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Muscle is an attractive target for gene delivery because of its mass and because vectors can be delivered in
a noninvasive fashion. Adeno-associated virus (AAV) has been shown to be effective for muscle-targeted gene
transfer. Recent progress in characterization of AAV serotype 1 (AAV1) and AAV6 demonstrated that these two
AAV serotypes are far more efficient in transducing muscle than is the traditionally used AAV2. Since all cis
elements are identical in these vectors, the potential determinants for their differences in transducing muscle
appear to be located within the AAV capsid proteins. In the present study, a series of AAV capsid mutants were
generated to identify the major regions affecting AAV transduction efficiency in muscle. Replacement of amino
acids 350 to 736 of AAV2 VP1 with the corresponding amino acids from VP1 of AAV1 resulted in a hybrid vector
that behaved very similarly to AAV1 in vitro and in vivo in muscle. Characterization of additional mutants
carrying smaller regions of the AAV1 VP1 amino acid sequence in the AAV2 capsid protein suggested that
amino acids 350 to 430 of VP1 function as a major tissue tropism determinant. Further analysis showed that
the heparin binding domain and the major antigenic determinants in the AAV capsid region were not necessary

for the efficiency of AAV1 transduction of muscle.

Adeno-associated virus (AAV) is a defective parvovirus that
requires a helper virus to complete its lytic infection. Its single
genome contains approximately 4,700 nucleotides flanked by
two palindromic inverted terminal repeats (ITRs). The ITR is
the only AAV sequence retained in the recombinant AAV
vector, which is a sufficient cis element for AAV replication,
rescue, packaging, and integration. The AAV genome contains
two open reading frames encoding four Rep and three Cap
proteins. All three structural proteins, as well as the Rep pro-
teins, share identical sequences in their C termini. In packaged
virus, VP3 is the major component and the ratio of VP1, VP2,
and VP3 is close to 1:1:8 (2, 20).

Currently, there are six known AAV serotypes (19). AAV
serotype 2 (AAV2), AAV3, and AAVS5 are believed to be of
human origin since antibodies against them are quite prevalent
in the human population. In contrast, antibodies to AAV1 and
AAV4 are very common in nonhuman primates (21). Newly
isolated AAV6 appears to be a hybrid recombinant between
AAV1 and AAV2 (25, 35); however, its origin remains un-
known. Although initial gene transfer studies of AAV were
largely based on AAV2, recent studies revealed that other
serotypes showed a better performance than did AAV2 in
different tissues (1, 4, 7, 9, 23, 35). In particular, AAV1 is a
much more efficient vector for gene delivery to muscle than is
AAV2. This phenomenon was first observed by initial studies
using human al-antitrypsin and erythropoietin genes as re-
porter genes and subsequently confirmed in the study by Chao
et al. using the factor IX gene as the reporter gene (4, 35). The
improvement of AAV1 over AAV2 is approximately 10- to
100-fold with the same genome dose and the identical vector
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construct. This dramatic increase cannot be ascribed to the
viral DNA packaged into the capsid because all the vectors are
pseudotyped AAV vectors with the AAV2 ITR. Since the rep
gene used for AAV1 vector production was also of AAV2
origin, it would not have contributed to such differences in
transduction even if the Rep proteins were associated with
packaged virions in some ways (16). Thus, the only possible
viral elements contributing to such enhancement are located in
the AAV1 capsid.

Although we mention only the VP1 protein in describing the
results in this study, those mutations would also appear in VP2
and/or VP3 depending on the location of the mutation in VP1.
VP1 is only a minor structural protein in the AAV capsid. The
major component is actually VP3. However, since all three
proteins share the same reading frame, the alterations in var-
ious segments would have caused similar changes in VP2
and/or VP3. Changes in vector performance would have to be
combined effects of VP1, VP2, and VP3.

