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Abstract

Intravascular delivery of adeno-associated virus (AAV) vector is commonly used for liver-directed gene therapy.
In humans, the high prevalence of neutralizing antibodies to AAV-2 capsid and the wide cross-reactivity with
other serotypes hamper vector transduction efficacy. Moreover, the safety of gene-based approaches depends on
vector biodistribution, vector dose, and route of administration. Here we sought to characterize the safety of
AAV-5 and AAV-6 for liver-mediated human factor IX (hFIX) expression in rabbits at doses of 1�1012 or 1�1013

viral genomes/kg. Circulating therapeutic levels of FIX were observed in both cohorts of AAV-6-hFIX, whereas
for AAV-5-hFIX only the high dose was effective. Long-lasting inhibitory antibodies to hFIX were detected in
three of the 10 AAV-6-injected animals but were absent in the AAV-5 group. Overall, vector shedding in the
semen was transient and vector dose-dependent. However, the kinetics of clearance were remarkably faster for
AAV-5 (3–5 weeks) compared with AAV-6 (10–13 weeks). AAV-6 vector sequences outside the liver were
minimal at 20–30 weeks post-injection. In contrast, AAV-5 exhibited relatively high amounts of vector DNA in
tissues other than the liver. Together these data are useful to further define the safety and potential for clinical
translation of these AAV vectors.

Introduction

Recent clinical successes using adeno-associated virus
(AAV)-2 vectors for the treatment of genetic disease

present the opportunity to expand the use of this vector to a
myriad of diseases and population demographics (Bainbridge
et al., 2008; Hauswirth et al., 2008; Maguire et al., 2008, 2009).
However, the high prevalence of antibodies to AAV-2 capsid
is a major impediment for its application to the majority of the
human population. Direct tissue delivery of AAV-2 in the
presence of circulating neutralizing antibodies (NAB) is fea-
sible in humans and has been demonstrated by reports of the
safety and efficacy of subretinal delivery of AAV-2 (Bain-
bridge et al., 2008; Hauswirth et al., 2008; Maguire et al., 2009)
and by evidence of local expression of the transgene at sites
of the intramuscular injection of AAV-2 (Manno et al., 2003;
Jiang et al., 2006c). However, a more clinically challenging
scenario is the delivery of AAV via an intravascular route.

Because of the high cross-reactivity among several sero-
types, many humans exhibit NAB to AAV serotypes other
than AAV-2, the only known serotype to be ubiquitous in the
human population. Data from several publications of the
most tested serotypes (AAV-1, - 2, - 5, - 6, - 8, - 7, and - 9) sug-
gest that in humans, lower prevalence and intensity of NAB
titers are found against AAV-5, followed by AAV-6 and
AAV-8. Typically these studies use NAB titers of< 1:20 as
the threshold defining low titer (Halbert et al., 2006; Calcedo
et al., 2009; Boutin et al., 2010). However, these data probably
underestimate the ability of these NAB to prevent in vivo
gene delivery. Studies in murine models of passive immu-
nization demonstrate that the efficiency of in vivo inhibition
of transduction by NAB following systemic administration of
AAV-2, AAV-6, and AAV-8 by human immunoglobulin is
markedly higher than inhibition observed in in vitro experi-
ments (Scallan et al., 2006). Early data from non-human pri-
mates showed that NAB titers to AAV-8 as low as 1:5 could
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prevent gene transfer to the liver of the cognate serotype
( Jiang et al., 2006a), and more recently these findings were
confirmed (Wang et al., 2010).

The efficacy of AAV-5 for liver-directed gene therapy as
single-stranded or self-complementary vectors has been
demonstrated in non-human primates, whether naive or
with preexisting immunity to AAV-8 capsid (Nathwani et al.,
2002, 2007; Davidoff et al., 2005). Moreover, in dogs with
hemophilia B previously exposed to AAV-2, injection of
AAV-5 resulted in successful gene transfer and transgene
expression (Wang et al., 2005).

