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Abstract

BACKGROUND—Human adenoviruses typically cause self-limited respiratory, gastrointestinal,

and conjunctival infections in healthy children. In late 2021 and early 2022, several previously
healthy children were identified with acute hepatitis and human adenovirus viremia.

METHODS—We used /nternational Classification of Diseases, 10th Revision, codes to identify
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all children (<18 years of age) with hepatitis who were admitted to Children’s of Alabama hospital

between October 1, 2021, and February 28, 2022; those with acute hepatitis who also tested

positive for human adenovirus by whole-blood quantitative polymerase chain reaction (PCR) were

included in our case series. Demographic, clinical, laboratory, and treatment data were obtained

from medical records. Residual blood specimens were sent for diagnostic confirmation and human

adenovirus typing.

RESULTS—A total of 15 children were identified with acute hepatitis — 6 (40%) who had
hepatitis with an identified cause and 9 (60%) who had hepatitis without a known cause. Eight

(89%) of the patients with hepatitis of unknown cause tested positive for human adenovirus. These
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8 patients plus 1 additional patient referred to this facility for follow-up were included in this case
series (median age, 2 years 11 months; age range, 1 year 1 month to 6 years 5 months). Liver
biopsies indicated mild-to-moderate active hepatitis in 6 children, some with and some without
cholestasis, but did not show evidence of human adenovirus on immunohistochemical examination
or electron microscopy. PCR testing of liver tissue for human adenovirus was positive in 3 children
(50%). Sequencing of specimens from 5 children showed three distinct human adenovirus type

41 hexon variants. Two children underwent liver transplantation; all the others recovered with
supportive care.

CONCLUSIONS—Human adenovirus viremia was present in the majority of children with

acute hepatitis of unknown cause admitted to Children’s of Alabama from October 1, 2021, to
February 28, 2022, but whether human adenovirus was causative remains unclear. Sequencing
results suggest that if human adenovirus was causative, this was not an outbreak driven by a single
strain. (Funded in part by the Centers for Disease Control and Prevention.)

Human adenoviruses are double-stranded DNA viruses that cause a range of illnesses

in humans, including upper respiratory symptoms, fever, pneumonia, gastroenteritis, and
conjunctivitis.! A total of 51 serotypes of human adenoviruses are recognized, and more
than 85 genotypes (or “types”) have been described.? Different types of human adenovirus
have different tissue tropism, meaning that a specific type may cause more focal illness

by targeting certain organs or organ systems. In immunocompetent patients with human
adenovirus infection, liver involvement is typically limited to subclinical acute hepatitis,
although severe hepatitis or acute liver failure is sometimes seen in immunocompromised
patients.3-5 Published reports of severe hepatitis or acute liver failure associated with human
adenovirus in immunocompetent children remain limited.”8

Clinicians at Children’s of Alabama hospital noted five patients with acute hepatitis who

had been admitted in October 2021 and were found to have human adenovirus viremia. On
recognition of these patients, in November 2021, clinicians alerted the Alabama Department
of Public Health, the Jefferson County Department of Health, and the Centers for Disease
Control and Prevention (CDC). This prompted prospective monitoring of additional children
who were evaluated for hepatitis and had human adenovirus viremia; four additional patients
with acute hepatitis and human adenovirus viremia were identified by February 28, 2022.

To further understand the etiologic and pathophysiological factors contributing to
development of hepatitis in these nine patients, we evaluated the demographic, clinical, and
virologic characteristics of these patients, including histopathological and molecular findings
from liver biopsies and human adenovirus partial hexon genomic sequencing (typing) results
from blood specimens.

Methods

Oversight
This investigation was approved by the institutional review board of the University
of Alabama, Birmingham, with an approved waiver of informed consent. Nevertheless,
informed consent granting permission to publish case information was obtained from the
families of the prospective cohort and was documented in the electronic medical records.
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This investigation was reviewed by the CDC and was conducted in accordance with
applicable federal law and CDC policy (see the Supplementary Appendix, available with
the full text of this article at NEJM.org).

