
Frequent Detection of Human Adenovirus from the
Lower Gastrointestinal Tract in Men Who Have Sex with
Men
Marcel E. Curlin1,2*, Meei-Li Huang2, Xiaoyan Lu8, Connie L. Celum2,4,5, Jorge Sanchez6, Stacy Selke2,

Jared M. Baeten2,5, Richard A. Zuckerman7, Dean D. Erdman8, Lawrence Corey1,2,3

1 Fred Hutchinson Cancer Research Center, Seattle, Washington, United States of America, 2 Department of Medicine, University of Washington, Seattle, Washington,

United States of America, 3 Department of Laboratory Medicine, University of Washington, Seattle, Washington, United States of America, 4 Department of Epidemiology,

University of Washington, Seattle, Washington, United States of America, 5 Department of Global Health, University of Washington, Seattle, Washington, United States of

America, 6 Asociación Civil Impacta Salud y Educación, Lima, Peru, 7 Division of Infectious Diseases, Dartmouth-Hitchcock Medical Center, Lebanon, New Hampshire,

United States of America, 8 Centers for Disease Control and Prevention, Atlanta, Georgia, United States of America

Abstract

Background: The association between baseline seropositivity to human adenovirus (HAdV) type 5 and increased HIV
acquisition in the Step HIV Vaccine Study has raised questions concerning frequency of acquired and/or persistent
Adenovirus infections among adults at high risk of HIV-1 infection.

Methodology: To evaluate the frequency and pattern of HAdV shedding from the lower GI tract, we retrospectively tested
rectal swabs for HAdVs in a cohort of 20 HSV-2 positive HIV-positive Peruvian men who have sex with men (MSM)
undergoing rectal swabbing three times/week for 18 consecutive weeks, in a prospective study of HSV-2 suppression in HIV
infection. Viral DNA was extracted and amplified using a sensitive multiplex PCR assay that detects all currently recognized
HAdV types. Molecular typing of viruses was performed on selected samples by hexon gene sequencing. Baseline
neutralizing antibody titers to HAdVs 25, 226, 235 and 248 were also assessed.

Principal Findings: 15/20 individuals had HAdV detected during follow up. The median frequency of HAdV detection was
30% of samples (range 2.0% to 64.7%). HAdV shedding typically occurred on consecutive days in clustered episodes lasting
a median of 4 days (range 1 to 9 days) separated by periods without shedding, suggesting frequent new infections or
reactivation of latent infections over time. 8 of the 15 shedders had more than one type detected in follow-up. 20 HAdV
types from species B, C, and D were identified, including HAdV-5, 226 and 248, HAdV types under development as
potential vaccine candidates. 14/20 subjects were seropositive for HAdV-5; 15/20 for HAdV-26; 3/20 for HAdV-35; and 2/20
for HAdV-48. HAdV shedding did not correlate with CD4 count, plasma HIV-1 viral load, or titers to HAdV-5 or HAdV-35. The
sole individual with HAdV-5 shedding was HAdV-5 seropositive.

Conclusions: HAdV shedding was highly prevalent and diverse, including types presently under consideration as HIV
vaccine vectors. Subclinical HAdV infection of the GI tract is common among MSM in Peru; the prevalence of HAdV in the
enteric tract should be evaluated in other populations. The association between ongoing recent enteric HAdV and the
immune response to recombinant HAdV vaccines should be evaluated.
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Introduction

Human adenoviruses (HAdVs) are non-enveloped, moderate-

sized DNA viruses that cause asymptomatic infection and clinical

syndromes, including upper respiratory tract infection, conjunc-

tivitis, gastroenteritis, infections of the urinary tract, and serious

systemic infections in immunocompromised individuals [1,2].

HAdVs are grouped into seven species, A–G, and further

subdivided into at least 52 known types. HAdV shedding from

the lower GI tract may occur in healthy adults [3,4,5], but is more

common in children (where it may represent a primary infection)

[6,7,8,9], immunocompromised individuals [2], and persons with

HIV infection, particularly those with symptomatic infection and

low CD4 counts [3,10,11,12]. In HIV-infected individuals, HAdV

shedding has been associated with lower gastrointestinal symptoms

such as diarrhea and proctitis in some [3,13,14] but not all studies
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[5,10,12]. However, in many cases other copathogens are also

present, and it remains unclear to what extent HAdVs other than

HAdV-40/41 cause symptomatic infection in the lower GI tract.

HAdVs have been widely explored as vector systems for the

delivery of therapeutic and immunogenic gene products because of

their ability to infect a range of mammalian host cells, their

capacity to accommodate substantial genetic inserts, and their

generally favorable safety profile. HAdV type 5 (HAd-5) has been

most extensively investigated for applications in gene therapy. In

the past ten years, recombinant HAdVs, including type 5, have

also been used as vectors in the development of vaccines against

several human pathogens, including human immunodeficiency

virus (HIV)[15], malaria [16], influenza [17], tuberculosis [18],

and Ebola virus [19].

