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atory infections to require a visit to the hospital. Human adenovirus B

(HAdV-3) accounted for half of these species. HAdV-B was more likely

than other species to produce severe disease. The high incidence of
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Abstract: Human adenoviruses (HAdVs) are important causes of

respiratory infections in children. They usually cause mild upper

respiratory symptoms, but they can also produce severe pneumonia

and other complications. The aims of this retrospective study were to

better define the molecular epidemiology of respiratory adenoviruses

circulating in Taiwanese children during 2002 and 2013, detect reinfec-

tions and co-infections, and characterize the clinical features and

laboratory findings according to the causative genotypes.

We collected a representative sample of 182 isolates of adenoviruses

from 175 children during the 12-year study period. The most prevalent

species was HAdV-B genotype 3 (HAdV-3) (92/182, 50.5%) followed

by HAdV-C (HAdV-2) (38/182, 20.9%). A single outbreak of HAdV-E

(6/182, 3.3%) was noted in 2007. The mean age of children with

adenovirus infections was 3.7� 2.0 years, with a slight predominance

of males (53.1%). Children with HAdV-B tended to be older, had more

lower respiratory tract infections, gastrointestinal symptoms, and a

higher rate of hospitalization than those with HAdV-C (P< 0.05).

Adenovirus co-infections were noted in 25/175 (14.3%) of the children.

The most frequent co-infections were with species B (HAdV-3) and C

(HAdV-2) (14/25, 56.0%). Additional infections were noted in 23/175

(13.1%) of the children. Of these repeated infections, the initial isolates

were always genotypes of HAdV-C. The second isolates were genotypes

of HAdV-B or HAdV-E. The clinical features of the first HAdV-B

infection and the reinfection of HAdV-B followed the HAdV-C were

similar.

In conclusion, HAdV-B, C, and E were the only adenovirus species

that were isolated from children who were sufficiently ill with respir-
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adenovirus co-infection and reinfections with different HAdV species

supports the need for continued surveillance and has major implications

for development of vaccines.

(Medicine 95(18):e3577)

Abbreviations: AGE = acute gastroenteritis, CRP = C-reactive

protein, GI = gastrointestinal, HAdV = human adenoviruses.

INTRODUCTION

H uman adenoviruses (HAdVs) are responsible for a variety
of infections in children. These range from mild, self-

limited, upper respiratory infections to life-threatening disease
in previously healthy, and also immunocompromised infants
and young children,1 and those with underlying diseases.2

HAdVs can be isolated throughout the year in Taiwan.4 They
are responsible for about 5% to 10% of lower respiratory tract
infections and are the second most common viruses in children
hospitalized with respiratory infections in this country.3

Human adenoviruses are double-stranded DNA viruses,
belonging to the genus Mastadenovirus of the Adenoviridae
family. More than 57 adenovirus serotypes have been identified.
They are divided into 7 species (A–G). Different serotypes
differ in their tissue tropisms and sites of infection. The most
common adenovirus species that cause respiratory tract infec-
tions in children are B (HAdV-B3 and B7) and C (HAdV-C1,
C2, and C5).4 Serotypes B3, B7, and B21 are the most frequent
strains responsible for epidemics of acute febrile respiratory
disease. The illnesses range from influenza-like fever and
discomfort to pneumonia and death.1,5,6

Diagnosis of HAdV infection by viral isolation in cell
culture is time-consuming and labor-intensive. Most clinical
laboratories limit identification to HAdV, but do not determine
the serotype or species-specific genotypes. The recent introduc-
tion of PCR-based assays has enabled rapid, specific, and
sensitive detection of HAdV. In a previous study, using PCR
assay systems targeting the hexon and fiber genes of HAdV, we
reported that species B (HAdV-3) was the predominant respir-
atory adenovirus circulating in Taiwan over the past decade. A
high incidence of co-infections and repeated infections were
also observed. Nearly all children with repeated adenovirus
infections had first infections with species HAdV-C, followed
by HAdV-B or HAdV-E.7 The current study was designed to
characterize the clinical features of infections with different
adenovirus serotypes.

METHODS
imens
nsisted of pediatric inpatients and out-
d with signs and symptoms of acute
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respiratory tract infections to the National Cheng Kung Uni-
versity Hospital, from January 2002 to December 2013 from
whom adenoviruses were isolated. These children were con-
sidered to be sufficiently ill to warrant throat swabs or naso-
pharyngeal aspirations for viral isolation. One to 2 isolates per
month were randomly selected for this investigation regardless
of the severity of their illness. Demographic data, clinical
presentations, and outcomes were retrospectively reviewed.
Only those patients in whom an adenovirus was the sole
pathogen were included in the analysis.

This study was approved by the institutional review board
(IRB) of the National Cheng Kung University Hospital (No. A-
BR-101–020). This was a retrospective study without interven-
tion or the need to obtain additional clinical specimens.