The capsid gene of the virus determines the properties of
viral particles such as tissue tropism and antigenic properties.
The infectivities of AAV1 and AAV2 in muscle are drastically
different, although the capsid genes of AAV1 and AAV2 share
considerable homology and identity. As shown in Fig. 1B,
83.3% of amino acids in VP1 are identical and 88.9% of them
are similar between AAV1 and AAV2 (27, 35). The nonho-
mologous amino acids consist of only 11.1% of the total amino
acid sequences. Interestingly, these nonhomologous amino ac-
ids are not uniformly distributed throughout the AAV VP1
gene. They form clusters in several regions exhibiting greater
diversities: amino acids 22 to 43, 136 to 163, 191 to 208, 448 to
477, 547 to 558, and 576 to 602. Our hypothesis is that those
nonidentical amino acids determine not only antigenic prop-
erties of different serotypes but also tissue tropism and hence
their performance in transduction. The remarkable differences
between AAV1 and AAV2 in transducing muscle provided a



VoL. 77, 2003

Origin of Rep Sequences
“2" is for AAV2

NOTES 2769

Amino acids from
Second Cap source

—

pH221-1-351

2

Primary Origin of Cap Sequences

“2" is for AAV2

1 vp1

Second Origin of Cap Sequences
“1” is for AAV1

1 110

>
AAV1 MAADGYLPDWLEDYLSEGT KPGRPAP K e QDD ERGLVLPGYKY LGPFNGLDKGEPVNISADAAAL EHDKAY! AGDNP YL AEFQERLSEDTSF
AAV2 MAADGYLPDWLEDWLSEGI LKPGE PRIZNANSDDERGLVLPGYKYLGPFNGLDKGEP AAALEHDKA YDIRQLMSGDNPY: AEFQERLIJEDTSF

OWWIY
111 ! VP2
[

ARV EE}NLGRAVFQAKKRVLEPLGLVE
AAV2 GGNLGRAVFQAKKRVLEPLGLVE

i

221 v

K TAPGKKRPVE SPEEPDSSS
KTAPGKKRPVERISPYEPDSSS

m VP3 220
QOPAIKRLNFGQTGDEAS VPDPQPLGIEPPAPIN APMADNNEGADG
NGOQPARKRLNFGQTGDBSVPDPOPLGEPPAL APMADNNEGADG

330

AAV] VGNSGNWHCDS DRVITTSTRTWALPTYNNHLYKQISS&S)
AAV2 VGNgSGNWHCDS

331 BsiwI

o
DRVI’I'I‘STRTWALPTYNNHLYKQISSQS

ASNDNHYFGYSTPWGYFDFNRFHCHFSPRDWQRLINNNWGFRPKRLNFKLFNIQVKE Gi
ASNDNHYFGYSTPWGYFDFNRFHCHFSPRDWQRLINNNWGFRPKRLNFKLFNIQVKE

440

]
AAV1 TTIANNLTSTVQVF%SEYQLIPYVLGSAHQGCLPPFPADVF:@PQYGYLTLNNGSQAVGRSS FYCLEYFPSQMLRTGNNFTFSYTFEEE PFHSSYAHSQSLDRLMNPLID
F|

AAV2 TTIANNLTSTVQVFEDSEYQLPYVLGSAHQGCLPPFPADVF

441 v

ARV1 QYLYYLNRTINSCONONE I F S e O WL PGPCYRQORVS KTIMIDNNN S IH TG,
AAV2 QYLYYLSRTISESCINIIIT,GF SRR NIngts SNWLPGPCYRQQRVSKTS

551 Heparin Binding

Heparin Binding

AAV1 SmTALDN ITDEEEIj®
INRISN(VMITDEEE I

661 VIII

PQYGYLTLNNGSQAVGRSSFYCLEYFPSQMLRTGNNFTFSYTFERVPFHSSYAHSQSLDRLMNPLID

Heparin Binding VI 550
L

VI 660

NYGIL PGMVWQDRDVYLQGPIWAKI PHTDGHFHPS PLMGGFGL

PPPQILIKNTPVPANP
YLPGMVWQDRDVYLQGPIWAKI PHTDGHFHP SPLMGGFGLKIPPPQILIKNTPVPAN]

