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Although adeno-associated virus (AAV) infection is common in humans, the biology of natural infection is
poorly understood. Since it is likely that many primary AAYV infections occur during childhood, we set out to
characterize the frequency and complexity of circulating AAV isolates in fresh and archived frozen human
pediatric tissues. Total cellular DNA was isolated from 175 tissue samples including freshly collected tonsils
(n = 101) and archived frozen samples representing spleen (n = 21), lung (n = 16), muscle (r = 15), liver (n =
19), and heart (r = 3). Samples were screened for the presence of AAV and adenovirus sequences by PCR using
degenerate primers. AAV DNA was detected in 7 of 101 (7%) tonsil samples and two of 74 other tissues (one
spleen and one lung). Adenovirus sequences were identified in 19 of 101 tonsils (19%), but not in any other
tissues. Complete capsid gene sequences were recovered from all nine AAV-positive tissues. Sequence analyses
showed that eight of the capsid sequences were AAV2-like (~98% amino acid identity), while the single spleen
isolate was intermediate between serotypes 2 and 3. Comparison to the available AAV2 crystal structure
revealed that the majority of the amino acid substitutions mapped to surface-exposed hypervariable domains.
To further characterize the AAV capsid structure in these samples, we used a novel linear rolling-circle
amplification method to amplify episomal AAV DNA and isolate infectious molecular clones from several
human tissues. Serotype 2-like viruses were generated from these DNA clones and interestingly, failed to bind
to a heparin sulfate column. Inspection of the capsid sequence from these two clones (and the other six
AAV2-like isolates) revealed that they lacked arginine residues at positions 585 and 588 of the capsid protein,
which are thought to be essential for interaction with the heparin sulfate proteoglycan coreceptor. These data
provide a framework with which to explore wild-type AAV persistence in vivo and provide additional tools to

further define the biodistribution and form of AAV in human tissues.

Infection with wild-type adeno-associated virus (AAV) is com-
mon in humans and occurs without apparent pathogenic conse-
quence (2, 4, 5, 10). The bulk of our understanding about natu-
rally acquired AAV infection comes from observations made over
30 years ago (3-5). However, the emergence of human gene
transfer vectors based on recombinant AAV has rekindled an
interest in the biology of wild-type AAV (26). Past epidemiologic
data notwithstanding, almost nothing is known about the life cycle
of wild-type AAYV in a permissive host like humans. For example,
we lack clear information about the portal of entry, the role of
helper viruses in primary infection, cellular receptors for viral
attachment, sites of primary or secondary replication, sites of
latency, and in vivo molecular forms of viral DNA. A better
understanding of these issues will undoubtedly influence the use
of recombinant AAV vectors for gene transfer in humans.

Recently, when viral genomes of unexpected diversity were
recovered from a surprising array of tissues and organs, it
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became clear that AAV infection of primates (human and
nonhuman) is much more complex than previously appreciated
(11, 13). The genetic diversity observed in these studies sug-
gested that multiple genotypes (many more than the histori-
cally accepted five serotypes) of AAV circulate in humans and
monkeys. Furthermore, the data implied that whatever the
portal of entry, AAV can become widely disseminated follow-
ing primary infection. The implications of these findings for
recombinant AAV gene transfer vectors are unclear, but the
immunologic and genetic influence of prior infection on re-
combinant AAV-mediated gene transfer must be considered.

To extend our understanding of wild-type AAV infection in
humans, we set out to characterize AAV genomes directly out
of freshly acquired human tissues. Because our assumption was
that many (if not all) AAV infections begin in the respiratory
tract in children as they are concurrently infected with adeno-
viruses, we collected tonsils and adenoids from pediatric sub-
jects undergoing surgical excision in an outpatient surgery cen-
ter. We demonstrated that 7% of these samples contained
wild-type AAV DNA. In a follow-on set of experiments, we
obtained a range of archived, frozen normal tissues from a
repository and showed that 3% of these samples also contained
wild-type AAV DNA. Analysis of the cap gene sequences from
all samples revealed that most of the isolates were closely
related to AAV serotype 2; a single isolate shared significant
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homology with serotypes 2 and 3. Interestingly, none of the
isolates in our study were predicted to bind heparin sulfate,
suggesting that this receptor is not necessary for wild-type
infection in humans.

MATERIALS AND METHODS

Human tissues. All samples were acquired after approval from the Columbus
Children’s Hospital Institutional Review Board, and where required, informed
consent was obtained. Fresh human tonsil and adenoid specimens (n = 101)
were collected from children aged 2 to 13 years undergoing elective surgical
excision at Columbus Children’s Hospital. Additional human tissues (n = 74)
representing normal liver, spleen, muscle, heart, and lung were obtained from
the Cooperative Human Tissue Network based at Columbus Children’s Hospital.
The ages of the individual subjects ranged from 0 to 30 years. Subjects under
6 months of age (n = 49) were analyzed but were considered unlikely to have
been exposed to adenovirus and AAV infection. In addition, for 3 of the 74
samples, the age of the subjects could not be determined. Thus, there were 22
samples from individuals aged 6 months to 30 years available for analyses, and 6
of the 22 were from individuals older than 14 years.

Adenovirus isolation from tonsils and adenoids. Freshly collected tissue from
each subject (n = 101) was minced, mixed, and divided into three aliquots. Two
aliquots were frozen for DNA isolation (see below) while the third was further
minced and sieved through a cell strainer. The sieved material was adsorbed onto
A459 cells cultured in Dulbecco’s modified Eagle’s medium containing 20% fetal
calf serum. Cultures were maintained at 37°C in 5% CO, for 14 days and then
blind passed into fresh A549 cells and monitored for an additional 14 days.
Cultures were scored positive or negative solely on the appearance of charac-
teristic cytopathic effects.