Recent studies have indicated that pre-existing humoral immunity

to HAdV-5 is associated with reduced immunogenicity to vaccina-

tion with recombinant Ad5 vaccines. In the Step Vaccine Study, a

phase II test-of-concept study trial of the Merck HIV-1 gag/pol/nef

vaccine, men who have sex with men (MSM) with previous exposure

to HAdV-5 through natural infection appear to have had at least

transiently increased risk of acquiring HIV after vaccination [15,20].

The mechanism(s) underlying this observation remain unknown, and

may include a spurious association because of the small sample size

of the trial, or true biological phenomena such as upregulation of

HIV-susceptible target cells within mucosal tissues, and interactions

between HAdV-5 immune complexes and dendritic cells resulting in

enhanced T cell infection [21]. Recent studies also have demon-

strated cross-reactive T cell responses to many human adenoviruses

[22] (and unpublished data). These observations draw attention to

the potentially important role of natural adenovirus infections in

influencing responses to recombinant Ad vector vaccines, and

highlight the need to more clearly define the epidemiology and

virology of natural human adenovirus infections.

Several HAdV types, including HAdV-5, 226, 235 and 248

are presently under active investigation for use as novel HIV,

malaria and TB vaccine vectors [16,23,24,25,26]. To evaluate

whether natural HAdV infections are common in MSM at risk for

HIV infection, we examined patterns of HAdV shedding from the

genital and lower gastrointestinal tract and tested for preexisting

neutralizing antibodies to several proposed HAdV vaccine vectors

among HIV-infected MSM undergoing intensive longitudinal

mucosal sampling.

Methods

Ethics Statement
The human experimentation guidelines of the US Department

of Health and Human Services and the individual institutions were

followed in the conduct of the clinical research. The institutional

review boards of the University of Washington and the Asociación

Civil Impacta Salud y Educación approved the protocol.

Participants provided written informed consent and were

compensated for travel and related expenses.

Study Subjects
We retrospectively examined genital and anoscopy swab

samples obtained from a cohort study of twenty HIV positive

MSM in Lima, Peru participating in a prospective randomized,

placebo-controlled cross-over study to determine the effect of

HSV-2 suppression with acyclovir (40 orally BID) on plasma HIV

levels [27]. Study subjects were greater than 18 years of age, with

no previous anti-retroviral history and peripheral CD4 counts

.200 cells/uL. This cohort offered several advantages for the

study of HAdVs; the lengthy observation period and frequent

sampling of both the anal and genital areas permitted sensitive

detection of short episodes of subclinical infection, and a

determination of whether adenovirus infection of the genital tract

was present. Because acyclovir has no known antiviral activity

against HAdVs [28,29], the clinical interventions in this cohort

allowed an unconfounded study of the prevalence and diversity of

adenoviruses infections over time in each participant.

Clinical visits and procedures
Study subjects returned to the clinic 3 times per week for a total of

18 weeks. Swabbing of the anal and genital regions for viral

pathogens was performed by two methods. Rectal mucosal swabbing

was performed via anoscopy by placing a sterile Dacron-tipped

plastic applicator (Puritan Medical Products, Guilford, ME) against

the rectal mucosa 3 to 4 cm above the squamocolumnar junction and

rotating for approximately 20 seconds. Surface swabbing of the

anogenital region was performed by rubbing the swab over the glans

and full length of the penis, the scrotum, perianal skin and completed

by inserting the swab in the anus and rotating once (360 degrees).

Rectal and anogenital swabbing was performed at each clinic visit.

To characterize viral shedding between visits, anogenital swabbing

was also self-performed by participants at home. Applicator tips were

placed in vials containing 1.0 ml proteinase K digestion buffer

(100 mM KCl, 25 mM EDTA, 10 mM Tris-HCl pH 8.0, 1%

IGEPAL) and stored at 220uC until processing by the laboratory.

Home swabs were maintained at room temperature until the nearest

clinic visit and then stored as above.

DNA extraction and real-time PCR
DNA was extracted from 200 uL of proteinase K digestion

buffer using the QIAamp 96 DNA Blood Kit (Qiagen, Inc.,

Valencia, CA) according to manufacturer instructions and eluted

in a total of 100 uL AE buffer. Ten uL of the extract was used to

amplify adenoviral DNA using a multiplex PCR assay previously

validated to detect 51 recognized HAdV types [30]. The PCR

assays were performed on blinded samples at the University of

Washington Clinical Virology Laboratories.

Table 1. Cohort demographics and clinical data.