736

ARV1 EFSAKFASFITQYSTGQVSVE I EWELQKENSKRWNPE YTSMK_SMF%EPRPIGTRYLTREE
RAAV2 FSA*KFASFITQYSTGQVSVEIEWELQKENSKRWNPEHSYTSNYEJKS F EPRPIGTRYLTRAL
FIG. 1. (A) Illustration of the nomenclature for hybrid vectors. “H” is abbreviated from “helper.” The first numeral indicates the source of the
rep gene. “2” means that the rep sequence is from AAV2. The second numeral indicates the source of the cap gene. “2” means that the cap sequence
is from AAV2. The third numeral is the source of the hybrid cap sequence. The number after the hyphen indicates the exact sequence of the hybrid
region. (B) Alignment of primary protein sequences of AAV1 and AAV2. Nonidentical amino acids are highlighted in the figure. The roman
numbers indicate regions that were swapped between AAV1 and AAV2: I to VIII represent amino acids 1 to 112, 113 to 155, 156 to 212, 213 to
423, 424 to 480, 481 to 564, 565 to 669, and 670 to 736, respectively. Heparin binding regions are also marked.

possible assay to identify those amino acids. To test this hy-
pothesis, our approach was to move individual regions from
AAV1 and AAV2 to make hybrid AAV2/1 capsid vectors and
then compare their performance to those of AAV1 vector and
AAV?2 vector in muscle. Since a series of plasmids had to be
constructed, a universal system to name them was adopted
(Fig. 1A). In this new naming system, the origins of the helper’s
rep sequence and cap sequences are clearly identified by num-
bers following the letter H. The original AAV1 and AAV2
helpers, pSE18 and p5E18(AV1), are therefore named pH21
and pH22, respectively (35). AAV2 helper pH22 contains both

rep and cap genes from AAV2, whereas pH21 contains an
AAV2 rep and an AAV1 cap gene.

For plasmid construction, we used PCR techniques to ex-
change fragments of the AAV1 capsid gene with the corre-
sponding sequences of the AAV2 capsid gene. Plasmids pH21
and pH22 were used as templates for all other constructs. To
generate pH221-1-351, a pH22 HindIII-BsiWI fragment, con-
taining the N-terminal sequences of the AAV2 Cap protein,
was excised and replaced with the corresponding fragment
from pH21. The same was done vice versa to construct vector
pH221-352-736. Hybrid vectors containing smaller regions of
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the AAV1 cap gene were generated by PCR amplification
(Expand Long Template PCR system; Roche) of the desired
sequences, representing the following AAV1 VP1 domains:
amino acids 1 to 112, 113 to 155, 156 to 212, 213 to 423, 424 to
480, 481 to 564, 565 to 669, and 670 to 736 (Fig. 1B). Primers
overlapping at the 5" and 3’ ends of the amplified fragments
were used to amplify the flanking sequences toward N and C
termini, respectively, from the AAV2 VP1 gene, to obtain a
fragment containing a complete cap gene. The resulting frag-
ments were digested with HindIII and Xbal and replaced with
the unmodified HindIII-Xbal fragment from pH22, which re-
sulted in the pH221 series. To generate pH221-350-423, the
HindIII-BsiWI fragment of pH221-213-423 was replaced with
the HindIII-BsiWI fragment of pH22. The pH212 series helper
plasmids were constructed by the same strategy. All plasmids
were sequenced and confirmed to ensure that there were no
mutations generated by the PCR.