DNA isolation from human tissue samples. Freshly thawed tissue (0.2 to 0.5 g)
was digested for 15 h in 3 ml of digestion buffer (10 mM Tris, pH 8; 100 mM
NaCl; 0.5% sodium dodecyl sulfate; 25 mM EDTA) supplemented with 2 mg/ml
proteinase K at 55°C with constant agitation. DNA was extracted twice with
phenol-chloroform/isoamyl alcohol (25:24:1) and RNA removed by DNase-free
RNase A digestion (20 pwg/ml) (QIAGEN Inc.) at 37°C for 30 min. RNase A was
removed by two sequential phenol-chloroform-isoamyl alcohol extractions. A
final chloroform extraction was performed, followed by DNA ethanol precipita-
tion using 0.3 M sodium acetate (pH 5.2) and 2 volumes of ethanol. The DNA
pellet was air-dried and suspended in 1 ml of 10 mM Tris, pH 8.0, and DNA
concentration determined by A,.

AAV capsid PCR. Nested PCR was used to amplify a 255-bp conserved region
of the AAV cap gene. An initial round of PCR was performed on genomic DNA
(100 ng) using a conserved degenerate primer set (CapSS2978: 5'-GGYGCC
GAYGGAGTGGGYARTKCC-3" and Cap 18S: 5'-GAWKCCCCARTWGTT
GTTRATGAGTC-3"), where Yis Cor T, Ris Aor G, Kis Gor T, Wis A or
T,Mis A or C,Sis Cor G, I is inosine. One pl of the first-round PCR served
as the template for the second round using nested, degenerate PCR primers
(Cap 19S: 5'-GYARTKCCTCRGGWRATTGGCA-3" and CapSS3189: 5'-GA
TGAGTCKYTGCCAGTCWCGKGG-3"). Reaction components for both
rounds were 400 nM of each primer, 400 nM deoxynucleoside triphosphates, 0.5
unit SureStart Taq polymerase (Stratagene), 1X SureStart reaction buffer in a
final volume of 25 pl.

PCR cycling conditions were: 1 cycle at 94°C for 12 min; 36 cycles at 94°C for
30 seconds, 52.5°C for 30 seconds, and 72°C for 1 min; followed by a 4-min
extension step at 72°C. To confirm PCR amplicon identity, the AAV nested
capsid PCR (or Ad PCR products-see below) were resolved on 0.8% agarose gels
and in-gel Southern blot hybridization was performed using AAV2 cap or ade-
novirus hexon sequences as the [a->?P]dCTP-labeled hybridization probes. DNA
samples identified as containing AAV sequences were subjected to further PCR
to isolate the complete AAV capsid coding region.

Due to the length of the cap gene product, a dual PCR approach was employed
whereby the 5" half of the cap gene was amplified as a 1.8-kb PCR product, while
the 3’ half was amplified as a 1.5-kb PCR product. Two different forward 1.8-kb
primers were alternatively utilized to amplify these PCR fragments depending on
which primer yielded the greatest amplification efficiency (AAV2-1.8F1: 5'-AAC
ATGTGCGCCGTGATTGACGGG-3' or AAV2-1.8F2, 5'-GACCGGATGTTC
AAATTTGAACTC-3'). Similarly, 2 different reverse 1.5-kb primers were alter-
nately employed for amplification (AAVCap3’'Rev, 5'-TCGTTTCAGTTGAAC
TTTGGTCTCTGCG-3" or AAVCap3'RevDeg: 5'-CARWRTTYWACTGAM
ACGAAT-3"). PCR conditions and primer concentrations were the same as for
the 255-bp conserved capsid region. Amplified PCR products were agarose gel
purified and cloned into pCR2.1-TOPO vector using TOPO TA cloning kit
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according to manufacturer’s instructions (Invitrogen, Inc.). DNA clones were
sequenced using BigDye terminator chemistry and an ABI 727 capillary electro-
phoresis automatic sequencer (PE Applied BioSystems Inc.) by the Columbus
Children’s Research Institute Core Sequencing Laboratory.

Adenovirus hexon PCR. For detection of adenovirus sequences, total cellular
DNA (100 ng) was subjected to identical PCR conditions as that used for AAV
capsid PCR. A primer set targeting a conserved region (300 bp) of the hexon
gene was employed (9): hexl, 5'-GCCSCARTGGKCWTACATGCACATC-3',
and, hex2, 5'-CAGCACSCCICGRATGTCAAA-3".

Quantitative PCR. AAV genome copy number in tissue samples was quan-
tified using real-time TagMan PCR analysis (ABI 7700, PE Applied BioSys-
tems). The primers and probe set were selected following alignment of 255-bp
cap DNA sequences (ForCAPSS: 5'-AACGACAACCACTACTTTGGC-3'
(50 nM); RevCAPSS: 5'-AAGTGGCAGTGGAATCTGTTG-3" (900 nM);
probe, [6-FAM]5'-CTACAGCACCCCCTGGGGGTATTTTGA-3") [6-car-
boxyfluorescein (FAM)-tetramethylrhodamine] (270 nM). PCR conditions
were: 50°C 2 min, 95°C 10 min, 40 cycles of 95°C 15 seconds, and 60°C 1 min
using 250 ng of human total cellular DNA in 1X Taqman PCR master mix.

Sequence analyses. The DNA and putative protein sequences were aligned
and analyzed using the Clustal W method implemented in MegAlgn software in
DNASTAR (DNASTAR, Inc). The phylogenetic relationship of all AAV DNA
sequences and corresponding putative protein sequences were carried out using
Neighbor-Joining method with Kimura two-parameter model implemented in
MEGAZ2 package (19). Similarity percentages between AAV2 and the new AAV
sequences were determined using one-pair alignment according to the Lipman-
Pearson method. Recombination analysis was performed by using the Similarity
Plot method as implemented in the SimPlot software (available at http://www
.med.jhu.edu/deptmed/sray/) (21, 22).