From October 1, 2021, to February 28, 2022, clinicians at Children’s of Alabama
prospectively identified nine children with acute hepatitis (as defined below) of unknown
cause and human adenovirus viremia. To put these patients into epidemiologic context and
capture any additional, missed patients, we conducted a systematic, retrospective review of
all patients younger than 18 years of age who were admitted with acute hepatitis (defined
on the basis of admission /nternational Classification of Diseases, 10th Revision, codes

for hepatitis [K75.9], transaminitis [R74.01], elevated liver enzymes [R74.8], liver failure
[K72.9], and acute liver failure [K72.00]). All children who were identified as having
hepatitis were then assigned to one of two categories: those with an identified cause of their
hepatitis and those with an unknown cause. Those with an unknown cause were further
categorized on the basis of quantitative polymerase-chain-reaction (qPCR) testing for human
adenovirus. Patients with acute hepatitis and human adenovirus viremia (without another
cause identified) were included in this case series.

Definitions and Testing

To provide additional epidemiologic context, all children who had whole blood tested for
human adenovirus by gPCR at Children’s of Alabama during the period from October 1,
2021, to February 28, 2022 (i.e., the same period), were reviewed by the laboratory, and the
percentage of children who tested positive was calculated. In addition, a second retrospective
systematic chart review was performed to identify all patients with acute hepatitis who had
been admitted to Children’s of Alabama from October 1, 2020, to September 30, 2021 (the
year immediately preceding the identification of the cases described in this case series; see
the Supplementary Appendix).

Clinicians involved in the medical care of patients included in this case series reviewed
electronic medical records and extracted demographic and clinical information. Diagnostic
testing for acute hepatitis was not standardized.

Acute hepatitis was defined as levels of alanine aminotransferase (ALT) or aspartate
aminotransferase (AST) that were elevated to at least 10 times the upper limit of the normal
range (>250 U per liter for ALT and >440 U per liter for AST). Pediatric acute liver failure
was defined as an international normalized ratio (INR) of at least 1.5 with documented
hepatic encephalopathy or an INR of at least 2.0 regardless of hepatic encephalopathy, no
history of liver disease in the previous 8 weeks, and no improvement in the INR after
parenteral vitamin K treatment.®

Human adenovirus viremia was defined as a positive human adenovirus viral load detected
in whole blood on gPCR testing performed at the University of Alabama at Birmingham
Diagnostic Virology Laboratory. The same laboratory also performed human adenovirus
PCR on available fresh-frozen liver tissue following a protocol similar to that used for whole
blood (additional details are provided in the Supplementary Appendix).
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The CDC received formalin-fixed, paraffin-embedded (FFPE) liver-biopsy specimens and
completed immunohistochemical analysis for human adenovirus and conventional human
adenovirus—specific PCR with an assay targeting the hexon gene, followed by Sanger
sequencing of amplicons19.11: this laboratory also completed reverse-transcriptase (RT)—
PCR assays for enterovirus and severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) on RNA extracted from FFPE liver tissue.12:13

Available residual blood specimens were sent to the Wadsworth Center, New York State
Department of Health (Albany), for human adenovirus typing performed by amplifying and
sequencing a portion of the hexon gene.14 Sequences generated in this study were deposited
in GenBank, and phylogenetic trees were constructed to superimpose sequences from human
adenovirus isolated from patients with hepatitis on other background human adenovirus
sequences (additional details are provided in the Supplementary Appendix).

Patients Included in Case Series

Between October 1, 2021, and February 28, 2022, a total of 15 patients younger than

18 years of age with acute hepatitis were admitted to Children’s of Alabama. In 6 of

these patients (40%), the underlying cause of hepatitis had been identified; the causes
included cholangitis associated with complications from biliary atresia (1 patient), newly
diagnosed autoimmune hepatitis (2 patients), shocked liver after a code event (1 patient),
acetaminophen overdose (1 patient), and complicated urinary tract infection (1 patient). Five
of the patients with identified underlying causes of their hepatitis also had whole blood
tested by gPCR for human adenovirus, and none had positive results (Fig. 1).

In 9 patients (60%), the primary cause of hepatitis had not been determined. All 9 patients
were tested for human adenovirus by gPCR on whole blood, and 8 (89%) tested positive. For
context, during this same period, the virology laboratory used by Children’s of Alabama (the
University of Alabama at Birmingham Diagnostic Virology Laboratory) tested 106 children
for human adenovirus by whole-blood qPCR, and 10 (9%) were positive.

Clinical Presentation and Diagnostic Testing

Eight of the children with acute hepatitis and human adenovirus viremia were originally
admitted to Children’s of Alabama; one additional child with acute hepatitis and human
adenovirus viremia was initially admitted to a different hospital but later underwent
hepatology follow-up at Children’s of Alabama. All nine children had previously been
healthy. The median age at admission was 2 years 11 months (range, 1 year 1 month to

6 years 5 months). Additional demographic characteristics are listed in Table 1. The nine
children resided in different areas of Alabama, and none of the children were related to one
another; all resided in different households, none attended the same day care facility or had
known contact with each other, and no shared exposures were identified.