The N terminus of VP1 does not contribute to AAV1 tissue
tropism for muscle. The first two vectors tested were pH221-
1-351 and pH221-352-736. The plasmid pH221-1-351 carried a
hybrid cap gene with amino acids 1 to 351 from AAV1 while
pH221-352-736 carried a hybrid cap gene with amino acids 352
to 736 from AAVI1. Recombinant AAV vectors with the hu-
man factor IX gene under the control of the cytomegalovirus
(CMV) promoter were produced from AAVI helper pH21,
AAV2 helper pH22, pH221-1-351, and pH221-352-736. The
vectors were produced by a modified triple plasmid transfec-
tion based on calcium phosphate precipitation, which has been
described previously (3, 35). Vectors were purified by two
rounds of CsCl gradient centrifugation, dialyzed against phos-
phate-buffered saline (PBS), and stored in PBS with 3% glyc-
erol. To ensure that the same amounts of vectors were used for
comparison, vector genome titers were determined by either
slot blot hybridization with transgene probes or real-time
quantitative PCR with the PRISM/7700 sequence detector (PE
Applied Biosystems, Foster City, Calif.) (3). For real-time
PCR titration of recombinant AAV preparations, the primer
and fluorescent probe sets were selected from the factor IX
gene. Primers and internal probe were designed to amplify 134
bp of the human factor IX sequence. The oligonucleotides with
sequences TTC GAT CTA CAA AGT TCA CCA TCT ATA
AC and AAA CTG GTC CCT TCC ACT TCA G were used as
forward and reverse primers, respectively, and the sequence
(5'—=3") 6-FAM-AAT CTC TAC CTC CTT CAT GGA AGC
CAG CA-TAMRA tagged with 6-FAM fluorescent dye at the
5" end and TAMRA quencher at the 3’ end was used as a
probe. Reactions were performed according to the manufac-
turer’s instructions. The final reaction mix consisted of 900 nM
(each) primer; 200 nM probe; 200 M dATP, dCTP, and dGTP;
400 M dUTP; 3.5 mM MgCl,; 8% glycerol; and 1 U of uracil-
N-glycosylase in 1X Tagman buffer containing the reference
dye ROX and 0.25 U of AmpliTaq Gold polymerase (Perkin-
Elmer, Norwalk, Conn.) in a total volume of 25 pl. The cycling
conditions consisted of 40 cycles of 95°C for 15 s and 60°C for
1 min. AAV vector DNA samples were prepared by proteinase
K digestion overnight, followed by heat inactivation at 100°C
for 20 min.

To avoid the complication of the immune response, immu-
nodeficient CD4-knockout mice were used for human factor
IX expression in muscle. The performance of these vectors was
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FIG. 2. (A) Performance of vectors based on pH221-1-351 and
pH221-352-736 in vivo in muscle. Vectors with the human factor IX
gene made from AAVI helpers pH21, pH221-1-351, and pH221-352-
736 and AAV2 pH22 were administered to immunodeficient CD4-
knockout mice at 10" particles per animal intramuscularly. The blood
obtained by retro-orbital bleeding at week 4 was assayed for human
factor IX (hFIX) secretion in mouse plasma. Shown in the figure is the
expression level at week 4. (B) The same vectors as in panel A were
used in vitro to infect COS cells at a multiplicity of infection of 5,000.
The supernatants were harvested at 24 h postinfection. The expression
level of human factor IX (hFIX) was measured by ELISA.

hFIX (ng/ml)

studied by administering 10" particles per animal to CD4-
knockout mice intramuscularly. Blood samples obtained at var-
ious time points by retro-orbital bleeding were assayed for
circulating human factor IX in mouse plasma. Levels of human
factor IX were measured by enzyme-linked immunosorbent
assay (ELISA) as described previously (15). Representative
results from week 4 data are shown in Fig. 2A.

