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Human adenoviruses (HAdVs) are prevalent causes of acute

respiratory disease (ARD) in military and civilian communities.

Over the last 20 years, collaborative efforts between US public

health, military and academic laboratories have gathered

comprehensive data documenting the emergence and re-

emergence of specific HAdV types in association with

outbreaks and unrelated cases of ARD, which have attracted

national attention. New or reemerging HAdVs have included

genomic variants of HAdV-B14, HAdV-B7, and HAdV-E4.

Detailed molecular characterizations of virus strains are

essential to understand the etiology and epidemiology of HAdV

infections. The continuation of such studies is important for

ongoing assessment of the national and global evolution of

respiratory HAdVs and to inform decisions regarding antiviral

drug and vaccine development and implementation.
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Introduction
Improvements in the detection of respiratory viruses have

been greatly enhanced in the last several years by more

widespread use of molecular testing methods, including

those with rapid, simple devices that can be readily

deployed to resource-limited settings. Among the viruses

more frequently detected as a result of the implementa-

tion of these methods, are human adenoviruses (HAdV),

including some which have been responsible for severe

respiratory disease in both sporadic cases and outbreaks.

Genomic typing of isolates with more sophisticated

molecular methods has been essential for etiological
www.sciencedirect.com 
and epidemiological investigations, to gain an under-

standing of the specific HAdV types and variants involved

in severe disease, as well as of the dynamics of their

emergence and reemergence.

Current status of classification and
designation of human adenoviruses
HAdVare non-enveloped, double-stranded DNA viruses in

the family Adenoviridae and genus Mastadenovirus. HAdVs

are currently classified into seven species designated

Human mastadenovirus A through G (HAdV-A - HAdV-G)

that exhibit distinct pathogenic characteristics [1].

Over 85 HAdV genotypes have been described and

recognized to date-based on their unique genetic

make-up, determined by bioinformatics analysis of whole

genome sequences [2]. Fifty one of these types were

originally described as serotypes-based on their unique

neutralization phenotypes using horse or rabbit reference

sera [1].

HAdV genotypes are designated with a number issued in

chronological order of description of the virus (HAdV-1,

HAdV-2, HAdV-3, etc.). Although the practice is not

standardized, some authors have implemented the use

of the letters A–G preceding the number, for ease of

identification of the species as well as the type in the

abbreviated format (e.g. HAdV-B3, HAdV-E4, etc.).

The Human Adenovirus Working Group (HADVWG,

http://hadvwg.gmu.edu/) was assembled in 2011 to coor-

dinate and standardize the process of designation of

candidate novel HAdV genotypes. The group reviews

whole genome sequence (WGS) data before submission

to GenBank to reduce type designation conflicts and

redundancies.

Genetic variability and evolution of
adenoviruses
Since the early 1980s, the comparative electrophoretic

analysis of endonuclease digests of viral genomic DNA,

aka restriction fragment length polymorphism (RFLP)

analysis, has been a powerful tool for the identification of

intratypic genetic variability among HAdV types, and for

the estimation of genetic relatedness of virus strains [3,4].

The use of this method since the 1980s has revealed

extensive genetic variability in HAdV types associated

with acute respiratory disease (ARD) and the occurrence

of multiple genomic variants [5–8], forming the founda-

tion for molecular epidemiology studies of HAdV
Current Opinion in Virology 2019, 34:63–69

mailto:Kirsten.St.George@health.ny.gov
http://www.sciencedirect.com/science/journal/18796257/34
https://doi.org/10.1016/j.coviro.2019.02.003
https://doi.org/10.1016/j.coviro.2018.12.004
http://hadvwg.gmu.edu/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.coviro.2018.12.004&domain=pdf
http://www.sciencedirect.com/science/journal/18796257


64 Emerging virus: intraspecies transmission
infection. Traditionally, genomic variants have been des-

ignated with letters and numbers denoting their distinct

digestion profiles with a given enzyme compared to those

of the prototype strain (designate with the letter ‘p’), and

to one another (p1, p2, a1, a2, etc).

Homologous recombination is widely acknowledged as a

major mechanism driving the evolution of HAdV gen-

omes [9] and the emergence of new genotypes. Many of

the new genotypes described in the last decade exhibit

heterotypic penton base, hexon, and fiber genes [10] and

intermediate seroneutralization phenotypes.

Molecular epidemiology of adenovirus
infections
Molecular epidemiology studies of viral infection require

virus typing. The most widely used approach for typing

HAdVs in the molecular era has been the PCR amplifi-

cation and amplicon characterization for the identification

of the virus at the type level. For this purpose, the hexon

gene has been the most frequently targeted region of the

genome, with a focus on the type-specific hypervariable

regions 1–6 or 7 [11–13]. Quantitative real-time PCR

assays have been recently developed for the detection

and type-specific identification of the epidemic HAdV

types 3, 4, 7, 14, and 21 [14], and for the detection and

type-specific identification of the endemic species

HAdV-C types 1, 2, 5, and 6 [15]. These assays can be

used directly on clinical specimens without the need for

viral isolation.