Virology Studies
Throat swabs or nasopharyngeal aspirations were placed in

virus transport medium and submitted to the virus diagnostic
laboratory as soon as they were obtained, year-round. Viral
cultures of laboratory-confirmed adenoviruses were processed
as described previously.8 The adenoviruses were subcultured in
A549 cells when 85% cytopathic effect was observed. The cells
were then harvested for DNA extraction.

Viral DNA was extracted according to a modified pro-
cedure as previously described.9 DNA sequencing of hexon and
fiber genes of respiratory adenovirus was carried out as pre-
viously described.7 Briefly, the Loop1 region of the hexon gene

Wang et al
was amplified with primer pair HXL1F (50-CGTGTGCAGT-
TYGCCCG) and HXL1R (50-ACAGCCTGATTCCACAT). The
Loop2 region of the hexon gene was amplified with primer BL

TABLE 1. Clinical Characteristics of Children With Adenovirus Re

Total (N¼ 1

Age
Mean, yy 3.7� 2.0

Sex
Male/female 93/82

Clinical manifestations
Fever >408C (n [%]) 69 (41)
Mean fever duration, daysy 5.6� 2.2

Laboratory dataz

WBC count, /mm3� 103y 13.1� 6.0
Elevated bands (n [%]) 86 (78)
CRP concentration, mg/Ly 66.5� 46.1

Diagnosis
Pharyngoconjunctival fever 8 (5)
Upper respiratory tract infection 20 (11)
Tonsillitis/pharyngitis 89 (51)
Acute bronchitis/bronchiolitis/bronchopneumonia 42 (24)
Pneumonia 12 (7)
AGE/concomitant GI upset 32 (18)

Management
Hospitalization (n [%]) 63 (36)
Mean hospital stay, dy 6.0� 8.2
Antibiotics (n [%]) 79 (45)

AGE¼ acute gastroenteritis, CRP¼C-reactive protein, GI¼ gastrointest�
Data were compared between HAdV species B and C.
yData are mean�SD.
zData were collected from patients with adenovirus (n¼ 110), species B
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(50-TTGACTTGCAGGACAGAAA) and BR (50-CTTGTA-
TGTGGAAAGGCAC). PCR mixtures consisted of 1U of
DNA polymerase (KOD Plus Polymerase, Toyobo), 1 mM
MgSO4, 0.2 mM dNTP, 300 pm of each primer, and 1 to
2 mL of template from the original purified DNA solution in
a 50-mL reaction volume. DNA sequencing analysis of PCR
products was performed using Sanger method.

Statistics
All analyses were performed with the statistical package

from Social Sciences version 18.0 (SPSS Inc, Chicago, IL). The
clinical characteristics of children with adenovirus respiratory
infections were compared according to adenovirus species
(Table 1) and for differences between outpatients and inpatients
(Table 2). Continuous variables were compared by the t test or
analysis of variance. Categorical data comparisons were per-
formed by the chi-square test or Fisher exact test. P value less
than 0.05 was considered to be statistically significant, and all
tests were 2-tailed.

RESULTS

Virology Study
Respiratory adenoviruses were identified in 2022 clinical

specimens during the 12-year study. An average of 22 strains
was isolated each month. One to 2 isolates for each month were
randomly selected for this investigation. Of these, 182 could be
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propagated and underwent genotypic analysis. Eight genotypes
were identified. These included species B (HAdV-3, 7, and 11),
species C (HAdV-1, 2, 5, and 6), and species E (HAdV-4).

spiratory Infections According to Adenovirus Species

75) Species B (n¼ 73) Species C (n¼ 48) P
�

4.5� 1.9 3.1� 1.8 <0.001

36/37 26/22 0.601

37 (51) 18 (38) 0.154
6.1� 1.8 5.2� 2.2 0.071

11.8� 5.1 14.1� 6.5 0.003
36 (64) 15 (58) 0.049

76.9� 46.3 50.0� 46.1 0.016

3 (4) 2 (4) 1.000
4 (6) 11 (23) 0.009

40 (55) 23 (48) 0.459
24 (33) 6 (13) 0.017
6 (8) 4 (8) 1.000

17 (22) 3 (6) 0.014

33 (45) 13 (27) 0.045
6.5� 10.6 5.8� 3.9 0.799

41 (56) 21 (44) 0.181

inal.

group (n¼ 56), and species C group (n¼ 26).
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TABLE 2. Laboratory Findings and Management of Children With Adenovirus Respiratory Infections

Total Outpatients Inpatients P
�

Laboratory datay

WBC count, /mm3� 103z 13.1� 6.0 11.8� 5.1 14.1� 6.5 0.047
Leukocytosis (>15,000, n [%]) 30 (27) 8 (17) 22 (35) 0.037
Leukocytopenia (<4000, n [%]) 4 (4) 2 (4) 2 (3) 1.000
Elevated bands (n [%]) 86 (78) 34 (72) 52 (83) 0.200
CRP concentration, mg/Lz 66.5� 46.1 50.1� 29.0 79.6� 52.1 <0.001

