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Abstract

Background Since October 2021, multiple paediatric cases of severe acute hepatitis of unknown aetiology (SAHUA) not
caused by hepatitis A—E viruses have been reported by multiple countries. As of 14 September 2022, approximately 1296
probable cases of SAHUA in 37 countries and regions had been reported.

Objectives The purpose of this study was to present a complete picture of this outbreak, including its origin, current cases,
clinical signs, possible hypotheses, and potential treatments.

Methods A thorough search for literature from October 2021 to September 2023 was performed in the PubMed and Medline
databases. Additional websites, including the WHO, CDC, ECDC, and the UKHSA, were searched for further relevant data.
Results Common clinical symptoms include jaundice, vomiting, pale stools, diarrhoea, abdominal pain, and nausea, whereas
fever is infrequent. Elevated AST and ALT are prevalent, and most cases test positive for adenovirus. However, immunohisto-
chemical staining on liver tissue often yields negative results for adenovirus, thus challenging the hypothesis that adenovirus
is a definitive cause. A recent compelling hypothesis has implicated AAV-2 as a likely etiologic agent of SAHUA in paediatric
cases involving abnormal AAV-2 replication products and immune-mediated hepatic disease. Evidence of low immuno-
genicity, tissue tropism, and immune responses supports this hypothesis. SARS-CoV-2's role has also been explored. Some
SAHUA cases have SARS-CoV-2 IgG positivity even when PCR tests are negative, thereby suggesting silent prior infections.
Cidofovir, a suggested treatment for severe human adenovirus infection in immunocompromised patients, has not decreased
adenoviral load in two cases. Notably, 29 deaths have been reported, and 55 cases have required or received liver transplant.
Conclusion SAHUA in children presents a complex challenge with potential involvement of AAV-2 and immune-mediated
factors. SARS-CoV-2 may affect disease severity—a possibility warranting further investigation. Treatment options include
diagnostics, supportive care, antivirals, and immunosuppression. Prevention relies on infection control measures, and man-
agement requires advanced diagnostics and international collaboration. SAHUA remains an enigma, thus underscoring the
need for continued research and adaptability to emerging infectious threats.
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EBV Epstein-Barr virus

ECDC European Centre for Disease Prevention and
Control

GGT Gamma-glutamyl transferase

HAdV-F41 Human adenovirus type 41

HAV Hepatitis A virus

HBcAg Hepatitis B core antigen

HBsAg Hepatitis B surface antigen

HBV Hepatitis B virus

HCV Hepatitis C virus

HDV Hepatitis D virus

HEV Hepatitis E virus

HSV Herpes simplex virus

1gG Immunoglobulin G (for SARS-CoV-2)

INR International normalized ratio

LDH Lactate dehydrogenase

MIS-C Multisystem inflammatory syndrome in
children

NGS Next-generation sequencing (metagenomic)

PCR Polymerase chain reaction

SARS-CoV Severe acute respiratory syndrome
coronavirus

TB Total bilirubin

TTV Transfusion transmitted virus

UKHSA United Kingdom Health Security Agency

VCA Viral capsid antigen

WHO World Health Organization

1 Introduction

Hepatitis is a medical condition characterized by inflam-
mation of the liver, which can result in serious health con-
sequences, including liver cirrhosis, liver cancer, and death
[1]. Five types of hepatitis viruses are known to cause this
infection: hepatitis A virus (HAV), hepatitis B virus (HBV),
hepatitis C virus (HCV), hepatitis D virus (HDV), and hepa-
titis E virus (HEV) [1]. HAV and HEV are typically trans-
mitted through ingestion of contaminated food and/or water,
whereas HBV, HCV, and HDV are transmitted through con-
tact with infected bodily fluids [2].

In 2021, a new and concerning form of hepatitis emerged
in children worldwide, and cases were reported in multiple
countries. This severe acute hepatitis of unknown aetiol-
ogy (SAHUA) is not caused by the common hepatitis A—E
viruses [3]. The first cases were reported in a children's hos-
pital in Alabama in October to November of 2021 [4]. Five
months later, in early April 2022, more cases were reported
across Central Scotland [5]. Since then, cases have spread
throughout Europe, thus making the disease a worldwide
issue and a concerning trend. Consequently, healthcare
providers were encouraged by a health advisory from the
Centers for Disease Control and Prevention (CDC) to report
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any cases in children younger than 10 years diagnosed with
hepatitis of unknown aetiology to public health authori-
ties [6]. As of July 2022, the World Health Organization
(WHO) has reported 1010 cases of SAHUA in 35 countries
[7]. More recently, as of 14 September 2022, approximately
1296 probable cases of acute hepatitis with an unknown
cause have been reported from 37 countries and regions [8].

In the face of a new outbreak, understanding multiple
aspects is crucial for implementing effective measures to
eradicate disease spread and prevent further harm. Although
previous studies have explored the potential aetiologies of
this SAHUA and the number of reported cases [9-12], gaps
exist in understanding of this form of hepatitis in children in
the past several decades, as well as the recommended hos-
pital care and potential management and treatment options.
Therefore, the purpose of this review was to comprehen-
sively assess the current outbreak, its origin, past and present
cases, clinical manifestations, and available management
and treatment options, to fill in gaps in the understanding of
this serious public health concern.

