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Adeno-associated virus (AAV) vectors are proving to be 
remarkably successful for in vivo gene delivery. Based upon 
reports of abundant AAV in the human marrow, we tested 
CD34+ hematopoietic stem cells for the presence of natu-
ral AAV. Here, we report for the first time, the presence of 
novel AAV variants in healthy CD34+ human peripheral 
blood stem cells. The majority of healthy peripheral blood 
stem cell donors were found to harbor AAV in their CD34+ 
cells. Every AAV isolated from CD34+ cells mapped to AAV 
Clade F. Gene transfer vectors derived from these novel 
AAVs efficiently underwent entry and postentry process-
ing in human cord blood stem cells and supported stable 
gene transfer into long-term, in vivo engrafting human 
HSCs significantly better than other serotypes. AAVHSC-
transduced human CD34+ cells engrafted in vivo and 
gave rise to differentiated transgene- expressing progeny. 
Importantly, gene-marked CD34+ stem cells persisted 
long term in xenograft recipients, indicating transduction 
of primitive progenitors. Notably, correlation of structure 
with function permitted identification of potential cap-
sid components important for HSC transduction. Thus, 
AAVHSCs represent a new class of genetic vectors for the 
manipulation of HSC genomes.
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INTRODUCTION
The ability of adeno-associated virus (AAV) to establish latent 
infection in the absence of helper virus coinfection has led to their 
widespread use as in vivo gene delivery vectors.1–4 Their capac-
ity to transduce nondividing primary tissues and direct sustained 
transgene expression in the absence of toxicity in vivo has led to 
remarkable observations of therapeutic efficacy, including gene 
delivery for the treatment of retinal diseases, Parkinson’s Disease, 
hemophilia B, and heart failure.5–8 Recently, Glybera, an AAV-
based vector for the treatment of lipoprotein lipase deficiency, 
became the first approved gene therapy drug in the western world.9

Identification of novel AAV genomes from primate tissues 
has led to the creation of a repertoire of vectors with wide tis-
sue tropisms, likely based on interactions with specific cell sur-
face receptors10–16 and allowed homology-based grouping of AAV 

into clades (A to F), potentially revealing evolutionary relation-
ships.17–19 These novel vectors have greatly expanded the ability 
to deliver genes to targeted tissues, including those previously 
thought to be refractory to gene transfer and have provided a 
means of circumventing highly prevalent preexisting immunity to 
AAV2.20,21

We and others have previously reported AAV transduction 
of human CD34+ cells, a population enriched for hematopoietic 
stem cells (HSCs).22–30 Although transduction of in vivo engrafting 
CD34+ stem cells was noted, the efficiencies were modest. The use 
of AAV capsids with site-directed mutagenesis of surface exposed 
tyrosine residues led to a substantial increase in the level of trans-
duction of in vivo engrafting stem cells.24,26,27 Similarly, the use of 
pseudotyped recombinant AAV using capsids of other serotypes 
was also found to result in higher transduction efficiencies,26 sug-
gesting that significant improvement in gene transfer efficiency 
could be addressed through capsid-based strategies.

Based upon the identification of the human bone marrow as 
an abundant source of natural AAV,17 we hypothesized that AAV 
isolates may be present in human CD34+ HSCs and that their 
capsids would have tropism for CD34+ cells. Here, we report for 
the first time, the presence of natural AAV variants in CD34+ 
human peripheral blood stem cells (PBSC) from healthy adults. 
The isolation and sequencing of a panel of CD34+ cell-derived 
AAV genomes (AAVHSC) revealed that the novel capsids were 
unique. Every AAV sequence isolated from CD34+ cells mapped 
to AAV Clade F.17 Novel AAVHSC vectors transduced human 
HSCs in vitro and also efficiently transduced long-term in vivo 
engrafting multipotential human HSCs in a xenotransplantation 
model. Transduction of CD34+ cells with AAVHSCs was found 
to be significantly more efficient than with serotypes mapping to 
other clades, including AAV2, AAV7, and AAV8 and for some also 
more than AAV9, the representative member of Clade F. Finally, 
serial in vivo bioluminescent imaging of mice transplanted with 
AAVHSC-transduced human CD34+ cells revealed that AAVHSC 
supported long-term in vivo transgene expression without con-
comitant toxicity, suggesting their utility for stem cell gene trans-
fer. Additionally, correlation of stem cell transduction capacities 
with limited structural differences between the AAVHSCs allow 
for mapping of AAV virion components important for genetic 
modification of CD34+ cells.
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RESULTS
Novel AAV from human CD34+ cells map to Clade F 
and package recombinant AAV genomes
We first tested the hypothesis that CD34+ human HSCs harbored 
endogenous AAV. Using a sensitive quantitative PCR (qPCR) 
assay specific for the highly conserved AAV rep genes, we screened 
high molecular weight genomic DNA from purified cytokine-
primed human CD34+ PBSCs from 71 healthy stem cell donors 