The accurate identification of any of the newly described

HAdV genotypes requires WGS, as most of these viruses

are intertypic recombinants with heterotypic penton base,

hexon, and fiber genes.

RFLP analysis of whole genome HAdV DNA with panels

of endonucleases, either by gel electrophoresis or in silico,
remains one of the most powerful approaches for the

description of HAdV intratypic genetic variability for

epidemiology studies. The early work of Li et al. showed

a marked trend for geographic segregation of HAdV

genomic variants [7,16], demonstrated the circulation of

certain genomic variants for extended periods of time,

and the occurrence of shifts from one predominant variant

to another over time [17,18].

Phylogenetic and phylogeographic analyses of HAdV

WGSs have been increasingly used in the last decade

for inferring evolutionary relationships between strains

and assessment of transmission networks [19,20].

Adenoviruses as causative agents of
community-acquired acute respiratory
disease
Since their discovery in the 1950s [21,22], HAdVs have

been widely recognized as prevalent causative agents of
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acute respiratory disease (ARD) in both civilian and

military populations. Compiled data acquired worldwide

have shown that HAdV infections can occur endemically

throughout the year with no obvious seasonality, or in

epidemics. Outbreaks of ARD appear to predominate in

the winter and spring [23]. The majority of HAdV respi-

ratory infections occur in the first five years of life.

Epidemiological data suggest that 5–15% of acute upper

respiratory tract infections and around 5% of lower respi-

ratory tract infections in childhood are caused by HAdVs

[24,25].

Studies conducted worldwide since the 1950s document

that the HAdV types most frequently associated with

respiratory disease in immunocompetent individuals are

those classified within species HAdV-B (mainly types 3,

and 7, and occasionally types 14, 21, and 55), species

HAdV-C (types 1, 2, 5, and 6) and species HAdV-E (type

4). Types 3, 7, and particularly type 4 are also frequent

causative agents of epidemic conjunctivitis and pharyn-

goconjunctival fever [26]. Severe disease resulting in

mortality or pulmonary sequelae has been documented

predominantly in association with infection by species

HAdV-B types [27–29] with types 3 and 7 being reported

as the most commonly detected among pediatric cases of

ARD requiring hospitalization worldwide [30–32].

Epidemiology of HAdV respiratory infections
in the United States
A number of observational studies were conducted in

urban communities in the United States in the 1960s to

investigate natural patterns of occurrence and conse-

quences of infection by respiratory viruses [33–35]. In

these studies, HAdV infections were revealed by virus

isolation in cell culture and serology, and virus typing was

carried out by seroneutralization. These unique studies

contributed comprehensive descriptions of the behavior

of HAdV in the community, and foundational information

on the pathogenicity of HAdV infections in relation to

type. No studies of similar magnitude or scope have been

conducted in the US since.

HAdV infections have been more easily detectable and

thus more frequently reported in the last several years

than in previous decades, due to the increased sensitivity

of PCR-based rapid viral diagnostic platforms. Jain et al.
[36] recently reported the detection of HAdV in 11% of

the examined cases of community-acquired pediatric

pneumonia requiring hospitalization in the US between

January 2010 and June 2012. HAdV was the 4th most

frequently detected virus in the cohort after respiratory

syncytial virus, human rhinovirus, and human metapneu-

movirus. A second study conducted by the same group in

the same time period documented HAdV infection in

cases of adult pneumonia with an estimated incidence of

0.4 (0.2–0.5) cases per 10 000 adults per year [37]. Virus

typing was not performed in either study.
www.sciencedirect.com
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Three main population-based surveillance resources are

currently active in the US to monitor respiratory virus

activity:

a) The Center for Disease Control and Prevention

(CDC)’s National Respiratory and Enteric Virus Sur-

veillance System (NREVSS; https://www.cdc.gov/

surveillance/nrevss) is a laboratory-based system

implemented in the 1980s that monitors temporal

and geographic circulation patterns of respiratory

and enteric viruses including HAdVs. Participating

U.S. laboratories voluntarily report weekly to the

CDC the total number of tests performed that were

positive for these viruses. They also report specimen

type, patient location, and week of collection. How-

ever, no HAdV typing data are acquired through

NREVSS’ efforts.

b) Supported by the US Department of Defense (DoD),

Global Emerging Infections Surveillance and Response

System (GEIS), is a network established in 1997 as part

of the Armed Forces Health Surveillance Branch

(AFHSB) to conduct laboratory-based respiratory ill-

ness surveillance among military populations including

military-dependents https://www.health.mil/Military-

Health-Topics/Health-Readiness/Armed-Forces-

Health-Surveillance-Branch/Global-Emerging-

Infections-Surveillance-and-Response.

c) The National Adenovirus Type Reporting System

(NATRS; https://www.cdc.gov/adenovirus/reporting-

surveillance/natrs) was launched by the CDC in

2014 to specifically target HAdV infections. NATRS

collects information on circulating HAdVs, to identify

predominant types, and assess temporal trends of

circulation. It is a passive surveillance system that

relies entirely on voluntary reporting of virus typing

data.