Heparin binding analysis. To assess the ability of different AAV capsids to
bind heparin, preparations of infectious AAV (harboring the capsid of interest)
were subjected to iodixanol density gradient purification (33) and then applied to
a POROS HE-20 heparin column (1.7 ml bed volume) using a Biocad Sprint
high-pressure liquid chromatography apparatus as previously described (7). Vi-
rus was eluted using a linear salt gradient (0.1 to 1 M NaCl). Flowthrough, wash,
and eluate (1 ml fractions) were collected for AAV DNase-resistant particle
determination.

AAV serology. Subjects with the diagnosis of cystic fibrosis were recruited from
Columbus Children’s Hospital’s Cystic Fibrosis Clinic and were eligible for the
study if blood was to be drawn or a centrally placed catheter accessed for a
clinical indication. Consent for participation was obtained from subjects (or their
legal guardian if they were under 18 years of age) after protocol approval from
the Columbus Children’s Hospital Institutional Review Board.

To detect antibodies reactive with AAV2 capsid proteins, an enzyme-linked
immunosorbent assay (ELISA) was performed. Polystyrene 96-well plates (Nunc
Immuno Plate/Maxisorp Surface, Nalge Nunc International) were coated with
50 ng of viral capsid protein. AAV2 capsids were affinity purified as previously
described (7) from lysates of 293 cells infected with a recombinant adenovirus
type 5 carrying the AAV type 2 capsid coding sequences driven by a standard
human cytomegalovirus promoter. After plates were blocked (1% normal sheep
serum in phosphate-buffered saline containing 5% dry skim milk) for 2 h at room
temperature, serum samples diluted 1:100 in phosphate-buffered saline/5% dry
skim milk were added to the test wells and incubated for 2 h at room tempera-
ture. After washing 3 times (phosphate-buffered saline containing 0.05%
Tween), horseradish peroxidase-linked sheep anti-human immunoglobulin G
(Sigma Chemical Co., St. Louis, MO) was added, and the plates incubated for an
additional 2 h at room temperature. After three washes, o-phenylenediamine
dihydrochloride (Sigma) was added to each well and developed in the dark.
Optical density at 450 nm (ODy,so) was recorded after 30 min (HTS 7000 Bio
Assay Reader; Perkin-Elmer Corp.). The OD,5, reported was the difference
between capsid and mock-coated wells. To show that the AAV capsid prepara-
tion was not contaminated with adenovirus proteins, AAV2 coated wells were
also developed with adenovirus type 5 immune rabbit serum, and were shown to
be at background levels. The relationship between age and OD value was esti-
mated using the Pearson correlation.

Serum neutralization activity directed toward AAV type 2 was determined as
previously described (20). Briefly, dilutions of sera were incubated at 57°C for
15 min to inactivate complement and were then mixed for 1 h at 37°C with 1,000
infectious units of a recombinant AAV?2 vector that expressed Escherichia coli
B-galactosidase (rAAV/B-gal). The samples were applied onto monolayers of the
C12 cells (8) and incubated at 37°C for 4 h. Subsequently, the monolayers were
infected with adenovirus type 5 at a multiplicity of infection of 20. At 48 h after
rAAV/B-gal transduction, cell monolayers were stained for B-galactosidase ac-
tivity using the substrate 5-bromo-4-chloro-3-indolyl-beta-p-galactopyranoside
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FIG. 1. PCR schematic for amplification of the complete AAV capsid coding region. (A) The diagram depicts the relative location of
degenerate primers (given in Materials and Methods) used to amplify the AAV cap gene. Initially samples were screened with degenerate nested
primers (Capl8S, Cap19S, CapSS3189, CapSS2978) to two conserved regions that flank the HVR3 coding region (gray box). To amplify the
complete capsid gene, another set of nested primers were constructed (AAV2-1.8F1, AAV2-1.8F2, AAVCap3'Rev, AAVCap3'RevDeg) that bind
to 3" regions of rep and cap and amplify 1.8- and 1.5-kb DNA amplicons. (B) Representative amplification of the 255-bp conserved AAV sequence
from human tissue DNA (100 ng) following nested PCR (see Materials and Methods for reaction conditions). Asterisks indicate the samples that

are positive for AAV amplification.

(X-Gal). All serum samples were screened at a dilution of 1:10, and those found
to have >90% neutralization (reduction in the number of infectious units com-
pared to controls) were assayed again over a range of twofold dilutions (1:100 to
1:1,600).

GenBank accession numbers. The nucleotide sequences described in this
paper have been submitted to GenBank. The accession numbers are AY695370,
AY695371, AY695372, AY695373, AY695374, AY 695375, AY695376, AY695377, and
AY695378.

RESULTS

AAV in tonsils and adenoids. It is likely that many primary
AAV infections occur during childhood when the incidence of
primary adenovirus infection increases with age (3, 4, 6). More-
over, the probable portal of entry for most of these primary
infections is the oropharynx, which serves as the gateway to the
respiratory and gastrointestinal tracts. Since lymphoid tissues
in the oropharynx (tonsils and adenoids) are known targets for
adenovirus replication, we set out to characterize the fre-
quency and complexity of AAV in freshly excised tonsils and
adenoids obtained from children ages 2 to 13 years.

