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Adeno-associated virus (AAV) vectors have the potential to promote long-term gene expression. Unfortunately, humoral immu-
nity restricts patient treatment and in addition provides an obstacle to the potential option of vector readministration. In this
study, we describe a comprehensive characterization of the neutralizing antibody (NAb) response to AAV type 1 (AAV1) through
AAV5 both in vitro and in vivo. These results demonstrated that NAbs generated from one AAV type are unable to neutralize the
transduction of other types. We extended this observation by demonstrating that a rationally engineered, muscle-tropic AAV2
mutant containing 5 amino acid substitutions from AAV1 displayed a NAb profile different from those of parental AAV2 and
AAV1. Here we found that a single insertion of Thr from AAV1 into AAV2 capsid at residue 265 preserved high muscle transduc-
tion, while also changing the immune profile. To better understand the role of Thr insertion at position 265, we replaced all 20
amino acids and evaluated both muscle transduction and the NAb response. Of these variants, 8 mutants induced higher muscle
transduction than AAV2. Additionally, three classes of capsid NAb immune profile were defined based on the ability to inhibit
transduction from AAV2 or mutants. While no relationship was found between transduction, amino acid properties, and NAb
titer or its cross-reactivity, these studies map a critical capsid motif involved in all steps of AAV infectivity. Our results suggest
that AAV types can be utilized not only as templates to generate mutants with enhanced transduction efficiency but also as sub-
strates for repeat administration.

Adeno-associated virus (AAV) vectors have been safely and
successfully used in phase I clinical trials (39, 40, 54). In par-

ticular, therapeutic effects have been achieved in patients with
Leber’s congenital amaurosis and hemophilia B. Among 30 pa-
tients with Leber’s congenital amaurosis, 28 demonstrated re-
markably improved eyesight after AAV type 2 (AAV2) delivery of
the rpe65 gene to the retina. Regarding the recent hemophilia B
trial, all six patients had therapeutic factor IX (FIX) expression
within a beneficial 1% to 8% of normal levels as long as 18 months
after intravenous delivery of an AAV vector encoding an opti-
mized FIX cassette (54).

AAV is a nonenveloped, single-stranded DNA virus that re-
quires a helper virus, such as adenovirus (Ad) or herpes simplex
virus, for efficient replication. Despite the lack of inflammation or
other AAV-associated complications following administration of
AAV2 vectors in several organs, neutralizing antibody (NAb) ti-
ters against the AAV2 capsid were found to be significantly in-
creased following vector administration, particularly in the lung,
muscle, and liver (7, 8, 43–45, 49, 54, 63). NAbs in circulation are
able to block AAV transduction after systemic administration. Re-
cently, Manno et al. (44) performed a phase I study of AAV-me-
diated FIX transgene delivery in patients with hemophilia B, in
which one patient with a higher preexisting NAb titer demon-
strated lower levels of FIX in the serum than another patient with
lower preexisting NAbs against AAV2. These results suggest that
preexisting NAbs in the human population can attenuate vector
transduction efficiency and inhibit transgene expression upon
systemic application (44).

In the general human population, over 95% of individuals have
been infected by AAV2, with 50% of them having NAbs (3, 4, 6, 10,

