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Brief Report

Hybrid Adeno-Associated Virus Bearing Nonhomologous
Inverted Terminal Repeats Enhances Dual-Vector
Reconstruction of Minigene#® Vivo

ZIYING YAN, 12 DIANA C.M. LEI-BUTTERS;! YULONG ZHANG,! ROMAN ZAK,*
and JOHN F. ENGELHARDY?3

ABSTRACT

We have previously demonstrated that hybrid adeno-associated viral (AAV) vectors bearing nonhomologous
inverted terminal repeats (ITRs) enhance directional intermolecular recombination and the efficiency of dual-
AAV vector trans-splicing in cultured cells. Using hybrid-ITR vectors carrying two exons of dacZ minigene,
we demonstrate that this dual-vector approach also mediates higher levels (3- to 6-fold) of gene reconstitu-
tion in mouse skeletal muscle, liver, and heart. Inhibition of the proteasome by systemic administration of
Doxil (Food and Drug Administration-approved lipid-formulated doxorubicin) further enhanced dual-vector
trans-splicing 6- to 12-fold in two mouse strains. Hence, using hybrid-ITR AAV vectors in combination with
proteasome modulation enhanced dual-vector delivery of a transgere36-fold over the current dual-vector
trans-splicing approaches. These data provida vivo evidence that ITR sequence-dependent homologous re-
combination, rather than nonhomologous end joining, is the predominant mechanism for AAV genome het-
erodimerization. Hence, enhanced directional recombination provided by hybrid-ITR vectors may be a use-
ful in vivo strategy for improving dual-vector delivery of transgenes larger than the AAV packaging limit.

INTRODUCTION use of dual-vectotranssplicing in human gene therapy. In-
deed, the effectiveness of this dual-AAV vector strategy has
ADENO—ASSOCIATED viRus(AAV) is an extremely promising been demonstrated for the large (6-kb) minidystrophin gene—
vector forin vivo delivery of transgene cassettes up to With the achievement of therapeutic levels of minidystrophin
kb in length (Berns and Giraud, 1996; Carter, 2000). This pack«pression in thendx mouse model of Duchenne muscular
age capacity has been effectively doubled by the developméwpstrophy (Laiet al, 2005; Liuet al, 2005).
of a dual-vectotrans-splicing approach (Yaet al, 2002; Duan Despite the promising prospects of dual-rAAV vector ap-
et al, 2003b). In this approach, an oversized transgene expipeaches, the level of gene expression obtained with the cur-
sion cassette is engineered into a two-exon minigene and eagit system remains substantially lower than for delivery of a
exon is codelivered to the same cell by two independent AAkansgene encoded within a single vector. Two factors that limit
vectors. After intermolecular recombination between two indéie efficiency of this approach are the heterodimerization rate
pendent AAV genomes, reconstitution of the minigene cassetfethe two input vector genomes and the directionality of the
allows for intermoleculatrans-splicing of the gene product. recombination event. For example, when both exons of the
Such a dual-AAV approach has been successfully tested witinigene cassette are in the same orientation within the two
reporter genes in mouse muscle (Deaal, 2000a; Suet al, vector genomes, only those heterodimers formed in a head-to-
2000; Yanet al, 2000), liver (Nakakt al, 2000), and eyes tail manner are active substrates faans-splicing minigene
(Reichet al, 2003). These studies have paved the way for theRNA products (Yaret al, 2000).
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The development of hybrid rAAV vectors with nonhomoloprotein (eGFP) or two exons ofl@cZ minigene were used in
gous type 2 and type 5 inverted terminal repeats (ITRs) hhsse studies (Yaat al, 2005). These vector genomes con-
enhanced our ability to control genome circularization artdined either homologous 2:2-ITR and 5:5-ITR sequences de-
concatemerization in a manner that enhances directional intéved from AAV2 and AAV5 serotypes, respectively, or hy-
molecular recombination compatible with the dual-vettorss  brid 2:5-1TR sequences from both serotype ITRs. All viruses
splicing of transgenes (Yaet al, 2005). In comparison with were pseudotyped in AAV type 1 capsids and purified through
homologous AAV2 or AAVS ITR vectors, hybrid 2:5-ITR vec-iodixanol ultracentrifuge fractionation, followed by high-per-
tors have been shown to less efficiently form circular monomdmmance liquid chromatography (HPLC) on a POROS PI an-
through self-circularization, and to more effectively undergo dien-exchange column (Applied Biosystems, Foster City, CA)
rectional intermolecular recombination. With a preferred res previously described (Yaat al, 2006). Using previously
combinational bias to form head-to-tail heterodimers, the hgiescribed nomenclature (Yagt al, 2005), AAV type 1
brid 2:5-ITR vectors were found to be 6- to 10-fold morgiruses used in these studies included the following:
efficient at reconstituting lacZ minigene than homologous 2:2-AV2:2/1eGFP, AV5:5/1eGFP, AV2:5/1eGFP, AV2:2/1LacZ-
or 5:5-ITR vectors after coinfection in HeLa and primary fetalonor, AV2:2/1LacZacceptor, AV5:2/1LacZdonor, and
fibroblasts (Yanet al, 2005). These encouragimg vitro re- AV2:5/1LacZacceptor.
sults prompted us to assess whether this hybrid-ITR dual-vec-
tor trans-splicing approach could also enhamt@ivogene de- In vivo infection procedures in mice