for the presence of endogenous AAV. Approximately 70% of the 
donors screened were positive for endogenous AAV sequences 
(Table 1). The frequency of AAV in the CD34+ cell population 
was normalized to the single copy Apo B gene. Forty-two percent 
of the samples had a frequency of 0.1 to 0.9 copies, 25% had 1 to 
10 copies, and 1 sample (1.41%) had >10 copies per 1000 cells. 
Thirty-one percent of donors were negative for AAV. While it is 
possible that some of the AAV isolates originated from contami-
nating cells (probability: 0.02), the probability that any given iso-
late originated from a CD34+ cell is 0.98. Thus while we cannot 
rule out that some individual AAV isolates may have been derived 
from contaminating cells, the probability that every AAVHSC 
isolate originated from a contaminating cell is extremely low at 
0.02 (ref. 17). Conversely, the probability that some, if not most of 
these AAV isolates originated from CD34+ cells is very high. In 
addition, every isolate from one of the two donors analyzed has a 
common signature amino acid change, indicating a common ori-
gin. Thus, we conclude that endogenous AAV occurs frequently 
in CD34+ PBSCs of healthy adult donors and that natural AAV 
infection of CD34+ cells is not rare.

Table 1 The frequency of naturally occurring AAV in human cytokine-
primed peripheral blood stem cell samples

Frequency of endogenous AAV
Number 

of donors
Percent 

of donors

>10 copies/1,000 cells 1 1.41%

1–10 copies/1,000 cells 18 25.35%

0.1–0.9 copies/1,000 cells 30 42.25%

AAV negative 22 30.99%

Total 71 100%

Figure 1  Nucleotide sequence alignment phylogram of AAVHSC. Tree analysis was performed using the neighbor joining algorithm. Neighbor 
joining tree analysis of nucleotide sequence homology between the novel AAVHSC capsids and previously described AAV isolates showed that the 
new viruses were more closely related to each other and to the other members of Clade F. AAV isolates derived from the same donor show preferential 
clustering.
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Using primers complementary to conserved regions of 
the AAV genome and a high fidelity polymerase, we amplified 
full-length capsid genes from PBSC samples from two donors. 
Sequence analysis of AAV isolates revealed the presence of 18 
novel AAV capsids as well as wild type AAV9. All novel sequences 
shared the highest homology with AAV9 (Figure 1), a member of 
AAV antigenic Clade F, differing from this serotype by only one 
to four amino acids. All AAV isolates from PB0130 (AAVHSC1 to 
11) had amino acid changes in one or more of the three capsid viral 
proteins (VP)s, VP1, 2, and 3, while all six novel isolates from the 
second donor, PB0201, only had changes in VP3 (AAVHSC12-17) 
(Table 2). Every AAV capsid isolated from PB0201 had a signature 
amino acid change at residue 505. Neighbor joining tree analysis 
of nucleotide sequence homology between the novel AAVHSC 
capsids and previously described AAV isolates showed that the 
new viruses were more closely related to each other and to the 
other members of Clade F (Figure 1). AAV isolates derived from 
the same donor show preferential clustering, possibly suggesting a 
common evolutionary origin.

Five of the novel amino acids in AAVHSCs from PB0130, 
mapped to the VP1 unique (VP1u) region of the capsid VP which 
has thus far eluded structural characterization. Most of the VP1u 
changes were conservative (Table 2). The only exception was a 
nonpolar to polar change at position 2 of AAVHSC1. While most 
of the VP1u changes did not fall within specifically defined motifs, 
one amino acid change, V65I in AAVHSC11, mapped to the last 
of the four recently described PDZ-binding motifs, while another, 
K77R in AAVHSC5, is located within the phospholipase A2 
(PLA2) region.31 AAVHSC5 and AAVHSC7, both with changes 
in the VP1u, were capable of transduction suggesting that the 

conservative amino acid changes did not affect function including 
virus escape from the endoslysosomal system after cellular entry.

To test the gene transfer capacities of the AAVHSCs, we pack-
aged recombinant self-complementary (sc) and single-stranded 
(ss) AAV2 genomes in AAVHSC capsids (Table 2). Rep and cap 
functions were provided in trans from plasmids encoding a hybrid 
AAV2 rep (nt151 to 1890) along with the novel capsid gene. The 
hybrid rep gene consisted of nt151 to 1890 of AAV2. The remain-
der of the rep gene was derived from the novel AAVHSCs. The 
use of the hybrid rep resulted in recombinant viral titers indis-
tinguishable from those obtained with AAV2 rep. AAVHSC2, 
AAVHSC11, and AAVHSC14 packaged recombinant AAV only 
to low titers, ranging from 106 to 5 × 109 vector genomes per ml 
(vg/ml), while the rest of the capsids packaged rAAV at robust 
titers ranging from 1011 to >1013 vg/ml (Table 2).

