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Human adenovirus type 21 (HAdV-21) is an important pathogen associated with acute
respiratory infection (ARI), but it was rarely reported and characterized so far. In this
study, 151 of 1,704 (8.9%) pediatric patients (<14 years old) hospitalized with ARI
in Guangzhou, China in 2019 were positive for HAdV which was the third most
frequently detected pathogen. Two HAdV-21-positive patients presented with severe
lower respiratory illness and had similar initial symptoms at onset of illness. Then
two HAdV-21 strains were isolated and characterized. The two HAdV-21 strains were
sequenced and classified as subtype 21a with genomes closely related to strain
BB/201903 found in Bengbu, China in March 2019. Phylogenetic analysis for whole
genome and major antigen proteins of global HAdV-21 strains showed that HAdV-21
could be classified into two branches, branch 1 including genotype 21p, branch 2
including all other strains dividing into genotype 21a and 21b. There was no significant
difference in the plaque size, or the replication curves between the two HAdV-21a
strains and the prototype strain HAdV-21p AV-1645. However, there were five highly
variable regions (HVR1, HVR3, HVR4, HVR5, and HVR7) in the hexon protein that
varied between two branches. Mice immunized with one branch strain showed 2-4-
fold lower neutralizing antibody titers against another branch strain. In summary, this
study firstly reported two HAdV-21a infections of children in China, characterized two
isolates of HAdV-21a associated with severe lower respiratory illness; our results could
be important for understanding the HAdV-21 epidemiology and pathogenic, and for
developing HAdV-21 vaccine and drug.

Keywords: human adenovirus type 21, severe lower respiratory illness, neutralization antigen, variation, severe
pneumonia, subtype 21a

INTRODUCTION

Human adenoviruses (HAdVs) are non-enveloped, double-stranded DNA viruses of the family
Adenoviridae. More than 100 genotypes of HAdV's have been identified, which are classified into
seven species (A-G) (Ismail et al., 2018; Ji et al., 2021). HAdVs are associated with a broad spectrum
of clinical diseases, such as acute respiratory illness (ARI), conjunctivitis, gastrointestinal infections,
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and obesity (Sandkovsky et al., 2014; Radke and Cook, 2018;
Chen et al.,, 2020; Ji et al,, 2021). Members of species B are
known to cause human diseases, with HAdV types 3,7, 14, and 55
being the most common causes of respiratory disease outbreaks
(Prusinkiewicz and Mymryk, 2019).

Human adenovirus type 21 is a member of species B, and
was first isolated in 1956 from a 1-year-old child with trachoma
and conjunctivitis in Saudi Arabia (Bell et al., 1959). HAdV-
21 was later found to be associated with a variety of diseases,
including ARI (Becroft, 1971; Darougar et al., 1978; James et al.,
1979; Wright et al., 1979; Lee et al., 2018). Severe pneumonia,
myocarditis, flaccid paralysis, and even fatal infections in both
pediatric and adult patients have been reported (Lang et al., 1969;
Henson and Mufson, 1971; Ooi et al., 2003; Hage et al., 2014). The
circulation of ARI-associated HAdV-21 has been reported among
military recruits and civilians in several developed countries
(Pereira, 1963; van der Veen et al., 1969; James et al., 1979; van
der Avoort et al., 1986), and caused nosocomial infections in
lung transplant patients at a large tertiary care hospital (Philo
et al,, 2018). However, data on HAdV-21 are limited as only few
cases of HAdV-21 infection were reported in North America and
Europe (Pfortmueller et al., 2019). HAdV-21 infection reports are
especially rare in China (Deng et al., 2007; Ye et al,, 2020). To
better understand the epidemiology of HAdV-21, infection data
from different regions are of great importance.

In this study, we analyzed the distribution of HAdV-
21 in pediatric patients with ARI in Guangzhou, China, in
2019. The clinical features of these infected patients, and the
characterization of two HAdV-21 strains in vitro were described.
We also analyzed the antigenic variability among subtypes of
human adenovirus 21.

MATERIALS AND METHODS

Respiratory Sample Collection

Respiratory samples, including throat swabs, sputum, and
bronchoalveolar lavage fluid, from pediatric patients (<14 years
old) hospitalized with ARI were collected for routine screening
of respiratory viruses, Mycoplasma pneumoniae (MP) and
Chlamydophila pneumoniae (CP) in accordance with established
clinical protocols at the First Affiliated Hospital of Guangzhou
Medical University and The First Affiliated Hospital of
Guangdong Pharmaceutical University between January and
December 2019 (Liu et al., 2014). The samples were refrigerated
at 2-8°C in viral transport medium, transported on ice to
the State Key Laboratory of Respiratory Diseases, and analyzed
immediately or stored at —80°C before analysis, as previously
described (Liu et al., 2011). The patients™ clinical presentations
were collected from the medical records.

