
original article© The American Society of Gene Therapy

Molecular Therapy  vol. 16 no. 10, 1703–1709 oct. 2008 1703

Adeno-associated virus (AAV) vectors are extremely 
effective gene-delivery vehicles for a broad range of 
applications. However, the therapeutic efficacy of these 
and other vectors is currently limited by barriers to safe, 
efficient gene delivery, including pre-existing antiviral 
immunity, and infection of off-target cells. Recently, we 
have implemented directed evolution of AAV, involving 
the generation of randomly mutagenized viral libraries 
based on serotype 2 and high-throughput selection, to 
engineer enhanced viral vectors. Here, we significantly 
extend this capability by performing high-efficiency  
in vitro recombination to create a large (107), diverse 
library of random chimeras of numerous parent AAV 
serotypes (AAV1, 2, 4–6, 8, and 9). In order to analyze 
the extent to which such highly chimeric viruses can be 
viable, we selected the library for efficient viral packag-
ing and infection, and successfully recovered numer-
ous novel chimeras. These new viruses exhibited a 
broad range of cell tropism both in vitro and in vivo and 
enhanced resistance to human intravenous immuno-
globulin (IVIG), highlighting numerous functional differ-
ences between these chimeras and their parent serotypes. 
Thus, directed evolution can potentially yield unlimited 
numbers of new AAV variants with novel gene-delivery 
properties, and subsequent analysis of these variants can 
further extend basic knowledge of AAV biology.
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IntroductIon
Viral gene-delivery vehicles, and particularly adeno-associated 
virus (AAV), have demonstrated potential to treat a range of 
inherited and acquired genetic disorders successfully.1–3 AAV is a 
nonpathogenic member of the Parvoviridae family, with a single-
stranded DNA genome, and mediates long-term gene expression 
following transgene delivery into both dividing and nondivid-
ing cells.4–6 The viral gene cap encodes three structural proteins 
(VP1-3), which assemble as a 60-mer into an icosahedral capsid 
that encapsulates the viral DNA.7

To date, over 100 AAV genotypes have been isolated from 
various species, including goat, cow, nonhuman primates, and 

humans.8,9 The sequence variability within the viral capsid under-
lies an extensive range of gene-delivery properties, such as tissue 
tropism and biodistribution.10–14 Despite this extensive range of 
gene-delivery properties, existing AAV serotypes transduce some 
therapeutically desirable cell types poorly and can be strongly 
neutralized by pre-existing immunity.2,15,16

Efforts to engineer the AAV capsid for targeted delivery, 
which have most often relied upon sequence analysis and rational 
peptide insertion have enjoyed some success.17–19 Other efforts 
to generate AAV variants with novel functions include combin-
ing functional regions from distinct AAV serotypes through 
rational domain swapping, innovative but relatively small-scale 
in vivo recombination, and co-transfection of two cap genes to 
create mosaic viruses.20–22 However, while they exhibit novel 
properties, engineered variants and chimeras require some 
additional improvement to meet the needs of some therapeutic 
applications, and there is often insufficient knowledge of viral 
 structure–function relationships to enable additional rational 
design of vectors.

Directed evolution is a powerful protein engineering approach 
that can enhance pre-existing functions of, or generate novel 
functions in, a protein in the absence of underlying mechanis-
tic knowledge.23–28 Previously, we reported a directed evolution 
approach, based on high-throughput random point mutagen-
esis and selection, that successfully generated AAV2 vectors with 
novel gene-delivery properties.29 Recently, family shuffling has 
been used to generate chimeric AAV variants; however, the func-
tional diversity of capsids, particularly with regard to cell tropisms 
and antibody evasion, present with the libraries was only mini-
mally explored.30,31