2 Methods

We conducted a comprehensive review focusing on the
period from October 2021 to September 2023 to examine
the epidemiological aspects of the current severe acute
hepatitis in children. Our aim was to gather the most cur-
rent information available during this specific timeframe.
We used a rigorous strategy for searching the PubMed and
Medline databases. The search string used was ((hepatitis
[MeSH] AND acute disease [MeSH]) OR acute hepatitis
OR acute viral hepatitis OR liver failure, acute [MeSH])
AND (unknown OR idiopathic) AND (children OR child
OR pediatric OR paediatric OR adolescent OR adolescence).

The inclusion criteria for the articles in our review were
as follows: (1) studies focusing on the new strain of severe
acute hepatitis in children; (2) studies relevant to acute hepa-
titis in children, encompassing epidemiological and clinical
characteristics, diagnosis, and treatment; (3) original arti-
cles, such as case reports, case series, and prospective and
retrospective studies, as well as previous reviews; (4) articles
published in English between October 2021 and Septem-
ber 2023; and (5) studies from all countries. The exclusion
criteria were as follows: (1) articles focused on the adult
population; (2) articles focused on hepatitis cases of known
origin; and (3) articles focused on hepatitis cases before
October 2021.

Given the limited availability of primary research stud-
ies specifically focused on acute hepatitis in children, we
extended our search to other reputable sources, including the
WHO, the CDC in the United States, the European Centre
for Disease Prevention and Control (ECDC), and the UK
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Health Security Agency. Our review process was completed
on 7 September 2023, to ensure that the most current infor-
mation was considered for our study during this specific
timeframe.

3 Results

Through this comprehensive approach, we identified and
analysed 62 articles that strictly adhered to our inclusion
criteria. Six were case reports/series that met the case defini-
tion, which we subjected to a separate analysis.

We classified our findings into five main categories: (1)
case definitions, (2) epidemiology of the disease, (3) symp-
toms and laboratory findings, (4) hypotheses regarding pos-
sible etiologic agents/factors, and (5) case reports/series
between October 2021 and August 2023.

3.1 Case Definition

Figure 1 shows the case definition for suspected cases of
SAHUA in children. Currently, the most common case

definitions of SAHUA (non-hepatitis A—E) are those pro-
vided by the WHO and the ECDC. No definitions are cur-
rently available for confirmed cases; however, probable cases
were described as “child with acute hepatitis (non-hepatitis
A, B, C, D, and E viral infection) and serum transaminase
(ALT or AST)> 500 IU/L, age < 16 years old, since 1 Octo-
ber 20217 [3]. Additionally, an epidemiologically linked
case was reported as “a person of any age with acute hepa-
titis (non-hepatitis A, B, C, D, and E viral infection) who
had close contact with the probable case since 1 October
20217 [3].

The American CDC has also provided a case defini-
tion of “children < 10 years of age with elevated aspar-
tate aminotransferase (AST) or alanine aminotransferase
(ALT) (> 500 U/L) who have an unknown aetiology for
their hepatitis” [6]. The case definition provided by the UK
Health Security Agency (UKHSA) for a confirmed case is
“the presence of acute hepatitis with elevated level(s) of
ALT or AST higher than 500 IU/L, and negativity for viral
hepatitis (A-E) in children aged 10 years or less any time
from 1 January 2022” [13]. Furthermore, a probable case
has been described as “the presence of acute hepatitis with
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Fig. 1 Case definitions for suspected severe acute hepatitis of unknown aetiology in children by the WHO, CDC, and UKHSA
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elevated level(s) of ALT or AST higher than 500 IU/L, and
negativity for viral hepatitis (A-E) in those aged between
11 and 16 years any time from 1 January 2022” [13]. An
epidemiologically linked case has been described as “the
presence of acute hepatitis in a person who has been in
close contact with a probable case of acute non-hepatitis
A-E hepatitis, any time from 1 January 2022 [11, 13].

The main differences among case definitions relate to
the definition of a child. The WHO defines children as
people 16 years or younger, whereas the CDC and UKHSA
defines children as people 10 years or younger [6, 7, 13].
The WHO also has not provided a confirmed case defini-
tion for acute hepatitis.