18, 21, 24, 27, 35, 48, 62, 65). The prevalence of NAb in children is
lower, ranging from 13 to 25% (9, 35). Although 11 additional
types of AAV have been isolated for gene therapy purposes, little to
no cross-reactivity of NAbs is demonstrated among these types in
animals (27, 30, 38, 60, 65). In humans, recent studies have shown
that different degrees of NAb cross-reactivity exist between AAV2
and other types (6, 10, 27, 45). There is a lower prevalence of NAbs
against AAV1, -5, -6, -7, and -8 than against AAV2 (6, 10). These
findings present a concern to the gene therapy community as to
how we can avoid antagonistic NAb activity during systemic de-
livery of AAV vectors. To overcome this concern, several ap-
proaches have been exploited in our lab and by other groups,
including (i) the utilization of polymers to cover the AAV capsid
and block NAb recognition (11, 32, 33), (ii) the development of
NAb escape mutants by error-prone PCR in vitro (31, 41, 56), (iii)
the application of other types of AAV vectors (27, 30, 38, 60, 65),
and (iv) the generation of chimeric types via AAV shuffling (2, 36,
37). In this study, we have systematically explored the possibility
of using different types and AAV mutants as alternative vectors for
intramuscular gene delivery in mice preimmunized against differ-
ent AAV types.
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MATERIALS AND METHODS
Plasmids and viruses. We first generated a series of AAV type vectors
(AAV1 to -6) as described previously (57). The plasmid pRep6cap6 was a
kind gift from David Russell (University of Washington) (61). All con-
structs were generated in the pXR2 backbone (57). Site-directed mutagen-
esis (Stratagene QuikChange site-directed mutagenesis kit) was used to
insert nucleotides or substitute point mutations. The pXR2.5 plasmid was
constructed by replacement of amino acids at positions 263, 265, 709, 712,
and 720 of AAV2 by the corresponding amino acids in AAV1. Primer
5=-CCAGCCAATCANNKGGAGCCTCGAACG-3= was used to generate
clones with insertion of an amino acid(s) at residue 265 of the AAV2
capsid. AAV was produced in 293 cells using a triple-transfection protocol
(68). Virus was concentrated by double cesium chloride gradient centrif-
ugation. The titer was quantitated by Southern dot blotting, and the con-
tamination of preparations with empty particle was less than 5%.

Determination of immunoglobulin titers for different AAV types.
For comparison of the humoral immune response to AAV types 1 to 6,
1 � 1010 particles of AAV/green fluorescent protein (GFP) (100 �l) were
intraperitoneally injected into 6- to 10-week-old mice (BALB/c; Jackson
Laboratory, ME) at day 0, and mice were boosted with the same virus as
for the primary immunization at day 14. Blood sera were collected via the
retro-orbital plexus at the indicated time points for NAb assays. Serially
diluted serum samples from immunized mice were analyzed for AAV-
specific immunoglobulins (total Ig, IgG, IgM, IgG1, IgG2a, IgG2b, and
IgG3) by enzyme-linked immunosorbent assay (ELISA). High-binding,
96-well flat-bottom plates (Costar, Cambridge, MA) were coated with 100
�l coating buffer (boric acid, pH 9.4) containing 1 � 109 AAV parti-
cles/ml at 4°C overnight. The wells were then washed twice with wash
buffer (phosphate-buffered saline [PBS] with 0.05% Tween 20) and
blocked in PBS with 3% BSA for 1 h at 37°C. Serially diluted samples were
then added to antigen-coated plates and incubated at 37°C for 2 h. Plates
were then washed four times and incubated with 100 �l peroxidase-con-
jugated goat anti-mouse IgG, IgM, IgG1, IgG2a, IgG2b, and IgG3 (ICN
Biomedicals, Inc., Costa Mesa, CA) for 2 h at 37°C. Plates were then
washed four times and optical densities (OD) were determined using
tetramethylbenzidine (TMB) substrate (Pierce Chemical Company,
Rockford, IL) at 452 nm on an MRX microplate reader. The highest dilu-
tion was defined as positive when the OD value was 20% higher than that
for the control group without AAV immunization.

NAb-mediated inhibition of AAV transduction in vitro. NAb-medi-
ated inhibition of AAV transduction in vitro was studied using a method
described before (34). Briefly, 293 cells (for AAV1 to -3 and AAV5) and
Cos-7 cells (for AAV4) were seeded in a 48-well plate at a density of 1 �
105 cells/well in 200 �l Dulbecco modified Eagle medium (DMEM) con-
taining 10% fetal bovine serum (FBS). The cells were cultured for 3 to 4 h
at 37°C and treated with a mixture containing AAV/GFP (1 � 108 parti-
cles) preincubated with serially diluted mouse serum (total volume, 25 �l)
for 2 h at 4°C. Then, 4 � 106 particles of Ad dl309 were added and incu-
bated for 48 h at 37°C. The number of GFP-expressing cells was then
determined using a Nikon fluorescence microscope. The NAb titer was
defined as the highest dilution required for decreasing the percentage of
GFP-expressing cells by 50% in comparison to the control (no serum
added).