Here, we extend the capabilities of AAV-directed evolution 
and implement in vitro recombination of numerous AAV sero-
types to yield viral chimeras that meld the properties of their 
parents, and thereby exhibit gene-delivery characteristics that 
no existing serotype possesses. Specifically, we have generated a 
shuffled AAV library composed of cap genes from AAV1, 2, 4–6, 
8, and 9. We analyzed the cap sequences of the library at vari-
ous stages of this process—including the initial library, follow-
ing viral packaging, and after infection—to probe its functional 
diversity. After selection for viral packaging and cellular infec-
tion, we isolated novel variants that exhibit altered cellular tro-
pism both in vitro and in vivo and exhibit significantly enhanced 
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resistance to human intravenous immunoglobulin (IVIG) com-
pared to any of their parents, further demonstrating the func-
tional diversity of this shuffled library. Finally, analysis of these 
variants yields novel insights into viral sequence–function rela-
tionships, particularly involving surface loop swapping among 
AAV serotypes.

results
library construction and production
To construct the AAV library, the cap genes from AAV serotypes 
1, 2, 4–6, 8, and 9 were subjected to DNA shuffling as previ-
ously described23,32 and cloned into an AAV genomic plasmid,29 
resulting in >107 independent clones (i.e., bacterial colonies). 
Sequence analysis of the numerous full-length cap genes revealed 
multiple recombination events, and every parental serotype was 
represented (Supplementary Figure S1). Specifically, for the 
sample set (n = 9) there were ~10.5 crossovers/chimera and 
an error rate comparable to other DNA shuffling protocols at 
~0.37%.23,32

The plasmid library was used to package replication- competent 
AAV (rcAAV)29 to yields that were only approximately fivefold 
lower than wild-type AAV2. Our initial goal was to determine the 
extent to which highly diverse, chimeric AAV variants can even 
be infectious. To enrich for “viable” clones, the viral library was 
added to HEK293 cells at a low genomic multiplicity of infection, 
followed by addition of wild-type adenovirus serotype 5. Sequence 
analysis of the resulting cap clones confirmed the presence of 
numerous, highly diverse chimeras (Figure 1 and Supplementary 
Figures S2 and S3). Importantly, no full-length wild-type AAV 
sequences were recovered at any stage (after shuffling, packaging, 
or infection).

Four clones with sequences somewhat closely related to 
AAV2, and four related to AAV1/6, were chosen for further 
analysis. Protein sequence comparison revealed similarities 
to AAV2 of 91.8–96% for chimeras cA1–4, and similarities to 
AAV1/6 of 96.4–98.3% for chimeras cB1–4. Most importantly, 
the VP3 sequence of these chimeras, which encompasses most 
of the exposed capsid surface, contained regions from multiple 
parents, with 24.8–53.5% of the VP3 region from cA1–4 chimera 

 originating from non-AAV2 parents and 1.1–22.5% of the VP3 
region from cB1–4 chimera originating from non-AAV1/6 sero-
types. Strikingly, capsid structure representations of each chimera 
 confirm the presence of regions from multiple serotypes on the 
viral surface (Figure 2).

Because DNA sequencing is a relatively low-throughput 
method to analyze clones from such a diverse library, we con-
firmed the presence of additional chimeras from the other par-
ents (i.e., AAV4, 5, 8, and 9) using a PCR screen based on specific 
primer sets designed to amplify a hypervariable region within the 
cap gene (corresponding to hypervariable regions of VP3) of each 
serotype (Figure 3 and Supplementary Table S1). Hence, addi-
tional selection on other cell types or in vivo would likely result in 
the emergence of additional variants with contributions from all 
of the original AAV parents.