AAVHSC vectors transduce CD34+ cells in vitro
Since the AAVHSCs were derived from CD34+ stem cells, we 
reasoned that they should be capable of transducing HSCs. Thus, 
we evaluated the ability of AAVHSC vectors to mediate gene 
transfer into CD34+ cells in vitro. Purified pooled cord blood 
CD34+ cells were transduced with a self-complementary AAV 
vector encoding EGFP under the control of a chicken beta actin 
(CBA) promoter at an multiplicity of infection of 20,000. Efficient 
transgene expression following in vitro transduction of CD34+ 
cells confirmed the ability of the AAVHSCs to negotiate receptor-
mediated entry, and postentry processing, including transgene 
expression. Certain isolates including AAVHSC1, AAVHSC5, 
and AAVHSC12, transduced CD34+ cells 2.3- to 4.3-fold more 
efficiently than AAV2,  possibly due to efficient entry and/or 

Table 2 Amino acid changes and packaging capacities of AAVHSC relative to AAV9

Capsid

Novel amino acids Silent amino acids Titersa

VP1 VP2 VP3 VP1 VP2 VP3 scAAVEGFP ssAAVLuc

AAVHSC1 A2T — R312Q — — — 2 × 1012 6 × 1011

AAVHSC2 — — D626, E718G — — 505 1.34 × 109 N/A

AAVHSC3 — G161D — — — 348 — —

AAVHSC4 F119L — P468S — — 603 8.4 × 1011 3.14 × 1011

AAVHSC5 K77R — E690K — — 468, 716 5.5 × 1010 1.4 × 1012

AAVHSC6 — — Q590R — — — — —

AAVHSC7 A68V — — — — 308 8.6 × 1010 1.2x1013

AAVHSC8 — Q151R — — — 686 — —

AAVHSC9 — — C206G 119 — — 5.2 × 1011 1 × 1012

AAVHSC11 V65I — D626Y — — — 7 × 106 N/A

AAVHSC12 — — R296H, S464N, G505R, V681M — 193 502 9.54 × 1010 2.15 × 1011

AAVHSC13 — — G505R — — — 4 × 1010 1 × 1012

AAVHSC14 — — G505R, L687R — — — 2.4 × 108 5.3 × 109

AAVHSC15 — — T346A, G505R — — — 6.4 × 1010 2 × 1012

AAVHSC16 — — F501I, G505R, Y706C — — 571 8 × 1010 3.7 × 1012

AAVHSC17 — — G505R 60 — — 5.9 × 1011 2.4 × 1012

AAV9 — — — — — — 6.2 × 1.010 1 × 1012

aThe titers shown are representative for each recombinant AAV vector.
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intracellular processing (Figure  2a,b). AAVHSC4, AAVHSC15, 
AAVHSC16, and AAVHSC17 transduced at intermediate levels 
comparable to AAV2 and AAV9, while AAVHSC7, AAVHSC9, 
and AAVHSC13 transduced at low levels. Thus, we concluded 
that AAVHSCs were capable of receptor-mediated entry, nuclear 
translocation, uncoating, second strand synthesis, and transgene 
expression in human cord blood-derived CD34+ cells.

AAVHSC vectors transduce long-term in vivo 
engrafting human CD34+ cells more efficiently than 
other AAV serotypes
Next, we directly queried the capacity of AAVHSCs to transduce 
long-term engrafting, multipotential human HSC using a xeno-
transplantation model in immunodeficient nonobese diabetic/
severe combined immunodeficiency (NOD/SCID) mice. Highly 

Figure 2 Transduction of cord blood-derived human CD34+ cells with AAVHSC vectors in vitro. (a) Scatter plots of flow cytometric analysis of 
enhanced green fluorescent protein (EGFP) expression in cord blood (CB) CD34+ cells 24 hours after transduction. Purified pooled CB CD34+ cells 
were transduced with a self-complementary AAV vector encoding EGFP under the control of a CBA promoter at an MOI of 20,000. Representative 
samples are shown. (b) EGFP expression in AAV-transduced human CD34+ cells 24 hours posttransduction. Data were compiled from five experi-
ments, each performed with pools of three or more CB samples. Bars represent standard deviations of the means. CBA, chicken beta actin.

100

0

AAVHSC1

AAVHSC5

AAVHSC12

AAVHSC15

AAVHSC16

AAVHSC4

AAVHSC17

AAVHSC9

AAVHSC13

AAVHSC7
AAV2

AAV9
AAV8

AAV7
AAV6

10

AAV strain

20

30

40

%
 S

pe
ci

fic
 tr

an
sg

en
e 

ex
pr

es
si

on

50

60

70

10,000 20,000 30,000 10,000 20,000 30,000 10,000 20,000 30,000 10,000 20,000 30,000 10,000 20,000 30,000