Screening for Human Adenovirus and
Common Respiratory Pathogens

Respiratory pathogen screening was conducted to detect
HAdV and 17 other common respiratory pathogens, including
influenza A virus (infA), influenza B virus (infB), respiratory
syncytial virus (RSV), parainfluenza virus types 1-4 (PIV1-4),

human metapneumovirus (HMPV), human rhinovirus (HRV),
enterovirus (EV), four types of coronaviruses (HCoV-229E, -
0C43, -NL63, and -HKU1), human bocavirus (HBoV), MP,
and CP simultaneously using TagMan real-time quantitative
polymerase chain reaction (qQPCR), as previously reported (Liu
et al., 2013). Briefly, qPCR and RNA/DNA extraction kits were
purchased from GuangzhouHuYanSuo Medical Technology Co.,
Ltd. RNA/DNA was extracted from 200 wL samples, according
to the manufacturer’s protocol. The cycling conditions were
48°C for 5 min, 94°C for 2 min, and then 40 cycles of 94°C
for 10 s and 55°C for 35 s. The amplified products were
detected using the Applied Biosystems 7500 Real-Time PCR
System (Life Technologies, Singapore). The sensitivity of the
detection kits was 500 and 1000 copies/mL for the target DNA
and RNA, respectively.

Human Adenovirus Type 21 Identification
According to our previous study and the literature, HAdV-3 and -
7 were the major types reported in children with acute respiratory
disease (ARD) in Guangzhou, China, and HAdV-14, -21, -55, -
C5, and -E4 were also reported but relatively rare. Therefore,
HAdV-positive samples were subjected to further molecular
typing for HAdV-3, -7, -14, -21, -55, -C5, and -E4 using TagMan
qPCR. The specific primers designed in-house, which probed the
hexon or fiber genes of the different HAdV types, are shown
in Supplementary Table 1. Probe qPCR Mix (TaKaRa, Dalian,
China) was used according to the manufacturer’s protocol.
Clinical characteristics, treatments, and outcomes of the HAdV-
21-positive patients were collected retrospectively.

Cells, Human Adenovirus Stocks, and
Human Adenovirus Type 21-Positive

Sample Culture

A549cells (ATCC, CCL-185) were cultured in Dulbecco’s
minimum essential medium (DMEM) (Gibco, Grand Island,
NY, United States) supplemented with 10% (v/v) fetal bovine
serum (FBS) and 100 U/mL penicillin-streptomycin (Gibco,
Grand Island, NY, United States) at 37°C and 5% (v/v) CO,.
HAdV-21-positive samples were cultured in the A549cells at
37°C and 5% CO; and maintained under standard conditions
in DMEM supplemented with 2% (v/v) FBS and 100 U/mL
penicillin-streptomycin. Inoculated cells were monitored daily
for the cytopathic effect (CPE) and were harvested at almost
full CPE. HAdV-3-Guangzhou0l (accession no. DQ099432),
HAdV-7-CQ1198 (accession no. JX625134), and HAdV-21
reference stain AV-1645 (ATCC, accession no. AY601633) were
used simultaneously for analysis of the cyto-pathogenicity of
the HAdV-21 isolates. HAdV-3-Guangzhou0l and HAdV-
7-CQ1198, from the State Key Laboratory of Respiratory
Diseases, were collected from patients with severe pneumonia
in Guangzhou in 2005 (Zhang et al, 2006) and Chongqing
in 2010 (Chen et al, 2019), respectively. HAdV-21-AV-1645,
which was first isolated in 1956 from a 1-year-old child with
trachoma and conjunctivitis in Saudi Arabia (Bell et al., 1959),
was kindly provided by Prof. Chenyang Li (Hexin Scientific,
Guangzhou, China).
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Human Adenovirus Type 21 Genome

Sequencing and Annotation

HAdV-21-positive samples were cultured and harvested. Viral
genomic DNA was extracted using a TaKaRa Mini BEST Viral
RNA/DNA Extraction Kit Ver.5.0 (TaKaRa) according to the
manufacturer’s instructions. Next-generation sequencing was
conducted with Illumina NovaSeq 6000 sequencer following a
protocol from Synbio-Technologies (paired-end, 2 x 150 bp).
The complete genome of HAdV-21 was assembled using CLC
Genomics Workbench 11.0 (Qiagen, Redwood City, CA, United
States). The complete genomes of the HAdV-21 isolates were
annotated based on the annotation of HAdV-21 strain BB/201903
(accession no. MN686206) (Ye et al., 2020). Complete genome
sequences were logged in the GenBank database.