transduction analysis
To determine whether diversity in the chimera surface regions 
translates to differences in viral function, recombinant AAV 
(rAAV) Luc vectors were produced with each chimeric capsid 
at titers similar to the parental viruses (AAV1, 2, 6, 8, and 9) 
(Supplementary Table S2). Transduction levels on cell lines with 
variable levels of heparan sulfate proteoglycans (HSPG) (CHO 
versus pgsA, deficient in all glycosaminoglycans22) and sialic acid 
(Pro5, a derivative of wtCHO, versus Lec2, a Pro5 mutant deficient 
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Figure 1 Amino acid sequences of shuffled clones. Graphical repre-
sentations of the primary protein sequences of each chimera are shown, 
with the protein segments colored to reflect the parent serotypes from 
which they were derived. Point mutations present within each sequence 
are shown next to each clone. Graphical representation of several key 
viral regions, including surface loops,38,46,47 hypervariable regions (HVRs),8 
β-barrel core,38 CD8+ T-cell epitopes,50 and antibody (Ab) epitopes,15,16 
are also depicted to highlight the diversity within these regions. AAV, 
adeno-associated virus.
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Figure 2 structural comparison of selected viral chimeras. Molecular 
models of the adeno-associated virus (AAV) capsid, based on the AAV2 
structure,38 are shown for each chimera along with a model depicting 
the location of each loop region. Each region is shaded according to the 
parent serotype from which it was derived, highlighting the substantial 
sequence variability on exterior regions of the capsid. White arrows indi-
cate important structural regions discussed in text.
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in sialic acid13), as well as breast cancer (MDA-MB231) and neu-
roblastoma (SHSY-5Y) cell lines showed a wide range of tropisms 
and gene-delivery efficiencies among the chimeras and  parents 
(Figure 4). Of the eight clones, only cA1 was noninfectious, likely 
due to a R238G mutation previously shown to render AAV2 
noninfectious,33 and it thus was not further analyzed. Within the 
AAV2-like chimeras, tropism varied significantly on cells lacking 
HSPG (CHO versus pgsA) (Figure 4). Within the AAV1/6-like 
chimeras, cB1, cB3, and cB4 demonstrated slightly but statisti-
cally enhanced infection of cells lacking HSPG, suggesting that 
the lack of this GAG may facilitate infectivity. Interestingly, cB2 
and cB3 infections were insensitive to sialic acid (Pro5 versus 
Lec2), indicating the absence of a sialic acid–binding region 
despite AAV6’s ability to bind sialic acid.13 Chimera infectivity 
also varied significantly on two cancer cell lines (e.g., cB2 versus 
cB1, 3, 4 and AAV1/6) (Figure 4). Also of note, neither AAV8 nor 
AAV9 was sensitive to the lack of HSPG or sialic acid, suggesting 
these molecules do not serve as receptors for these two recently 
identified serotypes.8

Antibody neutralization
IVIG is purified human IgG derived from the pooled human 
plasma of ~100,000 individuals. Previous studies showed that 
IVIG strongly neutralized AAV1–3, 5, and 6, and weakly neutral-
ized AAV4 and 8 (refs. 34,35). To further probe the extent of sur-
face diversity among the new chimeras, as well as to determine 
whether shuffled capsids can offer additional opportunities for 
immune evasion and vector re-administration, we determined 
the IVIG neutralization properties of each. All rAAV green fluo-
rescent protein vectors with chimeric capsids exhibited vector 
genome-to-transducing units ratios comparable to the respective 
parent(s) with the exception of cA4, which was approximately 
tenfold higher than AAV2 (Supplementary Figure S4). The IVIG 
neutralization curves were then measured. Intriguingly, most chi-
meras were more resistant to antibody neutralization than any of 
their parents (Table 1 and Supplementary Figure S5), without 
selection of the library for antibody evasion. Impressively, cB4 
was 2-, 8-, and 400-fold more resistant to IVIG neutralization 
than AAV6, AAV1, and AAV2, respectively. In addition, cA4 was 
tenfold more resistant to neutralization than AAV2. Interestingly, 
cB2 was 2.4- and 10-fold more readily neutralized than AAV1 and 
AAV6, respectively.