livery to several organs in mouse models. AV2:2/1eGFP, AV5:5/1eGFP, and AV2:5/1eGFP vectors

were evaluated after direct injection of'@@articles into the
anterior tibialis muscle of mice or, alternatively, after infection

MATERIALS AND METHODS of the liver by tail vein injection with X 10! particles. GFP
AAV t transgene expression was assessed 2 weeks postinfection. The
vectors two sets oflacZ transsplicing viruses as shown in Fig. 2A,

Previously described homologous-ITR and hybrid-ITRncluding homologous-ITR vectors (AV2:2LacZdonor and
AAV vectors harboring either the enhanced green fluorescéhy2:2LacZacceptor) and the hybrid-ITR vectors (AV5:2LacZ-
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FIG. 1. Efficiency of rAAV transduction in mouse muscle is not affected by AAV viral ITR genotype. AV2:2/1eGFP,
AV5:5/1eGFP, or AV2:5/1eGFP (1®particles) was used to infect mouse anterior tibialis by direct local injection. GFP ex-
pression in mouse muscle sections was quantified 2 weeks postinfectidpthe percentage eGFP-positive area a@)jdtliie
relative fluorescence intensity (positive GFP area multiplied by the mean fluorescence intensity) with NIH ImageJ $ftware. (
Representative photomicrographs of muscle sections for each of the depicted vectors.
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FIG. 2. Efficiency of vector genome heterodimerization with homologous- and hybrid-ITR AAV1 viruses in mA3cBehe-

matic representation of the homologous- and hybrid48dZ transsplicing vector viral genomes used in this stu@®/adC)
Comparison of dual-vector heterodimerization in C57BL/6 mouse anterior tibialis muscle after infection with homologous- and
hybrid-ITR vector genomes pseudotyped in AAV1 capsid. Infections were performed in the aB3exrakif the presenc€)

of proteasome inhibitor Doxil. Enzymatic quantification @fjalactosidase activity in tissue lysates was performed 2 weeks
postinfection. Data represent meanSEM) B-galactosidase activity of six independent infections for each group.

donor and AV2:5LacZacceptor), were compared for their abity. Morphometric quantification oin situ X-Gal staining of

ity to reconstitutdacZ minigene expression in tibialis muscle tissue sections was performed, with NIH ImageJ software, on
liver, heart, and lung. In these studies the donor and accefdbmrandomly captured photomicrographs for each experimental
vectors were delivered either individually or in combination bgoint. This was used to calculate the mean relative percent
either local injection (5< 100 particles of each) or systemiclLacZ-positive area for each vector combination.

delivery by tail vein injection (1§ particles of each) as previ-
ously described (Yast al, 2000, 2004). C57BL/6J mice and
B6.129S7RagIMMomJ mice (stock number 002216; strain
background, C56BL/6J) were purchased from Jackson Labora-
tory (Bar Harbor, ME). All animal experiments were performed
in accordance with National Institutes of Health (NIH
Bethesda, MD) regulatory guidelines.

RESULTS AND DISCUSSION

It is currently unclear whether AAV ITR primary sequence
and/or secondary structure influences heterodimerization of
AAV genomesin vivo. In vitro evidence supports the impor-
tance of ITR primary sequence in the intermolecular recombi-
nation of viral genomes (Yaet al, 2005), whereai vivo ev-

In all studies, transgene expression was assessed 2 wagdisce from liver suggests that nonhomologous end joining is
postinfection angB-galactosidase expression was assessed tlse primary mechanism for vector genome concatemerization
ing two independent assays. Isolated tissue and organs weréGienet al, 2001; Nakaet al, 2003; Grimnet al, 2006). The
ther lysed in reporter lysis buffer (Promega, Madison, WI) faresent study sought to evaluate whether ITR primary sequence
generate tissue extracts, or fresh frozen for sectiofi@@plac- influences intermolecular recombinationvivo, using arans
tosidase expression was evaluatedhbsitu 5-bromo-4-chloro- splicing dual vector genetic approach.
3-indolyl-B-p-galactopyranoside (X-Gal) staining and in an en- Evidence suggests that AAV-mediated transduction of the
zymatic assay using the Galacto-Light Plus system (Appliéider is influenced primarily by capsid serotype rather than the
Biosystems), as previously described (Dwaral, 2001). For genotype of the ITR (Grimnet al, 2006). Because our ap-
the enzymatic assay, tissue extract supernatant was heatgotach to investigate intermolecular recombinationivo uses
48°C for 1 hr to inactivate endogengByalactosidase activ- both AAVS5 and AAV2 ITRs, and these two vector genotypes