101

102

103

104

100

101

102

103

104
100

101

Control AAVHSC1 – 59.11% AAVHSC4 – 20.19% AAVHSC5 – 64.19% AAVHSC7 – 7.24%

AAVHSC9 – 20.87% AAVHSC12 – 44.45% AAVHSC13 – 18.89% AAVHSC15 – 44.65% AAVHSC16 – 36.25%

AAVHSC17 – 24.21% AAV2 – 6.34% AAV7 – 11.87% AAV8 – 7.10% AAV9 – 3.27%

102

103

104

a

b

1628 www.moleculartherapy.org vol. 22 no. 9 sep. 2014



© The American Society of Gene & Cell Therapy
Novel Stem Cell-derived AAV Vectors

purified pooled CD34+ cells were transduced with AAVHSCs 
at multiplicity of infection: 20,000 prior to transplantation into 
sublethally irradiated immune-deficient NOD/SCID mice. The 
AAV vectors used encoded the single-stranded firefly luciferase 
gene (ssLuc) under the control of the ubiquitous CBA promoter 
to permit serial in vivo bioluminescent monitoring of trans-
gene expression. Serial quantification of luciferase expression by 

bioluminescent imaging was initiated at 4 weeks posttransplan-
tation and continued biweekly until the time of harvest, 20–26 
weeks posttransplantation. Luciferase expression at any given 
time, likely represents the expression in the transduced circulat-
ing hematopoietic progeny of a limited number of transduced 
CD34+ progenitor cells as well as the human marrow-resident 
progenitor and differentiated hematopoietic cells. While all AAV 

Figure 3 In vivo transgene expression in NOD/SCID mice transplanted with AAVHSC-transduced CD34+ cells. (a) Representative serial biolumines-
cent images of xenotransplant recipients of AAV transduced human cord blood (CB) CD34+ cells. Transgene expression is shown at different time intervals 
posttransplantation. Purified pooled CB CD34+ cells were transduced with AAV at MOI:20,000 prior to transplantation into sub-lethally irradiated immune-
deficient NOD/SCID mice. Luciferase expression was serially quantified by bioluminescent imaging initiated at 4 weeks posttransplantation and continued 
biweekly until the time of harvest, 20–26 weeks posttransplantation. (b) Serial in vivo bioluminescent imaging of luciferase expression in NOD/SCID mice 
xenografted with AAVHSC-transduced CB CD34+ cells. Imaging was performed biweekly. Results are shown for 3–5 mice per group. Each mouse was 
transplanted with transduced CD34+ cells pooled from 1 to 5 CB samples. *Luciferase expression for AAVHSC7, AAVHSC15 relative to AAV9 is significant to 
P ≤ 0.01 and ** for AAVHSC17 relative to AAV9 is significant to P ≤ 0.005, respectively. NOD/SCID, nonobese diabetic/severe combined immunodeficiency.
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serotypes tested supported long-term in vivo transduction, Clade 
F viruses were significantly more efficient than AAV2, AAV7, and 
AAV8 (Figure 3a,b), confirming the hypothesis that AAVHSCs 
have enhanced tropism for CD34+ cells. Notably, both initial in 
vivo transduction levels as well as sustained long-term transgene 
expression were higher with every AAVHSC tested as compared 
to AAV2 (P < 0.001), AAV7, and AAV8. The use of pooled CD34+ 
cells from multiple donors obviated differences due to donor vari-
ability.25,30 AAV9, also a member of Clade F, supported transgene 
expression at levels comparable to several AAVHSCs (Figure 3). 
AAVHSC17, AAVHSC15, and AAVHSC7 were found to sup-
port the highest level of long-term luciferase expression, in that 
order, throughout the 6-month period of analysis and were sig-
nificantly higher than AAV9 (P ≤ 0.005 for AAVHSC17, P ≤ 0.01 
for AAVHSC15 and AAVHSC7).

AAVHSC vector genomes are detected long-term in 
all human hematopoietic lineages recovered from the 
marrow of xenograft recipients including CD34

+
 cells

The effects of AAVHSC transduction on the engraftment and dif-
ferentiation potentials of human CD34+ HSCs were evaluated in 
human hematopoietic lineages in the marrow of xenotransplant 
recipients at 20–26 weeks posttransplantation. Human cell engraft-
ment was found to be stable long term (Table 3). Differentiated 
human lymphomyeloid, erythroid, and CD34+ stem/progenitor 
cells were detected in the marrow of transplant recipients up to 26 
weeks posttransplantation, the end of the experiment (Table 3), sug-
gesting that AAVHSC-transduced cells were capable of supporting 
long-term engraftment, with no associated toxicity. On the basis of 
the purity of the input CD34+ cells, we concluded that the differenti-
ated human hematopoietic cells were derived from the transplanted 
CD34+ cells, indicating their capacity for multilineage engraftment.

The frequency of AAV genomes in human hematopoietic 
cells was quantified in purified human lineages isolated from the 
marrow of xenotransplant recipients at the time of harvest. AAV 
genomes were detected by qPCR and normalized to the single copy 
human gene ApoB. Every recipient analyzed showed the presence 
of AAVHSC-marked cells in multiple hematopoietic lineages 

(Table 4). AAVHSC-transduced human CD19+ B cells, CD33+ 
myeloid cells, and glycophorin A+ erythroid cells were readily 
detected. Importantly, AAVHSC-marked CD34+ cells were identi-
fied in every xenotransplant, indicating the capacity of AAVHSC-
marked progenitors to persist and/or self-renew in vivo. AAVHSC 
genomes were found to persist in a stable fashion within the divid-
ing and differentiating progeny of transduced human CD34+ cells 
long-term. Thus, we conclude that AAVHSC vectors efficiently 
transduced CD34+ multipotential HSC and that transduced cells 
differentiated normally into all expected human lineages.