In vivo gene delivery
To further demonstrate the gene-delivery potential of these novel 
chimeras, we analyzed the systemic gene-delivery properties of 
one highly diverse chimera, cA2, which contains surface loop 
regions from multiple AAV parent serotypes that exhibit distinct 
in vivo gene-delivery properties. Tail vein injection of rAAV-Luc 
vectors (1011 vector genomes) with capsids from AAV2, 8, and 
cA2 revealed highly efficient liver and heart transduction by cA2 
compared to AAV2, as well as enhanced hindlimb muscle trans-
duction (Figure 5). In summary, the novel chimeras exhibit a 
spectrum of neutralization properties and cell tropisms, high-
lighting how variations in the external capsid structure can 
translate into novel gene-delivery properties distinct from the 
parent serotypes.
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Figure 3 Pcr screen of plasmid and viral library. PCRs were per-
formed with serotype-specific primers annealing ~1,400 base pairs (bp) 
and ~1,700 bp downstream from the cap start codon for the forward 
and reverse primers, respectively. Positive PCRs yield a band of 200–300 
bp in size, depending on the serotype. The plasmid library and vector 
genome DNA from the packaged virus and passaged virus were ana-
lyzed along with the individual parent pSub2 plasmids (labeled 1, 2, 4, 
5, 6, 8, and 9). AAV, adeno-associated virus.
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Figure 4 transduction efficiencies of chimeras and viral parents. 
rAAV-Luc vectors were used to transduce a panel of cell lines: CHO, 
pgsA (lacking all GAGs), Pro5, Lec2 (lacking sialic acid), a breast cancer 
cell line (MDA-MB231), and a neuroblastoma cell line (SHSY-5Y). (a) 
Relative luciferase signals were normalized to total protein (RLU/mg) 
for AAV2-related chimeras along with AAV2, 8, and 9 controls (n = 3). 
(Note: cA1 packaged but was noninfectious.) (b) Normalized relative 
luciferase values for AAV1/6-related chimeras along with AAV1 and 6 
controls are shown (n = 3). AAV, adeno-associated virus; RLU, relative 
luciferase unit.
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dIscussIon
Recently isolated AAV serotypes possess a diverse range of gene-
delivery properties.10–14 These natural serotypes may not exhibit 
desirable properties such as efficient transduction of specific 
cell types or resistance to pre-existing immunity; however, these 

 parents do provide valuable starting material for creating vast 
numbers of AAV chimeras with new properties. High-throughput 
selection of these combinatorial AAV chimeras can potentially 
isolate variants with key properties. Our initial aim was to explore 
the extent to which highly chimeric viruses from a large (107), 
diverse AAV library of chimeric viruses with regions from mul-
tiple AAV serotypes (1, 2, 4–6, 8, and 9) can assemble, package 
DNA, transduce cells, and exhibit properties distinct from the 
parent viruses. We therefore applied a low stringency selection for 
efficient viral packaging and infection, though infection of cul-
tured cells may enrich for clones that use HSPG.30 To minimize 
this bias, we performed only a single round of in vitro infection. 
After this selection, seven of eight chimeras analyzed packaged 
high titer, infectious rAAV with novel gene-delivery properties 
(Figures 4 and 5, and Table 1).

Identification of capsid regions that influence cell tropism: The 
HSPG binding domain of AAV2 has been mapped to the threefold 
peak of the icosahedral capsid,36,37 making this region the primary 
focus of efforts to engineer targeted AAV vectors.17–19 However, 
recent evidence demonstrates that capsid regions outside of this 
peak significantly influence viral infection.36,37 Correlating the chi-
meric viral sequences with their transduction properties can iden-
tify capsid regions potentially involved in specific viral functions, 
such as receptor binding. In particular, this analysis implicates 
several important domains within the parent serotypes, as well as 
confirms existing functional domains within AAV2. For example, 
cA2 and cA4, which exhibit novel tropism compared to AAV2 
(Figure 4), contain amino acids in loop 1 (aa262–270, shown with 
a white arrow in Figure 2) from AAV6 rather than AAV2. This 
swap results in two sequence changes within the putative fibro-
blast growth factor receptor–binding region of AAV2 (ref. 36), 
Q263A and a threonine insertion after aa264, which our results 
indicate are sufficient to modulate tropism (Figure 4).