Muscle transduction with AAV2 mutants. AAV2 variants carrying
the CBA-luciferase transgene cassette were injected into mice at various
viral genome amounts. Female or male BALB/c mice were intramuscu-
larly injected with AAV2 and AAV2 mutants at 1 � 1010 vector genome
particles unless indicated otherwise. After 4 weeks postinjection, mice
were injected with D-luciferin substrate (150 mg/kg; Invitrogen, CA) and
5 min later were imaged in the Xenogen IVIS system. Images were quan-
tified using the Igor Pro 3.0 software.

NAb-mediated inhibition of AAV Transduction in vivo. For read-
ministration of AAV vectors in vivo, mice preimmunized with AAV/GFP
vectors through intramuscular injection were challenged with AAV/FIX
or AAV/AAT vectors after 2 months. Transgene expression was then mea-

sured 6 weeks after administration of AAV vectors. Canine FIX levels and
human �1-antitrypsin levels in mouse sera were detected by ELISA as
previously described (14, 57).

Western dot blotting. Production of empty and full capsids was de-
termined by loading 2 �l of the virus fractions onto a nitrocellulose mem-
brane in a dot blot apparatus. Membranes were blocked in 10% milk in
PBS for 30 min at room temperature (RT) and incubated with the A20
primary antibody (dilution, 1:20) in 2% milk for 1 h at RT. Membranes
were washed 5 times with 1� PBS and incubated with goat anti-mouse
horseradish peroxidase-conjugated secondary antibody (Pierce; dilution,
1:5,000) for 30 min. The membranes were washed as described above, and
capsid production was visualized using the SuperSignal West Femto Max-
imum Sensitivity Substrate chemiluminescence kit from Pierce.

Statistical analyses. Student’s two-tailed t test was used to analyze the
significance of differences between experimental groups and controls.

RESULTS
Characterization of NAbs against AAV capsids. To study the hu-
moral immune response to AAV1 to -5 vectors, AAV1 to -5 (1 �
1010 particles) packaging the GFP transgene were injected intra-
peritoneally, and the same number of viral particles was used as a
booster dose 2 weeks later. At the indicated time points, sera were
collected from mice and screened for the production of specific
antibodies. All mice immunized with the 5 types of recombinant
AAV (rAAV)/GFP virus generated very high titers of specific an-
tibody that persisted for an extended time (data not shown). A
high cross-reactivity between specific antibodies was demon-
strated between AAV2 and AAV3b (data not shown). All mice
produced IgM and IgG, with IgG2a being the predominant IgG
subclass after immunization (Table 1). IgG1 was detected only in
mice immunized with AAV2, -4, and -5, with AAV5 eliciting the
highest titers of IgG1 (Table 1). Interestingly, IgG3 was detected
only in mice immunized with AAV5, albeit at a low titer (Table 1),
which suggests that AAV5 may use a different mechanism to elicit
a humoral immune response.

Consistent with observations related to the specific antibody
titers, high-titer NAbs were also generated in mice immunized
with different AAV types, albeit at 1 to 2 log units lower (data not
shown). A more or less identical kinetic profile for type-specific
NAb generation was observed (data not shown). This can possibly
be explained by the production of total specific antibodies, where
neutralizing activity was induced mainly by IgM in the early stage
of immunization (within 2 weeks) and then by IgG, primarily
the IgG2a subclass. For AAV5, it is likely that IgG1 may play some
role in neutralizing activity shortly after the second antigen chal-
lenge. Similar to cross-reactivity of specific antibodies, there was
no cross-reactivity of NAb among AAV types 1 to 5 except for

TABLE 1 Ig subclasses in mice immunized with different types of rAAV

Virus

Ig in seruma

IgM

IgG subclass

IgG IgG1 IgG2a IgG2b IgG3

AAV1 �/�� ��/��� � ��/��� � �
AAV2 �� ���� � ���/���� � �
AAV3 �� ���� � ���� � �
AAV4 � ���� � ���� � �
AAV5 �� ���� ��� ���/���� � �
a Mice were immunized with different types of AAV. Two weeks later, after boost, sera
were collected and used for Ig subclass analysis. �, 102-fold dilution; �, 103-fold
dilution; ��, 104-fold dilution; ���, 105-fold dilution; ����, 106-fold dilution.
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partial cross-neutralizing activity between sera from AAV2 and
AAV3 immunizations (Table 2).