3.2 Epidemiology of the Disease

Instances of children presenting to hospitals with acute
hepatitis of unknown origin began in October 2021 in
the United States [4]. A significant increase in the aver-
age annual number of cases was reported, with an aver-
age of 16.3 cases in 2018-2021, compared with a twofold
increase (33 cases) in 2021-2022 [14]. A CDC report by
Baker et al. has identified five cases of SAHUA (non-
hepatitis A—E) occurring between October and Novem-
ber 2021 at a children’s hospital in Alabama, and an
additional four cases between November of 2021 and 1
February 2022 [4]. No epidemiological links were found
among these cases, and the median age of onset was 2
years and 11 months [4]. Seven of nine patients were girls,
and none were immunocompromised. No deaths were
reported; however, two liver transplantations were neces-
sary because of acute liver failure [4]. According to the
WHO’s most recent report, as of 8 July 2022, 1010 cases
of acute hepatitis of unknown aetiology have been reported
in 35 countries, among which 17 countries have reported
five or more probable cases [7]. Most probable cases have
occurred in the United States (n=346), United Kingdom
(n=277), Canada (n=27), and Europe (n =242 across 20
countries), and cases have also been reported in Central
and South America, the Western Pacific Region, Southeast
Asia, and the eastern Mediterranean [7, 15]. In addition,
48% of cases were in boys, whereas 76% of cases were in
children under 6 years of age [7]. Previous studies have
also demonstrated that cases have occurred primarily in
children 1 month to 16 years of age, most of whom have
been younger than 10 years [4, 5, 7, 13, 16—18]. Three
studies have reported a median age between 3 and 5 years
[5, 11, 19]. Furthermore, 22 fatalities have occurred, and
46 (5%) of children have required liver transplantation [7].
More recently, as of 14 September 2022, approximately
1296 probable cases of acute hepatitis with an unknown
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cause have been reported from 37 countries and regions

[8].
3.3 Symptoms and Laboratory Findings

The most common clinical symptoms in children experi-
encing acute hepatitis include jaundice, vomiting, pale
stool, diarrhoea, abdominal pain, and nausea, whereas
fever is absent in most cases [4, 12, 19-22]. Laboratory
examinations and findings demonstrate elevated levels of
AST and ALT, and most cases test positive for adenovirus
DNA with real-time polymerase chain reaction (PCR) [4,
12, 19-23]. According to the CDC, a laboratory analysis
from an outbreak in Alabama has found that some affected
children tested positive for a specific type of adenovirus,
adenovirus type 41 [24]. This type of adenovirus is known
to cause severe stomach illness in children but is not consid-
ered a common cause of hepatitis in healthy children [24].
Moreover, adenovirus infection has been detected in 45%
of 299 patients tested for adenovirus on any specimen type
(blood, respiratory, or stool specimens) [6]. The ECDC and
UKHSA, in contrast, have found adenovirus positivity in
more than half of patients (53.9% and 64.7%, respectively)
[13, 25]. In England and Scotland, almost 50% of patients
presenting with acute hepatitis have tested positive for
human adenoviruses [19, 21].

With respect to detection of hepatitis A, B, C, and E,
several reviews conducted in different countries, such as the
United States and other European countries, have reported
hepatitis A, B, C, and E negativity in all observed cases
[4, 19, 23]. For SARS-CoV-2 infection, positive PCR tests
have been observed in 10.6% of 273 cases and 17% of 196
cases in ECDC and UKHSA reports, respectively [13, 25].
Another study by Frediansyah et al. has reported SARS-
CoV-2 infection positivity in 18% (24 of 132) of patients
[19].

3.4 Hypotheses Regarding Possible Aetiologic
Agents/Factors

Since the emergence of acute hepatitis in children in 2022,
most studies in the broader literature have explored possi-
ble aetiologies and causes of the outbreak. Several possible
explanations have been suggested, given the ambiguity of
causes of acute hepatitis. Over time, the definitive diagnosis
of different types of hepatitis (e.g., hepatitis A, B, C, D, or
E) has usually been based on the detection of specific immu-
noglobulin antibodies through serological testing. However,
laboratory testing to detect hepatitis A—E viruses in children
presenting with SAHUA has yielded negative results [26].
Therefore, the exact aetiology remains unknown, and fur-
ther investigations and laboratory testing remain necessary.
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Previous studies have suggested the following aetiologies,
which remain under investigation.

3.4.1 Adenovirus

The aetiology most frequently reported by several studies
conducted in the United States, United Kingdom, Scotland,
and other European countries is human adenovirus infection
[5,26-28]. According to an updated report by the joint Euro-
pean CDC and the WHO Regional Office for Europe, of the
364 children presenting with acute hepatitis who were tested
for human adenovirus in any specimen type, 192 (52.7%)
tested positive [25]. Similar results have been reported by
the CDC, in which 45% of 252 cases tested for adenovirus
had a positive result [6]. In further investigations, demo-
graphic factors, such as the age, sex, race, ethnicity, region,
previous SARS-CoV-2 infection history, and medical history
of these children, have been collected. None of these factors
have been associated with this new outbreak, and no epide-
miological links among children have been identified [26].

The CDC therefore hypothesized that a new strain of ade-
novirus might have emerged and caused this unique type of
hepatitis [29]. Human adenovirus is a common infectious
agent that spreads through respiratory droplets, close per-
sonal contact, or fomites. It infects primarily the respira-
tory tract and is a self-limiting disease. Less commonly, it
causes other illnesses such as conjunctivitis, gastroenteritis,
cystitis, and, more rarely, neurological diseases. Among its
many immunological types, serotypes 40 and 41 have been
associated with gastroenteritis, fever, vomiting, and diar-
rhoea, the most common presenting symptoms [29]. Among
the small number of samples tested in the United Kingdom
and Alabama, human adenovirus type 41 (HAdV-F41) was
detected in 27 of 35, and 5 of 9 samples, respectively [4,
26, 30]. In previous cases, hepatitis caused by adenovirus
had been reported in only immunocompromised patients; in
contrast, in current outbreaks (October 2021 to July 2022),
it has been recurrently detected among immunocompetent
patients. Moreover, the association between HAdV-F41
and hepatitis in healthy individuals had not been previously
described in the literature [12]. Consequently, these findings
presented new opportunities for researchers.