Using standard virus culture techniques, including blind pas-
sage of cellular lysates after 2 weeks in culture, we were unable
to isolate replicating adenovirus from any of the 101 tonsil and
adenoid samples. Because replicating adenoviruses were not
isolated, we made no further attempt to identify AAV in these
cultures. Instead, we prepared total cellular DNA from the 101
samples and then screened for the presence of AAV DNA

sequences by PCR. Using a previously identified region within
the AAV cap gene as our target (13), we designed and vali-
dated a nested, degenerate primer combination that readily
detected the published AAV serotypes (Fig. 1A). Control re-
actions were performed on human cellular DNA that was
spiked with plasmid DNA representing cap genes of AAV
serotypes 1 to 5. Using the optimized primer sets, we achieved
a sensitivity of 15 copies in a background of 100 ng of total
cellular DNA (data not shown).

With this approach, we identified AAV DNA sequences in 7
of the 101 (7%) tonsil and adenoid samples (Fig. 1B and
Table 1). To determine the AAV copy number in these sam-
ples, quantitative PCR was also performed on the same total

TABLE 1. Summary of AAV and adenovirus sequence
detection in human tissues”

No. of samples positive

Viral DNA
found T+A Liver Spleen  Muscle Heart Lung
(n=101) n=19) (n=21) (n=15) (n=3) (n=3)
AAYV positive 7 0 1 0 0 1
AdV positive 19 0 0 0 0 0
AAV and AdV 2b 0 0 0 0 0
positive

“T+A = tonsils and adenoids; AdV = adenovirus.
® Two samples (T17 and T32) contained both AAV and adenovirus sequences.
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TABLE 2. AAV sequence relatedness and DNA copy number
in pediatric tissues

Sample Amino acid Nucleotide AAV
(age, yr)” identity” (%) identity® (%) copies/p.g?
T17 (2.3) AAV2 (98.1) AAV2 (96.0) 560
T32 (5.5) AAV2 (98.1) AAV2 (96.0) 210
T40 (2.9) AAV2 (98.0) AAV2 (96.1) 6,550
T41 (2.6) AAV2 (98.0) AAV2 (96.0) 590
T70 (3.2) AAV2 (98.4) AAV2 (96.8) 7,800
T71 (5.8) AAV2 (98.0) AAV2 (96.0) 7,600
T88 (4.7) AAV2 (98.0) AAV2 (96.5) 33,000
S17 (8) AAV3 (92.7) AAV2 (90.0) 200
LG15 (1) AAV2 (98.4) AAV2 (96.8) 80

“T = tonsil/adenoid; S = spleen; LG = lung. The age of the subject in years
is in parentheses.

® Percent amino acid identity to the indicated AAV serotype is given in pa-
rentheses.

¢ Percent nucleotide identity to the indicated AAV serotype is given in paren-
theses.

4 AAV DNA copy number determined using Q-PCR (see Materials and Meth-
ods). Values shown are the average of two separate determinations.

cellular DNA. Copy numbers ranged from 210 to 33,000 cop-
ies/pg cellular DNA (Table 2).

The same DNA samples were also screened for adenovirus
sequences using a PCR primer pair specific for a conserved
region in the adenovirus hexon gene. This hexon-based PCR
strategy has been shown to detect representative serotypes of
all of the known adenovirus subgenera A to F (9). Not surpris-
ingly, 19 tonsil and adenoid samples (19%) scored positive for
adenovirus hexon sequences (Table 1). Analysis of the hexon
PCR amplicon (301 bp) revealed significant identity (95% to
99%) to human adenovirus serotypes 2 and 5 for the majority
(17 of 19) of the positive samples. Two tonsil and adenoid
samples (T17 and T32) contained both AAV and adenovirus
sequences.

AAV DNA in other tissues. To extend the findings described
above, we obtained 74 frozen, archived normal tissues from
individuals aged 0 to 30 years. The range of tissues and number
of samples analyzed are shown in Table 1. Subjects under
0.5 years of age (n = 49) were analyzed but were considered
unlikely to have been exposed to adenovirus and AAV. In
addition, for three of the 74 samples, the age of the subjects
could not be determined. Thus, there were 22 samples from
individuals aged 0.5 to 30 years available for analysis, and 16 of
the 22 were from individuals between the ages of 0.5 and
14 years. Using the same PCR scheme described for tonsils and
adenoids, we found AAV DNA in 2 of the 16 (12.5%) samples
from children aged 0.5 to 14 years. One was lung from a 1-year
old subject and the other was spleen from an 8-year-old sub-
ject. DNA copy numbers were lower in these two samples than
in the tonsils and adenoids (Table 2). None of the other 72
samples contained detectable AAV DNA and none of the 74
samples contained adenovirus DNA (Table 1).

AAV cap and rep gene sequences from human tissues. DNA
sequence analysis of the 255-bp amplified cap gene sequence
from the nine positive samples revealed significant homology
with the corresponding region of AAV2. To isolate complete
AAV capsid genes, we synthesized additional degenerate prim-
ers at the 3’ ends of the rep and cap genes (Fig. 1A). These
primers were combined with the forward and reverse con-
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served sequence primers to amplify 1.8-kb and 1.5-kb PCR
products representing the 5’ and 3’ halves of the cap gene.
Individual PCR products were cloned and sequenced; a mini-
mum of 4 individual clones were analyzed for each 1.8-kb and
1.5-kb PCR product (intraclone variation was ~0.1%). After a
single contiguous sequence was assembled for each tissue iso-
late, nucleotide sequence alignments revealed significant iden-
tity with AAV2 (96 to 97%) for eight sequences. The spleen
sequence (S17) was the most divergent and intermediate be-
tween serotypes 2 and 3 (Table 2). The complete rep coding
sequences were subsequently determined for six of the nine
isolates (T32, T40, T70, T71, T88, and S17) and all shared
>99% amino acid identity with AAV2. Three conservative
mutations in Rep (for all six isolates) were identified (T183A,
V508A, and F619S).