Over the last 20 years, collaborative efforts between US

public health laboratories, military laboratories and

academic scientists have been instrumental in gather-

ing comprehensive data sets on HAdV activity in asso-

ciation with outbreaks and epidemiologically unrelated

cases of ARD, attracting national attention due to their

impact or severity. These efforts allowed the identifi-

cation of several-specific HAdV types as emerging or re-

emerging pathogens in the United States which are

detailed below.

Re-emergence and spread of human adenovirus type 14

Human adenovirus 14 (HAdV-B14) was first identified

in 1955 in the Netherlands during an outbreak of ARD

at a military recruit training facility. It was subse-

quently detected in association with similar outbreaks

among young civilian adults in Great Britain in 1955, in

Uzbekistan in 1962, and Czechoslovakia in 1963, and in

an outbreak involving army recruits in Taiwan in
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1960. Although historically military but also civilian

surveillance  efforts have used assays capable of detect-

ing HAdV-B14, the circulation of this type was only

sporadically reported during the following four decades

until 2006 when cases of infection were detected at

three of 8 US military recruit training facilities  under

continuous surveillance by DoD-GEIS. The emerging

virus was characterized as a novel genomic variant,

designated 14p1, distinguishable from the prototype

strain de Wit by RFLP analysis and exhibiting a distinct

6-nucleotide deletion in the fiber gene, resulting in a

two amino acid deletion in the knob region of the fiber

protein [38].

The earliest cases of HAdV14p1 infection detected in the

US were two pediatric cases of severe ARD: a 2003 case

detected in California {Louie, 2008 #1559} and a

2005 case, originally diagnosed in Alaska, and transferred

to San Antonio, TX, for treatment [38]. Since then,

individual cases and large outbreaks of HAdV14-associ-

ated respiratory disease of variable severity affecting

diverse military and civilian communities have been

reported in the US [38], Canada [39], Ireland [40], Scot-

land, and China [41] involving children and adults.

The most recently documented activity of the virus in the

US includes a cluster of cases among college students in

NY State in 2015 [20] and outbreaks of infection among

military recruits in basic training in 2017 (https://www.

med.navy.mil/sites/nhrc/research/oid/Pages/

Surveillance-Reports.aspx).

A thorough investigation of the re-emergence and dis-

persion of HAdV-B14 as a causative agent of ARD, will

require the examination of numerous isolates with good

representation of the diverse geographic locations

where the virus has been detected, as well as strains

isolated before 2003 to provide additional insight on the

origin of 14p1.

Human adenovirus type 4 respiratory infections among

civilian adults

In the absence of an active sentinel surveillance system

specifically targeting HAdV infections, the assessment of

the actual burden of disease attributable to human ade-

novirus type 4 (HAdV-E4) infection among civilians will

remain difficult. The limited data published in the peer-

reviewed literature from studies conducting HAdV typ-

ing, suggest that the frequency of detection of HAdV-E4

among pediatric cases of ARD is significantly lower than

that of species HAdV-C or HAdV-B types and that HAdV-

4 infection occurs relatively rarely among civilian [42].

We recently examined 36 cases of HAdV-E4-associated

ARD documented in the northeastern US between

2011 and 2015 and conducted a detailed molecular char-

acterization of the isolated strains [43]. Respiratory
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specimens were obtained from college students, residents

of long-term care facilities or nursing homes, a cancer

patient, and young adults without co-morbidities. All but

one of the isolated strains were identified as ‘a-like’

genomic variants. One prototype-like variant, distin-

guishable from the vaccine strain, was isolated from an

18-year-old woman visiting a physician’s office in Ulster

County, New York.

Data from this study suggest that HAdV-E4 may be an

underestimated causative agent of ARD among civilian

adults and underscores the need for inclusion of HAdV

in differential diagnostic test panels to better assess the

role of HAdVs as causative agents of severe respiratory

illness.