DISCUSSION
Recombinant vectors derived from natural AAVs isolated from 
human and nonhuman primates have transformed gene deliv-
ery and have led to promising clinical successes.1–9 Our survey of 
adult human CD34+ PBSCs revealed that the majority of healthy 
donors had detectable AAV sequences. The frequency of AAV in 
CD34+ cells indicated that infection of adult PBSCs was not rare. 
The mapping of every stem cell-derived AAV to Clade F, indi-
cated that this clade may have primary tropism for CD34 cells. 
This was further supported by the observation that every Clade 
F virus tested, including the AAVHSCs and AAV9, transduced 
long-term, multipotential in vivo engrafting human CD34+ HSCs 
significantly better than other AAV serotypes.

While most AAVHSCs packaged recombinant AAV2 genomes 
and produced viable transducing virus, two variants, AAVHSC2 
and AAVHSC11, packaged DNA to substantially lower titers than 
others. Both capsids had amino acid changes at the same site, resi-
due D626G and D626Y, respectively. This residue is positioned 
inside the capsid under the icosahedral threefold axis of the AAV 
capsid (Figure 4a,b) at a VP:VP interface and is involved in polar 
interactions with amino acids from symmetry related VP mono-
mers. This region also contains the single structurally ordered 
nucleotide reported in a number of AAV capsid structures.32 Thus, 
it is possible that the change at this site reduces virion formation 
or stability or may affect genome stabilizing interactions following 
packaging which are affected when mutated. AAVHSC2 has an 

Table 3 Average engraftment and human hematopoiesis in the bone 
marrow of xenotransplant recipients

CD19+ CD33+ Glyco A+ CD34+ CD45+

AAVHSC1 49.01 3.16 1.35 7.07 28.82

AAVHSC4 52.69 8.15 2.40 11.22 32.14

AAVHSC5 51.05 4.39 1.31 12.73 27.42

AAVHSC7 52.10 4.24 1.21 5.63 57.00

AAVHSC12 35.64 3.44 8.32 5.71 6.43

AAVHSC13 40.17 7.51 0.73 6.33 24.72

AAVHSC15 41.20 9.69 4.25 4.84 41.77

AAVHSC16 37.96 3.15 1.00 3.86 21.28

AAVHSC17 38.56 14.05 5.05 2.51 23.58

AAV9 55.33 6.29 3.26 7.43 39.03

Numbers represent the percent of total CD45+ human cells represented in 
the human CD19+, CD33+, glycophorin A+ and CD34+ lineages. The CD45+ 
column represents the frequency of human cells in the xenotransplanted mouse 
marrow at the end of the experiment.

Table 4 Average frequency of AAV genomes in cells of human 
hematopoietic lineages in the bone marrow of xenotransplant 
recipients

CD19+ CD33+ GlycoA+ CD34+

AAVHSC1 0.8a 0.0 4.6 0.8

AAVHSC4 0.8 0.075 6.3 1.5

AAVHSC5 6.7 1.4 0.0 7.0

AAVHSC7 0.2 6.0 10.4 0.37

AAVHSC12 2.8 7.4 191.4 7.5

AAVHSC13 0.2 2.2 1.0 8.7

AAVHSC15 0.2 2.8 35.9 1.1

AAVHSC16 0.5 0.4 7.7 0.6

AAVHSC17 0.3 0.2 0.1 0.03

AAV9 0.8 0.2 6.1 16.3
aAAV genomes were amplified using vector-specific primers and probes 
and normalized to the single copy human gene ApoB. Numbers  represent 
vector genome copies per 1000 cells of each lineage at 22–26 weeks 
 posttransplantation.
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additional amino acid change, E718G, also at a VP:VP interface, 
on the raised capsid region between the depressions that surround 
the two- and fivefold axes (Figure 4a,c). This residue is involved 
in intramolecular VP interactions, and thus may play a role in VP 
stabilization; a role in genome packaging is less likely based on 
its capsid surface location. AAVHSC11 also had the V65I change 
within VP1u mentioned above. Interestingly, none of the packag-
ing-defective isolates had changes in the VP2 coding region that 
overlaps with the assembly activation protein, AAP, responsible 
for initiation of virion formation.33 The remainder of the novel 
AAV capsids successfully interacted with AAV2 ITRs, packaged 
recombinant genomes, and assembled infectious virus particles at 
titers comparable to wild-type AAV9.