As expected, AAV1-based vectors performed better than
did AAV2 in muscle (Fig. 2A). Interestingly, the vector con-
taining the first half of the sequence of AAV1 (pH221-1-351)
functioned well in cultured COS cells (Fig. 2B). However, this
did not lead to a high level of transgene expression in muscle
(Fig. 2A). In contrast, vector pH221-352-736, containing the
second half of the AAV1 capsid proteins, worked exceptionally
well in muscle compared to the low levels of transgene expres-
sion in cultured COS cells. Together the in vitro and in vivo
results suggest that the second half of the VP1 gene was re-
sponsible for the performance of AAV1 vectors in muscle and
that the critical elements in AAV1 which determine its tropism
are located in sequences in the second half of VP1 downstream
of the BsiWI site.
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FIG. 3. Performances of AAV2 vectors with AAV1 epitopes in
muscle. AAV-CMV-human factor IX vectors based on AAV2 with
AAV1 epitopes were purified by CsCl gradient centrifugation and
administered intramuscularly to CD4-knockout mice at a dose of 10!
viral genomes per mouse. Blood from mice was drawn at 6 weeks
post-vector administration. The expression levels of human factor IX
(hFIX) in mouse plasma were measured by ELISA. Each group con-
sists of four mice. AAV1 and AAV2 vectors with the same transgene
were used as controls.

Main region in AAV1 capsid protein affecting tissue tropism
for muscle. To identify specific regions in the AAV1 capsid
protein that contribute to the tropism for muscle transduction,
hybrid AAV1 and AAV2 helper plasmids with the AAV1 VP1
amino acid sequence 1 to 112, 113 to 155, 156 to 212, 213 to
423, 424 to 480, 481 to 564, 565 to 669, or 670 to 736 substi-
tuting for the corresponding AAV2 sequence were con-
structed. These amino acid sequences represent various clus-
ters of nonidentical amino acid residues between AAV1 and
AAV2 (Fig. 1B). Vectors based on these helpers were made by
transfection. Unexpectedly, the vector yields from the helpers
with AAV1 VP1 amino acids 481 to 564 and 565 to 669 were
approximately 10-fold lower than those of AAV1 or AAV2
vectors. Despite the low yield, infectious particles resistant to
DNase treatment were formed. This result was confirmed in
several preparations with various vector plasmids (data not
shown). We concluded that not all capsid regions can be freely
swapped from one serotype to another despite their high de-
gree of homology.

The above hybrid vectors expressing the human factor IX
gene as a reporter gene were administered to CD4-knockout
mice intramuscularly at a dose of 10" particles per mouse. A
representative peak expression profile of human factor IX in
mouse plasma at week 6 is presented in Fig. 3. Again AAV1
outperformed AAV2. Only pH221-213-423 nearly reached the
level of AAV1 vectors. However, pH221-670-736 was slightly
higher than AAV2. Other hybrid vectors show levels of trans-
gene expression comparable to or lower than that of AAV2,
despite similar performances as AAV2 in vitro (data not
shown). Although actual expression levels of factor IX in these
experiments fluctuated over time, the relative differences in
expression level remained unchanged for the experimental pe-
riod (3 months). The result suggests that AAV1 VP1 amino
acids 213 to 423 contain a determinant for muscle tropism.

To confirm the above observation, another series of AAV1
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and AAV2 hybrid helper plasmids were constructed. These
vectors are pH212-1-112, pH212-113-155, pH212-156-212,
pH212-213-423, pH212-424-480, pH212-481-564, pH212-565-
669, and pH212-670-736. In these helper constructs, AAV1
VP1 sequences were replaced by the corresponding AAV2
sequence. In vitro studies using green fluorescent protein and
human factor IX genes as reporter genes showed that all these
hybrid vectors inherited the same poor efficiency of transduc-
tion of cultured cells as AAV1 (data not shown). After vectors
based on these helpers were injected into the muscle of CD4-
knockout mice (see Fig. 4), we observed a reversed pattern of
expression compared to those in Fig. 3. The vectors based on
pH212-1-112, pH212-113-155, and pH212-156-212 all had
higher transduction levels than did AAV2, and the levels of
expression from pH212-213-423 and pH212-670-736 were no-
ticeably lower than those of their counterparts pH221-213-423
and pH221-670-763, respectively. This supports the finding
that the C-terminal region of AAV1 VP1 is crucial for muscle
transduction.