Demographic data N

Median Age (range) 31 (22,44)

Gender–male (percent) 20 (100)

Median numbers of sex partners in the last month (range) 1 (0,10)

Median numbers of sex partners in the last 6 months (range) 4 (1,40)

Clinical data N

Number of rectal swabs 969

Median number of rectal swabs per person (range) 49 (33,51)

Median number of positive swabs per person (range) 11 (0,33)

Median percent of positive swabs per person (range) 22.8 (0,64.7)

Median per person mean Log10 Ad copies/ml (range) 3.9 (2.5,5.1)

Baseline HIV viral load (range) 4.3 (3.4,5.1)

Median CD4/mm3 at screen (range) 406 (232, 869)

Number of patients who shed adenovirus at least once 15

Demographic, clinical and virologic data obtained from 20 MSM providing
rectal swabs over 18 weeks. ‘‘Positive swabs’’ indicate swabs in which
adenovirus was detected by real-time PCR. Baseline HIV viral load provided as
log10 copies/ml plasma on day 1.
doi:10.1371/journal.pone.0011321.t001

HAdV Infection of the GI Tract

PLoS ONE | www.plosone.org 2 June 2010 | Volume 5 | Issue 6 | e11321



HAdV typing
An aliquot of DNA from all episodes of HAdV was designated

for molecular typing based on nested PCR amplification and

sequencing of a partial region of the HAdV hexon gene [31,32];

116 such samples were submitted to the Centers for Disease

Control and Prevention laboratory performing these assays.

Predicted amino acid sequences of the hexon hypervariable

regions 1–6 (corresponding to amino acid position 192–332 of

HAdV type 1 [accession number AP_000512]) were aligned with

HAdV prototype sequences (accession numbers DQ115407-

DQ115457) using Clustal X ver. 1.83 implemented in BioEdit

ver. 7.0.9.0 [33]. Phylogenetic trees were constructed using

Figure 1. Adenoviral shedding by study day. Pattern of HAdV shedding from the lower gastrointestinal tract by study day. Y axis: Log10 HAdV
titers from rectal swab material. X-axis: study day. Outlined bars: no typing attempted. Black bars: sequence-based HAdV typing performed. Gray bars:
serotyping unsuccessful.
doi:10.1371/journal.pone.0011321.g001
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Table 2. Hexon sequence identity with nearest reference strain.

Patient ID Study Day Best matching % aa identity 2nd best match % aa identity

Ref. strain score Ref. Strain score

1001 8/8/03 Ad14 91.4 Ad50 84.3

1001 8/15/03 Ad14 91.4 Ad50 84.3

1001 8/22/03 Ad14 91.4 Ad50 84.3

1001 9/8/03 Ad17 99.3 Ad26 81.6

1001 9/12/03 (Ad36) 81.8 Ad33 76.2

1001 9/29/03 (Ad36) 81.8 Ad33 76.2

1001 10/31/03 Ad14 91.4 Ad50 84.3

1001 11/5/03 Ad5 95.6 Ad6 62.5

1001 11/14/03 Ad14 91.4 Ad50 84.3

1001 12/8/03 (Ad36) 81.8 Ad33 76.2

1001 12/12/03 (Ad15/Ad29) 80.6 Ad17 80.2

1002 9/8/03 Ad33 100 Ad43 81.1

1002 9/15/03 Ad33 100 Ad43 81.1

1002 9/26/03 Ad27 99.2 Ad28 83.9

1002 10/3/03 Ad27 99.2 Ad28 83.9

1002 10/22/03 Ad26 92.5 Ad17 81.5

1002 11/10/03 Ad5 95.6 Ad6 62.5

1002 11/17/03 Ad26 92.5 Ad17 81.5

1002 11/21/03 Ad26 92.5 Ad17 81.5

1002 12/1/03 Ad26 92.5 Ad17 81.5

1002 12/8/03 Ad37 100 Ad13 94.8

1004 9/1/03 Ad48 95.3 Ad47 82.5

1004 9/8/03 Ad48 95.3 Ad47 82.5

1004 11/17/03 Ad48 100 Ad47 84.5

1004 11/21/03 Ad48 100 Ad47 84.5

1004 11/26/03 Ad48 100 Ad47 84.5

1005 8/18/03 Ad32 95.8 Ad9 72.3

1005 10/17/03 (Ad33) 83.9 Ad36 81.8

1005 10/22/03 (Ad33) 83.9 Ad36 81.8

1005 12/10/03 Ad1 100 Ad6 71.5

1005 12/12/03 Ad1 100 Ad6 71.5

1006 11/17/03 Ad47 90.6 Ad38 77.9

1006 11/21/03 Ad47 90.6 Ad38 77.9

1006 2/23/04 Ad47 90.6 Ad38 77.9

1006 2/27/04 Ad47 90.6 Ad38 77.9

1009 10/31/03 Ad47 90.6 Ad38 77.9

1009 11/21/03 Ad47 90.6 Ad38 77.9

1010 1/19/04 Ad34 100 Ad14 81.9

1010 1/23/04 Ad34 100 Ad14 81.9

1010 1/30/04 Ad34 100 Ad14 81.9

1010 2/6/04 Ad34 100 Ad14 81.9

1010 2/13/04 Ad34 100 Ad14 81.9

1010 2/23/04 Ad34 100 Ad14 81.9

1011 4/26/04 Ad24 97.9 Ad38 80.4

1011 5/28/04 Ad24 97.9 Ad38 80.4

1013 5/5/04 Ad20 95.1 Ad42 80.4

1014 1/23/04 Ad22 100 Ad48 73.8

HAdV Infection of the GI Tract
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neighbor-joining method in MEGA version 4.0.2 [34] and

midpoint-rooted using minimum F-value optimization. Evolution-

ary distances were computed using the JTT matrix-based method

with all positions containing alignment gaps and missing data

eliminated in pair-wise sequence comparisons. For the purpose of

this study, HAdVs were typed based on the reference prototype

strain that showed the highest sequence identity score at $90%

and phylogenetic association with $90% bootstrap support.