AAV1 and -6 display identical NAb profiles. AAV1 and -6
share 99% amino acid identity in the capsid, with only 6 amino
acid differences (61, 65). In order to compare the neutralizing
activities of antibodies produced against AAV1 and AAV6, mice
were immunized with AAV1 or AAV6 at day 0 and boosted with
the same virus or the other type 2 weeks later. Mouse sera were
collected at week 4 after primary immunization. Although higher
total Ig against AAV1 than against AAV6 was observed (data not
shown), the NAb titers for AAV1 and AAV6 were similar regard-
less of the immunization schedule (Table 2 and data not shown).

Alternative types allow repeat administration in AAV2-pre-
immunized mice. In vitro data demonstrated that there was an
absence of NAb cross-reactivity between AAV2 and other types,
except for AAV3b (Table 2). When translated to an in vivo setting,
mice first treated with AAV2/GFP vectors were challenged after 2
months with AAV1 to 5 expressing the canine FIX reporter gene
(AAV/cFIX) by intramuscular injection. At 1 week postadminis-
tration, serum cFIX levels were measured by ELISA. As shown in
Fig. 1A, except for AAV2 and AAV3b, similar cFIX levels were
detected in mice following administration of the other types (1, 4,
and 5) regardless of preexisting immunity to AAV2. As expected,
the cFIX levels significantly decreased in the case of AAV2 and
AAV3b vectors administered in mice preimmunized against
AAV2 (Fig. 1A). Reciprocal experiments were then designed to
further demonstrate that there is no NAb cross-reactivity between
AAV2 and types 1, 4, and 5. Mice were treated with different types
(1 to 5) of AAV/cFIX vectors and challenged 2 months later with
AAV2 vectors expressing the human alpha1 antitrypsin transgene
(AAV2/hAAT). At 6 weeks postadministration, serum hAAT lev-
els were undetectable in mice preimmunized against AAV2 or
AAV3b vector but were largely unaffected compared to control
values (�100 ng/ml) in mice preimmunized with AAV1, -4, or -5
vector (Fig. 1B). These in vivo results corroborate in vitro findings
that NAbs against AAV2 are cross-reactive with those against
AAV3b but not AAV1, -4, or -5.

A small number of amino acid changes alter the AAV2 NAb
profile. AAV1 and AAV6 are known to transduce muscle at a very
high efficiency compared to other AAV types (5, 12, 13, 22). Re-
cent studies in our lab have resulted in the rational design of an
AAV2 mutant that can transduce skeletal muscle with high effi-
ciency (7). This mutant was generated by substitution of five
amino acid residues in the 2-fold dimple region of the AAV capsid
with the corresponding amino acid residues from AAV1 (desig-

nated AAV2.5) (7). We have demonstrated that the NAb titer
against AAV2.5 in sera from AAV2-immunized mice was 5-fold
lower than that against AAV2 (7). Serum NAb titers obtained
from AAV2.5-immunized mice were 4-fold higher than those
cross-reacting with the AAV2 capsid. A similar phenomenon was
demonstrated with the NAb profiles of AAV1 and AAV2.5 capsids
(7). These observations suggested that the engineered AAV2.5
mutant has a unique NAb profile and might therefore facilitate
repeat administration (7).

To further dissect which amino acid change influences AAV2.5
muscle transduction and the induced immunological profile, we
made different clones with mutations. The mutant with amino
acid substitutions at residues 709, 712, and 720 did not change
virion muscle transduction efficacy compared to AAV2 (data not
shown). The substitution of AAV2 residue 263 from AAV1 capsid
did not influence AAV2 muscle tropism either (Fig. 2). However,
after injection of AAV2-263/265T (with a mutation at residue 263
and a Thr insertion at residue 265) and AAV2/265T (with a Thr
insertion at residue 265) into muscles, transduction similar to that
for AAV2.5 was observed (Fig. 2). This result indicated that the
insertion of a threonine at the 265 location (AAV2/265T) played a

