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Vectors derived from adeno-associated virus type 2 (AAV2) promote gene transfer and expression in the
lung; however, we have found that while gene expression can persist for at least 8 months in mice, it was
reduced dramatically in rabbits over a period of 2 months. The efficiency and persistence of AAV2-mediated
gene expression in the human lung have yet to be determined, but it seems likely that readministration will be
necessary over the lifetime of an individual. Unfortunately, we have found that transduction by a second
administration of an AAV2 vector is blocked, presumably due to neutralizing antibodies generated in response
to the primary vector exposure. Here, we have explored the use of AAV2 vectors pseudotyped with capsid
proteins from AAYV serotypes 2, 3, and 6 for readministration in the mouse lung. We found that an AAV6 vector
transduced airway epithelial and alveolar cells in the lung at rates that were at least as high as those of AAV2
pseudotype vectors, while transduction rates mediated by AAV3 were much lower. AAV6 pseudotype vector
transduction was unaffected by prior administration of an AAV2 or AAV3 vector, and transduction by an AAV2
pseudotype vector was unaffected by prior AAV6 vector administration, showing that cross-reactive neutral-
izing antibodies against AAV2 and AAV6 are not generated in mice. Interestingly, while prior administration
of an AAV2 vector completely blocked transduction by a second AAV2 pseudotype vector, prior administration
of an AAV6 vector only partially inhibited transduction by a second administration of an AAV6 pseudotype
vector. Analysis of sera obtained from mice and humans showed that AAV6 is less immunogenic than AAV2,
which helps explain this finding. These results support the development of AAV6 vectors for lung gene therapy

both alone and in combination with AAV2 vectors.

Adeno-associated viruses (AAV) are single-stranded DNA
parvoviruses that are dependent on helper viruses, such as
adenovirus, for efficient replication and expression. Vectors
based on AAV can integrate and promote persistent gene
expression in cultured cells and in dividing and nondividing
cells in multiple somatic tissues of animals (23). Long-term
expression of clinically relevant levels of erythropoietin human
clotting factor IX and human granulocyte colony-stimulating
factor (G-CSF) have been achieved in mice following AAV-
mediated gene transfer to muscle and liver (16-19, 27), indi-
cating the potential of these vectors for human gene therapy.

Transfer of therapeutic genes into the lung epithelium may
provide a cure for diseases such as cystic fibrosis (CF). CF
affects 1 in 3,000 Caucasian births and is caused by mutations
in a chloride ion channel (CF transmembrane conductance
regulator [CFTR]) that result in gradual lung destruction, the
major cause of morbidity. Current treatments for CF require
lifelong therapeutic interventions aimed at alleviating the
symptoms. In contrast, the delivery of a functional CFTR gene
to the lung would make possible long-term correction of the
major defect and prevent progressive fatal lung disease.

AAV vectors can transduce multiple cell types in the lung,
but animal data thus far have not shown clinically relevant
levels of therapeutic gene expression from AAV vectors in the
lung. Bronchoscopic administration of an AAV vector contain-
ing the human CFTR cDNA resulted in localized gene transfer
and expression in areas of the normal adult rabbit lung at the
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site of vector delivery (12). Delivery of an AAV vector encod-
ing human placental alkaline phosphatase (AP) to the adult
rabbit lung by use of a balloon catheter also showed localized
transduction at the site of delivery, which appeared to depend
on local tissue damage (14). AAV transduction in the devel-
oping neonatal rabbit lung was more efficient and was observed
in a variety of airway and alveolar cell types (32). In the adult
mouse lung, AAV vector transduction was rare, but the fre-
quency could be increased by addition of adenovirus to provide
helper functions (9). These results indicate that the efficiency
of AAV transduction in the normal lung epithelium is low but
might be enhanced by cell proliferation, tissue injury, or ade-
novirus helper functions. Alternatively, administration of much
higher doses of AAV vector could also increase transduction in
the lung epithelium (15).

Although AAV vector expression can persist in the liver and
muscle of animals, its persistence in the lung epithelium is
more complex. Expression of AAV vectors in neonatal or adult
rabbit lungs declined dramatically within the course of the
experiments (12, 14, 32), whereas AAV vector expression in
the epithelia of the mouse lung persisted for 8 months, the
duration of the experiments (15). It is not known whether gene
expression in human airways will persist, but it is likely that
expression will eventually be lost due to a low but constant
turnover rate of the epithelium. Additionally, more than one
AAYV vector administration may be required to achieve ther-
apeutic levels of vector expression. Therefore, readministra-
tion of vector may be required to achieve lifelong therapy in
the lung. However, we found that readministration of vector
did not result in new transduction events in the rabbit or mouse
lung, and this lack of transduction was correlated with the
presence of neutralizing antibodies to AAV vector in serum
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FIG. 1. AAV vectors. AAV TRs (hatched boxes), coding regions (open box-
es), promoters and polyadenylation sequences (solid boxes), and transcriptional
start sites (arrows) are indicated. Abbreviations: TR, AAV TR; MLV, Moloney
murine leukemia promoter and enhancer; RSV, RSV promoter and enhancer;
CMV, cytomegalovirus promoter and enhancer; SV40, simian virus 40 early
promoter; SV40-pA, AAV-pA, and hGH-pA, simian virus 40, AAV, and human
growth hormone polyadenylation sequences, respectively; AP, human placental
AP; B-gal, bacterial B-Gal; neo, neomycin phosphotransferase. There are three
related AXLAPSN vectors, where x represents the AAV type from which the
vector was derived, that contain either AAV2, AAV3, or AAV6 TRs. All other
vectors contain AAV2 TRs.