Phylogenetic Analysis and Human
Adenovirus Sequences Used

Phylogenetic analysis was performed using Molecular
Evolutionary Genetics Analysis (MEGA) version 11.0.8
(Tamura et al, 2011). Phylogenetic trees were constructed
by the Neighbor-joining (NJ) method with 1,000 bootstrap
replicates and default settings for all other parameters. HAdV
sequences of the penton base, hexon, and fiber genes, and the
genomes for phylogenetic analyses retrieved from GenBank are
summarized in Supplementary Table 2. CLUSTALX was used
for multiple sequence alignments of adenovirus proteins using
default parameters.

Viral Plaque Formation Assay

A549 cells were seeded into 6-well culture plates and incubated
overnight to form dense monolayers with more than 90%
confluence. After removal of the growth media, the cultures
were inoculated with 0.4 mL of 10-fold serial dilutions of the
viral stocks and incubated for 1 h at 37°C with rocking every
15 min. The viral inocula were removed by aspiration and 3 mL
DMEM-agarose mulch [2% SeaPlaque GTG-agarose (Lonza)
mixed 1:1 with 2 x DMEM medium containing 4% FBS] was
added to each well. The agarose was allowed to solidify at
room temperature (20-26°C). Plaque plates were incubated at
37°C and 5% CO; for a total of 13 days, with 1.5 mL/well of
DMEM-agarose mulch supplementation at 4- and 8-days post-
infection. The plates were stained with 2 mL/well 20% ethanol,
2% paraformaldehyde, and 1% crystal violet overnight at room
temperature. The diameters of the plaques were measured with
the assistance of the VisionWorks software package.

Human Adenovirus Growth

Characteristics

To detect viral replication, the infected cells and the culture
medium were harvested at 2, 12, 24, 36, 48, 96, and 120 h
post-infection (h.p.i). The viral genomic DNA was extracted
with a TaKaRa MiniBEST Viral RNA/DNA Extraction Kit Ver.
5.0 (TaKaRa, Dalian, China) according to the manufacturer’s
instructions, and the viral genomic DNA copies were determined
by quantitative PCR (qPCR) using previously described method.

Neutralization Assays

Viruses completely inactivated by B-propiolactone (BPL; final
concentration of 1:2000) were intraperitoneally injected into
female BALB/c mice (4-6 weeks of age) at a concentration of
1010 genome copies/mouse, followed by two additional booster
injections at 2-week intervals. Control mice were injected with
phosphate-buffered saline (PBS). Two weeks after the final
immunization, sera were collected, heat-inactivated and kept
frozen for serology tests. All animal experiments were carried out
in strict accordance with the guidelines of Guangdong Regulation
for Administration of Laboratory Animals (2010) and approved
by the Animal Ethic Committee of the First Affiliated Hospital of
Guangzhou Medical University.

For in vitro neutralization experiments, antiserum from mice
were serially diluted 2-fold in DMEM. 50 wL aliquots of each
dilution was mixed with 50 WL of adenoviruses (100 TCID50).
The antibod-virus mixtures were incubated for 1 h at 37°C and
then transferred to 96-well plates containing 60-80% confluent
monolayers of A549 cells. Monolayers were cultured in DMEM
with 2% FBS for 4 days. The neutralization titer was determined
as the maximum dilution of antiserum that completely inhibited
viral growth as evidenced by the lack of cytopathic effect.

Statistical Analysis

Statistical analyses between groups were performed using
GraphPad Prism version 5 (GraphPad Software, Inc., San Diego,
CA, United States). Differences between groups were calculated
using the ANOVA and t-test. A p-value < 0.05 was considered
statistically significant.

RESULTS

Case Report of Human Adenovirus Type
21 Infection Among Pediatric Patients

With Acute Respiratory Disease
In this study, 1704 hospitalized pediatric patients with ARD were
enrolled between January and December 2019, with 845 (49.6%)
patients infected with one or more of the 18 pathogens. The most
frequently detected pathogens were MP (17.8%, 303/1,704), RSV
(10.2%, 174/1,704), and HAAV (8.9%, 151/1,704). The positivity
rates of the remaining fifteen pathogens were lower than 5.0%
(Figure 1A). HAAV infection occurred year-round, mainly from
May to August, and the incidence reached the peak in July (27.0%,
66/244) and the trough in October (4.4%, 7/158) (Figure 1B).
Of the 151 HAdV-positive patients, two (1.3%) patients tested
positive for HAdV-21 in June 2019 and September 2019. In
the other HAdV-positive 149 patients, HAdV-3 (47.0%, 71/151),
HAdV-7 (46.4%, 70/151), HAdV-4 (4.0%, 6/151), and HAdV-
55 (1.3%, 2/151) were detected. In these two patients who are
HAdV-21 positive there was not any other 17 pathogens and
other HAAV types detected.