FIG 1 In vivo evaluation of NAb cross-reactivity among types 1 to 5. (A) AAV2
NAb against other types. Type AAV1 to -5/FIX vectors were injected into
AAV2/GFP-pretreated mice. At 1 week postinjection, the FIX level in the se-
rum was measured. The data represents the average � standard deviation (SD)
from 4 mice. (B) Other AAV types induce NAb against AAV2 vectors. The
mice were initially injected with AAV/F9 vectors of types 1 to 5, and 2 months
later AAV2/AAT vectors were administered. AAT concentrations were deter-
mined at week 6 after injection of AAV2/AAT vectors. The data represent the
average from 4 mice. On the x axis, that the first number represents which type
of AAV vector was used for primary immunization, while the second number
represents the AAV type used for the following injection (e.g., AAV2/1 means
that mice were injected with AAV2 vector followed by AAV1). Zero means no
injection.

TABLE 2 NAb production in mice immunized with different types of
rAAV

Virus

Serum NAb productiona

AAV1 AAV2 AAV3 AAV4 AAV5 AAV6

AAV1 ��/��� � � � � ��/���
AAV2 � ���� �/�� � � ND
AAV3 � �/�� ���/���� � � ND
AAV4 � � � ���� � ND
AAV5 � � � � ���� ND
AAV6 ��/��� ND ND ND ND ��/���

a Mice were immunized with different types of AAV. Two weeks later, after boost, sera
were collected and used for NAb analysis. �, 2-fold dilution; �, 102-fold dilution; ��,
103-fold dilution; ���, 104-fold dilution; ����, 105-fold dilution; ND, not
determined.
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major role in enhanced muscle transduction of AAV2.5 (Fig. 2).
Also, similar patterns of NAbs were shown for AAV2.5 and AAV2/
265T (Table 3). It was noted that the NAb titers generated from
AAV2.5 and AAV2/265T were lower than those from AAV1 and
AAV2 (Table 3).

In vitro characterization of AAV2 265 insertion mutants. To
determine whether the efficient muscle transduction of AAV2/
265T (compared to AAV2) and its immune profile change were
related to the specific amino acid inserted at residue 265 (threo-
nine) or to a general structure change due to the insertion within
the 2-fold loop, we generated AAV variants that have insertions
with all 20 amino acids at position 265 of the AAV2 capsid. Viral
titers from all mutant capsids were similar to that for wild-type
AAV2 (Table 4). Generally, the infectivity in 293 cells was lower
for the residue 265 insertion mutants than for AAV2. However,
similar transduction efficiencies were observed between mutants
tested and AAV2 in differentiated C2C12 myotubes (Table 4).

In vivo muscle transduction with AAV2 residue 265 inser-
tion mutants. To examine the in vivo muscular tropism of AAV2
residue 265 insertion mutants, we injected all mutants carrying
the firefly luciferase transgene into the right and left gastrocne-
mius muscles at a vector genome copy number of 1 � 1010. Com-
pared to AAV2, higher muscular transduction (over 2-fold the
value of AAV2 transduction) was observed in 8 mutants, i.e., those
with insertion of either Asp, Glu, Phe, Lys, Leu, Pro, Thr, or Val at
position 265 (Fig. 3). Three mutants, i.e., those with insertion of
Cys, Ser, or Gln, induced lower muscle transduction than AAV2,
while similar muscle transduction was achieved in the other 9
mutants. It was interesting to note that insertions of Phe, Glu, and
Asp at residue 265 of the AAV2 capsid demonstrated dramatically

enhanced muscle transduction compared to that with the threo-
nine insertion (Fig. 3).

Analysis of NAb profiles in sera from AAV2 mutant immu-
nizations. Our previous study demonstrated that AAV2.5 dimin-
ished A20 antibody binding affinity (7); therefore, we evaluated
whether insertions at residue 265 also ablated the A20 binding site.
Analysis of A20 binding affinity by Western dot blotting showed
that no mutants were recognized by A20, similar to the result for
AAV2.5 (Table 4). An exception was noted for AAV2 265G, with

FIG 2 Transgene expression from AAV2 mutants following muscular injec-
tion. Mice were injected intramuscularly with1 � 1010 particles of AAV/lucif-
erase. Four weeks later, images were taken and the total photons (luciferase
activity) were calculated as described in Materials and Methods. The data
represents the average from 4 mice.