(14, 15). These results are consistent with those obtained with
skeletal muscle and liver, where AAYV vector readministration
resulted in little or no new transduction (10, 29, 30).

Here, we have explored the use of other AAV serotypes to
allow repeat transduction. There are six known serotypes of
AAV. AAV types 1 (AAV1), 2, and 3 were isolated from
humans as contaminants of adenovirus preparations (24).
AAV4 was isolated from captive monkeys (4), and AAVS was
obtained from a human genital lesion (1). AAV6 was most
recently isolated and cloned and was found as a contaminant of
a laboratory adenovirus preparation (25). Serum from rabbits
immunized with an AAV2 vector completely neutralized
AAV2 and partially neutralized AAV3, but did not neutralize
the AAV6 vector in tissue culture assays (25). These results led
us to hypothesize that AAV6 and possibly AAV3 could be
utilized for readministration purposes. We show here that
AAVG6 vectors have properties that should be useful for gene
therapy, including low immunogenicity and the lack of cross-
reactive antibodies generated against AAV2 and AAV6.

MATERIALS AND METHODS

Cell culture. The 293 human embryonic kidney cells (13), HT-1080 human
fibrosarcoma cells (ATCC CCL 121), COS-1 monkey kidney cells (ATCC CRL
1650), and BHK-21 baby hamster kidney cells (20) were maintained in Dulbec-
co’s modified Eagle medium supplemented with 10% fetal bovine serum, 100 U
of penicillin per ml, and 100 g of amphotericin B per ml. Cells were cultured at
37°C in an atmosphere of 10% CO,.

AAV vectors. AAV vectors (Fig. 1) and packaging plasmids were propagated in
Escherichia coli JC8111 (7) or SURE (Stratagene). The AAV2-based vectors
CWRAP (11) and A2LAPSN (25), the AAV3-based vector A3LAPSN (25), and
the AAV6-based vector AGLAPSN (25) have been described previously. The
AAV2-based vector CWCZn was derived from CWRAP by replacing the Rous
sarcoma virus (RSV) promoter and enhancer sequences with an immediate early
promoter and enhancer from cytomegalovirus and by replacing the AP cDNA
with a ¢cDNA encoding a nuclear-localizing bacterial B-galactosidase (B-Gal)
cDNA. The AAV2-based vector ARAPGH contains the human placental AP
c¢DNA driven from an RSV promoter and enhancer sequences and contains the
human growth hormone intron and polyadenylation sequences. The serotype of
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the capsid proteins used to package an AAV vector, or vector pseudotype, is
indicated in parentheses after the vector name.

AAV vector production and characterization. Vectors with an AAV2
pseudotype were produced with the AAV packaging plasmids pRepCap2 (25)
(A2LAPSN and CWRAP) or pACG (31) (ARAPGH and CWCZn). The plas-
mids pRepCap3 and pRepCap6 were used to produce vectors with the AAV3
and AAV6 pseudotypes, respectively (25). Production of vectors used in cell
culture experiments was done as previously described (26). Briefly, 293 cells were
infected with wild-type adenovirus 5 and then cotransfected with the vector and
AAV packaging plasmids. Clarified crude cell lysates obtained 3 days after
transfection were purified by centrifugation through a sucrose cushion, followed
by density banding in cesium chloride, dialysis, and heat inactivation (56°C, 1 h).
Production of the AAV2, AAV3, and AAV6 pseudotype vectors used in animal
studies was done by a similar procedure except that cell lysates were concen-
trated by ultrafiltration prior to centrifugation through a sucrose cushion, as
described previously (14). Southern analysis was done to determine the number
of genome-containing particles in the vector preparations. Titers of ARAPGH
vector stocks were determined with HT-1080 cells as targets for transduction.
The particle-to-focus-forming unit (FFU) ratios were 10° for AAV2, 3 X 10* for
AAV3, and 10° for the AAV6 pseudotype vector preparations of ARAPGH. The
titers of the CWCZn preparations were determined with BHK-21 cells. The
particle-to-transducing unit ratios were 10* for CWCZn(AAV2) and 10° for
CWCZn(AAV6). Vector stocks were characterized for the presence of infectious
adenovirus by plaque assay (13), and none was detected (<100 infectious units
[IU]/ml). Determination of the presence of replication-competent AAV was
done by infectious center assay (14). The CWCZn vector preparations did not
have detectable replication-competent AAV (<50 IU/ml) while the ARAPGH
preparations contained low (500 IU/ml) to undetectable (<50 IU/ml) levels of
replication-competent AAV. These levels of replication-competent AAV do not
affect transduction by an AAV vector in the lung or in cultured cells (14).

AAV vector delivery to mouse airways. Animal studies were performed in
accordance with the guidelines set forth by the Institutional Review Office of the
Fred Hutchinson Cancer Research Center. C57BL/6 and BALB/c mice were
obtained from Jackson Laboratories (Bar Harbor, Maine). Animals received
vector by nasal aspiration as previously described (15). Mice were given the first
AAV vector on day 1 and the second AAV vector at 4 weeks, and they were
sacrificed 3 or 4 weeks after the second vector administration. Blood was ob-
tained by the retroorbital or cardiac routes 3 weeks after a primary administra-
tion of an AAV vector to assay for AAV-neutralizing activities.