HAdV sequences with identity scores ,90% were classified by

species, but not assigned a type [32,35]. Sequence submission to

GenBank pending manuscript acceptance.

Serum neutralization
Neutralizing antibody titers for prototype HAdVs 25, 226, 235

and 248 were determined using a modified microneutralization

assay [36]. Briefly, 50 ml of heat-inactivated serum (56uC for 30 min)

was diluted 1:10 and then serially 2-fold (Eagle’s minimal essential

medium with 10% fetal calf serum) in 4-fold replicates in a 96-well

microtiter plate. Four TCID50 units of pretitered virus in 50 ml was

added to each well and incubated for 1 h at room temperature after

gentle agitation. Fifty ml of A549 cell suspension (400,000 cells/ml)

was then added to each well and mixed thoroughly. After incubation

for 5 days at 37uC in 5% CO2, the plate was stained with crystal

violet. The neutralization titer was defined as the highest serum

dilution that fully inhibited 4 TCID50 units of virus.

Results

A total of 969 rectal swabs were obtained (Table 1). HAdV was

detected in 218 samples (22.5%), and 15 of 20 (75%) individuals

had HAdV detected at one or more timepoints. For 932 of the

rectal samples collected, a concomitant anogenital swab was

performed, and HAdV was detected in 97/932 (10.4%) of these

samples. In 84/97 (86.6%) of the HAdV-positive anogenital swabs,

HAdV was also detected in the corresponding rectal swab

collected on the same day. Rectal swabs were also positive on

121 of the days in which no HAdV was detected in the anogenital

swab. These data suggested that the source of the adenovirus was

invariably the enteric tract, and therefore all further analyses were

restricted to samples obtained by anoscopy.

HAdV shedding in the rectal mucosa occurred on 21.1% of

days sampled (range 2.6–52.5). Mean log10 HAdV concentration

was 4.1/ml buffer (range 2.2–8.3). The pattern of HAdV shedding

in all 15 persons in whom virus shedding was detected is shown in

Figure 1. Enteric infection was characterized by frequent clusters

or ‘‘bursts’’ of shedding. HAdV concentrations in rectal swabs

varied by episode, but were generally bell-shaped over each

‘‘cluster’’ period. Sequential infections of multiple types were

documented in 9 of the 15 shedders. Median CD4 count was

406 cells/ml (range 232–869) and mean plasma HIV-1 level was

4.3 log10 copies/ml. CD4 count and plasma HIV-1 load did not

differ between participants with and without HAdV shedding

(Mann-Whitney, p = 0.349 and p = 0.497, resp.). HAdV shedding

patterns did not correlate with shedding of HSV2 or cytomega-

lovirus (CMV), nor with use of oral acyclovir (data not shown).

Molecular typing was attempted on a representative subset of

samples from each shedder, selected to cover all observed shedding

episodes in this cohort (N = 116 samples). Fifty samples could not

be definitively assigned to a known HAdV type due to insufficient

amplified DNA for sequencing, the presence of a mixed virus

infection that could not be resolved or, in a few cases, to significant

differences between the sequenced strain and known reference

sequences. Among the 56 positive samples successfully sequenced,

numerous HAdV types distributed among species B, C, and D

Patient ID Study Day Best matching % aa identity 2nd best match % aa identity

Ref. strain score Ref. Strain score

1014 2/2/04 Ad22 100 Ad48 73.8

1014 3/3/04 Ad1 100 Ad6 71.5

1014 5/21/04 Ad20 100 Ad42 79.7

1017 3/26/04 Ad48 95.9 Ad47 82.5

1017 3/31/04 Ad48 95.9 Ad47 82.5

1017 4/5/04 Ad48 95.9 Ad47 82.5

1017 7/12/04 (Ad26) 87.7 Ad45 83.7

1017 7/16/04 (Ad26) 87.7 Ad45 83.7

1018 3/19/04 Ad10 93.2 Ad25 81.2

1018 3/24/04 Ad10 93.2 Ad25 81.2

1019 4/12/04 Ad32 95.8 Ad9 72.3

1019 5/24/04 Ad24 97.2 Ad38 80.4

1019 5/31/04 Ad24 97.2 Ad38 80.4

1019 7/7/04 Ad32 95.8 Ad9 72.3

1020 6/16/04 Ad1 100 Ad6 71.5

1020 6/23/04 Ad37 100 Ad13 94.8

1020 7/2/04 Ad33 100 Ad39/Ad43 81.1

Predicted partial-length hexon amino acid sequence identity with nearest and second nearest reference sequences, by subject ID and sample collection day for all
samples with available sequence data. Sequence relatedness to reference strains is calculated based the percentage of shared amino acids at each position in an
alignment of sequences. Samples with no closely matching reference strain (, 90% sequence identity to known adenoviral types) are denoted by ‘‘()’’, indicating
possible new viral types.
doi:10.1371/journal.pone.0011321.t002