The capsid gene amino acid translation and alignment for all
nine clones is shown in Fig. 2. Consistent with the nucleotide
sequence analysis, eight of the amino acid sequences shared
98% identity with AAV2. Moreover, the majority of the ob-
served amino acid substitutions (relative to AAV2) found in
the seven of the tonsil sequences and the lung sequence were
conserved among the individual samples. This suggests that a
specific virus isolate was circulating in the local population
during the time period (winter 2002 to 2003) of tissue procure-
ment. The majority of the observed amino acid substitutions
were located in previously identified hypervariable regions
(HVRs) 5t0 7,9, and 10 (11), all of which were predicted to be
exposed on the surface of the virion. Two isolates possessed
identical sequences (T41 and T71), and two others (T17 and
T32) were nearly identical (two amino acid differences). The
deduced phylogenetic relationship among the nine cap gene
sequences is depicted in Fig. 3, along with previously identified
clade B and C viruses (11-13). As expected, seven of the eight
sequences clustered closely with each other within AAV2-like
clade B.

The spleen isolate (S17) appeared to be intermediate be-
tween AAV2 and AAV3 and shared significant identity to the
recently described clade C isolates (Fig. 3) (12). Additional
sequence analyses (Simplot) revealed two discreet AAV3-like
domains (Fig. 4), suggesting that sequential recombination
events between AAV2 and AAV3 serotypes generated the S17
isolate. The first AAV3-like region corresponded to amino
acids 180 to 235 and overlapped HVR 2’ (Fig. 2). The second
AAV3-like region encompassed amino acids 466 to 673 and
covered HVRs 5 to 11. S17 possessed several surface exposed
amino acid clusters in these HVRs that were identical
to AAV3.

Most circulating AAV2-like viruses are not predicted to bind
heparin sulfate. Careful inspection of the AAV capsid se-
quences described above revealed that none of the eight
AAV2-like sequences retained arginine residues at positions
585 and 588. These residues have been shown to be critical for
heparin sulfate proteoglycan (HSPG) receptor binding (18,
24). In each of our sequences, R585S and R588T substitutions
were observed. To further experimentally define the heparin
binding capacity of AAV capsids with these substitutions, we
directly measured the ability of two AAV2 capsids derived
from tonsil and adenoids (T70 and T88) to bind heparin.

Infectious AAV preparations representing T70 and T88
were generated from full-length molecular clones derived di-
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FIG. 2. Predicted VP1 capsid amino acid alignment of AAV2 and novel human AAVs. Diagram shows sequence alignment using the
CLUSTAL W program. Black boxes designate amino acid substitutions compared to the AAV2 sequence. The locations of previously identified
HVR regions (11) are labeled (HVR 1 to 12), as is an additional region (HVR 2') that possesses several substitutions. Several HRV regions (5
to 7,9, and 10) are colored to facilitate visualization of these regions onto the known atomic structure of AAV2, while invariant HVRs are labeled
with black boxes. The locations of R585S and R588T are starred, and arrows denote the approximate locations of nested primers used to amplify
the 255-bp HVR3 fragment.
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FIG. 3. Phylogenetic analysis of VP1 capsid nucleotide sequences. A neighbor-joining program with a Kimura two-parameter setting was used
to derive phylogenetic distances based on 2,200 bp of VP1 sequence. Recently described AAV clade nomenclature (12) was adopted and organized
by vertical brackets. The human isolates identified herein are designated in teal type. Due to space restrictions, only a few representative isolates
from clades A, D, and E are shown. Sequence isolates are labeled with reference to the source species (bb, baboon; ch, chimpanzee; cy, cynomolgus
macaque; hu, human; rh, rhesus macaque). Clade B sequences possessing R585 and R588 amino acids and predicted to bind HSPG efficiently are
labeled in red type. The scale for genetic distance is indicated in the bottom left corner.
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FIG. 4. S17 sequence homology comparison with AAV2 and
AAV3. Simplot analyses of similarity percentages of S17 VP1 versus
AAYV 2 (red) and AAV3 (blue) are shown. Data were plotted within a
sliding window of 200 bp, centered on the position plotted, with a step
size between data points of 20 bp. Positions containing gaps were
excluded from the comparison. The bar on the top shows the predicted
composition of the S17 capsid gene. The corresponding positions of
the HVRs are labeled as magenta boxes (HVR 2’ in gray).

rectly from the tonsil and adenoid tissue. A full description of
these and other infectious clones derived from tissues is pre-
sented elsewhere (Schnepp et al., in preparation). DNA se-
quences of the clones were identical to the original cap gene
nucleotide sequences generated directly from tissues. When
applied to a standard heparin chromatography column (HE20-
POROS) under low-salt conditions, 93.5% of the total DNase-
resistant particles applied to the column were found in the
flowthrough or wash buffers (Table 3). In contrast, prototype
AAV?2 readily bound to the column, with on average 86% of
the DNase-resistant particles eluting at 300 mM NaCl (7).
Following chromatography, the identity of each virus isolate
was further confirmed by amplifying and sequencing a 600-bp
portion of viral DNA that was collected from either the
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TABLE 3. Heparin sulfate column binding of AAV2
virus preparations

Nonbound
DRP“

Percent

Virus Bound

1.5 x 10'° 0.86
1.0 x 10° 0.05
1.4 x 10° 0.08

2.4 % 10°
2.0 X 10'°
1.7 x 10'°

AAV2
T70-43
T88-41

“ DNase-resistant particle (DRP) copy number was determined using Tagman
Q-PCR. Primers and probe were homologous to a conserved cap sequence (see
Materials and Methods). Nonbound represent total virus found in wash and
flowthrough material. Data shown are the average of two experiments.