Quantitation of transduction efficiency. Animals were euthanatized, and AP
staining of mouse lungs was done as previously described (15). Stained portions
of the lung were cut into 3-mm-thick slices and paraffin embedded. Four ~5-
wm-thick sections were taken from each lung sample. Three of these were
counterstained with nuclear-fast red, and the fourth was counterstained with
hematoxylin and eosin. Quantitation of transduction efficiency was done by
counting the number of AP cells per section on the slides stained with nuclear-
fast red. AP™ foci in a total area of 1.5 to 3 cm? were counted for each lung.

Virus neutralization assay. Mouse blood was collected by retroorbital or
cardiac routes. Human blood was obtained from healthy volunteers at the Fred
Hutchinson Cancer Research Center. Serum was prepared by incubating blood
at 4°C overnight and by removal of the clot by centrifugation, followed by heat
inactivation at 56°C for 40 min. Virus neutralization assays were done as previ-
ously described (15). Briefly, AAV2, -3, and -6 pseudotype ARAPGH vectors
were diluted to 10° genome-containing particles per ml. Serum or diluted serum
(1to 5 pl) was added to 100 pl of diluted virus to achieve the desired final serum
dilution. The virus and serum mixtures were incubated for 1 h at 37°C, and then
portions of the mixtures (representing 80, 10, 5, and 0.5%) were added to
HT-1080 cells plated at 5 X 10* cells per well (six-well plates) the previous day.
Two to three days following infection, cells were fixed and stained for AP
expression, and AP* foci were counted. Each assay was performed in duplicate.

RESULTS

Transduction by AAV2, -3, and -6 pseudotype vectors in
cultured cells. We determined the transduction rates in cul-
tured cells of AAV vectors having AAV2, -3, or -6 capsid
proteins (Fig. 2). In one experiment, the DNA genome in the
virions was based on AAV2 (CWRAP) and the capsid proteins
were varied, and in another experiment the vector genomes
were derived from the same AAV serotypes as the viral pro-
teins (A2LAPSN, A3LAPSN, and A6LAPSN). All of the vec-
tors encoded AP, and the number of AP™ foci induced by each
virus was normalized to the number of vector genomes added
to the cells to obtain the transduction rates. The data show that
the AAV2-based vector CWRAP could be packaged into in-
fectious virions by the capsid proteins from AAV2, -3, and -6,
although the transduction rate of CWRAP with an AAV6
pseudotype was particularly low in COS-1 cells. In the case of
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FIG. 2. Transduction by AAV vectors in cultured cells. Transduction rates in
COS-1 and BHK-21 cells are expressed as the number of AP* FFU per vector
genome. The CWRAP vector contains AAV2 TRs and was pseudotyped with
AAV?2, -3, or -6 Rep and Cap proteins. The AXLAPSN vectors contain TRs from
the same AAV serotype as that of the capsid proteins.

AAV3 pseudotype vectors, the transduction rate for both
COS-1 and BHK-21 cells was much higher with the AAV2-
based vector CWRAP(AAV3) in comparison to that of the
AAV3-based vector A3LAPSN. The opposite was true for the
AAV6 pseudotype vectors where the presence of AAV6 se-
quences in the AGLAPSN vector resulted in improved trans-
duction compared with that of the AAV2-based vector
CWRAP(AAVO).

Transduction by AAV2, -3, and -6 pseudotype vectors in
mouse lung. We next examined transduction by AAV2, -3, or
-6 pseudotype vectors in mouse lung to establish the relative
transduction rates and the cell-type specificity of the vectors.
For these experiments, the same AAV2-based vector genome
was packaged into the different capsid proteins to eliminate
effects of vector sequences on transduction. We used the
AAV2-based vector ARAPGH, which is similar to the
CWRAP vector. These experiments were part of larger exper-
iments designed to study repeat transduction, and the animals
described here received saline 1 month before receiving the
test vector. Naive animals exhibited no AP™ cells in the lung
(Table 1, row 1). Animals that were given 10*° genome-con-
taining particles of the ARAPGH(AAV2) vector showed
staining in alveolar cells, smooth muscle cells, and cells of
the airway epithelium (Table 1, row 2). Animals given the same
amount of ARAPGH(AAV6) showed a twofold-higher level of
transduction in alveolar cells compared to those given
ARAPGH(AAV2) (Table 1, compare rows 2 and 6 [P <
0.005]). The AAV3 vector ARAPGH(AAV3) yielded a lower
transduction rate in alveolar cells (P < 0.005), but the propor-
tion of transduction events in smooth muscle was higher than
that of the AAV2 or -6 pseudotype vectors (P < 0.05). The
comparison of the three vectors shows that AAV2 and -6
pseudotype vectors transduce airway epithelia much more ef-
ficiently than the AAV3 pseudotype vector.