Management§

Antibiotics (n [%]) 79 (45) 35 (31) 44 (70) <0.001

CRP¼C-reactive protein, WBC¼white blood cell.�
Data were compared between outpatients and inpatients.
yData were collected from outpatients (n¼ 47) and all the inpatients (n¼ 63).

s (n
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Species B, mainly serotype 3, was the most common type,
accounting for about half of the isolates (92, 50.6%), followed
by species C (HAdV-2) (43, 23.6%). The yearly distribution of
adenovirus serotypes during 2002 to 2013 is shown in Figure 1.
Species E (HAdV-4) appeared and peaked in 2007 only.

Demographic and Clinical Characteristics of
Children with Adenovirus Infections

The demographic and clinical characteristics of the 175
children with adenovirus infections according the 2 most preva-
lent species (HAdV-B and HAdV-C) are shown in Table 1. The
mean age was 3.7 years. Most (89/%) were under 6 years of age.
About a third (39%) was less than 3 years old. There was no
significant difference in the proportion of males and females.
Almost all the children with adenovirus presented with fever
(97%). Complete blood counts were performed for 110 of
the children. The mean white blood cell (WBC) count was
13.1� 6.0� 103/mm3. Leukocytosis (WBC >15.0� 103/mm3)
was noted in 30 of 110 (27%) with band forms (>10% of total
WBC) in 78% of the patients. The mean C-reactive protein
(CRP) concentration was 66.5 mg/L. Antibiotics were pre-
scribed in 45% of the children.

Patients infected with HAdV-B were significantly older
than those infected with HAdV-C (P< 0.001). Those infected
with HAdV-B had lower leukocyte counts (P¼ 0.003), but
higher CRP levels (P¼ 0.016) and hospitalization rates
(P< 0.05). Both HAdV-B and HAdV-C could cause pneumo-

zData are mean�SD.
§Data were collected from all the outpatients (n¼ 112) and inpatient
nia, but HAdV-B was more frequently associated with acute
bronchitis, bronchiolitis, or bronchopneumonia accompanied
by gastrointestinal symptoms (P< 0.05).
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FIGURE 1. Distribution of respiratory adenoviral isolates in chil-
dren with respiratory tract infections from 2002 to 2013 at a
hospital in southern Taiwan.
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Laboratory Findings and Management
According to Site of Care

About a third of the patients (36%) were hospitalized.
Complete blood counts were done in all of the hospitalized
patients, and 47 of the 112 outpatients (Table 2). The frequency
of leukocytosis and elevated CRPs was significantly greater
among the inpatients than among the outpatients (P< 0.05).
Inpatients also were more likely than outpatients to be treated
with antibiotics (70% vs 31%, respectively; P< 0.001). None
of the children received antiviral therapy or intravenous
immunoglobulins.

Reinfections
A total of 23 (13.1%) children had an additional adeno-

virus infection during the 12-year study period. We were able to
propagate and genotype isolates from 11 of these children. The
time intervals between these infections ranged from 6 months to
5 years. All were first infected with HAdV-C (HAdV-1, HAdV-
2, or HAdV-5), followed by HAdV-B (HAdV-3) or HAdV-E
(HAdV-4). There were no significant differences in clinical
features, laboratory findings, hospitalizations, and antibiotic
use between the HAdV-B infection only and the HAdV-B
reinfection followed the HAdV-C (Table 3).

Co-infections
A total of 25 children (14.3%) had HAdV co-infections.

Most of those patients were co-infected with species B (HAdV-
3) and species C (HAdV-2). The other duel combinations were
species B (HAdV-3) and species C (HAdV-1); species B
(HAdV-3) and species C (HAdV-5); and species B (HAdV-3)
and species C (HAdV-6), species B (HAdV-11) and species C
(HAdV-2). One patient was co-infected with 3 strains. These
consisted of species B (HAdV-3), species B (HAdV-11), and
species C (HAdV-2) (Figure 2).