® Copy number present in pooled 1-ml gradient fractions. Data shown are the
average of two experiments.

flowthrough or peak fraction. In each case, the predicted se-
quence was recovered (data not shown).

In support of the experimental observations noted above, a
computer generated electrostatic potential map (Fig. 5) of the
VP3 trimer was produced using the recently described atomic
structure of AAV2 VP3 (32). AAV2 VP3 monomers contain
large regions of strong positive charge (Fig. SA, circled blue
regions) grouped at the threefold axis of symmetry in the VP3
trimer (17). These regions have been implicated in HSPG
coreceptor binding due to the collective involvement of 5 basic
amino acids (R484, R487, K532, R585, and R588) that map to
this region. As a consequence of the serine and threonine
substitutions in our sequences at positions 585 and 588, respec-
tively, the model predicted a significant net reduction in overall
positive charge (Fig. 5B). Thus, the electrostatic potential
mapping data was consistent with failure of AAV derived from
T70 and T88 to bind to the heparin column.

We also examined the ability of the S17 isolate (AAV2/
3-like) to bind heparin based on the known heparin-binding
properties of prototype AAV3 (18). To accomplish this anal-
ysis, we exchanged the cap coding region in the T70 molecular
clone for the S17 cap gene. Infectious particles were generated
and analyzed for heparin binding as described above. As ob-

FIG. 5. Surface diagrams of AAV2 trimer atomic models. (A) Electrostatic surface potential of the VP3 AAV2 trimer viewed down the
threefold axis (yellow triangle) calculated with GRASP (23) running from negative (red) to positive (blue). Labeled arrows indicate the positions
of residues implicated in HSPG binding. (B) Predicted electrostatic surface potential of AAV2 VP3 trimer as a result of R585S and R588T
substitutions. Amino acid substitutions were modeled using energy minimization simulations with Quanta (Accelrys, San Diego, CA) prior to
generating the electrostatic potential map in GRASP. The surface electrostatic potential scale is the same as depicted in panel A. Highlighted
regions denote predicted HSPG coreceptor engagement domains in the VP3 trimer.
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FIG. 6. Ribbon diagrams of atomic models of AAV2 VP3 trimers showing the location of predicted amino acid substitutions in the human
AAV isolates. (A) Ribbon drawing viewed down the threefold axis of symmetry of the AAV2 VP3 trimer. C, backbones for the three VP3
monomers are rendered as teal ribbons. Predicted locations of the observed amino acid substitutions present within the eight AAV2-like
sequences are color coded to reflect HVR location (HVR 5 to 7, 9, and 10) within the primary sequence (Fig. 2). White space-filling amino
acid substitutions mapped outside the known HVRs. (B) Side view of the predicted location of the observed amino acid substitution
demonstrating surface display (right side). (C) Superimposition of observed S17 amino acid substitutions relative to the AAV2 VP3 trimer
atomic structure viewed down the threefold axis. (D) Side view of the predicted location of the observed amino acid substitutions in isolate
S17 (surface display oriented on right side). Images were generated in NAMD/VMD (UIUC Theoretical Biophysics Group) and rendered

using Raster3D.

served for T70 and T88, the S17 capsid also failed to bind to a
heparin column (<4% bound) (data not shown).

Sequence variation in the AAV capsid maps to surface ex-
posed regions. Given the recently described atomic ribbon
structure of AAV2 (25), we were able to map the observed
amino acid substitutions in the 8 AAV2-like sequences onto
the capsid surface (Fig. 6A and 6B). The majority of amino
acid substitutions were located in areas of the capsid predicted
to be surface exposed and previously identified as hypervari-
able regions (HVRs 5 to 7, 9, and 10) (Fig. 3). In contrast,
regions predicted to encode core B-barrel domains responsible

for structural integrity were almost invariant. Similarly, the
more divergent S17 capsid amino acid sequence was modeled
onto the same atomic structure (Fig. 6C and 6D). The majority
of the S17 amino acid substitutions also mapped to surface
exposed HVR regions 5 to 7, 9, and 10. Interestingly, several
HVR 10 substitutions (purple shaded region) were located
near the central pore complex that is thought to directly inter-
act with the viral encapsidation complex.

Because of the predilection for surface substitutions, we
analyzed synonymous versus nonsynonymous nucleotide sub-
stitutions in the cap and rep gene coding regions for all nine

Sarepta Exhibit 1017, page 8

Downloaded from https://journals.asm.org/journal/jvi on 18 September 2024 by 72.80.70.191.



VoL. 79, 2005 MOLECULAR CHARACTERIZATION OF AAV IN CHILDREN 14789
TABLE 4. Summary of synonymous and nonsynonymous nucleotide substitutions in rep and cap
Substitutions®
Isolate cap HVR (400 bp) cap non-HVR (1,800 bp) 3’ rep (600 bp)
s ns s/ns Rate/nt s ns s/ns Rate/nt s ns s/ns Rate/nt
LG15 20 11 1.8 7.5 57 6 9.5 35 9 4 2.3 2.1
S17 48 58 0.8 25.8 92 9 10.2 5.6 11 2 5.5 2.3
T17 17 10 1.7 6.6 62 4 15.5 3.7 7 3 2.3 1.4
T32 17 10 1.7 6.6 62 4 15.5 3.7 6 3 2.0 1.2
T40 12 10 1.2 5.4 54 3 18.0 32 9 3 3.0 1.9
T41 15 8 1.9 5.6 47 4 11.8 2.8 4 3 1.3 1.1
T70 10 6 1.7 3.9 48 6 8.0 3.0 17 4 43 2.6
T71 15 8 1.9 5.6 47 4 11.8 2.8 3 3 1.0 0.9
T88 18 9 2.0 6.6 45 5 9 2.8 13 4 33 2.4
Avg = SD 1.6 = 0.27 82 =39 12.1 = 2.8 35+ 0.6 28 = 1.1 1.8 = 0.6

“s is the number of observed synonymous substitutions in the indicated coding region; ns is the number of observed nonsynonymous substitutions in the indicated
coding region; s/ns is the calculated ratio. The rate/nt value represents the number of observed nucleotide substitutions per 100 bp of sequence.