Higher doses of the vectors were administered in an attempt
to increase transduction in all cell types. Animals given 10"!
genome-containing particles of the AAV2 or AAV6 pseudo-
type vectors showed differences in the distribution of AP* cells
and transduction rates (Fig. 3). All lungs were taken for anal-
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ysis 1 month after vector delivery. Naive animals (Fig. 3, rows
1 and 2, left panels) and saline-treated animals (data not
shown) exhibited no AP cells in the lung. The staining in the
lung parenchyma appeared clustered for AAV2 while it was
more evenly distributed for AAV6 (Fig. 3, row 1, center and
right panels). Histological analysis showed that the majority of
AP" cells were alveolar cells (Fig. 3, row 2, center and right
panels), and the number was significantly higher for the AAV6
vector than for the AAV2 vector (P < 0.05) (5,800 £ 2,000
[mean =+ standard error] versus 565 * 164 AP™ alveolar cells
per cm?, respectively; n = 4 per group). Transduction of distal
airway epithelial cells was also higher for the AAV6 vector
than for the AAV2 vector (P = 0.06) (97 * 43 versus 35 + 15
AP™ distal airway epithelial cells per cm?) (Fig. 3, row 3,
compare center and right panels). This level of transduction by
the AAV6 vector represents 5% of the alveolar cells and 0.5%
of the distal airway epithelial cells. Transduction of smooth
muscle cells was also found in animals given AAV2 vector (Fig.
3, row 3, left panel) and AAV6 vector (not shown). Airway
epithelia exhibiting a high level of transduction (up to 30%)
could be found in animals administered the AAV6 vector but
not in those given the AAV2 vector (Fig. 3, row 3, compare
center and right panels). Although airway epithelia exhibiting
such a high percentage of AP" cells were still seen infre-
quently, even in the AAVG6-treated animals, the results show a
trend towards higher transduction rates in airway epithelial
cells by the AAV6 pseudotype vector in comparison to the
AAV?2 pseudotype vector.

Transduction by AAV2, -3, and -6 pseudotype vectors in
mouse lung following primary exposure to an AAV2
pseudotype vector. We tested the abilities of AAV2, -3, and -6
pseudotype vectors to transduce the lung after primary expo-
sure to an AAV2 pseudotype vector. In all cases, we used
AAV2-based vector genomes to eliminate effects due to vector
sequences. Mice were given 5 X 10° genome-containing par-
ticles of CWCZn(AAV2), and blood was obtained to analyze
AAV?2 neutralization activity on day 21. All animals exhibited
a robust neutralizing immune response against this AAV2
pseudotype vector (data not shown). Four weeks after the
initial vector exposure, the mice were given an ARAPGH
vector with an AAV2, -3, or -6 pseudotype (10'° genome-
containing particles each). The animals were euthanatized 3
weeks later, and the lungs were stained for AP to assess trans-
duction by the second vector (Table 1). The positive control for
AAV2 transduction, i.e., mice given saline followed by
ARAPGH(AAV2), displayed a modest transduction rate in
alveolar cells and much lower rates in the smooth muscle cells
and distal airway epithelial cells (Table 1, row 2). Transduction
in bronchial epithelial cells was barely detectable (0.08 per
cm?). When ARAPGH(AAV2) was given after one prior ex-
posure to an AAV2 vector, no AP cells were observed in
three animals, indicating that transduction was abrogated or at
least reduced to undetectable levels (<0.1 AP* cell per cm?)
(Table 1, row 3). When ARAPGH(AAV3) was given after
prior exposure to CWCZn(AAV2), we observed transduction
of alveolar cells that was one-third of the value obtained when
the AAV3 vector was administered to naive animals (P < 0.05)
(Table 1, rows 4 and 5). Additionally, transduction of smooth
muscle cells was reduced (P < 0.01) to undetectable levels.
When ARAPGH(AAVG6) was given after primary exposure to
the AAV2 vector, transduction was observed in all cell cate-
gories at values that were similar to those of naive animals
(P > 0.3 [no statistically significant difference]) (Table 1, rows
6 and 7).

The result showing that one exposure to an AAV2 vector
can prevent later transduction by another AAV2 vector has
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FIG. 3. Histochemical detection of AP expression in mouse lungs 1 month after vector exposure. Naive mouse lungs (control) did not exhibit AP cells, while AAV
vector-treated lungs exhibited AP™ alveolar cells (arrowheads), airway epithelial cells (small arrows), and smooth muscle cells (large arrows). Lungs given AAV2 or

-6 pseudotype vectors (10'" genome-containing particles) are indicated. Original magnifications: top row, X80; middle row and bottom row (left panel), X100; bottom
row (middle and right panels), X200.

been observed in previous experiments with rabbits and mice
(13, 15). The results with the other serotypes show that both
AAV3 and AAV6 pseudotype vectors can be effectively read-
ministered following AAV?2 vector exposure. However, AAV3
vector transduction was reduced by prior AAV2 vector expo-
sure, while AAV6 vector transduction was unaffected under
the same conditions. Additionally, given approximately similar
doses of the two vectors as measured with genome-containing
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particles, the AAV6 vector transduced airway epithelial and
alveolar cells at a much higher rate than did the AAV3 vector.
This result is remarkable given the poor transduction of AAV6
pseudotype vectors in cultured cells.

Virus-neutralizing activity and cross-reactivity of antibodies
directed against AAV2, -3, and -6 pseudotype vectors in mice.
Blood was obtained at the time the lungs were removed for AP
staining to analyze AAV neutralization activity in animals

TABLE 1. Transduction in the mouse lung by AAV2, -3, and -6 pseudotype vectors after primary administration of an AAV2 vector”

Vector pseudotype No. of AP-positive cells per cm? in:
No. of

Primary Secondary animals

(B-Gal vector) (AP vector) Alv DAE BE ASM VSM
None None 2 <0.1 <0.1 <0.1 <0.1 <0.1
Saline AAV2 4 206 *= 26 4515 0.08 = 0.08 1.0 0.2 17 = 14
AAV2 AAV2 3 <0.1 <0.1 <0.1 <0.1 <0.1
Saline AAV3 4 57x03 <0.08 <0.08 2.6 £0.7 0.5*=0.5
AAV2 AAV3 4 19+13 <0.08 <0.08 <0.08 <0.08
Saline AAV6 4 408 = 73 124 0.5+0.1 04 =04 <0.08
AAV2 AAV6 4 383 £71 184 0.7=0.6 1.2+04 0.08 = 0.08

“ Vector stocks were generated as described in Materials and Methods except that a 293 cell line containing the integrated ARAPGH vector was used. Mice were
given CWCZn(AAV2) (5 X 10° genome-containing particles) and 4 weeks later were given AAV2, -3, or -6 pseudotype ARAPGH vectors (10'° genome-containing
particles each). The animals were euthanatized 4 weeks after the second vector administration, and the number of AP-positive alveolar cells (Alv), distal airway
epithelial cells (DAE), bronchial airway epithelial cells having underlying cartilage (BE), airway smooth muscle cells underlying the epithelium (ASM), and vasculature
smooth muscle cells (VSM) were quantitated. The means and standard errors of the means are shown.