Table 2. Cont.
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were identified (Table 2; Figure 2). Multiple HAdV types were

detected in eight subjects, while only a single type was observed in

the remaining seven individuals shedding virus. Four genetically

distinct viruses were identified that had ,90% predicted amino

acid sequence identity with the prototype viruses, and may

therefore represent new types. Three unique genetic variants of

HAdV-48 were identified in two study subjects; subject 1004 shed

one variant in September followed by a second variant in

November, 2003 (Figure 2). The most prevalent types were

HAdV-1 and 233, which were seen in three individuals. The

remaining types were each seen in one or two individuals among

the 15 shedders.

Baseline serum neutralizing antibodies to HAdV-5, 226, 235

and 248 were assessed in all study participants. Fourteen of 20

individuals (70%) were seropositive for HAdV-5; 15 of 20 (75%)

for HAdV-26; three of 20 (15%) for HAdV-35; and 2 of 20 (10%)

for HAdV-48 (Table 3).

Discussion

In this study, we examined the prevalence and shedding

patterns of HAdV from the lower gastrointestinal tract of HIV-

positive Peruvian MSM through intensive longitudinal sampling

over 18 weeks. We observed viral shedding in 75% of study

participants, who collectively yielded at least 20 different HAdV

types including four potentially new types and two additional

variants of type 48. Several previous studies have examined the

prevalence of enteric viruses in a variety of populations

[2,3,4,5,6,7,8,10,11,12,13,14,37,38,39,40,41,42,43,44]. While

HAdV infections in otherwise healthy individuals generally

manifest as transient infections with complete resolution, numer-

ous studies have demonstrated the potential for these viruses to

establish prolonged and/or latent infection in a variety of sites

including adenoidal tissue [45], peripherally circulating mononu-

clear cells [46], the urinary tract [44], the conjunctiva [47], and

the GI tract [9,11].

One striking difference between this report and prior studies is

the remarkably high prevalence of HAdV shedding observed in

our study. Earlier work has suggested shedding rates ranging from

0–4% in healthy adults and from 0–28% in selected individuals

with HIV infection. In contrast, we observed shedding in 75% of

study subjects. This large disparity is likely due to the detection

methods employed. Few studies have utilized sensitive molecular

methods and the frequent sampling entailed in this protocol; past

studies have generally relied on electron microscopy, enzyme

immunoassays and cytopathogenicity assays for detection of

HAdVs, and employed relatively sparse sampling. In our study,

HAdV shedding was episodic, occurring on only 30% of days

sampled among those excreting virus at any time. It is therefore

likely that many instances of viral shedding were missed in studies

relying on limited sampling, due to the short duration of viral

shedding episodes. We also note that in this study, we have

examined HIV-positive persons who might also manifest more

frequent or prolonged HAdV reactivity [11,48]. Additionally, we

observed that the prevalence of positive neutralizing antibody

titers to HAdV-5, HAdV-35 and HAdV-48 were consistent with

several previously published reports [24,49,50,51]. However, in

this cohort, the baseline seroprevalence to HAdV-26 was

considerably higher than in most earlier studies, with the exception

of one study reporting seroprevalence rates ranging from 12%–

88% depending on the geographic region studied [51].

In this study, we have defined several previously underappre-

ciated aspects of enteric HAdV infection, including an extremely

high prevalence of viral shedding, a high rate of serological

immunity to ‘‘rare’’ serotypes, the frequent occurrence of mixed

infections, and several new adenoviral serotypes. The methods

used in this study do not permit us to conclusively distinguish

between incident infection, persistent infection with intermittent

viral reactivation, and passive shedding of viral nucleic acids

associated with latently infected cells in the absence of viral

replication. However, in several subjects, the presence of discrete

shedding episodes with rising and falling viral loads is highly

suggestive of active replication. PCR detection of adenovirus from

the enteric tract has been shown to correlate with presence of

infectious virus in non-human primates and humans [52], and thus

the shedding we have observed in our study is likely reflect the

presence of infectious virus. Whether intermittent shedding of the

same type of HAdV in several subjects over time indicates low-

grade persistent infection or episodic reactivation of latent

infection is unclear. We also note that individuals 1002, 1004

and 1017 shed viruses for which the corresponding baseline

serologies were negative (HAdV-26, 248 and 248, respectively),

suggesting that these episodes were new infections. Sequence-

based typing of mixed infections is likely to only identify the

predominant genotype present, and novel genetic variants are

Figure 2. Phylogenetic tree of hexon sequences and reference strains. Neighbor-joining phylogenetic tree of partial length HAdV hexon
gene sequences obtained from 64 clinical samples (blue) and reference strains (red).
doi:10.1371/journal.pone.0011321.g002

Table 3. Baseline serum neutralizing antibody titers by
subject.