’ Substitution rate in HVR region was greater than that observed for non-HVR and 3’ rep region, P = 0.04 and 0.02, respectively, using paired ¢ test.

¢ Ds/Da ratio in non-HVR region was greater than that observed for HVR and 3’ rep region, P = 0.00002 and 0.0001, respectively, using paired ¢ test.

sequences (Table 4). The synonymous/nonsynonymous ratios
were calculated for nucleotides corresponding to (i) surface-
exposed HVR, (ii) non-HVR, and (iii) approximately 600 bp of
the 3’ end of the rep gene. Statistically significant differences in
the synonymous/nonsynonymous Ds/Da ratios were observed
when we compared the non-HVR cap region ratio (average
12.1, synonymous/nonsynonymous) to either the HVR (aver-
age 1.6, synonymous/nonsynonymous) or Rep (2.8 average syn-
onymous/nonsynonymous) ratios (P = 0.000002 and 0.0001,
respectively). These data indicated a strong bias for conserva-
tive synonymous mutations within the B-barrel domains in
non-HVR regions.

This conclusion was consistent with scanning mutagenesis
experiments that demonstrated severe functional constraints
on particle assembly and stability in these capsid core regions
(25, 27, 30). We also observed a significantly greater nucleotide
substitution rate in the HVR (average of 8.2 substitutions per
100 nucleotides) relative to the non-HVR (average of 3.5 sub-
stitutions per 100 nucleotides) and rep coding regions (average
of 1.8 substitutions per 100 nucleotides) (P = 0.04 and 0.02,
respectively). These rates likely reflect the inherent flexibility
for amino acid substitutions that each region possesses in that
surface-exposed loop domains (that overlap HVR domains)
are known to tolerate multiple amino substitutions and remain
infectious, while much of the non-HVR regions and rep coding
regions are functionally constrained.

Seroreactivity to AAV2. To further characterize AAV infec-
tion in children, we would have liked to evaluate the AAV2
serologic status of our 175 subjects. Unfortunately, we were
unable to collect or acquire serum from these individuals.
Instead, we screened a separate cohort of 68 individuals (ages
3 to 39) drawn from a local cystic fibrosis clinic. Sera were
assayed both for binding antibodies (ELISA) to the AAV2
capsid and for the ability to neutralize AAV2 in vitro (Fig. 7).

If one restricts attention to those individuals aged 14 and
younger (same ages as our tonsil and adenoid cohort), the
seropositivity rate was 11.5% (3 of 26). Interestingly, one of the
three positive samples had a low titer (1:200) in vitro neutral-
izing activity but did not register as positive in the ELISA. This
rate compares favorably with the 7% rate observed when

judged by detection of AAV DNA in tonsils and adenoids.
Although the numbers are somewhat smaller (2 of 16), the
11.5% seropositive rate also compares favorably with the
12.5% rate of AAV DNA found in tissues outside the orophar-
ynx. The rates estimated from DNA detection would represent
a minimum based on two assumptions: (i) not every infected
individual would harbor AAV in the oropharynx or other or-
gans and (ii) there was a reasonable chance of sampling error.

After the age of 14 years, the number of seropositive sam-
ples rose dramatically to 76% (32 of 42). The correlation with
age was significant (»r = 0.464, P < 0.001 by Pearson correla-
tion). Only 24% (10 of 42) of the sera from those older than
14 years possessed significant in vitro neutralizing activity.
Considering all ages, only 16% (11 of 68) of the samples had
significant (titer > 1:100) in vitro neutralizing activity. There
were six samples from those over 14 years that had significant
ELISA activity (OD > 0.4) that did not mediate significant in
vitro neutralization. Such ELISA reactivity probably repre-
sented antibodies that bound to the capsid but did not neu-
tralize the virus.

DISCUSSION

Renewed interest in the biology of wild-type AAV infection
prompted us to pursue prospective molecular characterization
of AAV infection in a cohort of children undergoing elective
surgical excision of tonsils and adenoids during the winter
season. Although we were unable to recover infectious adeno-
virus using standard in vitro culture techniques, we did identify
AAV DNA sequences in 7% (7 of 101) of the samples ana-
lyzed. We also found adenovirus DNA in 19% of the samples,
and in two cases, AAV and adenovirus DNA were present in
the same tissue. One might speculate that these latter two
samples were recovered from individuals recently infected with
AAV and adenovirus, although there are clearly other possi-
bilities to explain these observations.

Molecular epidemiology of AAV infection in children. Our
discovery of AAV2 DNA in tonsils and adenoids from children
was not unexpected. AAV2 appears to be the most prevalent of
the human AAYV serotypes (3, 4, 17, 31), and importantly, our
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FIG. 7. Serology of AAV infection as a function of age. OD,s, values from a standard ELISA (see Materials and Methods) are plotted versus
the age of the subject. Sera were tested at a 1:100 dilution. OD values below 0.2 (thin solid line) were considered negative. The same sera were
tested for neutralization activity against AAV2 (see Materials and Methods). Data points that are circled represent samples that had neutralization

titers of >1:100.

cohort was temporally (winter) and geographically (central
Ohio) restricted. Moreover, the portal of entry for AAV would
be expected to parallel that of adenovirus. Thus, the orophar-
ynx would be a fertile field from which to harvest AAV (and
adenovirus).