Data on the clinical characteristics, treatments, and outcomes
of the two HAdV-21-positive patients were collected (Table 1).
Both patients had similar initial symptoms of fatigue at the
onset of the disease, and both were diagnosed with severe lower
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respiratory illness (SLRI) by radiologic testing. Patient 201906109
was diagnosed with pneumonia and sepsis; patient 201909107
was diagnosed with severe pneumonia. Patient 201906109 had
sepsis, although no microbes were found by blood culture. The
indexes of white cell count, procalcitonin (PCT), C-reactive
protein (CRP), aspartate aminotransferase (AST), and D-dimer
exceeded the upper limits of the normal ranges for both patients.
Levels of creatine kinase (CK) and lactate dehydrogenase (LDH)
were abnormal and differed between the two patients. While the
patients had similar disease durations, patient 201909107, who
had severe pneumonia in both lungs, was hospitalized for longer
(9 days) than patient 201906109 (5 days) (Table 1).

Genome Features and Phylogenetic
Analysis of Human Adenovirus Type 21

Strains
The whole genomes of HAdV-21 isolates GZ06109 and
GZ09107 which was isolated from patient 201906109 and

patient 201909107, respectively, were sequenced, annotated,
and uploaded to the GenBank database with accession numbers
MW091531 and MW151243, respectively. The identified
genomes were 35,362 and 35,365 bp in length for GZ06109
and GZ09107, respectively. Figure 2 presents the genomic
organization and transcription map for strain GZ09107 which
was similar with that for strain GZ06109 and previously
reported HAdV-21 NHRC5. The genome of GZ09107 was
composed of 25.13% A, 23.66% T, 25.49% G, and 25.72% C,
with a GC content of 51.21%, which was similar to other Bl
subspecies (mean of 51%) (Seto et al.,, 2010). The two isolates
GZ06109 and GZ09107 were identified as HAdV-21a based on
restriction fragment length polymorphism (RFLP) analysis of
viral genomes (Figure 3).

Phylogenetic relationships were inferred based on available
sequences of HAdV-21 genomes and selected proteins. Whole
genome analysis showed the two HAdV-21 isolates in this
study were tightly clustered in one lineage with strains of
subtype HAdV-21a (Figure 4). The only two HAdV-21 strains
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FIGURE 1 | Detection of human adenovirus infection among 1,704 pediatric patients hospitalized with acute respiratory illness in Guangzhou, China in 2019.
(A) Distribution of 18 respiratory pathogens in the children with ARD. (B) Monthly positive rate of HAdV infection in the hospitalized children.
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AdV-21b OHT-006. Genome type designations are based on unique arrays of

of subtype HAdV-21p, the prototype AV-1645 strain and the
GER strain, were clustered in one branch (branch 1). All other
HAdV-21 strains were clustered in another branch (branch 2)
which could be subdivided into two lineages, subtype HAdV-
21a and HAdV-21b. The percent similarity of whole genomes
was 99.79-99.99% within a branch and 98.82-99.00% between
two branches. The phylogenetic trees based on the structural
proteins, hexon, penton base and fiber also revealed the two
HAdV-21 isolates clustered with strains from subtype HAdV-
2la (Supplementary Figure 1). In addition, the phylogenetic
relationship between HAdV-50 and HAdV-21 was closer than
with other types (Figure 4). HAdV-50 was clustered with HAdV-
21 strains in the phylogenetic trees based on whole genomes,
penton base and fiber, but not in the hexon phylogenetic tree
(Supplementary Figure 1).

The percent identities of the whole genomes of the two
HAdV-21 isolates with the most closely related strain, HAdV-
21-BB/201903 of subtype 21a, were both 99.97%; and with the
prototype AV-1645 strain of subtype 21p were 98.86%; with the
subtype 21b strain OHT-006 were 99.81% (Table 2). The percent

similarity of fiber gene of three strains GZ06109, GZ09107,
and BB/201903 from subtype 21a, and OHT-006 from subtype
21b were 100%. We also did comparative genomic analysis of
HAdV-21a strains GZ06109, GZ09107, and BB with the reference
HAdV-21a strain NHRC 5 (Table 3). Most mutations happened
in the non-coding regions. The non-synonymous mutations
happened in large T antigen, hypothetical 12.6 kDa protein of
E2B gene, penton base, or agnoprotein of E4 gene. Compared
with GZ09107, GZ06109 contained one amino acid deletion
mutation in the penton base (GCG, alanine) and one amino acid
non-synonymous mutation in large T antigen (H — Y) (Table 3).