Subject ID Ad5 titer Ad26 titer Ad35 titer Ad48 titer

1001 .1:80 .1:80 Neg 1:10

1002 .1:80 Neg Neg Neg

1003 1:80 Neg Neg Neg

1004 .1:80 1:20 Neg Neg

1005 Neg 1:10 Neg Neg

1006 .1:80 .1:80 Neg Neg

1007 .1:80 .1:80 Neg Neg

1008 Neg .1:80 1:10 Neg

1009 1:80 1:10 Neg Neg

1010 Neg .1:80 Neg Neg

1011 Neg Neg Neg Neg

1012 1:10 .1:80 1:20 .1:80

1013 1:20 1:20 Neg Neg

1014 Neg .1:80 Neg Neg

1015 1:40 Neg Neg Neg

1016 Neg Neg Neg Neg

1017 1:20 1:40 .1:80 Neg

1018 1:40 1:40 Neg Neg

1019 1:80 1:20 Neg Neg

1020 1:20 1:40 Neg Neg

% positive 70% 75% 15% 10%

Serum neutralizing antibody titers to HAdV-35, 25, 226 and 248 in each
subject at beginning of study.
doi:10.1371/journal.pone.0011321.t003
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difficult to identify by the methods used. It is therefore likely that

the true diversity of HAdV types present has been underestimated

in this study.

This study is limited by modest cohort size, relatively narrow

geographical sampling and by the limited serological data

presently available. However, our serology results suggest that

infection with ‘‘rare’’ HAdVs with and/or without persistent

shedding may be more prevalent than previously thought

[24,49,50] among certain HIV+ MSM populations, and highlight

the need to further investigate the prevalence and transmission of

HAdVs in sexually active MSM and other populations at high risk

of acquiring sexually transmitted diseases. It is presently unknown

to what extent the presence of natural adenoviral infections may

interact with vaccines based on similar strains. These results must

therefore also be considered in the context of vaccine development

and immunization efforts using adenoviral vaccine vectors.

Acknowledgments

We thank Anya Luke-Killam for her technical editing work, and Rachel

Tompa for her editorial review of the manuscript; we also gratefully

acknowledge the generous contribution of the clinical staff and volunteers

at the Asociación Civil Impacta Salud y Educación, Lima, Peru, without

whom this study would not have been possible.

Author Contributions

Conceived and designed the experiments: MEC CC RZ DDE LC.

Performed the experiments: MLH XL JS. Analyzed the data: MEC XL

CC JS SS JB DDE. Wrote the paper: MEC CC JB RZ DDE LC.

References

1. Echavarria M (2008) Adenoviruses in immunocompromised hosts. Clin

Microbiol Rev 21: 704–715.

2. Hierholzer JC (1992) Adenoviruses in the immunocompromised host. Clin

Microbiol Rev 5: 262–274.

3. Cunningham AL, Grohman GS, Harkness J, Law C, Marriott D, et al. (1988)

Gastrointestinal viral infections in homosexual men who were symptomatic and

seropositive for human immunodeficiency virus. J Infect Dis 158: 386–391.

4. Buimovici-Klein E, Lange M, Ong KR, Grieco MH, Cooper LZ (1988) Virus

isolation and immune studies in a cohort of homosexual men. J Med Virol 25:

371–385.

5. Durepaire N, Ranger-Rogez S, Gandji JA, Weinbreck P, Rogez JP, et al. (1995)

Enteric prevalence of adenovirus in human immunodeficiency virus seropositive

patients. J Med Virol 45: 56–60.

6. Cinek O, Witso E, Jeansson S, Rasmussen T, Drevinek P, et al. (2006)

Longitudinal observation of enterovirus and adenovirus in stool samples from

Norwegian infants with the highest genetic risk of type 1 diabetes. J Clin Virol

35: 33–40.

7. (1993) Intestinal malabsorption of HIV-infected children: relationship to

diarrhoea, failure to thrive, enteric micro-organisms and immune impairment.

The Italian Paediatric Intestinal/HIV Study Group. AIDS 7: 1435–1440.

8. Lew JF, Moe CL, Monroe SS, Allen JR, Harrison BM, et al. (1991) Astrovirus

and adenovirus associated with diarrhea in children in day care settings. J Infect

Dis 164: 673–678.

9. Hillis WD, Cooper MR, Bang FB (1973) Adenovirus infections in West Bengal.

I. Persistence of viruses in infants and young children. Indian J Med Res 61:

980–988.

10. Kaljot KT, Ling JP, Gold JW, Laughon BE, Bartlett JG, et al. (1989) Prevalence

of acute enteric viral pathogens in acquired immunodeficiency syndrome

patients with diarrhea. Gastroenterology 97: 1031–1032.

11. Khoo SH, Bailey AS, de Jong JC, Mandal BK (1995) Adenovirus infections in

human immunodeficiency virus-positive patients: clinical features and molecular

epidemiology. J Infect Dis 172: 629–637.

12. Gonzalez GG, Pujol FH, Liprandi F, Deibis L, Ludert JE (1998) Prevalence of

enteric viruses in human immunodeficiency virus seropositive patients in

Venezuela. J Med Virol 55: 288–292.