Symptoms were reported to have begun days to weeks before admission and are described
in Table 1. At admission, all nine children had elevated aminotransferase levels (median
ALT level, 1724 U per liter; median AST level, 1963 U per liter) and eight had
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hyperbilirubinemia (median total bilirubin level, 7.0 mg per deciliter [120 xmol per liter];
median direct bilirubin level, 5.5 mg per deciliter [94 pmol per liter]). The initial INRs were
variable (median, 1.2; range, 1.0 to 7.3). Three of the patients met criteria for pediatric acute
liver failure.

Human adenovirus whole-blood gPCR was performed with specimens obtained from all
nine children on the first day of hospitalization, and the median initial human adenovirus
viral load was 11,060 copies per milliliter (range, 991 to 70,680). Respiratory specimens
tested positive for human adenovirus in one of eight patients tested, and stool specimens
tested positive in one of three patients tested. All the children tested negative for hepatitis
A, B, and C viruses. Six of the nine children tested positive for Epstein—Barr virus (EBV)
on whole-blood gPCR (viral load range, 80 to 2240 IU per liter). EBV IgM titers and
EBV nuclear antigen (EBNA) levels were available for five patients in this subcohort;

all five patients were negative for EBV IgM, and four (80%) were positive for EBNA,
which suggested previous infection. Seven of the nine children (78%) had respiratory
viral coinfections diagnosed by multipathogen PCR respiratory panel testing; four of
eight children were found to be infected with rhinovirus or enterovirus, and one of the
children was infected with human metapneumovirus, respiratory syncytial virus, and human
coronavirus OC43.

All nine children tested negative for SARS-CoV-2 by nucleic acid amplification testing, and
none of the children had received a SARS-CoV-2 vaccine before admission. No patients
underwent SARS-CoV-2 antibody testing. None of these children were reported to have
had past SARS-CoV-2 infections or met criteria for multisystem inflammatory syndrome in
children (M1S-C).15

Five children had elevated total 1gG levels (median total IgG level, 1468 mg per deciliter;
range, 875 to 2198), and four had autoantibodies (antinuclear antibodies or smooth-muscle
antibody; titer range, 1:40 to 1:80). None of the children met scoring criteria for a probable
or definite diagnosis according to the autoimmune hepatitis simplified scoring system.16
Further details regarding other diagnostic testing are provided in the Supplementary
Appendix.

Liver biopsies were performed in six of the children — two of whom had progression to
acute liver failure (biopsy performed on mean hospital day 1.5 [one on hospital day 1 and
the other on hospital day 2]) and four of whom did not have progression to acute liver
failure (biopsy performed on median hospital day 4.5; range, 2 to 8). The liver biopsies
showed variable degrees of chronic and acute portal and lobular hepatitis (Fig. S1 in the
Supplementary Appendix) characterized by mixed inflammation, consisting of lymphocytes,
histiocytes, and neutrophils with interface activity in the majority of cases. Inflammation in
the lobules was associated with extensive hepatocyte damage and foci of apoptosis. No viral
cytopathic effect or characteristic viral inclusions were identified. Immunohistochemical
testing for human adenovirus was negative in all six patients, and none of the six patients
had viral particles identified on electron microscopy. However, FFPE liver-tissue specimens
from two of the six children (33%) were found to be positive for human adenovirus (species
F) by human adenovirus PCR and Sanger sequencing. Two of three children (66%) were
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found to be positive for human adenovirus by PCR performed on fresh-frozen liver tissue.
Combined, three of the six patients (50%) were positive for human adenovirus on PCR
testing of FFPE or fresh-frozen liver-tissue. In contrast, FFPE biopsy specimens from all
six children were found to be negative for enterovirus and SARS-CoV-2 by RT-PCR. Liver
biopsies in all six children were negative for EBV-encoded small RNAs (EBERS).

Patients with Acute Liver Failure

Three children had acute liver failure, as defined above. All three children tested positive
for enterovirus or rhinovirus on the viral respiratory panel, two were positive for EBV on
whole-blood gPCR, and none were positive for autoantibodies.