Multiple sequence alignment was done using the full proteins,
hexon, penton base or fiber from HAdV-21 subtypes 21a, 21b,
21p, and selected HAAV types according to the phylogenetic
trees. Compared with HAdV-21p, HAdV-21a contained some
amino acid mutations in the hexon (Supplementary Figure 2A).
As expected, most mutations happened in seven HVRs, and
there was no change between HAdV-21a and HAdV-21b in
branch 2 (Supplementary Figure 2A). Strikingly, compared with
HAdV-21p, HAdV-21aand HAdV-21b contained a 15 amino acid
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for their phylogenetic relationships using the Neighbor-Joining method with 1,000 bootstrap replicates implemented in the MEGA 11.0.8 software package. For
reference, taxon names include the genome type, corresponding GenBank accession number, country of isolation, strain name, and year of isolation. The two
HAdV-21 strains isolated in this study are marked with “A”; “¥”, strain isolated from Bangbu (BB/201903), China in 2019; “@,” reference standard HAdV-21 isolated
in Saudi Arabia in 1945.
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TABLE 1 | Clinical characteristics, treatments, and outcomes of the two patients
infected with HAdV-21.

Characteristic HAdV-21-positive patient

GZ06109 GZ09107

Diagnosis of physician Pneumonia and Severe pneumonia

sepsis
Radiologic findings Pneumonia Pneumonia on both
lungs
Clinical characteristic
Gender Male Female
Age, year 4.6 1
Existing chronic disease Rhinitis Negative
Initial symptom Repeated coughing Repeated coughing
and fever and fever
The highest temperature, °C 40.5 40.2
Sputum production Yes Yes
Shortness of breath No Yes
Fatigue Yes Yes
Laboratory findings
The blood oxygen saturation 99 88-90
under inhalation, %
Bacteria or fungus culture Negative Negative
White-cell count, x10%/L 15.3, 1 10.3, 1
Lymphocyte count, x10%/L 3.6 3.4
Platelet count, x 10%/L 342 332
Hemoglobin, g/L 101 104
Procalcitonin, ng/mL 1.47, ¢ 0.2, ¢
Alanine aminotransferase, U/L 15 12
C-reactive protein, mg/dL 11.57, ¢ 1.02,
Aspartate aminotransferase, 51.1, 1 53, 1
u/L
Creatine kinase, U/L 1152, ¢ 86
Lactate dehydrogenase, U/L 215 642, +
D-dimer, ng/mL 509, 1 1268, 1

Treatments

Anti-infection,
anti-inflammation,
intravenous fluid

Anti-infection,
anti-inflammation,
intravenous fluid

Symptomatic treatment

therapy, therapy
atomization
inhalation treatment

Intravenous immune globulin No Yes

Mechanical ventilation No Yes
Clinical outcomes- recovery
duration

Total disease duration, day 20 19

Length of hospital stay, day 5

Normal index range of test items: white cell count, 4-10 x 1 09/L; lymphocyte
count, 0.9-5.2 x 109/L; platelet count, 100-400 x 109/L; hemoglobin, 120-
150 g/L; procalcitonin, 0-0.05 ng/mL; alanine aminotransferase, 5-40 U/L;
C-reactive protein, 0-0.6 mg/dL; aspartate aminotransferase, 5-40 U/L; creatine
kinase, 10-190 U/L; lactate dehydrogenase, 109-255 U/L; D-dimer, 68—
494 ng/mL; “1,” exceeding the upper limit of the normal range.

peptide deletion mutation, 313 TEAAKAAATAKANIV3;,7, and a
2 amino acid insertion mutation, 343ET349, in the penton base
(Supplementary Figure 2B). However, HAdV-50 and HAdV-35
penton bases have the 15 amino acid peptide insertion, and the

2 amino acid deletion, in line with HAdV-21p (Supplementary
Figure 2B). In fiber protein, there was no change between
HAdV-21a and HAdV-21b in branch 2. Compared with HAdV-
21p, HAdV-21a and HAdV-21b contained three amino acid
mutations, 4N — K, 7l — T, ;70R — H. Compared with
HAdV-21p, HAdV-50 contained only one amino acid mutation,
84A — V (Supplementary Figure 2C).