1528 HALBERT ET AL. J. VIROL.
10 10 10
17 73 rE _FA
_ - ; lu 1] = 75 11 Serum from
g 107 ¢ | “ g " A 7] |5, | mouse given:
RS f i’ g 74 | B AAv2
o g < 10714 g g 1011 4 . 0O AAV3
> 10734 o s . [F1 AAV6
= ’ ] g ’
© -
3 104 @V [ / . y
o f (| 10 - | 102 ‘ _
5] ’ / * * *7 .
10 . . . % o "
x’f 3 d 4
1075 1073 2 a 1073 < 2
Serum dilutions: 1:500 1:100 1:20 1:500 1:100 1:20 1:500 1:100 1:20
Vector: AAV2 AAV3 AAVE

FIG. 4. AAV-neutralizing antibody titers in serum from mice after administration of AAV vectors. AAV2-, -3, or -6 pseudotype vectors were incubated with
dilutions of pooled sera from mice given the same pseudotype vectors 3 weeks previously. The relative titer was determined by comparison to the titer of the vector
incubated without mouse serum. The asterisks indicate that no stained cells were observed, and the underlying bars represent the limit of sensitivity of the assay in these
cases. Duplicate wells in three repeat assays were scored. Mean values * standard deviation are given.

given only one dose of an AAV vector. Similar numbers of
genome-containing particles of ARAPGH pseudotyped in
AAV2, -3, or -6 capsids were exposed in 1:20, 1:100, and 1:500
dilutions of pooled serum, and the remaining transduction
activity was determined in cultured cells (Fig. 4). The pooled
serum from three mice given one dose of AAV2 vector almost
completely neutralized the AAV2 vector, partially neutralized
the AAV3 pseudotype vector, and did not neutralize the
AAV6 pseudotype vector. The pooled serum from four ani-
mals given the AAV3 pseudotype vector completely neutral-
ized the AAV3 vector, partially neutralized the AAV2 vector,
and did not exhibit any neutralizing activity against the AAV6
pseudotype vector. The pooled serum sample from animals
given one dose of AAV6 vector did not show cross-reactive
neutralizing antibodies to AAV2 or AAV3. This pooled serum
sample partially neutralized the AAV6 vector, but only at the
lowest dilution of serum (1:20). The titer (dilution at which
transduction is decreased 50%) of the AAV6 serum against
AAV6 was 1:20, whereas the AAV3 and AAV2 serum still
exhibited nearly complete neutralization of the cognate vectors
at the 1:500 dilution.

The results show that the cross-reactivity of serum from mice
exposed to an AAV2 vector is similar to that found with rabbits
(25). The new data concerning the cross-reactivities of serum
from animals exposed to AAV3 or AAV6 vectors were not
unexpected and showed a reciprocal cross-reactivity between
AAV3 and AAV2 and no cross-reactivity between AAV6 and

the other two serotypes. The surprising result was that seen
with the reactivity of AAV6 serotype to itself. Although all
animals received comparable inocula of the corresponding
AAYV vectors, one dose of AAV6 did not elicit a strong neu-
tralizing immune response against itself, whereas similar doses
of the other two serotypes did elicit strong neutralizing im-
mune responses against vectors pseudotyped with the same
capsid proteins.

Successful readministration of AAV2 and AAV6 pseudotype
vectors following primary exposure to an AAV6 pseudotype
vector. Because the AAV6 vector elicited only low titers of
neutralizing antibodies in mice, there was a possibility that
AAVG6 vectors could be utilized for repeat transduction. We
tested this hypothesis in the next experiment and also tested
the possibility of using an AAV2 vector after an AAV6 vector.
Animals were inoculated with saline, CWCZn(AAV2), or
CWCZn(AAV6). One month after administration of the first
vector or saline, the animals were given ARAPGH(AAV?2) or
ARAPGH(AAV6). One month later, the animals were eu-
thanatized, and lungs were stained for AP expression (Table
2). Saline-treated animals did not exhibit any AP™ cells in the
lung (Table 2, row 1). Transduction by the AAV2 vector in
naive animals was low in all cell categories and was undetect-
able in the bronchial epithelium. Transduction by AAV2 in the
group of mice that had been previously exposed to an AAV6
vector was not significantly different from the AAV2 control
group, indicating that the AAV2 vector transduction was un-

TABLE 2. Transduction in the mouse lung by AAV2, -3, and -6 pseudotype vectors after primary administration
of AAV2 or AAV6 pseudotype vectors”

Vector pseudotype

No. of AP-positive cells per cm? in:

No. of
Prima Seconda: imals
(B-Gal Vergtor) (AP Vect(?rl) animals Alv DAE BE ASM VSM
None Saline 3 <0.1 <0.1 <0.1 <0.1 <0.1
Saline AAV2 3 22+ 10 1.3+12 <0.1 25*+19 19+13
AAV6 AAV2 4 19=*5 0.1 £0.1 <0.1 1.1 £0.6 0.5 0.5
Saline AAV6 4 5,800 = 2,000 97 =43 43 £ 41 50 = 14 128
AAV6 AAV6 5 1,210 = 450 45 +2.1 <0.1 0.7 0.3 <0.1
AAV2 AAV6 5 4,300 = 2,200 30+ 14 <0.1 146 8+6

“ Mice were given 10'° genome-containing particles of CWCZn(AAV2) or CWCZn(AAV6) and 4 weeks later were given ARAPGH(AAV2) or ARAPGH(AAV6)
(5 % 10° or 10'! genome-containing particles, respectively). The animals were euthanatized 4 weeks after the second vector administration, and the AP-positive alveolar
cells (Alv), distal airway epithelial cells (DAE), bronchial airway epithelial cells having underlying cartilage (BE), airway smooth muscle cells underlying the epithelium
(ASM), and vasculature smooth muscle cells (VSM) were quantitated. The means and standard errors of the means are shown.
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FIG. 5. AAV-neutralizing antibody titers in mouse serum after administra-
tion of AAV2- or AAV6-pseudotyped vector. AAV2- or AAV6-pseudotyped
ARAPGH vectors were incubated with dilutions of sera from mice given the
AAV2- or AAV6-pseudotyped CWCZn vectors 3 weeks previously (n = 4 per
group; see Table 2). The relative titer was determined by comparison to the
number of AP* FFU/ml of sample, in which vector was incubated with serum
from a saline-treated mouse (n = 4). Duplicate wells for each animal serum were
scored. Mean values *+ standard deviation are given.

affected by prior exposure of mice to an AAV6 vector (P >
0.05). The AAV6 vector transduced the lung after prior expo-
sure to an AAV6 vector; however, the efficiency of transduc-
tion was reduced compared to AAV6 transduction in control
animals (P < 0.05). Administration of AAV6 after AAV2
resulted in transduction at a level comparable to that obtained
with naive animals (Table 2), consistent with results from the
previous experiment (Table 1).

Serum was obtained 3 weeks after the first dose of AAV
vector and tested for neutralizing activity against AAV2- and
AAVG6-pseudotyped ARAPGH vectors prior to readministra-
tion. The sera were individually analyzed, and the average
neutralizing values are shown (Fig. 5). AAV2 sera neutralized
ARAPGH(AAV2) at all dilutions of serum tested, but had no
effect against ARAPGH(AAV6). AAV6 sera partially neutral-
ized ARAPGH(AAV®6) at the lower serum dilution and did
not neutralize ARAPGH(AAV2). The neutralization results
of this experiment were consistent with the results of the pre-
vious experiment, showing that AAV2-encapsidated vectors
elicit a more robust humoral immune response than AAV6-
encapsidated vectors, and there is no cross-reactivity between
these AAV serotypes.

It is known that different strains of mice mount different
humoral and cellular immune responses to viral vectors and
other immunogens. For example, BALB/c and C3H/Hel
mouse strains clear adenovirus vector-transduced cells more
rapidly than other strains of mice, such as C57BL/6 (2). To
compare the immunogenicity of AAV2- and AAV6-pseudo-
typed vectors in another strain of mice, BALB/c mice were
given either the AAV2- or AAV6-pseudotyped CWCZn vec-
tors (10'° genome-containing particles), and serum was ob-
tained 21 days later. Pooled serum samples from each group of
mice (n = 4 in each group) were tested for neutralizing activity
against AAV2- and AAV6-pseudotyped ARAPGH. The se-
rum from animals exposed to the AAV6 vector exhibited 50%
neutralization of the AAV6 cognate vector at a serum dilution
of 1:20, whereas the serum from animals exposed to the AAV2
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TABLE 3. Neutralization of AAV2, AAV3, and AAV6 pseudotype
vectors by human serum”

Human serum Titer of neutralizing serum with antibody against:

sample no.  ARAPGH(AAV2) ARAPGH(AAV3) ARAPGH(AAV6)
1 3,200 1,600 400
2 6,400 800 200
3 12,800 12,800 800
4 20 <1:20 20
5 <20 <20 <20
6 <20 <20 <20
7 12,800 1,600 800

“ Dilutions of serum (1:20 and twofold dilutions starting from 1:100) were
incubated with 10® genome-containing particles of AAV2-, AAV3-, and AAV6-
pseudotyped ARAPGH vector. Titer was defined as the reciprocal of the highest
dilution of serum that neutralized at least 50% of the vector.

vector demonstrated a 50% inhibition of the AAV2 vector at a
1:1,000 dilution (data not shown). Neither group exhibited
cross-reactive neutralizing antibodies (data not shown). These
results show that in another strain of mice, the AAV6 and
AAV2 vectors are serologically distinct and that AAV6 vector
is less immunogenic.

Human serum neutralizing activity against an AAV6 vector
is less potent than that against an AAV2 vector. To determine
the prevalence and level of neutralizing activity against AAV2,
-3, and -6 in humans, serum samples from several volunteers
were tested in an initial screen (Table 3). Four out of seven
serum samples showed high neutralizing activity against an
AAV?2 vector. One individual showed a low activity, and two
had no neutralizing activity against the AAV2 vector. These
serum samples showed a similar profile of reactivity to an
AAV3 vector. The same serum samples that exhibited reactiv-
ity to the AAV2 vector also exhibited reactivity to the AAV6
vector; however, the titer of the neutralizing antibody was
significantly lower. The highest titers of antibodies against
AAV2 ranged from 3,200 to 12,800, whereas those against
AAV6 ranged from 200 to 800. The reactivity to AAV3 was
intermediate.