One child had been brought to an outside hospital in acute liver failure (INR, >2.0)

and was subsequently transferred to another quaternary children’s hospital because of
concerns about hepatic encephalopathy. After transfer, within 3 days this patient recovered
spontaneously through supportive measures only. Testing indicated human adenovirus
viremia and positivity for human adenovirus in PCR analysis of stool. This patient has
since been followed up in an outpatient liver clinic and, at the time of this report, was doing
well.

Two children who presented with acute hepatitis and an INR of less than 2 had progression
to acute liver failure, with a mean peak INR of 8.8 and a mean peak ammonia level of 169.6
umol per liter, and both patients eventually underwent liver transplantation. The median
human adenovirus viral load at admission in these two children who subsequently underwent
liver transplantation was substantially higher than that in the children who did not undergo
transplantation (63,010 vs. 7465 copies per milliliter).

One of the two children received high-dose glucocorticoid treatment for possible immune
dysregulation on hospital days 3 to 6; however, this treatment was stopped when the human
adenovirus viral load was not decreasing. Cidofovir was given on hospital days 1 (5 mg
per kilogram of body weight), 7 (1 mg per kilogram), and 9 (5 mg per kilogram), and
intravenous immune globulin (500 mg per kilogram) was given on hospital days 3 to 5;
despite treatment, the human adenovirus viral load remained persistently elevated. Ascites
and hepatic encephalopathy developed, leading to the initiation of a continuous infusion of
furosemide.

The second child received cidofovir (5 mg per kilogram) on hospital days 2 and 8 and
intravenous immune globulin (2 g per kilogram) on day 4; similarly, the human adenovirus
viral load remained persistently elevated. Ascites and hepatic encephalopathy developed.
Continuous renal replacement therapy was initiated for hyperammonemia, and total plasma
exchange was performed because of worsening coagulopathy and active bleeding. This
patient received etoposide and dexamethasone on hospital day 9, after meeting criteria for
secondary hemophagocytic lymphohistiocytosis.

Both children had persistent viremia and deteriorating clinical status and were transferred to
a quaternary care center for potential initiation of extracorporeal liver support as a bridge
to liver transplantation. On transfer, both children tested negative for human adenovirus by
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plasma qPCR. Repeat testing of the same specimens by whole-blood gPCR was positive.
Because of further clinical deterioration, both children underwent liver transplantation. At
the time of this report, both were doing well without recurrence of human adenovirus
viremia.

Patients without Acute Liver Failure

The six children without acute liver failure recovered with supportive therapy. As compared
with the three patients who had liver failure, these six patients had a lower median ALT level
(912 vs. 3854 U per liter) and AST level (1626 vs. 4000 U per liter); the median INR and
total bilirubin level did not differ significantly from those of the children who had acute liver
failure (median INR, 1.2 among children without liver failure and 1.6 among children with
liver failure; median total bilirubin level, 6.9 and 13.2 mg per deciliter, respectively [118 and
226 umol per liter, respectively]). The median human adenovirus viral load at admission was
lower among patients without acute liver failure than among those with acute liver failure
(9262.5 vs. 55,340 copies per milliliter). The median length of hospitalization (counted as
the total days before either discharge or transfer to a quaternary care center) among the

six children who did not have acute liver failure was 3 days, as compared with 10 days

for the three children with acute liver failure. At clinic follow-up, human adenovirus was
detected in three of five patients (4200, 2970, and 3140 copies per milliliter at 47, 42, and

25 days after discharge, respectively). One patient did not have human adenovirus quantified
at follow-up. At the time of this report, all six children were doing well, with four patients
having complete normalization of liver-enzyme levels at first follow-up at a median of 27
days after discharge (range, 14 to 47 days).

Human Adenovirus Hexon Gene Molecular Typing

Residual blood specimens obtained from eight patients were typed by human adenovirus
hexon gene sequencing. Five specimens generated sufficient-quality sequence for typing,
and the sequences in all five were identified as human adenovirus 41; these specimens
had been obtained from two patients with acute liver failure and three patients with acute
hepatitis without acute liver failure. Low viral loads in specimens obtained from three
patients did not produce quality sequence, and residual specimens were unavailable from
one patient.