The initial experiment suggested that amino acids 350 to 736
would largely determine the performance of AAV1 in muscle
(Fig. 2). On the other hand, amino acids 213 to 423 would
improve AAV2’s transduction to that of AAV1 (Fig. 3 and 4).
It appeared that amino acids 350 to 423 would have the same
effect in influencing AAV’s tropism for muscle. Vectors based
on pH221-350-423 and pH212-350-423 were made to examine
this hypothesis. The in vivo results are summarized in Fig. 5. As
demonstrated previously, pH221-213-423 vectors showed an
approximately 8-fold increase over AAV2 compared to the
AAV1 vectors’ 15-fold increase over AAV2. The switch of
amino acid sequence 350 to 423 from AAV2to AAV1 (pH212-
250-423) decreased AAV1 vector performance by approxi-
mately 60%. On the other hand, the switch of the same region
from AAV1 to AAV2 improved the efficiency of AAV2 vectors
by almost twofold. In summary, amino acids 350 to 423 corre-
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FIG. 4. Performances of AAV1 vectors with AAV2 epitopes in
muscle. AAV-CMV-human factor IX vectors based on AAV1 with
AAV2 epitopes were purified by CsCl gradient centrifugation and
administered intramuscularly to CD4-knockout mice at a dose of 10'!
viral genomes per mouse. Blood from mice was drawn at 6 weeks
post-vector administration. The expression levels of human factor IX
(hFIX) in mouse plasma were measured by ELISA. Each group con-
sists of four mice. AAV1 and AAV2 vectors with the same transgene
were used as controls.
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FIG. 5. AAV-CMV-human factor IX vectors based on AAVI,
AAV2, pH221-213-423, pH221-350-423, or pH212-350-423 were puri-
fied by CsCl gradient centrifugation and administered intramuscularly
to CD4-knockout mice at a dose of 10" viral genomes per mouse.
Blood from mice was drawn at 6 weeks post-vector administration. The
expression levels of human factor IX (hFIX) in mouse plasma were
measured by ELISA. Each group consists of four mice. AAV1 and
AAV?2 vectors with the same transgene were used as controls.

sponding to AAV1 VP1 contribute significantly to the high
performance of AAV1 vectors in transduction of muscle.

Characterization of receptor and antigenic properties of
hybrid vectors. The host cell receptors presumably determine
the performance of individual AAV serotypes since vectors
based on the various AAV serotypes generally differed only in
the capsid protein. Several studies have suggested that each
AAV serotype probably has its own unique receptors (8, 18, 25,
33). As reported elsewhere for AAV2, heparan sulfate proteo-
glycan (HSPG) and integrin o5 FGFRI1 could function as
AAV receptors and coreceptors, respectively (22, 29, 30). The
expression levels of these molecules in host cells have been
found to affect the efficiency of AAV infection. Among the
above molecules, HSPG has the strongest affinity to AAV2
virions. Heparin can not only inhibit AAV2 infection com-
pletely but also be used to purify AAV2 vectors by column
chromatography (28, 36). The binding domains for heparin
were shown previously to be located in the second half of the
AAV capsid gene (34). AAV6 basically has the same capsid
protein as that of AAV1, and it cannot bind to heparin (12). To
determine whether heparin binding activity has an effect on the
transduction efficiency of AAV1, AAV2, and hybrid vectors,
the heparin binding activities of these vectors were examined.
As shown in Table 1, vectors based on pH221-213-423 can be
inhibited by heparin. This result suggested that vectors from
pH221-213-423 inherited the same heparin binding properties
from AAV2, which is consistent with previous studies showing
that the heparin binding domain is in the C terminus of the
AAV2 Cap protein (34). Vectors made from pH221-481-564
and pH221-565-669 could not be tested because of their low
titer.