Unlike the other AAV2-like chimeras, cA2 exhibited a stronger 
preference for breast cancer cells similar to AAV8. cA2 contains a 
99-aa stretch from AAV8, which encompasses two surface loops, 
loop 2 (aa327–332) and loop 3 (aa381–390), located at the fivefold 
cylinder and the side of threefold plateau, respectively (indicated by 
white arrows in Figure 2).38 Interestingly, this region differs from 
two regions of the AAV8 capsid recently implicated in binding to 
the laminin receptor.39 Our results therefore suggest that loops 2 
and 3 from AAV8 confer specificity for an alternate receptor or oth-
erwise modulate the viral transduction. Furthermore, swapping of 
loops 2 or 3 from AAV8 into AAV2 fails to alter liver transduction 
in vivo,40 suggesting that other loop regions of cA2—such as those 
inherited from AAV6 (loop1) or AAV9 (~80 aa, including loop 
9)—enhance liver transduction by cA2 (Figure 5). The enhanced 
heart and muscle transduction by cA2 may also result from inherit-
ing loop regions from AAV6, 8, and 9, all of which transduce heart 
and muscle significantly better than AAV2 (refs. 10,12).

Similar analysis of the AAV1/6-like clones implicates potential 
residues and regions critical for sialic acid binding. For example, 
cB1 and AAV1 share a weaker sialic acid dependence than cB4 
and AAV6 (Figure 4). Interestingly, the only difference between 
cB1 and cB4, which share AAV1/6 sequence in all surface loops, 
is residue 531 (E in AAV1 and K in AAV6, shown by white arrow 
in Figure 2). This analysis suggests that in addition to conferring 

table 1 IVIG neutralization assay of viral chimeras and parent sero-
types

Virus
conc IVIG (mg/ml) for 
50% neutralization

Fold resistance relative 
to parent serotype(s)

cA2 0.095 4.0

cA3 0.097 4.0

cA4 0.27 11.3

AAV2 0.024 —

cB1 1.9 1.6/0.41

cB2 0.49 0.41/0.11

cB3 1.6 1.3/0.35

cB4 9.7 8.1/2.1

AAV1 1.2 —

AAV6 4.6 —

Human intravenous immunoglobulin was used to neutralize recombinant 
adeno-associated virus (recombinant AAV) green fluorescent protein vectors 
with capsids from each chimera or parent serotype (n = 3). The intravenous 
immunoglobulin (IVIG) concentration (mg/ml) required to reduce gene-delivery 
efficiency to 50% of that in the absence of IVIG is shown. The fold resistance 
compared to AAV2 (for cA1-4 chimeras) and compared to AAV1/6 (for cB1-4) 
is shown. All chimeras required significantly higher IVIG concentrations to be 
neutralized compared to their parent serotypes, with the sole exception of 
chimera cB2. It should be noted that while the interior of the capsids for these 
variants were derived from the parent serotype, their external loops often came 
from other serotypes (Figure 2).
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Figure 5 In vivo biodistribution transduction efficiencies of chimera 
and viral parents. rAAV-Luc vectors (1011 vector genomes) were deliv-
ered via tail vein injections to BALB/c mice (n = 3). For each vector and 
each tissue analyzed, levels of luciferase expression were normalized 
to total protein (RLU/mg). AAV, adeno-associated virus; RLU, relative 
luciferase unit.
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HSPG binding to AAV6 (ref. 41), this residue may also confer 
enhanced sialic acid dependence.