Recently we demonstrated that AAV-6 vectors could
overcome the presence of NAB to AAV-2 following intra-
vascular delivery to skeletal muscle in a hemophilia dog
model, whereas attempts using AAV-2 were unsuccessful
(Arruda et al., 2010). AAV-6 is also effective by direct injec-
tion into skeletal or cardiac muscle in dogs (Bish et al., 2008;
Wang et al., 2009). The experience with AAV-6 in large ani-
mals for liver-directed gene transfer is limited. In the he-
mophilia A dog model, long-term sustained expression of
canine factor VIII from AAV-6 was comparable to that from
AAV-8 ( Jiang et al., 2006b).

Because AAV-5 and AAV-6 vectors are effective in gene
transfer in the presence of NAB to AAV-2 in large animals,
we sought to determine the safety of these vectors following
peripheral vein injection in a rabbit model. These studies
include the risk of vector dissemination to the gonads and
semen as these are safety issues not yet defined for these
serotypes.

Materials and Methods

Production of recombinant AAV vectors

Recombinant AAV–human factor IX (hFIX) vectors were
produced as described (Matsushita et al., 1998). The plasmid
encodes the hFIX gene under the control of the human a1-
antitrypsin promoter, one copy of the apolipoprotein A en-
hancer (hAAT/ApoE), and a hepatocyte control region,
which results in liver-specific transgene expression (Le et al.,
1997; Miao et al., 2000). The transgene cassette was flanked
by AAV-2 inverted terminal repeats and was packaged in
capsid from either AAV-5 or AAV-6 (Gao et al., 2002). AAV
vectors were purified by combined chromatography and
repeated cesium chloride density gradient centrifugation,
resulting in empty capsid-free fractions. Vector titers were
determined by quantitative polymerase chain reaction (PCR)
using hFIX-specific primers and probes (Sommer et al., 2003).

Intravenous injection of AAV-hFIX vector

Adult male (n¼ 20) New Zealand White rabbits (weighing
3–4 kg) were purchased from Covance Research Products
(Denver, PA). The vector (AAV-hFIX) was administered by a
single injection into the marginal ear vein at doses of AAV-5
or AAV-6 vector of 1�1012 viral genomes (vg)/kg or 1�1013

vg/kg.

Determination of factor IX antigen levels
and antibodies to factor IX transgene

Peripheral blood was obtained by marginal ear vein
puncture prior to vector injection and weekly thereafter
during long-term follow-up. The circulating factor IX (FIX)

concentration was determined by using an antigen-specific
FIX assay in which a monoclonal antibody to hFIX, clone
HIX-1 (Sigma, St. Louis, MO), was used as a capture anti-
body at a dilution of 1:800, whereas the detecting antibody
was a peroxidase-conjugated polyclonal goat anti-hFIX (Af-
finity Biologicals, Hamilton, ON, Canada) at a dilution of
1:2,500 (Schuettrumpf et al., 2006). Levels of anti-hFIX IgG
antibodies were determined using an enzyme-linked im-
munosorbent assay where the plate was coated with purified
hFIX (Wyeth, Madison, NJ) at a concentration of 1mg/ml.
Samples were diluted in Low Cross buffer (Candor Bios-
ciences, Wangen, Germany), and the detecting antibody is a
peroxidase-conjugated polyclonal goat anti-rabbit IgG
( Jackson Immunoresearch, West Grove, PA) at a dilution
of 1:3,000. Bethesda assays were performed using citrated
plasma samples following heat inactivation at 568C for
1 hr to eliminate the endogenous rabbit FIX. Serial dilu-
tions of heat-inactivated rabbit plasma were then incubated
with human plasma for 2 hr at 378C (Favaro et al.,
2009). Residual hFIX clotting activity was determined by
one-stage activated partial thromboplastin time and com-
pared with a standard curve. Results are expressed in Be-
thesda units (BU), in which 1 BU is the amount of antibody
that neutralizes 50% of FIX clotting activity present in normal
plasma.

Detection of antibodies against AAV capsid proteins

For detection of anti-AAV capsid antibodies, enzyme-
linked immunosorbent assay plates were coated with empty
capsid particles (AAV-5 or AAV-6) at 1 mg/ml. Plasma
samples were diluted in Low Cross buffer (Candor
Bioscience), and a peroxidase-conjugated polyclonal goat
anti-rabbit IgG ( Jackson Immunoresearch) was used as a
secondary antibody at a dilution of 1:3,000.