PB0130 variants AAVHSC1, AAVHSC4, and AAVHSC5 with 
normal packaging and assembly phenotypes, had single non-
conservative amino acid changes in VP3 compared to AAV9 at 
positions R312Q, P468S, E690K, respectively (Figure 4). Residue 
R312 is located in a β-strand inside the capsid with its side-chain 
pointing towards the interior surface of the capsid. Residue P468 
is located on the outside wall of the protrusions surrounding the 
threefold axis (not facing the threefold axis) and the change could 
cause a conformational change in the loop containing this resi-
due. Residue E690K is located on the inside surface of the capsid 
close to the twofold interface and interacts with R296 and R300 
(Figure 4b,d). A change to lysine would dramatically alter these 
interactions, possibly altering the stability of the capsid.

Figure 4 Capsid surface location of AAVHSC variant amino acid changes. Exterior (a) and interior (b) capsid surface images of the AAV9 struc-
ture showing the positions of amino acid residues for AAVHSC variants arising from donor PB0130 (green), donor PB0201 (yellow), silent mutations 
(orange), AAV9 galactose binding (brown), and AAV2 heparan sulfate binding (blue). The triangle depicts the viral asymmetric unit bounded by a 
fivefold (filled pentagon) axis and two threefold (filled triangles) axes divided by a line through a twofold (filled oval) axis. (c,d) depict a viral asym-
metric unit as a “Roadmap”39 with the surface area occupied by capsid surface amino acids delineated and labeled. The variant residues are colored 
as in panel A. The images are viewed down an icosahedral twofold axis.
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Interestingly, every isolate from PB0201 had changes only 
within the VP3 common sequence and each had a nonconserved 
signature G505R change, indicating that this mutation pre-
ceded the others and suggested a common evolutionary origin. 
Although the sequence of the acquisition of the additional diver-
sity is unknown, given its replication defective status and the use 
of a higher fidelity cellular DNA polymerase by AAV,34 it is less 
likely for this diversity to have arisen postinfection. The initial 
infection may have occurred with a swarm of closely related but 
diverse virions, or helper virus coinfection may have led to repli-
cation and subsequent generation of diversity.

The common G505R change is located on the outside wall 
of the protrusions that surround the threefold axis of the AAV9 
capsid (Figure 4a,c). It is located on a loop, which together with 
two other loops from a threefold symmetry-related VP monomer, 
forms the protrusions. The other VP3 changes were distributed 
throughout the capsid, with residue R296 located inside the cap-
sid at an icosahedral twofold interface; residue T346 located in a 
β-strand on the inside surface of the capsid, residues S464 and 
F501 located on the same wall of the protrusion as residue G505 
and P468; residues V681 and L687 in a β-strand on the inside sur-
face of the capsid; and Y706 on the capsid surface close to the 
twofold axis (Figure 4). All of these variants were capable of cap-
sid assembly and genome packaging indicating that these changes 
did not affect these properties. With the exception of AAVHSC13, 
all the variants had improved in vitro transduction efficiencies 
relative to the wild-type serotypes and all had improved in vivo 
transduction. This suggested that the changes imparted improved 
fitness, possibly in the form of improved capsid stability, recep-
tor attachment, cellular trafficking, or other cellular interaction, in 
CD34+ cells. Consistent with these possibilities, these mutations 
surround the known AAV2 heparan sulfate and AAV9 galactose 
binding residues (Figure 4). Furthermore, Y706 is structurally 
equivalent to Y705 of AAV2 which when mutated to a phenyla-
nine improves transduction by reducing capsid phosphorylation 
and subsequent ubiquitination for degradation by the proteasome.

In addition to the coding mutations observed for the AAVHSC 
variants arising from donors PB0130 and PB0201, several nucleo-
tide changes occurred which were silent with respect to amino 
acid changes (Table 2). Three of these residues, 60, 119, and 193, 
were within the VP1u and VP1/2N regions for which there is cur-
rently no structure information as stated above. Interestingly, the 
mutations occurring within the VP3 common region, 308, 348, 
502, 505, 571, 603, and 716 (Table 2), are at the same or close to 
the residues where coding changes occur (Figure 4). This suggests 
that the capsid region containing these residues may constitute 
a mutational “hot spot”. For example, while a change at the 505 
codon is silent for AAVHSC2 from PB0130, the residue is altered 
in all PB0201 variants. Significantly, the nucleotide changes at 
the codons for residues 464, 468, and 501 resulting in amino acid 
changes (as discussed above) together with the silent 502 and non-
silent 505 mutations surround the AAV9 galactose binding site 
(Figure 4). The need for altered receptor attachment and/or tis-
sue tropism may have provided selective pressure leading to the 
observed silent and coding changes.

Efficient in vitro transduction of CD34+ cells confirmed the 
ability of the AAVHSCs to negotiate receptor-mediated entry, and 

postentry processing leading to transgene expression. Mechanistic 
differences in CD34+ cell transduction efficiencies of AAVHSCs 
are important to explore in the context of the limited sequence 
variability in the capsid genes and should help delineate capsid 
elements important for transduction of CD34+ cells.