Phylogenetic analysis of the sequences obtained showed that human adenoviruses in the
five patients consisted of three distinct hexon variants (Fig. 2). Sequences from the two
patients with acute liver failure (GenBank accession numbers, ON565007 and ON565008)
and from one of the patients without acute liver failure (GenBank accession number,
ON565009) were identical to each other and to a strain isolated from the Netherlands

in 1981. A fourth sequence (GenBank accession humber, ON565010), from one of the
patients without acute liver failure, was identical to previously identified background strains
in circulation, including the human adenovirus 41 prototype strain (GenBank accession
number, DQ315364), which was isolated in the 1970s. The last sequence (GenBank
accession number, ON565011), from one of the patients without acute liver failure, had

one amino acid change (G697R [amino acid numbering from sequence DQ315364]) relative
to the sequences from other countries within the same cluster.

N Engl J Med. Author manuscript; available in PMC 2023 August 18.
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Acute Hepatitis Cases during the Previous Year

From October 1, 2020, to September 30, 2021, eight patients younger than 18 years of age
were admitted to Children’s of Alabama with acute hepatitis. Five of the patients (62%) had
an underlying cause of hepatitis identified, and three (38%) had acute hepatitis of unknown
cause. Seven of the children were tested for human adenovirus by whole-blood gPCR, and
all were negative. Additional details about this cohort are provided in the Supplementary
Appendix.

Discussion

We describe nine previously healthy children who, during a 5-month period, received care
at a single hospital in Alabama for acute hepatitis and were also found to have human
adenovirus viremia. Although we do not know whether human adenovirus infection was the
cause of their hepatitis, the remainder of the diagnostic investigations did not identify other
common possible causes. Although six of the children were found to be positive for EBV by
gPCR, EBV IgM negativity and EBNA positivity suggest that these patients had past EBV
infection (i.e., not acute infection). This was further validated by negativity for EBER in

the liver biopsies, providing further evidence against EBV-driven hepatitis. Although several
patients had other viral infections detected in a respiratory panel, no clear pattern was found
because of the diversity of the other viruses identified in patients. Other common causes

of acute hepatitis in children, including autoimmune hepatitis, were ruled out. The median
human adenovirus viral load was substantially higher in patients with acute liver failure
than in those without acute liver failure. Although we cannot determine whether human
adenovirus caused acute hepatitis, the diagnostic results and the clinical courses of these
nine children suggest a possible association.

In our patients, liver biopsies showed different degrees of inflammation, which could be
seen in the context of an infection; however, the liver-biopsy specimens were negative for
human adenovirus on immunohistochemical testing, no viral inclusions were observed, and
human adenovirus was also not observed by electron microscopy. Similar biopsy findings of
inflammation and negative results on human adenovirus immunohistochemical testing have
been described in immunocompetent children with acute hepatitis and human adenovirus
viremia.”*8 It is unclear whether these biopsies merely missed evidence of a direct viral
cytopathic effect because of sampling error or whether a human adenovirus infection could
have played an indirect role (e.g., by triggering a dysregulated immune response that
resulted in liver injury). It is also possible that human adenovirus was not the cause of
hepatitis in these patients but instead was only an incidental finding. PCR testing for human
adenovirus in FFPE tissue-biopsy specimens or fresh-frozen liver tissue was positive in three
of our patients. However, this finding does not differentiate between the presence of human
adenovirus DNA within liver cells and contamination with viremic blood during the biopsy
procedure. In addition, no substantial histopathological differences were noted between the
liver-biopsy specimens obtained from two of the patients with acute liver failure and those
obtained from four of the patients with acute hepatitis without liver failure.

The differences observed in the hexon hypervariable region sequences in the five patients
with human adenovirus 41 suggest that at least three known and distinct human adenovirus
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41 hexon variants infected these patients. This observation is important because it suggests
that if human adenovirus was causative in this group of patients with hepatitis, it was not

an outbreak driven by a single new strain of human adenovirus 41. In addition, the partial
genomic sequencing results are consistent with background circulating strains of adenovirus
that were available in GenBank, at least preliminarily suggesting the viruses associated with
these hepatitis cases are probably not new strains.

The time frame in which hepatitis developed in these patients warrants consideration of
whether SARS-CoV-2 may be playing a role. SARS-CoV-2 is known to cause elevation

of liver-enzyme levels’ and has also been associated with case reports of acute liver
failure.18 MIS-C after SARS-CoV-2 has also been associated with liver involvement.19
However, the children in this study were found to be negative for SARS-CoV-2 by nucleic
acid amplification testing, hence ruling out acute infection, and they also did not meet
criteria for MIS-C. These children did not have antibody testing performed, and therefore it
remains unclear whether past SARS-CoV-2 infection played a pathophysiologic role in their
hepatitis.