Chimeras cB2 and cB3 show no dependence on sialic acid for 
transduction, despite containing a majority of AAV1/6 sequence 
within the loops38 and hypervariable regions.8 The only surface 
loop of cB2 or cB3 that differs in sequence from cB1 and cB4 is 
loop 2 (shown by white arrow in Figure 2), at two amino acid 
locations: 325 (T in AAV1/6 versus Q in chimeras) and 329 (V 
in AAV1/6 versus T in chimeras). This location may facilitate 
AAV1/6 binding to a sialylated protein receptor, such that these 
two amino acid changes may disrupt receptor binding and thus 
alter sialic acid dependence, as supported by the lower transduc-
tion relative to AAV1/6 on the parent cell line (Pro5). The func-
tional regions identified from chimeras will facilitate and expedite 
mutagenesis studies aimed at fully mapping receptor-binding sites 
or other properties of the AAV serotypes. Finally, it should be 
noted that the influence of the unique regions of VP1 and VP2 on 
transduction cannot be discounted, because functional domains 
involved in intracellular transport42,43 have been mapped to these 
locations.

Identification of capsid regions influencing antigenicity: Previous 
studies have shown that AAV serotypes 1–6 and 8 exhibit vari-
able sensitivity to neutralization by IVIG,34,35 therefore, examin-
ing the IVIG neutralization properties of each chimera serves as 
an additional probe of their structural and functional differences 
from the parent serotypes. Furthermore, highly resistant chimeras 
potentially have strong utility for single-dose gene delivery, but 
subsequent humoral immune response will likely prevent repeated 
dosing, unless transient immunosuppression is employed.

The novel chimeras exhibited a broad range of neutralization 
properties, most with enhanced resistance to IVIG. Chimeras cA2 
and cA3, which exhibited a fourfold resistance to IVIG compared 
to AAV2, contain a C-terminal ~80-aa stretch from AAV9, which 
maps to the twofold depression previously shown to contain 
neutralizing epitopes for AAV2 (ref. 15). In addition, mutations 
within this region enhance resistance to anti-AAV antibodies.29,36 
Interestingly, the cA4 chimera, which contains a V709I mutation 
and the final 19 aa from AAV6, exhibits a tenfold higher resistance 
to IVIG compared to AAV2. Most likely, antibody binding to this 
epitope disrupts AAV binding to its protein receptor, because the 
epitope is adjacent to the putative fibroblast growth factor recep-
tor–binding domain for AAV2 (ref. 36).

Within the AAV1/6-like chimeras, cB4 is strikingly over 400-
fold more resistant to IVIG than AAV2, making it among the most 
resistant AAV serotypes and variants identified to date.29,34,35 It is 
also twofold more resistant than AAV6, likely due to the Y706H 
mutation within the antigenic twofold depression. By contrast, 
chimera cB2 was neutralized to a greater extent than AAV1 or 
6 by ~2.5-fold and ~10-fold, respectively. cB2 contains a region 
(aa326–340) shown to contain neutralizing epitopes for AAV2 
(ref. 15), potentially making this chimera susceptible to anti-
AAV2 antibodies.

Analysis of viable crossover locations: Structure-based analy-
sis of chimeric proteins and recombination sites has identified a 
constraint upon the location of crossover points: the retention of 
correct protein folding.44,45 In particular, chimeric proteins have 
been found to be more likely to fold and function correctly if 

key structural contacts are preserved, or inherited from the same 
parent. The intricate 60-mer AAV capsid offers additional con-
straints in the regions where several monomers must interact and 
fold together.38,46,47 The pentamer formation at the fivefold axis 
relies mostly on conserved residues with the β-barrel core (AAV2 
aa250–253, 371–373, and 654–668) with more minor interactions 
from loop 2 and loop 9. Thus, crossover locations that combine 
loop 2 and loop 9 from different serotypes may well be tolerated, 
because the dominant, conserved β-barrel interactions would off-
set minor perturbations in loop interactions. Indeed, four of the 
eight chimeras combined regions of loops 2 and 9 from differ-
ent serotypes. Likewise, at the twofold axis, the association of two 
monomers relies predominantly on residues from the β–barrel 
core, conserved α helix (aa293–302) and loop 9, suggesting that 
swapping of loop 9 between serotypes may be well tolerated. In 
fact, three of the eight chimeras contained loop 9 from a serotype 
different from the one that contributed the β–barrel core.