Growth Characteristics of Human

Adenovirus Type 21 Strains in vitro

Human adenovirus type 21 strains GZ06109 and GZ09107
were successfully isolated from the clinical samples testing
positive for HAdV-21 and cultured. Cyto-pathogenicity analyses
of HAdV-21 strains GZ06109, GZ09107, AV-1645, HAdV-3-
Guangzhou0l, and HAdV-7-CQ1198 were performed using
the plaque formation assay. Plaques formed by the HAdV-21
strains were smaller and had more vague boundaries than those
from HAdV-7-CQ1198 and HAdV-3-Guangzhou01 (Figure 5A).
Plaque sizes were significantly different among the three HAdV
types (p < 0.05), but not among the three HAdV-21 strains
(Figure 5B). Two days after infection with the HAdV-21 strains
at a multiplicity of infection (MOI) of 2 PFU/cell, the A549 cells
showed similar typical CPE. The HAdV-21 strains had similarly
high titers (approximately 10~ PFU/mL). The replication of
the strains was compared through genome quantification using
Q-PCR (Figure 5C). The replication kinetics of HAdV-21
strain GZ06109 and GZ09107 were identical to that of HAdV-
21 strain AV-1645.

Antigenic Variability Among Subtypes of

Human Adenovirus Type 21

Hexon and fiber are the two major neutralization antigens of
adenovirus. The fiber proteins were highly conserved in all
HAdV-21 strains with a variation of only one or two amino
acids. Detailed phylogenetic analysis for hexon also indicated
the existence of the two branches (Supplementary Figure 1).
The phylogenetic tree based on the partial hexon amino acid
sequences containing all HVRs available in GenBank showed two
branches with more distinct clusters (data not shown). Branch
1 include strains of subtype 21p; branch 2 include strains of
subtype 2la and 21b. Multiple sequence alignments revealed
changes between the two branches in HVR1, HVR3, HVR4,
HVR5, and HVR7. The two HAdV-21 branches showed no
variation in HVR2 and HVR6 (Supplementary Figure 2A).
Among strains of the same branch, there was no amino acid
substitution (Figure 6A). Multiple alignments also revealed
the mutations between the two branches in fiber protein
(Supplementary Figure 2C).

The HAdV-21 GZ06109 and GZ09107 strains were subtype
21a; HAdV-21 prototype AV-1645 strain was subtype 21p. As
shown in Figure 6B, the hyperimmune antisera were specific for
the corresponding virus with titers ranging from 1,280 to 2,560.
Serum from mice hyperimmunized with HAdV-21a GZ06109
(branch 2) yielded a 2-4-fold lower titer to HAdV-21p AV-
1645 (branch 1) compared to that for HAdV-21a GZ06109.
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TABLE 2 | Percent identities of genomes and capsid protein gene sequences of the isolated strains GZ06109 and GZ09107 with representative HAdV-21 strains.

Strains GZ06109 GZ09107
Genome Hexon Penton base Fiber Genome Hexon Penton base Fiber
BB/2019032 99.97 100 99.82 100 99.97 100 100 100
OHT-006° 99.81 99.79 99.64 100 99.81 99.79 99.82 100
AV-1645° 98.86 99.16 99.26 99.38 98.86 99.16 99.47 99.38
aThe most closely related strain of subtype HAdV-21a, HAAV-21a/MN686206/CHN/BB/201903/2019, which was also detected in China in 2019.
bA strain of subtype HAAV-21b, HAdV-21/MF502426/United States/OHT-006/2016, isolated in United States in 2016.
¢The HAdV-21 prototype strain of subtype 21p, HAdV-B21/AY601633/Saudi Arabia/AV-1645/1956.
TABLE 3 | Comparative genomic analysis of HAdV-21a strains GZ06109, GZ09107, and BB with the reference HAdV-21a strain NHRC 5.
Region Gene Position Mutation in DNA Mutation in AA (dN)
GZ06109 GZ09107 CHN/BB GZ06109 GZ09107 CHN/BB
5-UTR NCR 164 C—>G C—G C—>G - - -
NCR 256 vT vT vT - - -
NCR 266 C—>T C—>T C—>T - - -
E1B Small T antigen 1950 - C—>T - - das -
Large T antigen 1950 - C—>T - - H->Y -
plX 3785 G—>C G—-C G- C ds das ds
E2B Hypothetical 8271 G->T G->T G->T P->T P->T P->T
12.6 kDa
protein
L1 NCR 10577 AT AT AT - - -
NCR 10836 vTT17G V111G v1G - - -
NCR 10838 G->T G->T G->T - - -
L2 Penton base 13980 AGCG - - AA - -
NCR 15542 VAAAA VAAAA VAAAAAAAAAA - - -
E2A E2A 23079 A—G A—G A—G das das ds
L4 100 kDa 25040 A—C A—C A—C ds as das
protein
E3 20 kDa protein 28764 - G- A - - das -
NCR 29207 vT vT vT - - -
NCR 29788 vT vT vT - - -
NCR 30092 viT viT viT - - -
NCR 31216 vA VA VA - - -
L5 NCR 32374 VA VA VA - - -
E4 Agnoprotein 34062 G->T G->T G->T L->M L—-M L-M
3-UTR NCR 35116 VAA VAA VAA - - -