AAV1 and AAV2 have distinct antigenic properties. To
investigate what antigenic properties new hybrid vectors of
AAV1 and AAV2 inherited from their parental capsids, we did
inhibition assays using neutralizing antibodies (NABs) to
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AAV1 and AAV2 generated from C57BL/6 mice. All new
hybrid vectors were incubated with AAV-NABs before infec-
tion of COS cells. The levels of transgene expression are shown
in Table 1. As demonstrated previously, there were some cross-
over reactions of NAB to AAV2 on AAV1 since we observed
the same level of reduction in transgene expression in the
presence of AAV2 antibodies. It is interesting that the AAV2-
NAB reduced the expression of the pH221-213-423 hybrid by
only 60%. Under the same conditions, the AAV1 vectors re-
tained only approximately 10% of the original expression and
the AAV2 vectors could reach 5% of the original expression
level in the presence of AAV2-NABs. The level of expression
from other hybrid vectors fell between those of AAV1 and
AAV2. In contrast, AAV1-NAB neutralized only the infectiv-
ity of the AAV1 vector and had little effect on AAV2 vectors
and all hybrid vectors tested. This is evidenced by the fact that
the expression levels are still maintained at approximately 80%
of the original level in the presence of NAB to AAV1. There-
fore, the major antigenic epitopes should be in amino acids 424
to 669 of the VP1 gene.

As shown in Table 1, vectors made from pH221-213-423
could still be inhibited by heparin as well as could AAV2. Since
the identified heparin binding domain is in the C terminus of
the AAV capsid, the heparin binding properties of this helper
plasmid were not altered. Nevertheless, the performance of
this vector was greatly improved with amino acids from AAV1
regions. A most likely conclusion is that the heparin binding
properties or HSPG receptors do not contribute significantly

TABLE 1. Virion properties of hybrid vectors based on
AAV1 and AAV2¢

% Factor IX secretion

Vector
Heparin Anti-AAV2 Anti-AAV1
AAV1 51.70 11 12.90
AAV2 7.90 4.90 85.70
pH221-1-112 5.70 4.30 70.80
pH221-113-155 5.80 18.90 83.20
pH221-156-212 21.30 14.70 83.60
pH221-213-423 13.50 38 81.10
pH221-670-763 13.30 16.90 85.80

“ Heparin and NABs against AAV were assayed in the following way. COS
cells (10° cells/well) were seeded in 24-well plates and infected with AAV-CMV-
human factor IX vectors (multiplicity of infection, 20,000) at 37°C for 1 h in
serum-free Dulbecco’s modified Eagle’s medium containing 25 mM HEPES
buffer. At 1 h postinfection, cells were washed with PBS and incubated in
Dulbecco’s modified Eagle’s medium with 10% fetal bovine serum for 48 h and
medium was assayed directly in an ELISA for human factor IX expression. To
study the effect of heparin on the infectivity of AAV vectors, AAV vectors were
preincubated with heparin (Sigma) at a final concentration of 200 wg/ml in
serum-free Dulbecco’s modified Eagle’s medium containing 25 mM HEPES
buffer at 37°C for 1 h before they were applied to the cells. To obtain NABs
against AAV1 and AAV2, mouse plasma samples were collected 4 weeks after
AAV1 or AAV2 vectors were administered to C57BL/6 mice intravenously. The
effects of NABs against AAV1 and AAV?2 on the hybrid vectors were assayed by
preincubating the hybrid vectors with mouse sera containing NABs which were
diluted 1:5 in Dulbecco’s modified Eagle’s medium containing 25 mM HEPES
buffer. After the vectors and mouse sera were incubated for 30 min at room
temperature, the vectors were applied to target cells. Supernatants were har-
vested at 48 h postinfection, and human factor IX in the samples was assayed in
duplicates. The secretion of human factor IX into the medium was determined
by ELISA. AAV1 and AAV2 values are shown as controls. The data are shown
as the percentiles of factor IX secretion compared to the values in the absence
of any inhibition (incubation with PBS) because of variations in expression for
the individual vectors. The two vectors pH221-565-669 and pH221-481-564 were
not included because their titers were very low.
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to AAV1 transduction of muscle. Note that this result does not
affect the role of HSPG receptors in the transduction of muscle
by AAV2. Since pH221-213-423 vectors retained the antigenic
properties of AAV2 and yet gained the ability of AAV1 to
transduce muscle at high efficiency, it is likely that the epitopes
for the B-cell response and the regions that interact with re-
ceptors were not linked to each other.