B-Galactosidase assays
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have yet to be directly compared within an AAV1 capsittanssplicedlacZ minigene product) are the same when either
serotype, we first needed to confirm that AAV2 and/or AAV2:2-ITR or 5:5-ITR homologous-ITR vector sets are used (Yan
ITR-containing genomes mediate similar levels of gene e&tal, 2005), demonstrating that both the AAV2 and AAV5 ITR
pression from a single transgene cassattgvo. To this end, genotypes undergo homologous recombination to similar ex-
mouse tibialis muscle and liver were infected with virus cotents. On the basis of these findings, we focused on comparing
taining 2:2-, 5:5-, or 2:5-ITR viral genomes and an eGFP rite heterodimerization efficiencies of only the homologous
porter transgene cassette. All viruses were pseudotyped in AR2-ITR and hybrid 2:5-ITR vector sets. Our approach used
type 1 capsids, and eGFP expression was assessed 2 wpekgously described (Yaret al, 2005) homologous-ITR
postinfection. All three viruses led to the production of similgAV2:2LacZdonor and AV2:2LacZacceptor) and hybrid-ITR
levels of eGFP expression in mouse muscle (Fig. 1) and li@&V5:2LacZdonor and AV2:5LacZacceptor) vector genomes
(data not shown). These findings demonstrate that AAV2 affeig. 2A), which had been pseudotyped in AAV1 capsids, to
AAV5 ITRs facilitate similar levels of rAAV transduction andevaluate heterodimerization efficiencigsvivo, using a pre-
genome conversion to expression-competent double-strand@xlisly described genetic approach of reconstitutingaas
formsin vivo. This is consistent with a report demonstratingplicedlacZ minigene product (Duaat al, 2001).

that AAV transduction is restricted primarily by capsid serotype Heterodimerization of AAV2 genomes has been studied ex-
rather than ITR genotype, in liver (Grimeh al, 2006). Previ- tensively in mouse skeletal muscle (Yastgal, 1999; Suret

ous studies in HelLa cells have also reported that levels of &, 2000; Yaret al, 2000; Duaret al, 2003a). This tissue has
termolecular recombination (as determined by the level ofaiso been used most frequently to study dual-veécossplic-
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ing approaches (Yaat al, 2000; Laiet al, 2005; Liuet al, by virtue of enhanced directional heterodimerization (¥an
2005), and as such was the first choserirfarivo analysis of al., 2005).

hybrid-ITR vectors. For both the hybrid-ITR (AV5:2/1LacZ- We have previously demonstrated that coadministration of a
donor and AV2:5/1LacZacceptor) and homologous-ITRroteasome inhibitor (N-acetyl-I-leucyl-l-leucyl-I-norleucine
(AV2:2/1LacZdonor and AV2:2/1LacZacceptor) vector set§l.LnL] or doxorubicin) can significantly enhance AAV trans-
equal amounts of donor and acceptor virus were premixed ahgttionin vitro andin vivo by promoting intracellular traffick-
used for the coinfection of mouse anterior tibialis by local inag of virus to the nucleus (Duaet al, 2000b; Dinget al,
jection. Age-matched control mice were infected with the ir2003; Yanet al, 2004). We have also observed that protea-
dividual donor or acceptor virus only. Two weeks postinfesome inhibitors, such as doxorubicin, can enhance the efficiency
tion, muscles were harvested to examifieggalactosidase of AAV2 trans-splicing vectors in a number of cell lines (HelLa,
expression. Results from this comparison demonstrated a 4-f288, and primary fetal fibroblasts; our unpublished data). Thus,
increase intrans-splicedlacZ gene product from the hybrid- we sought to assess whether the efficiency of Aravis-splic-