A limitation of this study was the lack of standardization of diagnostic testing. Diagnostic
studies completed for each patient differed on the basis of their clinical presentations,
treating clinicians, and the different times in which they received medical care. Although
genotyping was completed, direct whole-genome sequencing was not possible because of
the low viral loads. As a result, genetic variation across the full genome is unknown.
Although the hexon protein contains the majority of the antigen determinants, it is unknown
whether recombination in other portions of the genome, such as the fiber gene, could have
resulted in a change in the tissue tropism of human adenovirus 41. Finally, the small sample
of nine patients prevented a larger epidemiologic interrogation of other possible exposures or
cofactors that may have caused these cases of hepatitis.

We have described a cohort of nine children with acute hepatitis in the context of

human adenovirus viremia. Although these findings do not prove causality, they mirror
what has recently also been identified in Europe?® and is now being reported across the
United States.2! The World Health Organization has reported 920 probable cases from 33
countries,?2 as of the time of this report. As of June 13, 2022, the U.K. Health Security
Agency has reported 260 cases of non-A-E hepatitis in children younger than 16 years of
age (since January 1, 2022)23; 156 of 241 patients (64.7%) tested for human adenovirus
were positive, and 27 of 35 patients (77%) with available typing by partial hexon gene
sequencing have had results consistent with human adenovirus 41.24 In addition, 44 children
with acute hepatitis of unknown cause were reported in a single-center study from the
United Kingdom, and 27 of 30 patients (90%) were positive for human adenovirus.2®
Moreover, numbers of cases of acute hepatitis of unknown cause were higher during

that study period than in previous years, which parallels our experience at Children’s of
Alabama.

It remains unclear whether human adenovirus infection — alone or in combination with
what remains an unidentified additional cofactor — may result in development of hepatitis
in children. It is difficult to know whether hepatitis associated with human adenovirus is
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new or may have previously been below the threshold of recognition, or whether what we
are observing simply represents two unrelated findings. It is also possible that immunologic
changes in a large cohort of young children may have occurred because of a lack of exposure
to adenovirus and other common childhood viral illnesses during the coronavirus disease
2019 pandemic and, as a result, some children may have a dysregulated response to their
first human adenovirus infection.
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Refer to Web version on PubMed Central for supplementary material.
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15 Patients <18 yr of age were admitted to a
single hospital with acute hepatitis between
October 1, 2021, and February 28, 2022

9 Had hepatitis of unknown

cause

6 Had hepatitis of known cause

8 Had positive result for
human adenovirus

1 Had negative result for
human adenovirus

9 Had severe hepatitis and
human adenovirus viremia and were
included in the case series

1 Patient <18 yr of age was referred

to the same hospital for hepatology
follow-up (after initial hospitalization

and testing at a different hospital)

5 Had negative result for human
adenovirus

1 Was not tested for human
adenovirus

Figure 1. Acute Hepatitis Cases | dentified by Retrospective Review.

Patients younger than 18 years of age with the following /nternational Classification of
Diseases, 10th Revision, codes at admission were included in the case series: hepatitis
(K75.9), transaminitis (R74.01), elevated liver enzymes (R74.8), liver failure (K72.9), and
acute liver failure (K72.00). Identified causes of hepatitis included cholangitis associated
with complications of biliary atresia (1 patient), autoimmune hepatitis (2 patients), liver
shock after a code event (1 patient), acetaminophen overdose (1 patient), and complicated
urinary tract infection (1 patient). A total of 9 patients with acute hepatitis and human
adenovirus viremia were included in this case series.
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Figure 2. Phylogenetic Analysis.

Results of the analysis of human adenovirus 41 hexon hypervariable regions 1 through 6 in
specimens obtained from five patients in this study and representative sequences available
in GenBank are shown. Sequences obtained in this study are marked with solid circles;

red circles indicate specimens obtained from two patients with acute liver failure who
underwent liver transplantation, and blue circles indicate specimens obtained from three
patients with acute hepatitis who did not have acute liver failure. The tree was constructed
by the maximum-likelihood method with a Kimura two-parameter model of nucleotide
substitution and five rate categories of gamma distribution, and bootstrap resampling values
(1000 replicates) of at least 70% are indicated above the respective nodes. The scale bar
indicates genetic distance in nucleotide substitutions per site.

N Engl J Med. Author manuscript; available in PMC 2023 August 18.



Page 16

Sanchez et al.