DISCUSSION

We previously constructed vector and helper plasmids for
the production of vector stocks based entirely on either AAV2,
-3, or -6 (25). In this study, we showed that an AAV2-based
vector genome (containing AAV2 terminal repeats [TRs]) can
be pseudotyped into AAV3 or AAV6 capsids by using helper
plasmids containing the rep and cap genes from these AAV
serotypes. Experiments performed with different pseudotypes
of the AAV2 vector allowed us to eliminate effects of different
vector TR sequences on the results.

Our results show that AAV2, -3, and -6 pseudotype vectors
were able to transduce various cell types in the mouse lung. A
comparison of transduction efficiencies between vectors with
the three pseudotypes indicates that vectors with an AAV3
pseudotype are the least efficient of the three, and those with
an AAV6 pseudotype are at least as efficient as AAV2 vectors.
This comparison is based on inoculating the animals with sim-
ilar numbers of genome-containing vector particles rather than
on similar functional vector titers as measured in cell culture
because of the dependence of vector titer on the particular
cells used for assaying. Indeed, we showed previously (25) and
in Fig. 2 that similar numbers of genome-containing particles
of AAV2, -3, or -6 vectors yielded different transduction effi-
ciencies in different target cell lines, and we hypothesize that
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this is due to differences in receptor utilization by the three
AAV serotypes. Similar observations have been made with
vectors based on AAV3 and AAV4 (8, 21, 22). In vivo, trans-
duction by an AAV2 vector was higher in alveolar cells than in
any other cell type of the mouse lung (15). Here, we show that
AAV3 and AAV6 pseudotype vectors also transduce alveolar
cells more efficiently than other cells in the mouse lung and
that transduction of smooth muscle cells and airway epithelial
cells also occur, as has been observed for AAV2 vectors. Mem-
bers of our group have observed transduction of submucosal
smooth muscle in rabbits after delivery of AAV vector by use
of a balloon catheter (14). In the mouse lung, transduction of
submucosal and vascular smooth muscle was also observed,
independent of the method of vector deliver (by intratracheal
injection with a syringe needle or by nasal aspiration) (15) and
independent of vector preparation quality (data not shown). It
is not immediately apparent how a vector delivered by nasal
aspiration can circumvent physical barriers imposed by the
basement membrane of the epithelium.

In one experiment, administration of 10'° genome-contain-
ing particles resulted in a twofold-greater transduction of al-
veolar cells and distal airway cells for AAV6 than for AAV2
(Table 1). In a second experiment, doses of AAV2 and AAV6
equivalent to 5 X 10° and 10'" genome-containing particles,
respectively (a 20-fold difference in genomes), resulted in dra-
matically higher transducing values for the AAV6 vector, par-
ticularly in alveolar cells (200-fold greater than for AAV2)
(Table 2). In a third experiment, where 10" genome-contain-
ing particles of ARAPGH(AAV2) were administered (Fig. 3),
the transduction rate of the AAV2 vector was still 10-fold
lower than that of a similar dose of the AAV6 vector that was
determined in the second experiment. These results suggest
that the AAV6 pseudotype results in more efficient transduc-
tion in the lung than the AAV2 pseudotype vector. It is ap-
parent that the vector titers obtained in tissue culture cell lines
were not predictive of AAV6 pseudotype vector performance
in vivo, since titers of AAV6 pseudotypes of the ARAPGH and
CWRAP vectors were at least 100- to 10,000-fold lower than
those of the AAV2 pseudotypes of the same vectors (Fig. 2; see
Materials and Methods). Additionally, the results from Fig. 2
indicate that an AAV2 vector pseudotyped in an AAV6 capsid
may be less efficient than an AAV6-based vector (containing
AAVG6 TRs). Generation of helper constructs that separate the
rep and cap functions, as well as encapsidation of a vector with
the cognate AAV vector sequences, will help delineate the
optimal combination of vector, rep, and capsid serotypes for
gene transfer to the lung and other tissues.

The fact that AAV vector transduction correlated inversely
with the presence of neutralizing antibodies suggests that the
use of AAV vectors in humans may be limited to those indi-
viduals who have not previously been infected by AAV. Re-
sults obtained from earlier studies showed that serum reactivity
to AAV2 and -3 occurred in approximately 60% of adults (4).
Seropositivity was minimal in children under the age of 2 but
rapidly increased to 60% thereafter (4, 6). The results of these
studies were based on the use of assays for complement fixa-
tion as well as neutralizing activity. In a preliminary screen of
adult subjects, we found that the prevalence of AAV2 and -3
reactivity was similar to that in the earlier reported study. A
robust neutralizing reactivity to AAV2 and AAV3 serotypes
was detected in four of seven serum samples, another one had
a low reactivity, and two others did not exhibit any neutralizing
activities. Neutralizing activities against AAV6 capsids also
were detected in the serum samples that were reactive against
AAV2 and AAV3 capsid proteins. However, the neutralizing
activity to AAV2 and AAV3 was more robust than the activity

J. VIROL.

to AAVG6. This result is consistent with the lower neutralizing
titers of antibody to AAV6 vectors observed in the mouse. It is
tantalizing to speculate that AAV6 is also less immunogenic in
humans and that the lower titers of neutralizing antibody de-
tected in our screen occurred even after a bona fide infection
with the wild-type AAV6. Alternatively, the low antibody titers
may reflect the ability of human neutralizing antibodies gen-
erated against AAV2 or -3 to cross-react with AAV6, although
this seems unlikely due to the distinct serotypic characteristics
of AAV6 in the mouse and rabbit.