The most structurally intricate capsid monomer interactions 
occur at the threefold peak, where two loops from one mono-
mer (aa430–478 and aa577–595) intertwine with two loops from 
another monomer (aa485–516 and aa539–558) to fold into the 
final spike conformation. Crossover locations that mix these loops 
from different serotypes would likely be less tolerated, because 
extensive complementary structural changes in adjacent hyper-
variable loops are likely required to assemble this capsid interface 
properly.38,46,47 For example, a previous study of AAV1-AAV2 chi-
meras showed tenfold lower particle yields for chimeras swapping 
residues 481–564 or 565–669 (ref. 21). Intriguingly, all the chi-
meras in this study inherited all four loops from a single parent 
(Figure 2). Future efforts to create novel AAV chimeras may have 
to account for these complex subunit interactions, particularly at 
the threefold peak, to ensure efficient viral assembly.

Implications for future work: We have generated a large, func-
tionally diverse AAV library through DNA shuffling of the cap 
genes from numerous parent serotypes. Furthermore, this library 
contains chimeras with broad diversity in cell tropism and neu-
tralizing antibody resistance. This approach can therefore suc-
cessfully harness and blend functions from newly identified AAV 
serotypes, or even rationally designed mutants, to potentially 
create a combinatorially limitless number of novel variants with 
new properties. Coupled with efficient selections,29 this forward 
genetics approach has the potential to evolve novel AAV vectors 
with customized gene-delivery properties for many applications, 
and reverse engineering of the results will further enhance our 
knowledge of the basic structure–function relationships for the 
AAV capsid.

MAterIAls And Methods
Library construction. cap genes from AAV1, AAV2, AAV4, AAV5, AAV6, 
AAV8, and AAV9 were amplified by PCR with primers that introduced 
unique sites for HindIII (5′) and NotI (3′) and individually cloned into 
the AAV2 genome plasmid pSub2 (ref. 29). Each viral cap gene was then 
amplified via PCR using 5′-CATGGGAAAGGTGCCAGACG-3′ and 
5′-CGCAGAGACCAAAGTTCAACTGA-3′ as forward and reverse prim-
ers, respectively. DNA shuffling was performed as previously described.23,32 
Briefly, equimolar amounts of PCR-amplified cap genes (1–3 μg total 
DNA) were digested with DNase I (Roche, Indianapolis, IN) for varying 
times (5–20 minutes) to yield fragments ranging from 50 to 500 base pairs 
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in size. Fragments were gel purified, and 10–20 μl of purified DNA was 
reassembled in a PCR containing 1× ThermoPol buffer (NEB), 200 μmol/l 
deoxynucleotide triphosphates, and 1 unit Vent DNA polymerase (NEB) 
under the following conditions: 96 °C, 3 minutes; 40 cycles of 94 °C, 1 
minute; 55 °C for 1 minutes; 72 °C for 1 minute + 4 seconds/cycle; and 
72 °C, 10 minutes. Assembled fragments were further amplified using the 
same reaction conditions as above with the above primers, and chimeric 
cap genes containing unique HindIII (5′) and NotI (3′) sites were cloned 
into pSub2 for rcAAV production.