Interestingly, viral metagenomic studies of clinical sam-
ples from SAHUA in 2022 and 2023 revealed that a sub-
stantial portion of affected children test positive for adeno-
virus, specifically HAdV-F41, the most common adenovirus
type in these cases [31-37]. Equally intriguingly, adeno-
associated virus-2 (AAV-2) has been found to be present
in most SAHUA cases [38, 39]. AAV-2 typically relies on
a ‘helper virus’ for replication, such as adenovirus (particu-
larly HAdV-F41) or human herpesvirus 6B (HHV-6B), as
proposed in some cases [31, 32, 36, 38—42]. AAV-2 is usu-
ally considered harmless and does not cause disease. Thus,

its association with severe liver disease prompted questions
as to why it elicited such symptoms.

The association of both HAdV-F41 and AAV-2 with this
hepatitis outbreak challenged conventional understanding.
Researchers have used VirScan, a high-throughput antibody
profiling technology, to investigate potential viral causes of
acute hepatitis in children [40]. Elevated antibody responses
against adeno-associated dependoparvovirus A (AAV-A)
have been observed in SAHUA cases compared with con-
trols [40]. Antibody responses specific to AAV-2 have been
found to be conserved in seven of nine cases at Children’s
of Alabama, but have rarely been observed in paediatric and
adult controls [40]. Another study has detected AAV-2 infec-
tion in both plasma and liver samples from a substantial
majority of cases (26 of 32; 81%) but in only 5 of 74 (7%)
samples from unaffected individuals [41]. Liver biopsy sam-
ples have indicated the presence of AAV-2 within ballooned
hepatocytes, together with substantial T-cell infiltrate [41].
Similarly, high levels of AAV-2 DNA have been detected in
the liver, blood, plasma, or stool samples of 27 of 28 cases
in the United Kingdom, whereas AAV-2 was rarely detected
and, if so, was present at low levels in the blood or liver
samples of control children, including those with adenovirus
present and those who were significantly immunosuppressed
[42]. In Ireland, a strong correlation has been detected
between the circulation of HAdV-F41 and AAV-2 in the
community, in wastewater samples, and the occurrence of
SAHUA clinical cases [32, 43]. Environmental analysis has
indicated elevated community prevalence of both HAdV-F41
and AAV-2 during the outbreak of SAHUA, thus support-
ing the potential roles of these viruses in SAHUA [32, 43].
Possible mutations in HAdV-F41 and AAV-2 have been sug-
gested to account for their unusual behaviour. Some patients
have been found to have specific genetic markers that might
have affected their susceptibility to viral infections [31].

A remarkable study in May 2023 [44] has revealed that
SAHUA in children is intricately associated with co-infec-
tions, and AAV-2 has emerged as a critical player, along
with one or more auxiliary viruses. Intriguingly, alongside
the detection of AAV-2, this study highlighted the presence
of co-infections involving Epstein-Barr virus, human her-
pesvirus 6, and/or enterovirus A71 in most cases, thereby
suggesting that a complex web of interactions contributes
to the severity of SAHUA [44].

3.4.2 SARS-CoV-2

Because of the COVID-19 pandemic and the inability to
attribute the severity of the clinical manifestations of the
current acute hepatitis entirely to the presence of adenovirus,
the co-occurrence of COVID-19 and acute hepatitis has been
considered as a possible aetiology. Countries with higher
frequencies of Omicron SARS-CoV-2 infection have been
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found to have a greater likelihood of experiencing SAHUA
[45]. Studies have emphasized the relationship of SARS-
CoV-2 with liver injury, which is characterized by elevated
serum liver biochemistry analytes. Possible explanations for
this finding include immunological reactions, direct cyto-
toxicity of the pathogen, anoxia, drug induced injury, and
reactivation of pre-existing liver disease [46]. SARS-CoV-2
has been suggested to play a role in SAHUA by triggering
multisystem inflammatory responses through immune acti-
vation [45]. Thus, the immune response to SARS-CoV-2
superantigens might lead to liver immunopathology, particu-
larly in children [36, 45, 47]. On the basis of this hypoth-
esis, the CDC and WHO have called for further testing and
evaluation of SARS-CoV-2 infection co-occurring with
acute hepatitis. Currently, SARS-CoV-2 has been detected
in 34 of 196 United Kingdom cases of acute hepatitis after
hospital admission [13]. Moreover, an ECDC report has
demonstrated 10.9% positivity in COVID-19 tested samples
[25]. In contrast, none of the nine cases of acute hepatitis
in children admitted to a children’s hospital in Alabama had
COVID-19 positivity, and the SARS-CoV-2 results were
negative in 8 of 13 cases of acute hepatitis in Scotland [4,
5]. In the European region, the rate of SARS-CoV-2 positive
acute hepatitis cases is 16%. Consequently, among 335 acute
hepatitis cases for which PCR testing results were available,
54 had confirmed SARS-CoV-2 positivity [45]. In another
retrospective observational study conducted in India among
all paediatric patients with acute hepatitis, the authors dis-
cussed a possible interaction between newer COVID-19 var-
iants (e.g., Delta and Omicron) and hepatitis, resulting in a
transient form of hepatitis [48]. This new hepatitis might be
induced by COVID-19 complications, such as multisystem
inflammatory syndrome in children (MIS-C). Interestingly,
no cases had any underlying medical conditions. Another
study in India has detected antibodies to SARS-CoV-2 in
a substantial proportion of cases of acute hepatitis (75%)
developing acute liver failure, thus indicating a potential
connection between this virus and SAHUA presenting as
acute liver failure [49]. Similar results have been found in
a case report by Brisca et al., describing a 10-month-old
boy who tested positive for COVID-19 and had elevated
liver transaminases and ferritin [50]. However, the CDC has
stated that hepatic involvement is rarely seen in patients pre-
senting with MIS-C after SARS-CoV-2 infection, and fewer
than 1% of these patients develop liver failure [6]. Notably,
some patients have positive results for both adenovirus and
SARS-CoV-2, thus suggesting that COVID-19 might alter
host immunity and result in severe adenovirus infection.
In contrast, a study on 40 children with SAHUA in Japan
identified none with SARS-CoV-2 infection. However, the
proportion of acute hepatitis cases during the COVID-19 era
(88%) was higher than that in the pre-COVID-19 era (56%)
[51]. At the country level, Nishiura et al. [52] have observed
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a correlation between countries with higher rates of SARS-
CoV-2 Omicron variant infections and higher reported
cases of SAHUA, thereby suggesting a potential associa-
tion between prior exposure to the Omicron variant and the
likelihood of children developing severe hepatitis [52].