All Clade F vectors tested, including the AAVHSCs and AAV9, 
supported long-term in vivo transduction better than other AAV 
serotypes, indicating the CD34-tropism of this clade. AAVHSC17, 
AAVHSC15, and AAVHSC7 were the most efficient at transduc-
ing long-term in vivo engrafting stem cells, with AAVHSC17 
supporting in vivo transduction at the highest long-term level. 
Based upon the dynamics of reconstitution and hematopoiesis, 
it is likely that systemic luciferase expression observed in xeno-
transplant recipients represents the transduced circulating prog-
eny of CD34+ progenitor cells as well as marrow-resident human 
hematopoietic cells. Interestingly, the G505R change is common 
between AAVHSC17, AAVHSC15, but is missing in AAVHSC7, 
which contained a single A68V residue change in the VP1u. This 
suggests that different mechanisms are involved in the improved 
transduction properties of these variants.

The presence of AAV vector genomes in each human hema-
topoietic lineage harvested from the marrow of xenotransplanted 
mice, including CD34+ cells, demonstrated that AAVHSC-
transduced stem/progenitor cells survive long term in vivo and give 
rise to transduced differentiated progeny and that transduction 
did not impede normal hematopoiesis. Importantly, the presence 
of transduced CD34+ cells in the marrow of xenograft recipients 
long-term, suggested that Clade F viruses are capable of transduc-
ing primitive HSCs without affecting their engraftment potential 
or their ability to persist and/or self-renew in vivo. The presence of 
AAV vector genomes long term, in in vivo engrafting CD34+ cells 
and their dividing progeny likely represents chromosomal integra-
tion events. We and others have previously demonstrated integra-
tion of AAV vector sequences in CD34+ cells by fluorescent in situ 
hybridization, Southern blots, and sequence analysis.25,35–37 Deep 
sequencing studies are in progress to further evaluate the status of 
the long-term surviving AAV vector genomes.

In summary, endogenous AAVHSCs cloned from CD34+ cells 
of adult stem cell donors efficiently transduce long-term in vivo 
engrafting, multipotential human HSCs and support long-term 
transgene expression with no evidence of toxicity or pathogenic-
ity. Thus the AAVHSCs constitute a family of safe, novel gene 
transfer vectors for potential use in human HSCs.

MATERIALS AND METHODS
Cell and DNA isolation. Cytokine-primed PBSC were obtained from 
healthy donors at the City of Hope Medical Center, and umbilical CB was 
obtained from Stemcyte (Covina, CA) by informed consent under IRB 
approved protocols. CD34+ cells were isolated from mononuclear cells by 
two successive rounds of immunomagnetic selection using CD34+ Indirect 
isolation kits (Miltenyi Biotech, Auburn, CA) to a final purity of 98–99%.

Detection of natural AAV frequency in genomic DNA. The frequency of 
endogenous AAV was determined by real-time qPCR of high molecular 
weight DNA from purified CD34+ cells using RepR1b primer and probe 
set.19 The single-copy human ApoB gene and endogenous AAV were each 
quantified by TaqMan qPCR as previously described22,24 to determine 
human cell equivalents and ensure integrity of the template.
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Amplification, cloning, and analysis of full-length AAV capsid genes. 
Full-length capsid genes were amplified from PBSC genomic DNA samples 
determined to be positive for endogenous AAV by nested amplification. The 
first round was amplified using primers previously described.19 The second 
round was amplified using primers complementary to conserved regions 
of the rep and cap genes internal to the first round primers, (McapF3SpeI, 
5′-ATCGATACTAGTCCATCGACGTCAGACGCGGAAG-3′ and Mcap-
R1NotI, 5′ATCGATGCGGCCGCAGTTCAACTGAAACGAATCAACC 
GGT-3′). A high fidelity polymerase (Hot Star High Fidelity Polymerase; 
Qiagen, Valencia, CA), with an error rate of 1 in 300,000 bases was used 
for the amplifications. Correctly sized capsid genomes were excised and 
purified using QIAquick Gel Extraction Kit (Qiagen) prior to sequenc-
ing. Amplified capsids genes were cloned into pBluescript SK. Packaging 
plasmids were cloned by amplifying nucleotides 151 to 1890 of AAV2 Rep 
from pTZAAV38 using primers AAV2RepF, 5′-GATCATATCGATGG 
TGGAGTCGTGACGTGAATTACG-3′ and AAV2RepR 5′-GATCATAA 
GCTTCCGCGTCTGACGTCGATGG-3′. Rep amplicons were cloned into 
each plasmid containing a full-length novel HSC capsid clone. The result-
ing packaging plasmids were then sequenced using degenerative primers 
to confirm identity and sequence integrity. Phylogenetic tree analysis of 
the sequences was done with the CLC Main Workbench 6.8.2 (CLC Bio, 
Cambridge, MA) using the neighbor joining algorithm.

rAAV production, purification, and titration. Self-complementary 
enhanced green fluorescent protein (scEGFP) or single stranded firefly 
luciferase (ssLuc) genes were packaged into the novel AAVHSC capsids 
in herpes simplex virus-infected 293 cells as previously described.38 The 
resulting recombinant AAV vectors were purified through two rounds of 
CsCl2 density centrifugation gradients and titers were determined using 
qPCR with transgene-specific primers and probes.22