Differences in nucleic acid and amino acid sequences are shown along with their genomic locations and coding consequences.

The reference genome is HAdV-21a strain NHRC 5.

NCR, non-coding region; V¥, insertion; A, deletion,; —, no change or not applicable; dS, synonymous; dN, non-synonymous.

The bold values show amino acids of non-synonymous mutation.

Serum from mice hyperimmunized mice with HAdV-21p AV-
1645 yielded a 2-4-fold lower titer to HAdV-21a GZ06109 than
to HAV-21p AV-1645.

DISCUSSION

Among the more than 100 types and seven species (A-G) of
HAGJYV, species B is of particular importance in ARL' Although
HAdV-21 is an important member of HAdV species B, our

Thttp://hadvwg.gmu.edu/

understanding of this type is inadequate. In this study, we
analyzed the epidemiologic characteristics, genome features,
and cyto-pathogenicity of HAdV-21 infection in Guangzhou,
southern China. Two HAdV-21 strains were isolated and
characterized in vitro. The antigenic variability among subtypes
of human adenovirus 21 was further analyzed.

Of the 1,704 participants in this study, 8.9% of the patients
were infected with HAdV, making it the third most prevalent
pathogen detected (Figure 1). This positive rate was higher than
that reported for previous years in this region (5%, 213/4242) (Liu
et al,, 2014). The main HAdV types detected were type 7 and 3,
which is largely consistent with previous reports (Liu et al., 2014;

Frontiers in Microbiology | www.frontiersin.org 8

June 2022 | Volume 13 | Article 924172


http://hadvwg.gmu.edu/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Liu et al.

HAdV-21a Isolates From Children SLRI

2 =
HAdV-21-GZ06109

_

HAdV-21-GZ09107

HAdV-21-AV-1645

kk

ns

Plaque diameter, mm
N
>

-o- HAdV3-GuangzhouO1
-=- HAdV7-CQ1198

-+ HAdV21-GZ06109
- HAdV21-GZ09107
- HAdV21-AV-1645

Log4 (genome copies/mL)
-]

o

2 12 24 36 48 72 96 120
Time (hours post infection)

FIGURE 5 | Plaque formation and size distribution of the HAdV-21 isolates
and references HAdV-21-AV-1645, HAdV-3-Guangzhou01, and
HAdV-7-CQ1198. (A) Plaque formation. (B) Size distribution. Plaque plates
were incubated and stained with crystal violet for a total of 13 days in 6-well
culture plates. ns, not significant; *, p < 0.05; ***, p < 0.001. (C) Growth
curves of HAdV strains. Virus genome copies were quantified by Q-PCR after
different hours post-infection of HAdVs in A549 cells.

Lin et al,, 2017; Duan et al., 2021). Only two sporadic cases of
HAdV-21, GZ06109 and GZ09107, were identified in June and
September. The low prevalence of HAdV-21 may signify low

immunity against this type in the general population, increasing
its potential to cause an epidemic.

Both HAdV-21-positive patients presented with severe LRI
(Table 1), which highlights the need for increased awareness of
HAdV-21 infections. The HAdV-21 infections had similar initial
symptoms at onset of illness, and multiple indexes exceeded the
normal ranges, such as white cell count, PCT, CRP, AST, and
D-Dimer. Of them, the abnormal AST is an indicator of hepatitis
or liver injury. These factors may help physicians judge and
treat for infection (Table 1), although definitive diagnosis will
require laboratory screening as many respiratory viruses have
similar manifestations. Because there are no specific treatments
against HAdVs, only symptomatic treatment can be used at
present. Previous studies have shown that HAdV-21 can cause
nosocomial infections in immune-compromised patients (Philo
et al., 2018), highlighting the importance of prevention and
control of this type.