(29) 9 a91punep
(81) L ApeBaworedap
(68) 8 SNJaJI [eJI3[IS

(%) "ou — uoneulwexa [eaisAyd feniur uo sbuipui4

@ze auun yeq
(eg) e anadde Jood
(ee) ¢ HmEBQ wAs Alojesidsal saddn
() ¥ anbie
(99) & 19A04
(29)9 eayRIq
(82) L sIsaWg

(%) "ou — uoissiwpe 1e swoldwAs pauoday
Solisleoe reyo [ealul|o
(ee) ¢ o1uedsiH-UoN
(29) 9 o1uedsIH
/ (%) ‘ou — dnoJb 21uy3
0 Byo
(001) 6 aMUM
/ (%) "ou — adey

(za)z aleN
(82) L alews
(%) "ou — xag
(e9) € 1K 95
(DT K y-¢
(99) 5 1K z-0

(%) "ou — uoissiwpe 1e aby
SoI3s1e10e ey alyde JBowe g
(6=N)aneA aIELBTR RS

,'2202
Arenige4-TZ0gz 1800190 ‘BWRge|Y “RIUSIIA SNIIAOUBPY UBWNH pue siiedaH 81Ndy YIIM SIUsITed aulN JO SonsLialorieyd [ealul)) pue aiydelbowsq

‘TalqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

N Engl J Med. Author manuscript; available in PMC 2023 August 18.



Page 17

Sanchez et al.

(zm) 8t
(em) gt
(zm) 81
(09) 81v

6/0
(62) L1z
9/0
L/0
(tT) 6/T
(0vze—08) 0891
(29) 6/9
(00v'9ST-166) OET'TT
(089'02-166) 090'TT
(o0T) 6/6

(0Tz-6%) ¥9

(T6-TTET

(8'82-2'0) 0°L
(000%-L¥¥) €961
(969%-209) LT

(58-67) €L
(e10meT
(5e1-2°0) 0L

(000v—L¥¥) €96T
(969v—209) veLT

0
((a9h
Tt

(6=N)anpeA

€0 SNIIABUOI0D UeWINH
SNJIA [enAouAs Alojesidsey
snJinownaudelsw uewiny
SNIIAOUIYJ 10 SNIIAOISIUT

x (%) paisal "ou/aAnisod ‘ou — s1sa) |aued Alojelidsey
/Pa1se) “oujanmsod “ou — Bunsal sniiA O pue ‘g ‘v siredaH

(%) paysal “oujanIsod "ou — ¥Dd Poo|q SNIIACIBIUT
paisa) ou/anmisod “ou — ¥Odb poojg ASH
pa1sal "ou/aAIsod “ou — ¥odb poojg AIND
(%) patsal "oujanmisod ou — 4ddb poolq 9-AHH
Jw/N1 — (sBues) uoissiwpe e [ans] A9 UeIpaIA
(%) paisay oujaAmsod ‘ou — ¥odb poojg A9
Jwysaidood — (abuel) peo [ediA sniiaouape uewny Mead uelpain
Jw/saidod — (aBuel) UoISSIWPE 18 peo| [eJIA SNIIAOUSPE UBWNY UBIPaIA
(%) pa1sar "ousannisod ‘ou — YD db poojg-ajoym sniinouspy
$159) Uaboyied
Jau/jow? — eluowwy
NI
1p/Buw — uignaifig fesoL
/N — 1SV
JiyN — 1V
%Ammcsv SaInNseaw Uo1ouny-1aAl| Xead uelpaiy
Jau/jow? — eluowwy
dNI
p/BW — uignaiig feoL
4N — 1SV
Li/N — 1V
5(9BUE.) UOISSILUPE Je SAINSEALU UOIUN)-IAAI| UBIPII
S8y
Aebawous|ds
Auyredojeydaous onedsH

a1s1e10R ReYD

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

N Engl J Med. Author manuscript; available in PMC 2023 August 18.



Page 18

Sanchez et al.