Detection of vector sequences in semen
and tissue samples

Semen was collected with the aid of an artificial vagina as
reported previously (Arruda et al., 2001) before and at several
time points following vector injection. Biodistribution studies
were carried out at 20–30 weeks post-vector injection. All
major tissues such as liver, spleen, testes, prostate, accessory
glands, bladder, kidney, lung, and heart were harvested
using fresh sterile instruments for each tissue sample. For
quantitative determination of vg count in DNA in all tissues,
a quantitative PCR assay was performed. A total of 200 ng of
genomic DNA extracted from each sample was used for
TaqMan real-time PCR (Applied Biosystems, Foster City,
CA). The primers (forward, 5’-ttcgatctacaaagttcaccatctataac-
3’; reverse, 5’-aaactggtcccttccacttcag-3’) and the fluorescein
aminohexylamidite–labeled probe (5’-aatctctacctccttcatg
gaagccagca-3’) were designed to detect the AAV-hFIX16
vector sequences. The lowest sensitivity of the quantitative
PCR was 25 copies per 1mg of genomic DNA (Favaro et al.,
2009).

Vector DNA analysis

DNA from serum samples was isolated with the QIAamp
Blood Kit (Qiagen, Chatsworth, CA). The procedure for
DNA extraction from semen and tissues consisted of over-
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night incubation with proteinase K before isolation of total
genomic DNA using the QIAamp Tissue Kit (Qiagen).
DNA was resuspended in 50 ml of 10 mM Tris/0.1 mM
EDTA. Triplicate PCR assays were carried out using 1 mg of
genomic DNA as a template per reaction for semen samples.
A fragment of 647 bp of the AAV-hFIX16 vector was am-
plified by PCR as previously described (Schuettrumpf et al.,
2006).

Liver function test

Serum levels of alanine aminotransferase (ALT) were de-
termined using a kit from TECO Diagnostics (Anaheim, CA).
Samples were assayed undiluted (following the manufac-
turer’s instructions), and a calibrator sample was used to
standardize all of the values.

Statistical analysis

Comparison of data between experimental groups was
analyzed by unpaired Student’s t test, Z-test, or analysis of
variance, using JMP version 4.0.2 (SAS Institute Inc., Cary,
NC) (Schuettrumpf et al., 2005).

Results

Liver-directed gene expression by AAV-6
is superior to that by AAV-5

Adult rabbits weighing 3–4 kg are very close in size to
non-human primates. We injected AAV-6 or AAV-5 encod-
ing the hFIX gene under the control of a liver-specific pro-
moter at doses of 1�1012 vg/kg (low-dose) or 1�1013 vg/kg
(high-dose) via the peripheral intravenous route. In the high-
dose cohort AAV-6-hFIX group, circulating FIX levels ini-
tially increased at week 2 and then returned to the baseline
level in four of five animals (Fig. 1A and B). This was due to
the formation of NAB (inhibitory antibodies) to hFIX that
slowly diminished in two out of four rabbits after week 8,
with a concomitant increase in the hFIX antigen levels
ranging from 2,600 to 3,400 ng/ml (52–68% of normal). In
two animals (number 5 and number 3) the NAB to hFIX
remained detectable for the duration of the experiment, at a
titer of 12 BU and 13 BU, respectively (Table 1). One animal
(number 1) did not develop antibodies to hFIX, and hFIX
levels were continuously detectable throughout the study
with plateau levels of approximately 200%.