Cell lines and viral production. Unless otherwise mentioned, cell lines 
were obtained from the American Type Culture Collection (Manassas, 
VA) and cultured at 37 °C and 5% CO2. HEK293T, CHO K1, and CHO 
pgsA were cultured in Iscove’s modified Dulbecco’s medium (Mediatech, 
Herndon, VA). Pro5 and Lec2 were cultured in minimum essential 
medium, α-modification (Sigma-Aldrich, St Louis, MO). MDA-MB231 
and SHSY-5Y were cultured in Dulbecco’s modified Eagle’s medium with 
1% nonessential amino acids (Invitrogen, Carlsbad, CA). AAV293 cells 
(Stratagene, La Jolla, CA) were cultured in Dulbecco’s modified Eagle’s 
medium. All media were supplemented with 10% fetal bovine serum 
(Invitrogen) and 1% penicillin/streptomycin (Invitrogen).

The rcAAV library and rAAV vectors were packaged as previously 
described.29,48 Briefly, for the rcAAV library, AAV293 cells grown in a 
15-cm plate were transfected with 7 ng rcAAV library, 25 μg pBluescript, 
and 25 μg pHelper. Forty-eight hours after transfection, the resulting viral 
library was harvested and titered via quantitative PCR to obtain DNase-
resistant genomic titers or flow cytometry to obtain transduction titers as 
previously described.29,48

In vitro selection and characterization. To recover functional shuffled 
virions, 3 × 106 293T cells were infected with the AAV library at a genomic 
multiplicity of infection of 50, and AAV was amplified or rescued by infec-
tion with wild-type adenovirus serotype 5 (Ad5) as previously described.29 
Viral genomic DNA was recovered by PCR amplification.

PCR screens were performed with 10 ng of template from the plasmid 
library, viral genomic DNA, or the pSub2 plasmid for each serotype. 
Serotype sequence primers (Supplementary Table S1) were used along 
with Taq DNA polymerase in a PCR program of 95 °C for 30 seconds; 
95 °C for 30 seconds, 55 °C for 30 seconds, and 72 °C for 20 second (35 
times); and 72 °C for 10 minutes.

To determine the relative transduction efficiencies of each clone 
compared to the parent viruses, 5 × 104 cells were infected with rAAV 
vectors carrying complementary DNA encoding firefly luciferase at a 
genomic multiplicity of infection of 104. Forty-eight hours after infection, 
cells were rinsed with phosphate-buffered saline, and luciferase assays were 
performed as previously reported.49 The luciferase signal was normalized 
to total protein content determined by a BCA assay (Pierce, Rockford, IL).

In vitro neutralization assay with IVIG. Antibody neutralization assays 
were performed as reported.29 Briefly, rAAV green fluorescent protein vec-
tors were incubated with varying levels of human IVIG (Bayer) in a 75 μl 
final volume for 30 minutes at 20 °C, followed by addition to 2.5 × 105 293T 
cells at a multiplicity of infection of 1. After 48 hours, the fraction of fluo-
rescent cells was quantified by flow cytometry.

In vivo gene delivery. Recombinant AAV vectors carrying the comple-
mentary DNA for firefly luciferase under the control of the CMV pro-
moter without the β-globin intron were produced. High-titer AAV2, 
AAV8, and cA2 vectors were produced and purified via iodixanol den-
sity ultracentrifugation followed by dialysis as previously described.29 
Approximately 1011 DNase-resistant particles were injected into the 
tail vein of 8-week-old female BALB/c mice (Jackson Laboratories, Bar 
Harbor, ME; n = 3). Four weeks after injection, animals were killed, 
and representative organs (lung, liver, heart, kidney, spleen, quadriceps, 
and hamstring) were harvested and frozen. Frozen tissue samples were 

homogenized in reporter lysis  buffer (Promega, Mannheim, Germany) 
and clarified by centrifugation for 10 minutes at 10,000g. Luciferase 
reporter activities were determined as previously described,49 and the 
luciferase signal was normalized to total protein content determined by 
a bicinchoninic acid assay (Pierce). Animal protocols were approved by 
the UCB Animal Care and Use Committee and conducted in accordance 
with National Institutes of Health guidelines.
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Figure S4. Genomic:transducing particle ratios for rAAV GFP vectors 
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Figure S5. Full neutralization curves for rAAV GFP vectors with chime-
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