Recently, Xiao et al. examined the use of vectors based on
AAV1 for gene therapy (29). Nucleotide and amino acid se-
quence analyses show that the AAV1 and AAV6 capsid pro-
teins are closely related (25, 29). Analysis of sera from healthy
human subjects showed a remarkable lack of neutralizing ac-
tivity against AAV1 and AAV2 in contrast to our results and
previous reports in the literature (4-6). Their low percentage
of seropositivity may be due to the sensitivity of the neutral-
ization assay. Our assay utilized 10% genome-containing parti-
cles of vector in incubations with serum, and the titer of neu-
tralizing serum was determined on a 50% reduction in AP
FFU. Their neutralizing titers were calculated as the highest
dilution at which 50% of a monolayer of cells still stained
positive for the green fluorescent protein encoded by the vec-
tor. Since the amount of vector particles used in incubation
with serum was not given, we cannot directly compare our
results. Alternatively, their low percentage of seropositivity
may reflect the population analyzed. We have initiated a study
to screen a larger human population which would include CF
and healthy individuals. Preliminary results showed that only 1
of 22 CF individuals under the age of 18 showed seropositivity
to AAV (data not shown). In this individual, the neutralizing
titer of antibody to AAV2 was 10-fold higher than that to
AAV6. We used the same assay for detection of AAV-neu-
tralizing antibodies in CF individuals and in healthy individu-
als, shown in Table 3; thus, we are unable to explain the
difference in incidence of AAV immunoreactivity based on
methodological grounds.

In animal experiments, Xiao and coworkers reported differ-
ences in the ability of the vector to transduce in primary and
secondary administrations in liver and muscle (29). Previous
exposure to an AAV1 or AAV2 vector abrogated subsequent
transduction by the same vector and had a variable effect on
secondary transduction by the other vector, which was depen-
dent on the organ studied (liver or muscle). Their results and
ours suggest that initial transduction and readministration re-
sults may be dependent on the route of delivery and the target
tissue being analyzed. In addition, although the AAV1 and
AAVG6 capsid proteins are 99% identical, there are six amino
acid differences between AAV1 and AAV6 capsid proteins
that could lead to differences in the immunogenicity and cross-
neutralization activities of AAV1 and AAV6. By comparison
to the crystal structure determined for canine parvovirus (28),
a major difference (lysine in AAV6 compared to glutamate in
AAV1) appears to be on the surface of the virion, and two
other changes could alter an exposed loop. Admittedly, this
analysis is only approximate, given the large divergence in
sequence between AAV and canine parvovirus capsid proteins,
but these differences could result in different host immune
responses to vectors with AAV1 or AAV6 pseudotypes.

It appears that AAV2 and -3 can elicit the generation of
cross-reactive neutralizing antibodies in several species, includ-
ing humans (4-6), rabbits (26), and mice (present data). Our
data show that exposure to AAV2 or AAV3 vectors elicited a
robust immune response against a vector with the same sero-
type and a weaker response to the cross-reacting serotype. This
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weak immune response resulted in reduced transduction rates
when animals were given a vector with the cross-reactive se-
rotype. The mouse data also show that AAV6 is immunolog-
ically distinct from AAV2 and AAV3 since exposure to these
serotypes did not elicit detectable neutralizing antibody to
AAVG6. Indeed, AAV6 vector transduction rates were not sig-
nificantly affected by prior AAV2 vector exposure. The same
was true for AAV2 vector transduction following an exposure
to AAV6. In addition, the AAV6 vector generated only a weak
neutralizing immune response, and this was correlated with its
ability to transduce the lung after a prior exposure to AAV6.

While this study was under review, another report appeared;
it suggests that neither AAV2 nor AAV3 vector transduction
in the rabbit airway is affected by two prior administrations of
an AAV2 vector, even though neutralizing antibodies against
AAV2 and -3 were detected in serum (3). This is in contrast to
the current and previously published results obtained with
mice (15) and our prior results obtained with rabbits (14),
which showed a large reduction in transduction by an AAV2
vector following prior administration of an AAV2 vector. Per-
haps the reason for the discrepancy in this recent study is the
delivery of a large amount of vector to a very small area of the
airway with a fiber optic bronchoscope. Prior to vector delivery,
bronchoalveolar lavage was performed and may have removed
surface antibodies. In addition, both the lavage procedure and
the use of a bronchoscope for vector delivery likely resulted in
significant damage to the bronchus in the area of vector ad-
ministration, and this may have aided transduction. It appears
that transduction was very low elsewhere in the lung, and thus
it is unclear what utility this localized delivery approach will
have for treatment of diseases such as CF. In contrast, our
results (especially with AAV6) showed significant transduction
as measured by transgene expression (rather than PCR for
vector genomes) throughout the lung.

In summary, we have shown that vectors based on AAV2
pseudotyped into AAV2, AAV3, and AAV6 capsids can trans-
duce the lung and are useful reagents for successful repeat
transduction by AAV vectors. Of the three AAV types exam-
ined, AAV6 appears to be the most versatile for readministra-
tion because it is immunologically distinct and is also less
immunogenic. The results presented here indicate that vectors
based on AAV6 show promise for gene therapy to the lung and
support the development of gene therapy based on multiple
AAV serotypes.
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