FIG. 1. Time course of expression of hFIX antigen and formation of antibodies to hFIX in rabbits following delivery of AAV-
6 vectors. Rabbits were injected via the peripheral vein with AAV-6 at doses of 1�1013 vg/kg (high-dose, A and B) or 1�1012

vg/kg (low-dose, C and D). Data are shown for each individual animal. Note the differences in the scales from (A) and (C).
Color images available online at www.liebertonline.com/hum.
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In the AAV-6-FIX low-dose cohort, hFIX levels reached
plateaus of 4–9% of normal (with no antibody to FIX). In one
rabbit (number 13), hFIX levels reached approximately 1.5%
by week 4 and subsequently dropped to levels< 1% con-
current with the appearance of non-NAB to hFIX (Fig. 1C
and D). Inhibitory antibodies to FIX were detected in animals
number 11 and number 15 and peaked at levels of 8.6 BU
and 6.8 BU, respectively. These antibodies were transient in
one rabbit (number 11), with spontaneous disappearance by
inhibitory and anti-hFIX IgG assays, accompanied by a rise
in circulating hFIX levels to 100% of normal in this animal.
Together, these data showed that, although inhibitory anti-
bodies developed in six of the 10 rabbits administered AAV-
6-hFIX, long-lasting inhibitors remain in only three of the 10,
which is comparable to the approximately 20% of inhibitor
formation rates to hFIX data observed in non-human primate
models following injection with AAV-hFIX vectors of dis-
tinct serotypes (Nathwani et al., 2002, 2007; Davidoff et al.,
2005).

In the AAV-5 high-dose cohort, circulating FIX levels in-
creased over time, reaching plateau levels of 4–10% (n¼ 4),
with no increase of anti-hFIX IgG above the baseline values
(Fig. 2). In one animal (rabbit number 10), hFIX expression
peaked at week 2 (approximately 200 ng/ml) and remained
undetected until week 12, when circulating FIX levels rose

Table 1. Prevalence of Neutralizing Antibodies to

hFIX Following Liver Gene Delivery by AAV Vectors

Vector dose/kg

AAV-5 AAV-6
Inhibitory
antibody Week 1�1012 1�1013 1�1012 1�1013

Prevalence 4–8 0/5 0/5 2/5 4/5
Inhibitor titer

range (BU)a
4–8 NA NA 6.8–8.6 1.4–13

Inhibitor
eradication

16 NA NA 1/2 2/4

Inhibitor
titers (BU)

16 NA NA 34 12.5–13.8

FIX levels (%)a

Mean 16 <1% 8.7% 6.4% 63%
Range (0–0.76%) (5–20%) (4–9%) (58–69%)

aExcluding one animal each from the low- and high-dose cohort
injected with AAV-6 and expressing FIX levels of 100% and 200%,
respectively.

BU, Bethesda unit, where 1 BU is defined as the amount of
antibody that neutralizes the clotting activity of FIX by 50%; NA, not
applicable.

FIG. 2. Circulating FIX antigen levels and anti-hFIX IgG titers in rabbits injected with AAV-5 vectors. Rabbits were injected
via the peripheral vein with AAV-5 at 1�1013 vg/kg (high-dose, A and B) or 1�1012 vg/kg (low-dose, C and D). Data are
shown for each individual animal. Color images available online at www.liebertonline.com/hum.
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above 20% of normal without detectable antibodies to FIX
(Fig. 2A and B). In the low-dose cohort, FIX levels were less
than 1% of normal with no formation of antibodies to hFIX
using specific enzyme-linked immunosorbent or inhibitory
assays (Fig. 2C and D and Table 1). One animal (rabbit
number 16) showed transient expression that reached lev-
els> 1,000 ng/ml followed by a slowly decline to undetect-
able levels with no evidence of antibodies to FIX. In this
animal, the value for gene copy number (gcn) in the liver at
week 30, the time that the circulating FIX was no longer

detected, was within the range of vector content detected in
other animals in this cohort (see below). The alanine ami-
notransferase levels in this animal were unchanged from the
baseline as measured at several time points up to week 16,
and they were comparable to the levels of animals injected
with AAV-5 or AAV-6 (data not shown).

In contrast to AAV-6-injected rabbits, no inhibitory anti-
bodies to FIX were found in the animals from the AAV-5
groups, and the levels of non-NAB were remarkably lower
for both dose cohorts compared with AAV-6 (Figs. 1 and 2
and Table 1).