DISCUSSION
The aim of this 12-year retrospective study was to better

understand the molecular epidemiology and clinical features of
HAdVs in children in Southern Taiwan, and to determine
whether there are important differences from other geographic

¼ 63).
regions. We found that only HAdV-B, C, and E were isolated
from children with significant respiratory symptoms. HAdV
species B and C co-circulate year-round and that children are

www.md-journal.com | 3



TABLE 3. Clinical Manifestations of Children With HAdV-B Only and Reinfection Followed HAdV-C Respiratory Infections

HAdV-B Only (n¼ 65) HAdV-B Reinfection (n¼ 8) P

Age
Mean, y

�
4.5� 2.0 3.9� 1.7 0.420

Clinical manifestations
Fever >408C (n [%]) 29 (45) 2 (25) 0.454
Mean fever duration, d

�
6.2� 1.8 5.3� 3.2 0.230

Laboratory datay

WBC count, /mm3� 103� 11.9� 4.7 13.5� 5.4 0.519
Elevated bands (n [%]) 31 (61) 2 (50) 1.000
CRP concentration, mg/L 77.4� 47.8 68.1� 16.1 0.702

Management
Hospitalization (n [%]) 31 (48) 1 (13) 0.072
Mean hospital stay, d

�
4.7� 1.5 4.0� 0 0.359

Antibiotics (n [%]) 38 (58) 2 (25) 0.130

CRP¼C-reactive protein, HAdV¼ human adenovirus, WBC¼white blood cell.

B r
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often co-infected with genotypes of both species. Species B
(HAdV-3) accounted for about half of the infections and was
more likely than others to produce severe disease. In contrast,
infections with species C were always found to precede those
with species B even after long time intervals. Species E
occurred much more episodically.

The mean age of our study population was 3.7 years. Most
were younger than 5 years (77%), and only 23% were less than 2
years. This differs from previous reports that most HAdV
infections occurred in children aged <2 years. The difference
might be explained by the fact that most of the prior studies
focused on hospitalized children with HAdV lower respiratory

�
Data are mean�SD.
yData were collected from HAdV-B only group (n¼ 51) and HAdV-
tract infections.10–13 The mean age of hospitalized patients with
HAdV in our study was 3.5 years. The age differences among
various studies might be attributed to several factors. Most

FIGURE 2. Number and frequency of adenoviral co-infections detect

4 | www.md-journal.com
Taiwanese children enter kindergarten after they are 3 years of
age and exposed to respiratory infections. In addition, children
with HAdV species C infections tend to be younger10,14 than
those with species HAdV-B3, which was the most frequent
isolate in our study.

Our findings are consistent with other studies that HAdV-B
causes more severe respiratory tract infections than other
serotypes and is more likely to result in hospitalization.15,16

We found that children with HAdV-B were more likely than
those with HAdV-C to have an acute inflammatory response
(leukocytosis, band forms, and elevated CRP), and to be
hospitalized for lower respiratory tract infections and

einfection group (n¼ 4).
gastrointestinal distress.
Human adenoviruses are well known to be associated

with prolonged viral shedding.17 To help differentiate between

ed in children with respiratory tract infections.

Copyright # 2016 Wolters Kluwer Health, Inc. All rights reserved.



persistence and reinfection, we restricted the analysis to clinical
recurrences at intervals of greater than 6 months. The key
findings were that HAdV-C always preceded infections with
HAdV-B or HAdV-E, and prior infection with HAdV-C did not
attenuate the clinical manifestations of subsequent infections
with HAdV-B. Based on these observations, it seems that
primary infection with HAdV-C protects against subsequent
HAdV-C infections, but not against HAdV-B or HAdV-E.
These findings suggest that HAdV-B might be protective
against HAdV-C, but this needs to be confirmed by further
investigations. These observations may have important implica-
tions for vaccine development.

Prior investigators have demonstrated adenoviral co-infec-
tions using PCR-based molecular typing.18–21 In the current
study, we found a relatively high frequency of adenoviral co-
infections with HAdV-B and HAdV-C using generic and type-
specific primers, followed by DNA sequencing of hexon and
fiber genes. Co-infection provides the opportunity for genomic
recombination. Genomic instability and evolutionary pressure
pose potential problems for the long-term efficacy of HAdV
vaccines.22

Our findings in Taiwan are consistent with the global
predominance of HAdV-B3 as the most common serotype
implicated in notifiable adenoviral infections in children and
adults.1,23,24 Importantly, HAdV-3 may cause fatal pneumonias
in immune-competent patients.3,25 No antiviral drug has been
approved to treat HAdV infection. Oral vaccines against HAdV
types 4 and 7 have been used successfully to control adenoviral
illness in recruit populations.26 New vaccines for HAdV types 4
and 7 have been developed, and phase 3 studies demonstrated
their safety and efficacy.27 Although previous studies revealed
that HAdV type 7 immunization could generate a significant
increase in levels of neutralizing antibodies against HAdV-3,28

further studies on the cross-preventive interaction between
vaccine strains and currently circulating strains and other
serotypes are needed.

In conclusion, our study indicates species B, especially
HAdV-3, was the most frequent respiratory adenovirus circu-
lating in Taiwanese children during the past 12 years and was
associated with lower respiratory tract infections. Most of these
children were less than 5 years old. Co-infections and reinfec-
tions were relatively common. These results support the need
for continued surveillance and development of vaccines with
broad protective immunity.
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