"9NSSI} JaAI] USZ0.4-Ysaly 10 Jd-H Jayma Jo Bunsal (40d)
uonoeal-ureyo-asesawA|od Ag sniiaouspe uewny Jog aAINSOd 819m oym sluaiied 931U} JO [€10) © Ul Pa)INSaJ SIY L "aNSSI} USZ0J)-Usaly Ul aAIsod Ing anssi 3d44 Ul aaieBau sem juaized sUQ “anssii JaAl| Uszoly
-Usa1y Ul SnUIAOUBPR UBwNy Jog aAIIsod a1am (9499) siuaited 8aiy) Jo 0M] pue ‘anssil JaAl| (3d44) peppaquis-uliyeled ‘paxii-Ulfewioy Ul SnIIAOUSpE UewNy Jos sAIIsod a1am (94g€) siuaired XIS JO OM ¢H

'S159) uojeayijdure pioe 218anu Jo asn ayl YIMm (2-A0D-SHVS) Z SNIARUO0I0D WOIPUAS Aloreidsal 81noe a1anas 10} palsa) alem sjuaiied __<t

‘gqems [eabureydoseu e ylm paureiqo aiam

suaw19ads " (Ajuo a14o1q) sissnpiad gjjajapioq pue ‘(Ajuo ali4o1g) sissniadesed gljajapiog ‘seiuownaud ewsejdoafyy ‘seiuownaud elpAwely ‘g snaA [ennAouhs Alojelidsal ‘v SnAIA [erAouAs Aloresidsal

‘y ezuanyuresed ‘g ezuanjjuresed ‘g ezuanjjureled ‘T ezuanjyuresed ‘g ezuanyul ‘SH/V BZUBN[IUI ‘6002—TH/V BZUSN|JUI ‘TH/V BZU3N|JUl ‘Y BZUSN|JUI ‘SNIIACI3IUS JO SNJIAOUIYJ UewNny ‘shiiaownaudelsw
uewny ‘(€7D0 pue ‘€97IN ‘TNMH ‘I62¢) SNIABUOIOD ‘Sniinouspe 1oy palsal ([xnauawolg] [sued Alojesidsay aii4oig pue [Mienuag)] jaued usfoyled Alorelidsay Xxa]da) sjaued [esin Aloyesidsal ay L

x¥

‘Apognue 9 siireday pue ‘WG| 2100 g sieday ‘usbiue adepns g snireday ‘NG| v snieday 10y paise) aiem &:m_an_\\

"aN[eA WNWIXew siy} pey syusied ay) Jo omi iali| Jad N 000Y 40 [9A3] 1SV paniodal wnwixew e sey Aloreloge| sy L

V}

19M] Jad jouw?

2/ 01 8T ‘eluowwe pue $ia)[19ap Jad Bw 0T 01 T°0 ‘uignJijiq [e10} ‘iall| 4ad N ¥ 03 TZ ‘(1SV) aselaysuesjoulwe sjelredse 18} Jad N Gz 01 6 ‘(1) 9SeJajSuBIIOUIWE dUIUBR :SMOJ|0} Se aJe safues _m;:ozm
‘swoydwAs Jayio Buowre ‘eaudsAp pue ‘Buizeaym ‘reolyl a10s ‘ybnod ‘abreyasip feseu ‘uonsabuod jeseu papnjoul swodwAs Aloreidsal E%_Du

‘suelpsenB Jo syuased ,swuaired ayy Aq payiodas alam dnoub a1uyis pue womw_k

"uonoeal ureyd asesswAjod aaneInuENb YO db pue ‘o1el pazijewlou [euoieuBIul
NI ‘snuiA xajduis sadiay ASH ‘9 sniiasadiay uewiny 9-AHH ‘sniIA Lieg-uiisd3 Ag3 ‘sniinofeBawolkd selousp AND ‘T'2T Aq Aldinw “1a31| Jad s3jowWoIo1W 03 UIgNII|IG J0) SBNJBA U} LSAUOD O]
>

(0s) 9/ ##d0d ANSSI SNIIAOUBPE UeWNH
9/0 H0d 8nssh ¢-\0D-SHVS
9/0 "Dd anssi snJIA0JBIUT

(%) paisa) "ou/anisod ‘ou — s1sa} Asdolg-1aA1T]

6/0 1, 2N0D-SUVS
(zn) 8t SnJIAOUapE UewnH
(6=N)aneA J1IS1e10R ey

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

; available in PMC 2023 August 18.

N Engl J Med. Author manuscript



	Abstract
	Methods
	Oversight
	Patients
	Definitions and Testing

	Results
	Patients Included in Case Series
	Clinical Presentation and Diagnostic Testing
	Patients with Acute Liver Failure
	Patients without Acute Liver Failure
	Human Adenovirus Hexon Gene Molecular Typing
	Acute Hepatitis Cases during the Previous Year

	Discussion
	References
	Figure 1.
	Figure 2.
	Table 1.