Vector DNA content in the liver samples at the end of the
experiment demonstrated a high variability for both vectors.
In the high-dose cohort, the gene copy number (gcn) per cell
for AAV-6 was higher than for those injected with AAV-5
(3.9� 2.6 vs. 1.3� 1.6 gcn/cell, p< 0.05). No differences were
observed in the vector DNA in the liver of animals injected
with low doses of AAV-6 or AAV-5 (0.37� 0.1 vs.
0.25� 0.33 gcn/cell, respectively). Together with the data
showing higher levels of circulating FIX, these findings
demonstrate that AAV-6-mediated liver transduction effi-
ciency is superior to that of AAV-5 in this model. Because of
the wide range of circulating FIX levels, especially in the
AAV-6 cohorts, the determination of the exact fold difference
between AAV-5 and AAV-6 is not feasible. By excluding the
single highest expression in each cohort, we could speculate
that AAV-6 is approximately six- to sevenfold more efficient
than AAV-5 (Table 1).

Kinetics of humoral responses to AAV-6
and AAV-5 capsid proteins

The time course and magnitude of the humoral immune
response as a function of vector serotype and dose were
determined by monitoring the levels of capsid-specific IgG.

FIG. 3. Humoral responses to AAV capsid protein. Rabbits
were injected with AAV-5 or AAV-6 at doses of 1�1012 vg/
kg (low-dose) or 1�1013 vg/kg (high-dose). Titers of specific
IgG to each dose cohort (n¼ 5 animals per dose cohort) are
shown. Values of p< 0.05 (by analysis of variance) reflect
comparison between groups of the high-dose cohorts.

FIG. 4. Kinetics of appear-
ance of vector DNA sequences
in total semen from the low-
dose cohort rabbits: (top panel)
animals injected with AAV-6
and (bottom panel) animals
injected with AAV-5 at doses
of 1�1012 vg/kg. The num-
bers of triplicate PCR signals
from each individual animal
are indicated. *Denotes ani-
mals followed up to week 20
after vector injection. Color
images available online at
www.liebertonline.com/hum.
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All animals developed antibodies to AAV capsid proteins. In
both dose cohorts, the anti-AAV-6 IgG levels reached pla-
teaus at week 5 and remained stable up to week 16 (Fig. 3). In
contrast, the levels of anti-AAV-5 IgG continued to increase,
albeit modestly, to reach plateau levels after week 12. The
levels of capsid-specific IgG in the groups injected with
AAV-5 showed dose dependence, but no dose dependence
was seen for the AAV-6 cohorts. In the high-dose cohort, the
levels of AAV-5-specific IgG were two- to four-fold higher
( p< 0.009) than the antibodies to AAV-6 capsid at all time
points tested (Fig. 3).

Clearance of AAV sequences in semen is faster
in rabbits injected with AAV-5

Previous data demonstrated that the duration of detect-
able vector sequences in the semen of rabbits injected with
AAV-2 and AAV-8 was vector dose-dependent (Favaro et al.,
2009). Here we documented similar findings for AAV-6.
Triplicate assays in samples collected at 11 time points post-
vector injection from five animals per dose resulted in a total
of 165 PCR procedures per cohort; the number of semen
samples testing positive with the high-dose were higher than
with the low-dose cohort (47% vs. 34%, respectively;
p< 0.05). Initial AAV-6 vector shedding to the semen was
present in one or two animals, and only after week 4 did all
animals test positive. However, the last semen samples that
tested positive were from week 12 for both cohorts (Figs. 4
and 5).

Notably, among rabbits injected with AAV-5 the kinetics
were remarkably different from the previous AAV serotype
tested (Figs. 4 and 5). In the low-dose cohort, vector se-
quences were detected in only two of five animals and
cleared within 2 or 3 weeks post-injection. In the high-dose

cohort, although the vector sequences were found in four of
five animals, there was a rapid clearance within 5 weeks.

We demonstrated no late recurrence of vector DNA in the
semen of AAV-5- and AAV-6-dosed rabbits. The long-term
follow-up design of this study allowed the assessment
of several rabbit spermatogenesis cycles (42 days/cycle)
(Adams, 1987). This period covered three to seven consecutive
cycles of spermatogenesis per animal for each serotype (Figs. 4
and 5). This represents a total of 23 and 37 cycles of sper-
matogenesis for AAV-6 and AAV-5 cohorts, respectively.