TABLE 3 Neutralizing antibody to AAV and mutants

Vector

Serum NAb titera

AAV1 AAV2 AAV2.5 AAV2 265T

AAV1 800 ND 100 8
AAV2 ND 20,000 100 40
AAV2.5 ND ND 200 80
AAV2 265T 4 200 200 80
a Mice were administered AAV vector via muscular injection. Four weeks later, sera
from mice were collected and used for NAb assay. ND, not determined.

TABLE 4 Phenotypic comparison of AAV2 265 insertion mutants

Insertion
mutant

Phenotypea

Western
blotb

A20
recognitionc Titer

293
infectivity

C2C12
infectivity

AAV2 ���� ���� ���� ���� ����
AAV2 A ���� � ���� � ND
AAV2 C ���� � ���� � ND
AAV2 D ���� � ���� ��� ����
AAV2 E ���� � ���� �� ����
AAV2 F ���� � ���� �� ND
AAV2 G ���� �� ���� ��� ND
AAV2 H ���� � ���� �� ND
AAV2 K ���� � ���� �� ���
AAV2 L ���� � ���� �� ����
AAV2 M ���� � ���� � ND
AAV2 N ���� � ���� �� ND
AAV2 P ���� � ���� �� ����
AAV2 Q ���� � ���� �� ND
AAV2 R ���� � ���� �� ND
AAV2 S ���� � ���� ��� ND
AAV2 T ���� � ���� ��� ����
AAV2 V ���� � ���� � ����
AAV2 W ���� � ���� �� ND
AAV2 Y ���� � ���� �� ND
a ����, similar to wild-type AAV2 capsids; ���, within 10-fold similarity; ��,
10-fold less similarity; �, more than 10-fold-lower similarity; ND, not determined.
b Western blot with B1 primary antibody (1:20).
c Western dot blot with A20 primary antibody (1:20). �, lack of A20 recognition.

FIG 3 Transgene expression with AAV2 265 insertion mutants following
muscular injection. AAV2/luciferase mutants with the indicated single amino
acid insertion at residue 265 were injected into mouse muscle at 1 � 1010

particles. The imaging was taken at 4 weeks postinjection, and luciferase activ-
ity was quantitated as described in Materials and Methods.
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only a decreased binding affinity, highlighting the importance of
this site in the antibody-capsid recognition footprint.

To study the neutralizing antibody profiles of AAV2 mutants
with 20 different single amino acid insertions at residue 265, we
injected AAV2 and mutants into the muscles of C57BL/6 mice at
1 � 1010 particles. One month later, sera from mice were collected
for NAb analyses. Three classes of NAb immune profile were de-
fined (Fig. 4). Class I included mutants with insertion of alanine,
arginine, glycine, glutamic acid, lysine, phenylalanine, trypto-
phan, or tyrosine. In this class, the sera generated from AAV2
immunization equally neutralized the transduction from both
wild-type AAV2 and mutants; however, the sera from mutant im-
munizations inhibited transduction of mutants much more effi-
ciently than that of AAV2 immunization. Class II had mutants of
insertion of asparagine, aspartic acid, cysteine, glutamine, methi-
onine, or serine. In class II, similar to class I, sera from AAV2
immunization suppressed AAV2 and mutant transductions with
similar efficiencies. However, the sera from mutant immunization
demonstrated similar efficiency in inhibition transduction of both
AAV2 and mutants. Class III was composed of mutants with in-
sertion of histidine, isoleucine, proline, threonine, or valine. In
class III, similar inhibition of transduction from AAV2 and mu-
tants was achieved with sera from mutant immunizations; how-
ever, higher NAb titers to AAV2 than to mutants was observed
with sera from AAV2 immunization. It should be noted that the
NAb titer induced from some mutants was lower than that from
AAV2 based on NAb activity to its cognates, including arginine,
cystine, glutamine, histidine, isoleucine, lysine, methionine, pro-
line, threonine, and valine. No obvious relationship was found
between muscle transduction from mutants and inserted amino
acid properties and NAb titer or its cross-reactivity.

DISCUSSION

The current study was focused on characterization of NAbs
against AAV types and capsid mutants in mice. Among the 5 types
tested, except for partial cross-reactivity between NAbs against
AAV2 and AAV3b, there was no cross-reactivity between any
other two types. After immunization of AAV vectors in mice, IgM
was found during the early phase of the humoral immune re-
sponse, followed by class switching to IgG. Insertion of 20 differ-
ent amino acids at residue 265 of the AAV2 capsid diminished the
AAV2 binding affinity to A20 antibody and changed the immune
profile, with enhanced muscle transduction in some mutants.