3.4.3 Autoimmune Hepatitis

Autoimmune hepatitis (AIH), an uncommon progressive
liver disease in children, is characterized by elevated IgG
levels and autoantibodies, such as antinuclear antibody
(ANA), anti-smooth muscle antibody (ASMA), anti-actin
antibody (AAA), and anti-mitochondrial antibody (AMA).
ATH has a histopathological pattern of interface hepatitis
that differentiates it from acute hepatitis. The disease is
activated primarily in genetically susceptible individuals
after exposure to triggers including toxins, drugs, viruses,
and vaccines, thus eventually mediating a T-cell immune
response against liver autoantigens [53]. According to the
existing literature, both SARS-CoV-2 and adenovirus may
be pathogens potentially inducing post-infectious AIH by
initiating self-perpetuating immune-mediated liver inflam-
mation [9]. Interestingly, a previous report from an Israeli
liver specialist has highlighted cases in which AIH appeared
as a sequela of COVID-19 [54]. In those cases, hepatitis
symptoms emerged approximately 3.5 months after the ini-
tial coronavirus infection, thus suggesting a potential link
between COVID-19 and autoimmune hepatitis [54]. Hong
et al., in their report of the case of a 54-year-old man infected
with SARS-CoV-2 1 month before admission presented with
abdominal pain and pruritus, have suggested that clinicians
should be aware of COVID-19 as a trigger of severe AIH.
After further evaluation, the laboratory results were consist-
ent with the characteristics of AIH [55]. Notably, several
previous case reports have suggested an association between
AIH and COVID-19 vaccination rather than infection itself
[56-58]. However, this observation is not applicable in this
outbreak, because most cases have occurred in children not
vaccinated against COVID-19 [20, 27].

3.4.4 Other Viruses, Toxins, and Environmental Exposures

Although no cases appeared to be epidemiologically related,
and no associations have been found among exposure to
pets, food, medication, toxins, or other environmental fac-
tors, all factors should be considered potential aetiologies
requiring further investigation [6, 26].

3.5 Case Reports/Series in 2021-2023

In this section, we review original case reports and case
series reporting cases occurring between 2021 and 2022.
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Only six case report/series studies were found. Table 1 sum-
marizes the main findings of these included studies.

The six studies (Table 1) describe different cases of acute
hepatitis of unknown origin in children and young adults.
The studies were conducted in various countries, includ-
ing Portugal, China, Japan, the Netherlands, and the United
States [59-64]. The studies included both case reports and
case series in 19 boys and girls 7 months to 10 years of age.
Symptoms varied across studies but primarily comprised
jaundice, abdominal pain, vomiting, diarrhoea, fever, leth-
argy, and anorexia. The duration of symptoms ranged from
4 days to 2 weeks. The studies used various diagnostic meth-
ods, including blood work, COVID-19 history, and hepati-
tis serologies. Elevated liver enzymes, including ALT > 56
U/L, AST>40 U/L, and LDH > 170 U/L, were reported
in all cases. Some cases also had elevated total bilirubin
levels > 1.2 mg/dl [62—64]. The COVID-19 PCR test was
negative on arrival at the hospital in most cases [59, 60,
62, 63], whereas two cases tested positive [59], one case
experienced previously self-limiting COVID-19, and three
cases had prior infection according to serological testing
[61, 64]. No patient had positive hepatitis A-E serology, and
one study detected the Torque Teno Virus [60, 64]. Com-
plementary investigations, such as imaging and liver biopsy,
were performed in all studies to help identify the cause of
the acute hepatitis, and revealed a pattern of mild to severe
liver inflammation and necrosis.