Biodistribution of vector DNA in tissues differs
between AAV-5 and AAV-6

We compared vector-DNA content using real-time quan-
titative PCR (Fig. 6) in rabbits injected with AAV-5 (n¼ 10)
or AAV-6 (n¼ 8). In the AAV-5 cohort, two rabbits from each
dose cohort were studied at week 20. Because there was no
difference in the vector content in these rabbits, we are
showing the data obtained at 20 and 30 weeks together in
Fig. 6. The highest number of vector copies per cell was
found in the liver for both vector serotypes, followed by the
spleen. One animal in the low-dose group of AAV-5 pre-
sented high levels of vector DNA in the liver and spleen (4.0
and 1.7 gcn/cell, respectively), which explains the apparent
higher amounts of DNA in the spleen compared with the
liver in this cohort.

The vector DNA content in the tissues harvested from
several organs showed similar or higher gcn values for AAV-
5 compared with AAV-6, with the exception of the liver and
spleen in the high-dose cohorts. For AAV-6 the extrahepatic
tissues contain minimal amounts of vector genomes. The
vector DNA content from the spleen was 12-fold and 76-fold
lower than the liver for the high- and low-dose cohorts,

FIG. 5. Kinetics of appear-
ance of vector DNA sequences
in total semen from the high-
dose cohort rabbits: (top panel)
animals injected with AAV-6
and (bottom panel) animals
injected with AAV-5 at doses
of 1�1013 vg/kg. The num-
bers of triplicate PCR signals
from each individual animal
are indicated. *Denotes ani-
mals followed up to week 20
after vector injection. Color
images available online at
www.liebertonline.com/hum.
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respectively. In the gonadal tissues, vector DNA content was
200- (low dose) to 400-fold (high dose) lower than that in the
liver (Fig. 7). In contrast, in the high-dose cohort the relative
concentration of AAV-5 vector DNA was considerably
higher in the spleen, heart, lung, and bladder compared with
the liver (Fig. 7). In the low-dose cohort, spleen and testes
contain relative high amounts of residual vector. In the
gonadal tissue, vector DNA was eightfold and 15–20-fold
lower than in the liver for the low- and high-dose cohorts,
respectively.

Discussion

A recent study has shown that only 27% of humans did
not demonstrate NAB to the capsid of the most commonly
tested AAV serotypes (Boutin et al., 2010). The development
of an AAV vector based on an alternate serotype that can
overcome the high prevalence of NAB to AAV capsid is of
fundamental interest for gene therapy or vaccination using
these vectors. Here we compared AAV-5 and AAV-6 in a
rabbit model that allowed simultaneous characterization of
gene transfer efficacy and acute and long-term safety. We
chose a peripheral vein injection model of vector adminis-
tration because this route is advantageous for clinical studies
for liver-target gene delivery and provides a stringent as-
sessment of vector biodistribution. Overall, AAV-6 vectors

FIG. 6. Biodistribution of
AAV DNA in rabbits follow-
ing intravenous injection of
AAV vectors. (A) Rabbits re-
ceived a low dose (1�1012 vg/
kg) of AAV-5 (n¼ 3) or AAV-
6 (n¼ 4) vectors, and the in-
dicated tissues were harvested
at week 30. Three animals
were sacrificed at week 20
(two for AAV-5 and one for
AAV-6). (B) Rabbits were in-
jected with a high dose
(1�1013 vg/kg) of AAV-5
(n¼ 5) or AAV-6 (n¼ 5) vec-
tors, and the indicated tissues
were harvested at week 30.
Three animals (AAV-5, n¼ 2;
AAV-6, n¼ 1) were sacrificed
at week 20. Vector DNA con-
tent was obtained by real-time
quantitative PCR assay. Com-
bined data from the week 20
or 30 time points are shown as
mean� SD values. *p< 0.05
between serotype groups. AC
Gland, accessory gland; L.
and R. Testes, left and right
testes, respectively.