AAV transductions. CD34+ were transduced with the novel rAAV vari-
ants as previously described for other AAVs.24,25,27 Briefly, purified cord 
blood CD34+ cells from up to five samples were pooled and transduced 
with rAAV at a multiplicity of infection of 20,000 particles per cell in 
Iscove’s Modified Dulbecco’s Medium (IMDM) (Irvine Scientific, Santa 
Ana, CA) containing 20% FCS, 100 ug/ml streptomycin, 100 U/ml peni-
cillin, 2mmol/l l-glutamine, IL-3 (10 ng/ml; R&D Systems, Minneapolis, 
MN), IL-6 (10 ng/ml; R&D Systems), and stem cell factor (1 ng/ml; R&D 
Systems) and incubated overnight in humidified CO2 at 37 °C. To deter-
mine EGFP expression, cells were harvested at 24 hours posttransduction, 
washed, and analyzed by flow cytometry. For in vivo assays, cells trans-
duced with AAV-ssLuc were harvested at 24 hours posttransduction, and 
washed three times prior to transplantation into NOD/SCID mice as previ-
ously described.22,24

Xenotransplantation of CD34+ cells. All animal care and experiments were 
performed under protocols approved by the Institutional Animal Care and 
Use Committee, City of Hope. Transplantations were performed as previ-
ously described.22,24 Briefly, 6–8-week old male NOD.CB17-Prkdcscid/NCrCrl 
(NOD/SCID) mice were maintained in a specific pathogen free facility at 
the Animal Resources Center, Beckman Research Institute of the City of 
Hope. Mice were placed on sulfamethoxazole and trimethoprim oral pedi-
atric antibiotic (Hi-Tech Pharmacal (Amityville, NY), 10ml/500ml H2O) 
for at least 48 hours before transplant. Mice were irradiated with a sublethal 
dose of 350cGy from a 137Cs source and allowed to recover for a minimum 
of 4 hours prior to transplantation. For the transplants, 7 × 105–1.1 × 106 
 transduced CD34+ cells were infused via the tail vein in a total volume of 
150–200 μl. About 3–5 mice were transplanted per vector group. Bone mar-
row from femurs and tibiae were harvested for analysis from each mouse at 
14–24 weeks posttransplantation.

Serial bioluminescent analysis of luciferase expression. Luciferase expres-
sion in xenografted mice was monitored by serial biweekly bioluminescent 
imaging using a Xenogen In vivo Imaging System (Caliper Life Sciences, 

Hopkinton, MA). Mice were anesthetized with oxygen containing 4% isoflu-
rane (Phoenix Pharmaceuticals, Burlingame, CA) for induction, and 2.5% 
for maintenance. Luciferin (Caliper Life Sciences) was injected intraperito-
neally at a dose of 0.15 mg/g of mouse weight. Photons were accumulated 
over a 5-minute exposure from the ventral aspect, 10 minutes postinjection. 
Living Image 3.0 software (Caliper Life Sciences) was used to calculate light 
emission.

Flow cytometric analysis. In vitro expression was analyzed 24 hours 
after rAAV-EGFP transduction on a Cyan ADP Flow Cytometer (Dako, 
Carpinteria, CA). Specific EGFP was quantified following the subtrac-
tion of autofluorescence. In vivo engraftment of human cells in both the 
bone marrow and spleen of xenografted mice was analyzed as described 
previously.22 Lineage distribution was assessed in bone marrow and 
spleen cell suspensions following staining with human specific antibodies: 
FITC-conjugated anti-CD45, fluorescein isothiocyanate (FITC)- or allo-
phycocyanin (APC)-conjugated anti-CD34, APC-conjugated anti-CD33 
and anti-CD14, anti-Glycophorin A, phycoerythrin (PE)-conjugated 
anti-CD19, and FITC-, PE-, and APC-conjugated IgG controls (Becton 
Dickinson, Mountain View, CA). Bone marrow lineages were sorted by 
fluorescence-activated cell sorting (FACS) (Becton Dickinson) using 
FITC-CD34, APC-CD33, PE-CD19, and Glycophorin A-APC, as well 
as the appropriate controls. FITC and PE fluorescence was excited by a 
488 nm laser, and APC fluorescence was excited by a 670 nm laser. Flow 
cytometry data was then analyzed for specific populations with FlowJo 
software (Treestar, Ashland, OR).

AAV frequency detection. High molecular weight DNA was extracted from 
flow sorted human lineages isolated from the xenograft marrow using 
standard methods. Vector-specific sequences were amplified by qPCR 
analysis using vector-specific primers and probe on a 7900HT Sequence 
Detection System (Applied Biosystems, Foster City, CA) as previously 
described.22,24 Samples were also evaluated for the single-copy human gene 
ApoB, which served to quantify human cell equivalents and as a template 
integrity control.22,24
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