While the DNA sequences recovered from these children
were similar to the prototype AAV2 and to each other, two
significant observations emerged from the sequence analyses.
First, the majority of the observed amino acid substitutions
were located in previously defined hypervariable regions (11)
predicted to be exposed on the surface of the virion (Fig. 6A
and 6B). This observation also extended to the more distantly
related S17 (AAV2/3) capsid sequence (Fig. 6C and 6D).
These data, considered together with the observed nucleotide
substitution patterns, suggest that the HVR domains are struc-
turally flexible and possess the capacity to evolve, perhaps in
response to host immune pressure. The fact that rep gene
sequences from the same tissues were nearly invariant further
supported the idea of functional constraints. The identification
of the S17 AAV?2/3 chimeric sequence confirmed earlier pub-
lished observations (12), and suggested another mechanism
(intermolecular recombination) involved in AAV evolution.

Second, and perhaps most intriguing, was the discovery that
none of the seven AAV2-like sequences derived from tonsils
and adenoids were predicted to bind HSPG. This was also true
for the AAV2-like sequence recovered from lung tissue. To
confirm that other compensatory mutations that would restore
HSPG binding in the capsid had not occurred, we generated
infectious molecular clones from 2 of the tissue samples and
demonstrated they indeed did not bind HSPG (Table 3). To
extend this observation, we examined other available AAV2-
like sequences (12) and noted that 77% of the 31 currently

identified clade B AAV2-like sequences lack R585 and R588.
Thus, these data suggest that preponderance of AAV2-like
isolates do not bind HSPG, and that HSPG is not required for
natural infection in humans. This notion is consistent with the
fact that most other serotypes of AAV do not bind HSPG.

Seroepidemiology of AAV2 infection in children. To see if
the rates of AAV infection as judged by DNA isolation (7 to
12%) were consistent with serological estimates, we analyzed a
set of sera from children in the same geographic locale. Ideally,
we would have also analyzed sera from the cohort of children
who donated tissue samples, but we were unable to obtain
serum from these children. In those children 14 years and
younger (same ages as our tonsil and adenoid cohort), the
seropositivity rate was roughly 12% and thereby confirmed our
estimates derived from AAV DNA detection in tissues.

AAV disseminates beyond the portal of entry. Previously
published work has described the presence of AAV DNA in
multiple adult human tissues (12). We have now extended
these findings to children with the discovery of AAV DNA in
tissues within and beyond the probable portal of entry
(orophaynx). In children ages 0.5 to 14 years, we found AAV
DNA in 2 (lung and spleen) of the 16 nonoropharyngeal tissue
samples (12.5%) available for analysis. Although the number
of samples analyzed was smaller, the percentage containing
AAV DNA compared favorably (12.5% versus 18%) with data
from adults (12).

To extend beyond the portal entry, infectious agents gene-
rally use one of 3 pathways: direct (contiguous) spread, lym-
phatic, or bloodstream. In our samples, AAV could have easily
reached the lung by contiguous spread from the oropharynx,
either with or without adenovirus. To reach the spleen, how-
ever, the route of viral spread was almost certainly hematog-
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enous, in the form of free or cell-associated (perhaps leuko-
cytes) virus.

Biology of wild-type AAV infection. The now emerging pic-
ture is that AAV infection of humans is more complex than
previously appreciated. It has been known for decades that
AAV is not associated with disease or pathology, and that
infection incidence in humans generally parallels that of ade-
novirus. Not surprisingly, infectious AAV has been isolated
from sites where adenovirus is traditionally recovered, includ-
ing the gastrointestinal tract (1). More recently, it has been
appreciated that AAV DNA can be found in many human
tissues, including liver, muscle, lymph nodes, leukocytes, kid-
ney, and cervical tissues (11, 12, 15, 16, 28, 29), and now tonsils
and adenoids.

Considered together, these data suggest the following biologic
scenario. AAV most likely enters the body through the orophar-
ynx in association with adenovirus. Replication ensues (with ad-
enovirus help) and new AAV particles are formed and released
from infected cells in the oropharynx. Secondary rounds of rep-
lication in newly infected cells follow, again creating new waves of
AAV particles. Such rounds of replication would continue until
the host immune system responds and blunts the infectious pro-
cess. By the time replication is controlled, AAV has had the
opportunity to spread to the lungs (contiguous) and through the
bloodstream to more distant sites. This scenario does not address
the rare AAVS serotype, which apparently enters the body
through the genital tract (1, 14). However, there remains only a
single isolate of AAVS5, and recent studies of human tissues have
failed to find AAVS5-like DNA.

While the events envisioned above are entirely plausible,
many important questions regarding the in vivo biology of
natural AAV infection remain unanswered. For example,
while AAV and adenovirus appear to be linked early in the
infectious process, there appears to be an unlinking sometime
during and following dissemination, allowing AAV DNA (but
not adenovirus) to persist in organs and tissues outside the
oropharynx. It is formally possible that AAV DNA persists by
integrating in target cells on chromosome 19 (AAVSI), but
this has not been demonstrated in vivo. Moreover, the target
cells for AAV replication and persistence have not been iden-
tified, nor have the specific cellular receptors for viral attach-
ment been defined.

It should be remembered that even with widespread dis-
semination, AAV has not been found to cause disease or
pathology. Nonetheless, the effect of prior (or subsequent)
wild-type AAYV infection on gene transfer mediated by re-
combinant AAV vectors is unknown, and a more thorough
understanding of the natural AAV infectious process is
needed.
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