13. Grohmann GS, Glass RI, Pereira HG, Monroe SS, Hightower AW, et al. (1993)

Enteric viruses and diarrhea in HIV-infected patients. Enteric Opportunistic

Infections Working Group. N Engl J Med 329: 14–20.

14. Schmidt W, Schneider T, Heise W, Weinke T, pple HJ, et al. (1996) Stool

viruses, coinfections, and diarrhea in HIV-infected patients. Berlin Diarrhea/

Wasting Syndrome Study Group. J Acquir Immune Defic Syndr Hum

Retrovirol 13: 33–38.

15. Buchbinder SP, Mehrotra DV, Duerr A, Fitzgerald DW, Mogg R, et al. (2008)

Efficacy assessment of a cell-mediated immunity HIV-1 vaccine (the Step Study):

a double-blind, randomised, placebo-controlled, test-of-concept trial. Lancet

372: 1881–1893.

16. Rodriguez A, Goudsmit J, Companjen A, Mintardjo R, Gillissen G, et al. (2008)

Impact of recombinant adenovirus serotype 35 priming versus boosting of a

Plasmodium falciparum protein: characterization of T- and B-cell responses to

liver-stage antigen 1. Infect Immun 76: 1709–1718.

17. Hoelscher MA, Garg S, Bangari DS, Belser JA, Lu X, et al. (2006) Development

of adenoviral-vector-based pandemic influenza vaccine against antigenically

distinct human H5N1 strains in mice. Lancet 367: 475–481.

18. Wang J, Thorson L, Stokes RW, Santosuosso M, Huygen K, et al. (2004) Single

mucosal, but not parenteral, immunization with recombinant adenoviral-based

vaccine provides potent protection from pulmonary tuberculosis. J Immunol

173: 6357–6365.

19. Sullivan NJ, Sanchez A, Rollin PE, Yang ZY, Nabel GJ (2000) Development of a

preventive vaccine for Ebola virus infection in primates. Nature 408: 605–609.

20. Robb ML (2008) Failure of the Merck HIV vaccine: an uncertain step forward.

Lancet 372: 1857–1858.

21. Perreau M, Pantaleo G, Kremer EJ (2008) Activation of a dendritic cell-T cell

axis by Ad5 immune complexes creates an improved environment for replication

of HIV in T cells. J Exp Med 205: 2717–2725.

22. Leen AM, Sili U, Vanin EF, Jewell AM, Xie W, et al. (2004) Conserved CTL

epitopes on the adenovirus hexon protein expand subgroup cross-reactive and

subgroup-specific CD8+ T cells. Blood 104: 2432–2440.

23. Lemckert AA, Sumida SM, Holterman L, Vogels R, Truitt DM, et al. (2005)

Immunogenicity of heterologous prime-boost regimens involving recombinant

adenovirus serotype 11 (Ad11) and Ad35 vaccine vectors in the presence of anti-

ad5 immunity. J Virol 79: 9694–9701.

24. Vogels R, Zuijdgeest D, van Rijnsoever R, Hartkoorn E, Damen I, et al. (2003)

Replication-deficient human adenovirus type 35 vectors for gene transfer and

vaccination: efficient human cell infection and bypass of preexisting adenovirus

immunity. J Virol 77: 8263–8271.

25. Radosevic K, Wieland CW, Rodriguez A, Weverling GJ, Mintardjo R, et al.

(2007) Protective immune responses to a recombinant adenovirus type 35

tuberculosis vaccine in two mouse strains: CD4 and CD8 T-cell epitope

mapping and role of gamma interferon. Infect Immun 75: 4105–4115.

26. Baden L, Dolin R, O’Brien K, Abbink P, La Porte A, et al. (2009) OA05-06 LB.

First-in-human Phase 1 safety and immunigenicity of an adenovirus serotype 26

HIV-1 vaccine vector. Retrovirology 6: O36.

27. Zuckerman RA, Lucchetti A, Whittington WL, Sanchez J, Coombs RW, et al.

(2007) Herpes simplex virus (HSV) suppression with valacyclovir reduces rectal

and blood plasma HIV-1 levels in HIV-1/HSV-2-seropositive men: a

randomized, double-blind, placebo-controlled crossover trial. J Infect Dis 196:

1500–1508.

28. Kurosaki K, Miwa N, Yoshida Y, Kurokawa M, Kurimoto M, et al. (2004)

Therapeutic basis of vidarabine on adenovirus-induced haemorrhagic cystitis.

Antivir Chem Chemother 15: 281–285.

29. Naesens L, Lenaerts L, Andrei G, Snoeck R, Van Beers D, et al. (2005)

Antiadenovirus activities of several classes of nucleoside and nucleotide

analogues. Antimicrob Agents Chemother 49: 1010–1016.

30. Huang ML, Nguy L, Ferrenberg J, Boeckh M, Cent A, et al. (2008)

Development of multiplexed real-time quantitative polymerase chain reaction

assay for detecting human adenoviruses. Diagn Microbiol Infect Dis 62:

263–271.