The generation of AAV NAbs is a T cell-dependent B cell re-
sponse. Antigens can be classified as either T lymphocyte depen-
dent (TD) or T lymphocyte independent (TI) with regard to their
capacity for antibody induction (46). In the immune response to a
TD antigen, a variety of cells are involved in the development of
antibody responses. Antigen-presenting cells (APCs) take up and
process the antigen and present fragments of the antigen (T cell
epitopes) to T cells. The presentation of the T cell epitopes in the
context of major histocompatibility complex (MHC) class II mol-
ecules, together with the costimulatory signals provided by APCs,
results in the activation of T cells. Activated T cells then regulate B
cell proliferation, production of immunoglobulins (Ig), Ig class
switching, rescue of B lymphocytes from apoptotic death, germi-
nal center formation, and generation of B lymphocyte memory
(25). In contrast to TD antigens, TI antigens induce antibody pro-
duction without the help of T lymphocytes. TI antigens can be
further divided into TI type 1 antigens, which are polyclonal B
lymphocyte activators (e.g., lipopolysaccharides), and TI type 2
antigens with properties of repetitive biochemical structures (e.g.,
bacterial capsular polysaccharides) (58). Although it is unknown
whether the AAV virion surface contains highly repetitive se-
quences or carbohydrates, a TI B cell response can be induced
from AAV infection only via intraspleen injection in mice (66).
However, studies in animals and humans have suggested that the
AAV capsid mounts a very strong TD immune response. The ev-
idence includes the following: (i) no NAb was detected after mus-
cular injection, and AAV vector transgene expression was ob-
served following readministration of AAV2 vector via muscular
injection in MHC class II-deficient mice (42); (ii) transient immu-
nosuppression with CD4 antibody treatment at the time of pri-
mary infection elicited no NAbs and allowed transgene expression
in wild-type mice following readministration of AAV vectors (19,
42, 66); (iii) our prior work has demonstrated that a high NAb
titer was achieved after immunization with AAV-pulsed dendritic
cells in mice (34); (iv) IgG subclasses were produced in mice and
primates with AAV administration (19, 52, 53, 69); and (v) IgG
subclasses were observed in humans and in patients following
AAV vector treatment (6, 51, 54). In this study, isotype assays
suggested that IgG2a is the predominant IgG subclass in all mice
immunized with AAV1 to -5, which is consistent with other vi-
ruses that also elicit markedly increased IgG2a production in mice
(20). This is in contrast to human-derived data, in which IgG1 is
predominant (6, 51, 54). IgG1 was transiently generated in mice
after boosting with AAV2 and AAV4. Surprisingly, in mice immu-
nized with AAV5, IgG1 reached its peak (5 log units) at 1 week
after the booster dose and persisted at 4 log units higher than levels
achieved with AAV2 and AAV4. The kinetics of IgG and IgM
generation and IgG subclass switching further supports that AAV

FIG 4 NAb analysis of immunization of AAV2 265 insertion mutants. Mice
were administered 1 � 1010 particles of AAV2 265 insertion mutants via mus-
cular injection. One month later, the pooled sera were collected from three
mice and NAb assay was performed. (A) Sera from AAV2-immunized mice.
(B) Sera from mice immunized with the indicated AAV2 265 insertion mu-
tants.
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types mount a T cell-dependent B cell response (46). It is tempting
to speculate that blocking T-B cell interactions might represent an
effective approach to overcome AAV NAb activity and allow re-
peat administration (1, 19, 29, 42).