The treatment strategies varied with the cause and sever-
ity of the acute hepatitis. Some children were treated with
only supportive care [59, 63], whereas others received
antiviral medication, steroid pulse therapy, plasmapher-
esis, lipid-soluble vitamins, or reduced glutathione [60, 61,
63]. All children showed improvements in their symptoms
and laboratory findings, and most fully recovered within 2
months. In six cases, urgent evaluation for liver transplanta-
tion was required, and the transplantations were successful
and had good outcomes [62, 64]. All studies reported that
the children ultimately fully recovered or had improved liver
function after treatment.

4 Discussion

The purpose of this review was to provide a comprehensive
overview of SAHUA, including documented cases, their dis-
tributions, symptoms and laboratory results, and possible
hypotheses/aetiologies. Although several hypotheses exist
regarding the aetiology of SAHUA in children, determining
the origin or cause of this new strain that emerged in 2021
is challenging.

Our analysis, as detailed in Table 1, revealed a consistent
pattern in which many cases tested positive for adenovirus
in various specimen types (e.g., nasopharyngeal aspirate,

@ Springer

blood, or stool samples), whereas none displayed positive
staining for adenovirus on immunohistochemical analysis in
liver biopsies [62, 63]. In agreement with this finding, Deep
et al. have examined eight cases of children who developed
acute liver failure, all of whom tested positive for adeno-
virus DNA in whole blood specimens [20]. Nevertheless,
none of these children exhibited positive adenoviral staining
in immunohistochemical analysis of liver biopsies [20]. A
similar scenario has been observed in a cohort of paediatric
acute hepatitis cases in Germany in 2022, wherein no clear
evidence of linked adenovirus infection was documented
[65]. These findings cast doubt on adenovirus as a definitive
cause of SAHUA in children and underscore the need for
further research to explore alternative contributing factors.

A notable point of consideration is the technical note
issued by the Pan American Health Organization/WHO,
suggesting that adenovirus might not be the primary cause
of the outbreak but a coincidental finding [66]. In contrast,
a compelling hypothesis has proposed AAV-2 as a likely
etiologic agent for SAHUA in paediatric cases [31, 40, 41].
This hypothesis suggests that abnormal AAV-2 replication
products, facilitated by HAdV and sometimes HHV-6B, may
trigger immune-mediated hepatic disease in genetically and
immunologically predisposed children [31, 32, 36, 38—42].
Furthermore, recent research has supported the pathogenesis
of AAV-2 infections in SAHUA cases, characterized by low
immunogenicity and broad tissue tropism [67]. Evidence has
indicated that the liver injury observed in paediatric patients
with AAV-2 infection is immune-mediated, as supported by
observations of infiltrated activated T lymphocytes around
AAV-2 infected hepatocytes and an increase in T-cell-
response-associated cytokines [67]. Helper viruses, such
as HAdV, human herpesvirus 6 (HHV-6), or Epstein-Barr
virus, are often detected in cases of paediatric hepatitis with
AAV-2 infection and are likely to enable AAV-2 replication.
These findings imply that immune-mediated pathogenesis
and genetic susceptibility play crucial roles in SAHUA
[67]. The COVID-19 pandemic and disrupted exposure and
immunity patterns may also contribute to disease severity
and involve multiple viruses working together. Nevertheless,
further investigation is necessary to understand the complex
interactions among HAdV-F41, AAV-2, mutations, immune
responses, and other factors.

In an investigation of the potential association between
SARS-CoV-2 and SAHUA, Deep et al. have found that two
of eight cases of acute hepatitis testing negative for SARS-
CoV-2 by PCR involved prior SARS-CoV-2 infection, and
six cases had SARS-CoV-2 IgG positivity [20]. Similarly,
three reported cases of acute hepatitis of unknown aetiol-
ogy in children in Portugal and Japan showed IgG spike
protein positivity, whereas two had no known history of
SARS-CoV-2 infection [59, 61]. These findings reflect
those of Mahallawi et al., in a study in which 60% of acute
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hepatitis cases had no history of SARS-CoV-2 infection or
vaccination, and tested positive for SARS-CoV-2 anti-S IgG
antibody [68]. These findings suggest that these cases might
have had a silent source of SARS-CoV-2, in agreement with
the CDC’s finding that 68% of 78 confirmed SARS-CoV-2
positive paediatric cases presented with no symptoms of
fever, cough, or shortness of breath and were reported to
be asymptomatic [69]. Together, these findings support an
important role of SARS-CoV-2 in the pathogenesis of severe
hepatitis despite negative PCR tests in some cases. One pos-
sible explanation may be that those cases involved a previ-
ous asymptomatic SARS-CoV-2 infection that was neither
detected at the time nor recalled by the patients themselves.
Another explanation is that lockdowns during the COVID-
19 pandemic might have disrupted normal patterns of expo-
sure and immunity, thus making individuals more suscepti-
ble to viral coinfection [36].