HAdV-E4-associated ARD in the military environment

has been successfully controlled by vaccination with a

tablet oral formulation of a live non-attenuated prototype-

like strain isolated in 1963 [44]. The vaccine is currently

licensed for exclusive use in military personnel and has

been associated with significant reductions in respiratory

illness among military recruits, with notable increases in

disease rates during periods when vaccination was dis-

continued [44]. Together with studies, showing associa-

tions between the HAdV types in the vaccine and ARD in

the civilian population, suggests that a case could be made

for more widespread availability of the vaccine in the

general population, especially for people at increased risk

for severe disease.

Re-emergence and spread of human adenovirus type 7

In a context of marked worldwide dominance of human

adenovirus type 3 (HAdV-B3) as the most prevalent

HAdV-B type, human adenovirus type 7 (HAdV-B7)

has been detected sporadically among cases of acute

respiratory infection in the United States over the past

20 years. Genomic variants 7b, 7d2, and 7h have been

identified among the relatively few isolated strains [45].

With no previous record of circulation in North America,

the Asian genomic variant HAdV-B7d was detected for

the first time in 2014, in a cluster of pediatric and adult

ARD cases of variable severity in Oregon [46], and in two

related adult cases in Illinois [47]. The association of this

particular variant with severe and fatal ARD cases and

outbreaks in different countries in Southeast Asia since

2009 is well-documented [48–50].

As with HAdV-E4 and HAdV-B14, the newly emerging

genomic variant of HAdV-B7 has been detected in influ-

enza virus-negative cases of influenza-like illness among

students in college communities. We have recently gen-

erated whole genome sequences for several HAdV-B7

respiratory isolates recovered from students presenting

with symptoms of acute respiratory illness in two colleges

in NY State, to investigate epidemiological connections
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between outbreaks of HAdV-associated ARD. All isolates

were identified as genomic variant 7d by RFLP and were

indistinguishable from one another or from the Chinese

strains isolated since 2009 using this molecular typing

approach. Our phylogenetic analysis of WGSs however,

distinguished two major clades of co-circulating HAdV-

B7 strains. The first clade included eight strains geneti-

cally related to a strain isolated in Oregon in 2014 that had

been characterized by the CDC [46]. These eight strains

were isolated from students at two colleges in different

counties. Interestingly, WGS distinguished the isolates

from cases at the two different colleges. The second clade

included four strains isolated from students at one of

these two colleges that were most closely related to a

2011 Chinese strain, DG01, and to a strain isolated in

2015 in New York State (Figure 1b).

Both clades are closer genetically to a 2009 strain, isolated

from a pediatric case of pneumonia in Shaanxi Province,

Northwestern China (JF800905), than to the strains

(KJ019887 and KJ019888) isolated from outbreak cases

of ARD in 2012 and 2013 in Hubei Province in Central

China. Our genetic analysis provides strong evidence of at

least 2 different sources/events of introduction of the 7d

genomic variant into New York State.

As for HAdV-E4, HAdV-B7-associated respiratory disease

has been shown to be preventable by oral vaccination

with a live non-attenuated tablet formulation that is

currently only licensed for military use [44].

Concluding remarks
Human adenoviruses are a well-documented cause of

respiratory disease, causing both sporadic cases and out-

breaks in multiple patient settings, with symptoms rang-

ing from very mild to severe and fatal. The large number

of types, comprehensively distinguishable only by molec-

ular methods, are also continuously emerging and re-

emerging.

Typing is currently not performed for most of the diag-

nosed cases of HAdV respiratory infection and only large

outbreaks or cases of unusual severity have historically

elicited detailed molecular, etiological, or epidemiologi-

cal investigations. Molecular typing of HAdV infection is

essential for an understanding of the local epidemiology

of HAdV infection, the identification of newly emerging

or re-emerging HAdV types and genomic variants, and for

the thorough investigation of outbreaks. It is also vital for

the ongoing assessment of the national and global move-

ment of these viruses, many of which have been repeat-

edly documented as causative agents of severe disease.

Appropriate decisions can then be made regarding future

efforts for infection control including antiviral drug and

vaccine development and formulation, as well as vacci-

nation programs.
www.sciencedirect.com
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Figure 1
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Molecular typing and phylogenetic analysis of whole genome sequences of HAdV-B7 strains isolated during outbreaks of ARD among college

students in 2017 in NY State.

(a) RFLP analysis of BamHI and BstEII digests distinguishes genomic variants of HAdV-B7. (b) Phylogenetic analysis identifies two distinct clades

of HAdV-B7 strains isolated from college students in NY. A phylogenetic tree was constructed from whole genome sequences of human

adenovirus 7 reference and unpublished strains. The analysis was performed with MEGA6 using the Maximum Likelihood method, based on the

Kimura 2-parameter model as previously described [20]. 500 Bootstrap replicates were performed; scale bar indicates the number of substitutions

per site; branch lengths with values <70 are not displayed; NYS = New York State.
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