FIG. 7. Relative concentration of vector DNA in tissues
compared with the liver. Data show the difference in the
mean concentration of vector DNA in low-dose (top panel)
and high-dose (bottom panel) cohorts. AC Gland, accessory
gland; L. and R. Testes, left and right testes, respectively.
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were superior to AAV-5 in increasing the circulating levels of
hFIX in a dose-dependent manner. This is consistent with the
observation that AAV-6 gcn values were higher in the liver
than those of AAV-5. The efficacy of the AAV-6 vectors is
comparable and potentially superior (in the high-dose co-
hort) to AAV-8 vector, as has been previously reported using
this model (Favaro et al., 2009).

The use of a xeno-transgene resulted in transient expres-
sion of hFIX in the AAV-6-injected animals due to the for-
mation of antibodies to hFIX in six of the 10 rabbits. In three
animals, this was followed by spontaneous disappearance of
the antibodies with a concurrent increase of circulating FIX
levels. Thus, antibodies persisted in only three (30%) of all
AAV-6-injected rabbits, which is comparable to the rates of
20% of long-lasting inhibitors in rabbits injected with AAV-2
or AAV-8 (Favaro et al., 2009) and in non-human primates
following liver-directed injection of AAV-5 or AAV-8
(Nathwani et al., 2002, 2007; Davidoff et al., 2005).

Data on the efficacy of liver-directed transfer using AAV-5
vectors in murine models are conflicting (Mingozzi et al.,
2002; Grimm et al., 2003; Zincarelli et al., 2008). In this study,
although FIX levels were subtherapeutic at the low dose of
AAV-5, at the high dose circulating FIX reached therapeutic
levels that could potentially improve the disease phenotype
to moderate–mild, without the formation of inhibitory anti-
bodies to hFIX. We did not anticipate these findings because
early data suggested that AAV-5 could present an increased
risk of immune responses because of its tropism for dendritic
cells compared with other AAV serotypes (Xin et al., 2006).
However, in non-human primates, liver-directed gene ex-
pression by AAV-5 at doses comparable to that of the high-
dose cohort in this study resulted in sustained expression of
rhesus erythropoietin or of the b subunit of the rhesus
choriogonadotropic hormone (Gao et al., 2006), with no im-
mune responses to the transgene. On the other hand, in this
model, initial expression of macaque erythropoietin was
followed by sustained immune response to the transgene
following intramuscular injection of AAV of distinct sero-
types, including AAV-5. Thus, AAV-5 may not be as im-
munogenic in a liver-specific approach as suggested earlier
in other experimental models (Xin et al., 2006). Humoral
immune responses to the vector capsid were commonly
found, and the highest antibody titers were observed for
AAV-5. We speculate that the increased tropism of AAV-5
for dendritic cells, T cells, and macrophages compared with
other alternate AAV serotypes (Xin et al., 2006) would in-
crease the amount of AAV-5 capsid antigen available for
antigen presentation and thus lead to enhanced anti-AAV-5
humoral immune responses. However, the levels of anti-
bodies were significantly lower than in our previous report
in rabbits following intravascular delivery of AAV-2 or
AAV-8 at similar doses (Favaro et al., 2009).

In one animal (rabbit number 16, AAV-5 low-dose cohort)
we observed an unusual time course of transgene expression.
Circulating hFIX levels were initially detected at 2 weeks,
peaked at 28% (week 8), and then returned to undetectable
levels at week 16 without changes in the liver enzymes.
There was no formation of antibodies to FIX, and the liver
gcn value at week 30 was low (0.16 gcn/cell). The humoral
response to the vector capsid in this animal was indistin-
guishable from that of the other rabbits in the same dose
cohort. To date, we have injected AAV-hFIX of four distinct

serotypes in 45 rabbits (including the groups reported here),
and this pattern of expression was never observed (Favaro
et al., 2009). It is unclear whether a cellular immune response
or other hepatotoxicity is the underlying mechanism.