Is there a need for repeat administration of AAV2 vectors?
AAV2 vectors induce long-term transgene expression in mice,
dogs, and primates (1, 17, 59, 67). Persistent stable transgene ex-
pression has been observed in rhesus monkeys over 6 years and in
dogs over 3 years (1, 59). Such animal studies suggest that a single
application of AAV vector may induce stable lifelong therapeutic
gene expression that might exclude the need for repeat adminis-
tration. However, natural infection of wild-type AAV2 is preva-
lent in the human population. Different studies suggest that spe-
cific antibodies against AAV2 can be found in 30 to 96% of
individuals, with 30 to 70% containing NAbs against AAV2 (3, 4,
18, 21, 24, 27, 48, 65). Accordingly, several studies have shown that
the presence of NAbs may prevent repeat administration of the
same vector (28, 29, 42, 44, 48, 55, 67). It is therefore imperative to
develop effective approaches to overcome existing NAbs and al-
low readministration of AAV vectors to achieve therapeutically
significant transgene levels.

Alternative types of AAV allow repeat administration. To
overcome AAV NAb inhibition of AAV vector transduction, sev-
eral approaches have been exploited in the lab. One of them is to
use a polymer to cover the AAV surface and block NAb recogni-
tion (11, 32, 33). The second approach is to use error-prone PCR
to generate a library of AAV variants and select for NAb escape
mutants in the presence of NAb in vitro (31, 41, 56). The third
approach is to randomly modify AAV capsids and to escape NAbs
(2, 36, 37) and yield novel capsids with preferred tropism. The
fourth approach is to use other types of AAV which have shown no
or low NAb cross-reactivity in mice (27, 30, 38, 60, 65). To date, 12
types and several variants of AAV have been isolated and se-
quenced (15, 16, 22, 23, 47, 50, 61, 65). Although a high prevalence
of NAbs against AAV2 is seen in humans, the incidence of NAbs to
alternative types appears to be nonexistent or at lower titers (23,
27). In vitro NAb assays, including those performed in this study,
have demonstrated a lack of cross-reactivity between different
types (22, 23, 26). The utilization of other types of AAV vectors to
overcome AAV2 NAb activity has been performed in several ani-
mal models (27, 55, 64). Consistent with these studies, AAV1,
AAV4, and AAV5 were found to transduce skeletal muscle regard-
less of preimmunization with AAV2 (Fig. 1A). The corollary,
where AAV2 vectors transduced skeletal muscle in mice preim-
munized against AAV1, -4, and -5 was also established (Fig. 1B).
These observations support the application of alternative AAV
types to circumvent preexisting NAb activity against a given AAV
type.

A rationally designed AAV mutant allows vector readminis-
tration. The majority of the human population has a natural
AAV2 infection, and about half of these individuals have NAbs in
the blood, which can prevent AAV transduction after systemic
application. A number of surveys have demonstrated that NAb
cross-activity exists among types of AAV (6, 10, 27, 45). Most
recent studies, including our own, have been focused on how to
evade NAb activity, and our efforts have included modification of
the AAV virion or blocking NAb activity with immunosuppres-
sants. Maheshri et al. recently demonstrated the use of DNA shuf-
fling to generate a mutant AAV2 capsid library and isolated several
mutants that retained AAV2 vector transduction efficiency in the

presence of AAV2 NAbs. These mutants can potentially be utilized
for repeat administration in patients with preexisting immunity to
AAV2 (41). Our lab recently generated an AAV2 mutant
(AAV2.5) by replacing five amino acids at the 2-fold axis of sym-
metry of the AAV capsid with corresponding residues from AAV1.
The resulting AAV2.5 mutant was found to transduce skeletal
muscle with an efficiency higher than that of AAV2 but lower than
that of AAV1. Interestingly, the AAV2.5 mutant displayed a
unique NAb profile different from those of AAV1 and AAV2 and
was capable of promoting higher transgene expression levels in
mice preimmunized against AAV2 (7). In this study, we further
elucidated that the insertion of single amino acid at residue 265 of
AAV2 VP1 changed the humoral immune profiles as well as the
efficiency of muscle transduction. As this result was not correlated
to a particular amino acid (Fig. 3 and 4), it is suggested that the
enhanced muscle transduction and immune profile change from
mutants with insertions at residue 265 are related to a structural
change of the mutant virion.

In summary, no NAb cross-reactivity was demonstrated be-
tween the tested AAV types, and insertion of different amino acids
at residue 265 of the AAV2 capsid changed the humoral immune
profile and transduction efficiency. These collective results pro-
vide a platform for rational manipulation of any AAV type to
obtain novel mutants that can escape preexisting immunity to
specific AAV types.
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