Regarding laboratory tests and examinations, our review
indicated that more than half of the patients requiring liver
transplantation in the United Kingdom and the Netherlands
had evidence of positive serology suggestive of prior SARS-
CoV-2 infection, although most had negative PCR tests [20,
64]. In contrast, the reported cases in Alabama were tested
for SARS-CoV-2 only through PCR but did not undergo
additional serologic testing to rule out the role of SARS-
CoV-2 in the pathogenesis of acute hepatitis in children,
given that liver biopsies from these patients revealed no viral
inclusions, no immunohistochemical evidence of adenovi-
rus, and no viral particles identified by electron microscopy
[63]. Therefore, these investigations underscore the impor-
tance of performing SARS-CoV-2 IgG tests rather than rely-
ing solely on PCR tests.

Notably, previous cases might have provided insufficient
information regarding laboratory findings, because not all
recommended/required examinations were performed. For
instance, liver biopsy with additional analysis of specimens
by electron microscopy or immunohistochemical staining
was not performed on all reviewed cases of acute hepatitis in
children [59, 63]. Additionally, cases were tested for adeno-
virus in differing specimen sources, including PCR of whole
blood, plasma, stool, nasopharyngeal aspirates, or liver tis-
sue, regardless of the accuracy and the sensitivity of the
performed tests [S9—64]. A previous report from the CDC
has shown that PCR testing whole blood is more sensitive
than PCR testing plasma or serum, and therefore is prefer-
able for adenovirus detection [70]. This finding underscores
the importance of performing accurate and highly sensitive
diagnostic testing for adenovirus and other viral infections.

Regarding the management of severe acute hepatitis cases
in children, supportive treatment has generally been pro-
vided to children who did not develop liver failure [59, 63],
whereas liver transplantation is the most successful treat-
ment for children with liver failure [62—-64]. Other treatments

have been proposed in the literature, on the basis of the likely
aetiology of the outbreak, such as steroid treatments. Inter-
estingly, in Japan, a case with negative chemistry panel find-
ings for most known infectious agents responded to steroids
after development of acute hepatitis [61]. Although the IgG
spike protein peaked after steroid treatment [61], steroids
can be inferred to be a suitable treatment, particularly for
patients with immune infiltrates on liver biopsy. Such cases
could benefit from immunosuppressive treatments such as
steroids to prevent the deterioration of liver function or the
need for liver transplantation.

Overall, clinical researchers and caregivers should con-
sider whether any additional therapeutic modalities might
slow disease progression. Recommended treatments for vari-
ous potential causes are described below.

4.1 Management and Treatments

Because the definitive aetiology of current acute hepati-
tis outbreaks is not well established, treatment options are
limited to modalities described in prior hepatitis literature.
The existing literature has established that the treatment of
hepatitis is mainly supportive and directed towards symptom
management, including preventing severe complications,
avoiding excessive protein consumption, and achieving
adequate rest [12]. Patients in a hospital setting should be
continually monitored, because they are likely to develop
liver problems. If further complications, such as constipa-
tion, hypoproteinaemia, electrolyte imbalance, hypovolemia,
hypoglycaemia, or gastrointestinal bleeding, develop, they
should be managed as soon as possible [12].

The following treatment strategies have been suggested
according to the hypothesized possible aetiologies:

4.1.1 Adenovirus

According to previous case reports, approximately 65% of
adenovirus hepatitis cases occur in children [71], and a his-
tory of liver transplantation is the most common risk factor.
Acute hepatitis in immunocompetent children is not a new
phenomenon and has often been associated with adeno-
virus infection. A report in 2008 described the case of an
immunocompetent 18-month-old child who developed acute
liver failure presumably caused by adenovirus infection [72].
However, such cases are not limited to children; Khalifa
et al. have reported acute hepatitis in immunocompetent
adults testing positive for adenovirus [71]. Consequently,
adenovirus infection should be considered a differential
diagnosis in healthy children with acute hepatitis.

For patients testing positive for adenovirus, supportive
management is required [12]. As noted by Campigotto A
& Ng VL, most children in the United States tend to make
a complete recovery with supportive treatment, although
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instances of liver transplantation have been documented
[15]. Cidofovir is another treatment used to treat cases of
acute hepatitis of unknown origin in children. Previous
cases have been treated with cidofovir when the viral load
of adenovirus was high [63]. However, in some cases, the
treatment was not effective and did not decrease the viral
load, thus eventually leading to liver failure and a need for
transplantation [63]. Although previous studies support
the use of cidofovir to treat the severe form of adenovirus
infection, particularly in immunocompromised patients
[73-75], randomized clinical trials remain necessary.
Moreover, the efficacy of cidofovir in immunocompetent
patients remains unknown, and thus more trials are war-
ranted [73].