The use of the rabbit model has the advantage of allowing
determination of AAV vector shedding to the semen, as
initially documented in humans following hepatic artery
delivery of AAV-2 (Manno et al., 2006; Schuettrumpf et al.,
2006). Previously, we have determined that in rabbits in-
jected with AAV-2 or AAV-8, the kinetics of vector clearance
were dose-dependent. These findings were also confirmed
for both AAV-5 and AAV-6. The duration of vector detection
in the semen of animals injected with AAV-6 was similar to
that seen with AAV-2 or AAV-8 (Favaro et al., 2009;
Schuettrumpf et al., 2006). Notably, AAV-5 vector exhibits
unique kinetics of clearance from the semen compared with
all three previously tested serotypes delivered by a similar
route and at a similar dose. Vector DNA in the testes was
found in low amounts with the exception of the low-dose
cohort of AAV-5. Together, the limited vector shedding to
the semen and the relatively high vector DNA per cell in the
testes suggest a high affinity of AAV-5 for gonadal tissue.
Platelet-derived growth factor receptors have been identi-
fied as AAV-5 cellular receptors (Di Pasquale et al., 2003).
Platelet-derived growth factor receptors and platelet-derived
growth factor are involved in several developmental processes,
including male testicular development and spermatogenesis,
and their mRNAs are present in human fetus and adult
human testicular samples (Mariani et al., 2002). Thus, it is
possible that AAV-5 vector has high tissue tropism for
male gonadal tissue and that the vector dissemination to the
semen is minimized. Recently, the epidermal growth factor
receptor was identified as a co-receptor for AAV-6 (Weller
et al., 2010). These receptors are commonly found in several
anatomic structures of the genitorurinary tract of mammals
as well as in human spermatozoa (Damjanov et al., 1993;
Oliva-Hernandez and Perez-Gutierrez, 2008). Thus, it is
possible that AAV-6 binding to mature spermatozoa is, at
least in part, the mechanism of transient vector shedding to
the semen. However, the lack of late recurrence of vector in
the semen for several consecutive spermatogenesis cycles for
both the AAV-5 and AAV-6 experimental groups suggests
that these vectors are inefficient in transducing the male
germ cell, as previously observed for AAV-2 and AAV-8
(Favaro et al., 2009).

Biodistribution analyses of vector genomes in several tis-
sues showed that AAV-6 genomes are found in very low
amounts outside the liver and spleen. In contrast, the AAV-5
genomes were found in several tissues and other organs
compared with the liver. Extrahepatic distribution was al-
most uniformly higher for AAV-5 compared with AAV-6 at
both low dose and high dose, with the exception of the
spleen. These differences probably reflect distinct cellular
receptor distributions and/or intracellular vector processing
for distinct serotypes (Wu et al., 2000; Di Pasquale et al., 2003;
Seiler et al., 2006). In addition, there are relatively high pro-
portions of AAV-5 vector genomes in several tissues com-
pared with the liver. Notably, the findings in rabbits are
comparable to those of non-human primates injected with
AAV-5 (Gao et al., 2006; Nathwani et al., 2007) and thus
unlikely to represent a species-specific bias in the vector
biodistribution.
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Data on biodistribution of AAV-6 by systemic intravas-
cular delivery in large animals are limited. One study re-
ported that early systemic dissemination (7–10 days)
following percutaneous transendocardial delivery by AAV-6
resulted in high vg counts in the heart, followed by the liver
(Bish et al., 2008). Overall, the data from AAV-6 in rabbits are
comparable to those of intravascular delivery of AAV-2 or
AAV-8 vectors; thus the long-term safety profile of AAV-6 is
encouraging for systemic delivery. The use of AAV-5 vectors
in large animals is associated with a distinct biodistribution
compared with other serotypes and with negligible vector
shedding to the semen. Together with our previous work
using AAV-2 or AAV-8 vectors we concluded that biodis-
tribution is serotype- and dose-dependent. Thus, the safety
of a given AAV serotype cannot be extrapolated from studies
based on distinct serotypes. The development of novel AAV
genomes (McCarty et al., 2001; Wang et al., 2003), capsid
modifications (Stemmer, 1994; Zhong et al., 2008), and use of
transgenes with more efficient transduction or enhanced bi-
ological activity are all attractive strategies to further lower
the therapeutic dose of intravascular delivery of vector to
liver and other target tissues. This could facilitate the clinical
translation of AAV of alternate serotypes by designing more
efficacious protocols that are not limited by the high preva-
lence of NAB to AAV capsid.
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