Although it is thought that receptor-mediated binding and
entry into the target cells are the main reason for the differ-
ences in transduction of various AAV serotypes, other mech-
anisms could also play a role. In the case of AAVS, it has been
shown elsewhere that there is no direct correlation between
transduction efficiency and viral binding to muscle cells, which
suggests that endocytic or intracellular pathways play a role in
regulating AAV infection (10). Such barriers also affected the
level of transduction by AAV2 in various cell lines as reported
by Srivastava’s group (13, 14). Other members of the parvovi-
rus family also exhibited similar properties. For example, the
VP1 N-terminal sequence of canine parvovirus could affect
nuclear transport of virions and efficient cell infection (32). In
the present study, although it is still unclear what is the exact
mechanism by which AAV1 transduces muscle better than
does AAV2, we were able to identify domains which are re-
sponsible for the differences in performance by a domain-
swapping strategy.

One interesting observation is that not all these hybrid vec-
tors could be generated at equal efficiencies. The yields of
vectors from pH221-481-564 and pH221-565-669 vectors were
low. In contrast, the exchange of the corresponding region of
AAV2 with AAV1 still produced AAV vectors at normal yield.
It appears that all amino acids need to be coordinated with
each other in AAV packaging. This result is also in accordance
with previous studies showing that not all epitope insertions
could be tolerated in the positions that could be altered (11, 24,
34). Since several vectors could not be tested in vivo, it is hard
to rule out their contribution to the transduction of muscle
even though we were able to identify several important amino
acids.

In this study, all clones were generated through molecular
cloning, which has no natural selection for growth advantage.
A novel marker rescue system to circumvent the decreased
packaging efficiency has been proposed by Bowles et al. (2a).
Those naturally occurring mutants based on homologous re-
combination would select for mutants with strong viability and
complement those mutants that cannot be made by a cloning
strategy (2a).

Vectors with the C-terminal part of VP1 (amino acids 351 to
736) inherited the muscle tropism of AAVI1. In combination
with the observation that vectors made from pH221-213-423
exhibit AAV1’s tropism for muscle, we draw the conclusion
that amino acids 350 to 423 are important in determining
AAV1 tropism. This hypothesis is confirmed by experimental
results shown in Fig. 5. As seen in the alignment of AAV1 and
AAV?2, the differences between AAV1 and AAV2 lie in two
amino acids: one at position 363I—V and the other at
427E—D. This result is not expected, as these two amino acids
are not located in any of those regions clustered with noniden-
tical amino acids. In addition, these amino acids are considered
to be structurally similar. Structural analysis of parvovirus cap-
sid found that the degree of conservation of surface-exposed
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residues is lower than average (6, 26). However, the location of
these amino acids would be consistent with the putative sec-
ondary structure of AAV capsid proteins predicted by Chap-
man and Rossmann (5, 6, 17, 31). According to their structural
analysis of various parvovirus capsid proteins, AAV should
have five putative loop regions. It is interesting that these two
amino acids fall into the regions that were designated loop III
(amino acids 346 to 392) and loop IV (amino acids 420 to 646).
Our results may suggest that loop III and loop IV are major
regions that determine AAV receptors and hence tissue tro-
pism. On the other hand, simply substituting these two amino
acid sequences in pH221-350-423 and pH212-350-423 failed to
restore the full vector efficiency to that of AAV1 or pH221-
213-423 (Fig. 5). Because of the complexity of the AAV capsid
structure, additional elements may be contributing to the dif-
ference between AAV1 and AAV2. These results reveal the
limitations of our present strategy, which takes into consider-
ation only linear epitopes and primary amino acid sequences
and thus may oversimplify the three-dimensional virion struc-
ture.
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