To improve our understanding of HAdV-21, we cultured the
two HAdV-21 isolates, GZ06109 and GZ09107. Sequencing and
annotation of their genomes revealed similar structures to other
members of HAAV species B (Cheng et al., 2018; Figure 2).
The HAdV-21 isolates’ genomes constituted a clade with HAdV-
21a (Kajon et al., 2015; Figures 3, 4). The two HAdV-21 strains
in this study had highest genome identity (99.97%) with strain
HAdV-21-BB/201903 (accession no. MN686206), which was the
first isolate in China (Ye et al,, 2020; Table 2). This suggests
that HAdV-21 isolates prevalent in China have a high degree
of kinship and are from the same source, although there is
insufficient data to identify the potential source.

To analyze the cyto-pathogenicity of HAdV-21, plaque
formation assays were conducted (Figure 5). The plaques formed
by the three HAdV-21 strains showed similar characteristics
(Figure 5), while they were significantly smaller than plaques
from HAdV-7 and HAdV-3 (p < 0.001), and had poorly defined
edges. It was also found that plaques formed by HAdV-7 were
significantly larger than those of HAdV-3 (p < 0.05), which
was consistent with the previous report (Fu et al., 2019). The
plaque features suggest that the virulence and infectivity of
three types in vitro are HAdV-21 < HAdV-3 < HAdV-7, but
at the same time, we should also note that the patients with
HAdV-21 infection in this study are all severe LRI-related,
indicating that the pathogenic factors of HAdV-21 are diverse.
There are too few reports on HAdV-21 to determine its overall
pathogenic characteristics; thus, more research on this type is
urgently needed.

Seven genotypes of HAdV-21 have been identified based on
RFLP analysis of viral genomes (Kajon et al., 2015). Determining
antigenic profiles is crucial for characterizing epidemic strains
and assessing vaccine efficacy, while neutralization profiles and
epitopes are not indicated by RFLP results. Hexon and fiber are
the major antigens of HAdV. Most serotype-specific neutralizing
epitopes of HAdV are located in multiple HVRs within the hexon
protein. Phylogenetic analysis of HAdV-21 genomes showed that
these strains could be divided into two branches (Figure 4).
Our analyses for hexon also confirmed the two branches were
genetically distinct (Supplementary Figure 1). Multiple sequence
alignment of HAdV-21 hexon proteins indicated that HVRI,
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FIGURE 6 | Antigenic variability among HAdV-21 strains. (A) Multiple sequence alignment of several hexon proteins from subtypes HAdV-21a (GZ06109), 21b
(OHT-0086), and 21p (AV-1645). Only five hypervariable regions with substitution are shown. The number shows the position of amino acid in the hexon protein.

*, conserved amino acid; e, either size or hydropathy is conserved; and:, both size and hydropathy are conserved. Gaps used to optimize alignments are indicated
by dashes. (B) In vitro micro-neutralization of HAdV-21 with hyperimmune sera from mice. Antisera were collected from mice immunized with purified HAdV-21a
4). Cross-neutralization tests against these two strains were performed. The anti-PBS sera were used as the negative control.

(GZ0B109) and 21p (AV-1645) (0 =

4, and 7 are conserved within the same branch, but were
altered between the two branches, possibly contributing to the
drift of neutralization profiles (Supplementary Figure 2A and
Figure 6A). Cross-neutralization test results demonstrated the
two branches were dramatically distinct (Figure 6B). Although
the antisera of the two branches could neutralize each other,
the neutralization titer was reduced 2-4-fold. Strains of subtypes
HAdV-21a and 21b of branch 2 have predominated since the
1960s. It is important to note that the neutralization epitopes
of branch 2 strains remain virtually unchanged. We believe our
findings and the two isolated HAdV-21a strains could be helpful
in novel HAdV-21 vaccine and drug development.

The main limitation of this study is that selection bias may
have occurred, because the sample comes from two patients, and
there is a lack of samples from outpatient clinics and healthy
people. Secondly, the number of HAdV-21-positive cases is still
small. This may lead to deviations in the understanding of HAdV-
21 infection, especially the epidemiological characteristics.

CONCLUSION

Human adenovirus type 21 infections of children were firstly
reported in China. HAdV-21 infection was sporadic in children
in Guangzhou, southern China. However, HAdV-21 infection

still needs sufficient attention because it can cause severe
LRI. Two HAdV-2la isolates showed a high degree of
similarity in genome sequence and growth characterization.
We found HAdV-21 could be classified into two branches
using genome sequence and antigenic analysis. Mutations in
five HVRs between the two branches alter antigenic profiles.
Our results are important for understanding the HAdV-21
epidemiology and pathogenic, and for developing HAdV-
21 vaccine.
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