31. Gray GC, McCarthy T, Lebeck MG, Schnurr DP, Russell KL, et al. (2007)

Genotype prevalence and risk factors for severe clinical adenovirus infection,

United States 2004-2006. Clin Infect Dis 45: 1120–1131.

32. Lu X, Erdman DD (2006) Molecular typing of human adenoviruses by PCR and

sequencing of a partial region of the hexon gene. Arch Virol 151: 1587–1602.

33. Hall T (1999) Bioedit: a user-friendly biological sequence alignment editor and

analysis program for Windows 95/98/NT. Nucleic Acids Symposium series. pp

95–98.

34. Tamura K, Dudley J, Nei M, Kumar S (2007) MEGA4: Molecular Evolutionary

Genetics Analysis (MEGA) software version 4.0. Mol Biol Evol 24: 1596–1599.

35. Ebner K, Pinsker W, Lion T (2005) Comparative sequence analysis of the hexon

gene in the entire spectrum of human adenovirus serotypes: phylogenetic,

taxonomic, and clinical implications. J Virol 79: 12635–12642.

36. Hierholzer JC, Bingham PG (1978) Vero microcultures for adenovirus

neutralization tests. J Clin Microbiol 7: 499–506.

37. Laughon BE, Druckman DA, Vernon A, Quinn TC, Polk BF, et al. (1988)

Prevalence of enteric pathogens in homosexual men with and without acquired

immunodeficiency syndrome. Gastroenterology 94: 984–993.

38. Saulsbury FT, Winkelstein JA, Yolken RH (1980) Chronic rotavirus infection in

immunodeficiency. J Pediatr 97: 61–65.

39. Gray JR, Rabeneck L (1989) Atypical mycobacterial infection of the

gastrointestinal tract in AIDS patients. Am J Gastroenterol 84: 1521–1524.

40. Thea DM, Glass R, Grohmann GS, Perriens J, Ngoy B, et al. (1993) Prevalence

of enteric viruses among hospital patients with AIDS in Kinshasa, Zaire.

Trans R Soc Trop Med Hyg 87: 263–266.

HAdV Infection of the GI Tract

PLoS ONE | www.plosone.org 8 June 2010 | Volume 5 | Issue 6 | e11321



41. Rodriguez-Baez N, O’Brien R, Qiu SQ, Bass DM (2002) Astrovirus, adenovirus,

and rotavirus in hospitalized children: prevalence and association with
gastroenteritis. J Pediatr Gastroenterol Nutr 35: 64–68.

42. Thomas PD, Pollok RC, Gazzard BG (1999) Enteric viral infections as a cause of

diarrhoea in the acquired immunodeficiency syndrome. HIV Med 1: 19–24.
43. Albrecht H, Stellbrink HJ, Fenske S, Ermer M, Raedler A, et al. (1993)

Rotavirus antigen detection in patients with HIV infection and diarrhea.
Scand J Gastroenterol 28: 307–310.

44. Horwitz MS, Valderrama G, Hatcher V, Korn R, deJong P, et al. (1984)

Characterization of adenovirus isolates from AIDS patients. Ann N Y Acad Sci
437: 161–174.

45. Evans AS (1958) Latent adenovirus infections of the human respiratory tract.
Am J Hyg 67: 256–266.

46. Horvath J, Palkonyay L, Weber J (1986) Group C adenovirus DNA sequences in
human lymphoid cells. J Virol 59: 189–192.

47. Kaye SB, Lloyd M, Williams H, Yuen C, Scott JA, et al. (2005) Evidence for

persistence of adenovirus in the tear film a decade following conjunctivitis. J Med
Virol 77: 227–231.

48. Hierholzer JC, Wigand R, Anderson LJ, Adrian T, Gold JW (1988)

Adenoviruses from patients with AIDS: a plethora of serotypes and a description

of five new serotypes of subgenus D (types 43-47). J Infect Dis 158: 804–813.

49. Abbink P, Lemckert AA, Ewald BA, Lynch DM, Denholtz M, et al. (2007)

Comparative seroprevalence and immunogenicity of six rare serotype recom-

binant adenovirus vaccine vectors from subgroups B and D. J Virol 81:

4654–4663.

50. Thorner AR, Vogels R, Kaspers J, Weverling GJ, Holterman L, et al. (2006) Age

dependence of adenovirus-specific neutralizing antibody titers in individuals

from sub-Saharan Africa. J Clin Microbiol 44: 3781–3783.

51. Mast TC, Kierstead L, Gupta SB, Nikas AA, Kallas EG, et al. (2009)

International epidemiology of human pre-existing adenovirus (Ad) type-5, type-

6, type-26 and type-36 neutralizing antibodies: Correlates of high Ad5 titers and

implications for potential HIV vaccine trials. Vaccine.

52. Roy S, Vandenberghe LH, Kryazhimskiy S, Grant R, Calcedo R, et al. (2009)

Isolation and characterization of adenoviruses persistently shed from the

gastrointestinal tract of non-human primates. PLoS Pathog 5: e1000503.

HAdV Infection of the GI Tract

PLoS ONE | www.plosone.org 9 June 2010 | Volume 5 | Issue 6 | e11321


