* Assignificant association between coinfection by AAV2 and one or more
hepatotropic viral pathogens and the clinical manifestations of severe acute
hepatitis

* a direct causal link has yet to be confirmed

SRR, | UNIVERSITA
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Pathophysiology

The three studies cannot rule out the possibility
that COVID-19 is a contributory factor,

because the timing of the hepatitis outbreak
meant that antibodies against the SARS-CoV-2
virus were prevalent in all groups

https:/dol.onz/10.1038/d41586-023-00570-8

News & views

Medical research

Childhood hepatitis
outbreak under scrutiny

Frank Tacke

Since 2022, more than 1,000 cases of childhood hepatitis
with no known cause have been reported. The discovery of
adeno-associated virus 2in the blood and livers of such children

might provide an explanation.

Faediatricians first began to report a con-
cerning wave of acute severe hepatitis — a
disease involving liver Inflammation — In
children In spring 2022 This spate of cases,
which now numbers more than 1,000 (see
go.nature.com/42dpfv4), had no known
cause, unlike most cases of paediatric hepat-
tls. The cases were often serious, with 7.3% of
affected children needing a Hver transplant’.
Writing In Narure, three groups now Inde-
pendently provide evidence that infection by
adeno-assoclated virus 2IAAV2) s linked tothis
wave™. Thelrwork ks lkely to spark debate, and
could influence disease management.

Two prevlous analyses*® of this wave of
acute severe hepatitls found an association
with human adenovirus (HAV), particularly
the HAdV-F41 strain. However, this result
has puzzled cliniclans because, although
adenovirus-induced hepatitisis aknown phe-
nomenon, it 15 rare and usually restricted to
people with severely compromised immune
systems. Moreover, the studies identifled
various HAdV strains, even in chil dren from
thesame geographical reglon, Implylng that a
single strain could not explain these hepatitis
cutbreaks. Furthermaore, adenovirus-Induwced
hepatitis s characterized by virus-derhed
structures, called inclusions, In the nucleus
—something that has not often been detected
in thecurrent outhreak’.

Controversy therefore remained around
whether the outhreak was caused by HAdV
aranother virus. The previous studies identi-
fled HAdV using targeted genetic-sequencing
approaches. By contrast, the current studies
Imvodved an untargeted approach called clin-
Ical metzgenomics, In which all nuclelc acids
from a sample are sequenced, to discover
which ¥iruses might be present. All three
identified AAV2 — a virus known to replicate

inthe liver, but not known to cause hepatits®,

In the first of the papers, Ho eral. " report
highlevelsof AAV2 inblood and liver samples
from 26 (81%) out of 32 affected children Inthe
United Kingdom. By contrast, the research-
ers detected only low AAV2 levels In 5(7%)
of 74 members of acontrol group consisting
of healthy children, children who had HADV
Iinfection but not hepatiils, or children who
had other diseases or other forms of acute
hepatitis. The authors found that 93% of the
affected group carried a gene variant that
predisposes an individual to autolmmune
diseases Involving immune cells called T cells.
Liver blopsies were avallable for five Infected
children. Analysis using a tissue-staining
approach (histology) revealed AAVZ In
shnormally swollen liver cells (hepatocytes)

o WO 300 300
Number of cases

Figure 1| Hepatitts cutbreak around the workd.
As of Juby 2027, 35 countries had reported cases of
sevene acwie paediatrichepatitis that had no known
cause, according to the World Health Organization
{see go.nature.com@2dpfvd). Numbers for the

1D countries with most reported cases are shown
here. Three groups’ * now provide evidence that
adeno-associated vinus 2 has a role in this owibreak.

surrounded by T cells, suggesting acausative
robe of A4V In acute hepatitis.

In the second study, also from the United
Kingdom, Morfopoulou et al? report high
levels of AAV2in 27 of 28 affected children,
and only low levels of AAV2 In a control
group, which included immunocompromised
children who had acute hepatitis due to other
causes, and children with normal iImmune sys-
tems who had fever. The authors used several
techniques to demonstrate that the disease
was not due to direct damage to hepatocytes
(known as hepatotoxicity) caused by AAVZ
alone. Because low levels of HAdV and human
herpesvins 68 (HHV-6E) were detected Inthe
liver In most cases, the authors speculate that
thesa viruses might enable AAVZ replication,
leading to damage to hepatocytes.

In the third paper, Servellita er al.* repori
similar findings from the United States. They
detect AAV2 In 13 of 14 cases, compared with
only 4of 113 controls. All 14 cases also tested
|positive for HADV. In the 13 children iInfected
with AAV2, the authors found co-Infection
with a ‘helper’ virus that might promote
AAVZ replication — elther Epstein-Barr virus
(EEW) or HHV-6. Thus, most of the cases had a
tripleinfection (AAVZ, HAdV and either EBV or
HHV-£). The fact that these authors examined
only children who were Infected with HAdV
might explain why they detected more con-
comitant viral Infections than did the other
Eroups.

Allthree studiesmake thesame observation
of AAV2 In children with unexplained acute
hepatitis. That the studies took place on two
continents adds totheirvalue, given the global
nature of the cutbreak (Fig. 1. However, anote
of caution ks needed — these studies were all
conducted retrospectively, ratherthanbelng
godd-standard prospective trials, Inwhich sub-
Jects are selected for study, with data being
subsequently collected over time. The case
numbers are relatively small, and the number
of liver samples even smaller. The studles
report Iimited clinical iInformation (such as
ethnicbackground, whether the children were
Iborn by caesarean section and whether they
could have been exposed to viruses during
day care), which is needed to reveal potential
factors orco-factors In disease development.
Such data would be essential to exclude the
possibilitythat AAV2 1s a harmbess bystander.

Direct evidence for how AAVZ might cause
hepatitisis imited. Ho and co-workers’ genetic
and histological analyses imply that the dis-
ease isrooted Inabnormal iImmune responses,
rather than In a hepatotoxic role for AAVZ.
Morfopoulou and colleagues provide support
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Marco, 2 years old

* jaundice, hepatomegaly

e ALT 1846 IU/L; direct bilirubin 4 x nv

* INR 4.48 — vitamin K 20 mg intravenous =2 INR 4.7
* Ferritin 13.000 micrg/L

autoantibodies, IgG

metabolic work up

exposure to drugs and toxins

screening for infections (including A-E, SARS-CoV-2, adenovirus, herpes viruses)




November 2023

Marco, 2 years old

* Adenovirus positive (blood)
* HHV6 positive (blood)




28 December 2024

Emilia, 4 years old

e ALT 12.000 IU/L

* INR 2,79 — vitamin K 10 mg intravenous = INR 3
* Ferritin 8ooo microg/L

* HiNa positive

 Acute kidney failure
* Encephalopathy




Conclusions

* clinical and aetiological (rather than epidemiological) phenotype

* Complexity of the paediatric age