4.1.2 SARS-CoV-2

Another hypothesis suggests a potential role of SARS-
CoV-2 as a possible aetiology. Importantly, the guidelines
for managing SARS-CoV-2 infection in children published
by several health institutes, such as the CDC, WHO, and
NIH, agree that supportive management is the core treat-
ment for SARS-CoV-2 infection [76-78]. To date, rem-
desivir, an antiviral drug that has been tested in clinical
trials and has demonstrated efficacy in shortening recovery
time in adults hospitalized with SARS-CoV-2 [79], is cur-
rently approved by the US Food and Drug Administration
for the treatment of SARS-CoV-2 infection in adults and
children 28 days old or older, regardless of hospitaliza-
tion, and in patients with mild-to-moderate symptoms and
complications [80]. However, its safety and effectiveness
have not yet been formally evaluated in children [76].
Furthermore, a previous retrospective study in India has
suggested that SARS-CoV-2-associated hepatitis may be
part of MIS-C, a serious illness requiring hospitalization
and aggressive multi-specialty management. In addition to
the SARS-CoV-2 regimen, anti-inflammatory drugs, such
as immunoglobulin and steroids, should be included in
the treatment of patients also presenting with MIS-C [81].

4.1.3 Autoimmune Hepatitis

Alvarez et al. have emphasized the importance of consid-
ering the possibility of AIH even if circulating autoanti-
bodies are negative, because 10% of children test positive
for seronegative AIH [82]. This is significant because a
delay in recognizing this condition could postpone treat-
ment and elevate the risk of liver failure. Therefore, if the
heightened immune response contributes to the disease's
severity, it suggests the consideration of immunosuppres-
sive treatment [10].
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4.1.4 Other Viruses, Toxins, and Environmental Exposures

Liver transplantation is considered a last resort in patients
with acute liver failure who do not respond to medical
treatment or whose condition deteriorates rapidly. Nev-
ertheless, no clear-cut, widely accepted criteria are avail-
able for liver transplantation in children with acute liver
failure [12].

4.2 Prevention

Because of the absence of a confirmed aetiology, preventive
measurements are limited to general infection prevention
and control practices. According to the WHO, preventive
measures should include frequent hand washing whenever
possible with soap and water, or an alcohol (ethanol)-based
hand sanitizer. Drinking clean water and practicing safe food
handling and cooking methods are also crucial. Wearing a
well-fitted mask that covers the mouth and nose, avoiding
crowded places, and keeping a safe distance from others are
all recommended precautions to decrease the transmission
of the disease. Furthermore, in suspected or likely instances,
health facilities should take routine measures, including con-
tact and droplet precautions [26].

4.3 Learnings from Previous Case Reports,
and Recommendations

1. SAHUA in children is a challenging condition that
requires close monitoring, because it can be caused by
various unknown or novel pathogens, such as adenovirus
or TTV. Because no specific treatment is currently avail-
able for these pathogens, supportive therapy remains the
cornerstone of care. However, further research is needed
to determine the most appropriate management strate-
gies and to investigate the underlying disease mecha-
nisms.

2. Immunological dysfunction or activation may play major
roles in SAHUA. In the case of SARS-CoV-2 infection,
the virus may trigger autoimmune hepatitis-like condi-
tions, which may require steroid therapy or other treat-
ments to suppress the immune system. Further research
is needed to determine the full extent of the effects of
SARS-CoV-2 on immune system function.

3. Potential links must be explored between various path-
ogens and the development of acute hepatitis in chil-
dren. Some viruses may be relatively more prevalent in
children, and their interaction with other viruses may
increase the risk of developing the disease. Addition-
ally, the lack of exposure to common pathogens during
the COVID-19 pandemic might have contributed to an
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immunodeficiency-like state in children, thus increasing
susceptibility to other viruses.

4. Novel diagnostic tools such as metagenomic next-gen-
eration sequencing (NGS) and liver biopsy are essen-
tial to identify the underlying causes of SAHUA. These
tools should be considered in the diagnostic work-up of
children presenting with symptoms of acute hepatitis,
particularly in cases in which viral hepatitis and autoim-
mune hepatitis have been ruled out.

5. Further research is needed to fully understand the causes
and mechanisms of SAHUA, particularly in cases with
unknown origin. Additionally, the development of effec-
tive preventive and treatment strategies is crucial in
decreasing the morbidity and mortality associated with
this disease.

5 Conclusion

SAHUA in children poses a complex medical puzzle; 1% of
cases result in mortality, and 6% of cases have a chance of
progressing to life-threatening acute liver failure [83]. Our
comprehensive review revealed inconsistencies in adenovi-
rus detection and suggests that AAV-2 may be a potential
culprit, and immune-mediated factors may be involved.
SAHUA's connection to SARS-CoV-2 highlights the need
for vigilance, because negative SARS-CoV-2 PCR tests may
conceal prior infections. Consequently, SARS-CoV-2 has
been suggested to affect host immunity and result in severe
adenovirus infection. Therefore, further studies are needed
to understand the relationship between prior SARS-CoV-2
infection and the severity of acute hepatitis potentially
caused by adenovirus in children. Accurate diagnostics,
supportive care, antiviral options, and immunosuppression
strategies constitute the treatment landscape. Prevention
currently relies on general infection control measures and
heightened public health awareness. Early intervention,
advanced diagnostic tools such as metagenomic NGS, and
liver biopsy, international collaboration, and long-term
patient follow-up are essential components for managing
this condition. Overall, SAHUA remains a clinical enigma.
Multidisciplinary collaboration, advanced diagnostics, inter-
national cooperation, and ongoing research are essential.
The quest for effective prevention and treatment strategies
continues, emphasizing adaptability in the face of emerg-
ing infectious challenges, to improve outcomes for affected
children.
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