ITR vector set as compared with homologous-ITR vectors (Figg in vivois enhanced by modulating the proteasome pathway.
2B). No B-galactosidase activity was detected for any of tHgecause Doxil (U.S. Food and Drug Administration-approved
four trans-splicing vectors that were delivered individually tdipid-formulated doxorubicin) has been shown to enhance
muscle (Fig. 2B). These results substantiatgitro findings, vivo gene transfer with AAV (Yaret al, 2004), we adminis-

in HeLa cells, demonstrating the improved performance of higred this drug systemically by tail vein administration, and
brid 2:5-ITR vectors in reconstitutinglacZ minigene product evaluated the effects of this treatment on dual-vettors
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5000 trans-splicing has also been reported in mouse liver (Nekai
° N=5 With Doxil® al., 2000), it is currently unclear whether independent mecha-
& 4000+ nisms for AAV genome concatemerization control dual-vector
° g trans-splicing in liver and muscle. We hypothesized that AAV
§ g 3000+ heterodimerization in the liver is controlled by nonhomologous
T 9 end joining of viral genomes, and that there should therefore
25 2000+ be no difference itrans-splicing efficiencies between hybrid-
2 % N5 and homologous-ITR AAV vector sets. To test this hypothesis,
< 000 C57BL/6 RagtKO mice were infected with 18 particles of
& N=2  N=2 N=2 N=2 either the hybrid-ITR or homologous-ITR vector sets, by tail

0__ vein injection together with 20fg of Doxil. In these experi-

ments, hybrid-ITR vectors produced 4-fold greater leve3-of

& $ S * & $ S ; L
b°°° Q’Q\(') \b°<‘° O&Q‘ bo&‘&@ \6000 OQ,Q‘ galactosidase activity in tissue extracts and 7-fold greater lev-
(uq,\"\,@"c’ P % S & o $° els of X-Gal-positive histochemical staining in tissue sections,
%@‘L @"” \i\\‘b v\\‘7" as compared with homologous-ITR vectors (Fig. 4). These data

suggest that, in contrast to our original hypothesis, ITR-medi-

FIG. 5. Hybrid-ITR vector genomes enhance directional hefl-tEd homologoqg recompination in the liver is sequence de-
erodimerization after infection of C57BL/6 Ragl-KO mous@endent and critical for_lntermolecular concatemerlzapon of
heart. Directional genome heterodimerization was assessedMV genomes. The findings suggest that the mechanisms of
the heart after tail vein injection of the indicated viral combgenome concatemerization in liver and muscle are similar, and
nations in the presence of DoygkGalactosidase enzymatic asthat directional recombination between homologous ITRs
says on tissue lysates 2 weeks postinfection are given. Data mejphin hybrid-ITR donor and acceptor vectors can be used to
resent mean#SEM) B-galactosidase activity of two to five enhancerans-splicing efficiency in both tissues.
independent infections for each group as indicated. Systemic delivery ofrans-splicing AAV vectors to the liver

by tail vein injection also provided the opportunity to assess in-

termolecular concatemerization in other organs. We assessed
splicing with rAAV in muscle. In these studies, 200 of Doxil ~ B-galactosidase activity in tissue extracts from both heart and
was administered at the time of C57BL/6 mouse muscle infdang from the same mice that were evaluated for liver trans-
tion with either hybrid- or homologous-ITR vector sets. Doxijene expression. Results from these experiments demonstrated
significantly enhanced LacZ expressiond(fold) for both vec- a 5.3-fold greater level @-galactosidase activity in heart from
tor sets (Fig. 2C), whereas the 4-fold greater efficiency of hthe hybrid-ITR vector set, as compared with the activity gen-
brid-ITR vectortrans-splicing, as compared with homologous-erated by the homologous-ITR vectors (Fig. 5). However, dual-
ITR transsplicing vectors, was unaffected by Doxil. Similavector reconstitution of thiecZ minigene was undetectable in
findings of enhanced hybrid vecttrans-splicing in tibialis lung extracts from animals infected with either vector set and
muscle were also observed in C57BR&gtdeficient mice in resulted in levels oB-galactosidase activity similar to those
the presence of Doxil (Fig. 3A); enzymatic assays revealeds&en in control animals that had received only the donor or ac-
fold higherp-galactosidase activity in muscle extracts from theeptor vector (data not shown). Interested by the lack of de-
hybrid vector infections as compared with homologous-ITRctablelacZ minigene expression mediated by genome het-
vectors. These studies on tRaglknockout (KO) background erodimerization in lung, we hypothesized that the processing
also assessed whether the enhanced reconstitutiacZzojdene and control of viral genome concatemerization in the lung might
product, using hybrid vectors, was the result of increased nube different than in muscle and liver. Thus, we also performed
bers of transgene-expressing cells or enhanced product expegperiments in which C57BL/RagtKO mice were infected
sion in a similar numbers of cells. X-Gal staining of muscle tiby intranasal instillation with both sets wans-splicing vec-
sue sections demonstrated that LacZ expression from the hyloic at a multiplicity of infection (MOI) of 18 particles/mouse
vector set enhanced both the number of positive myofibers @andhe presence of Doxil as described previously (¥tal,
the intensity of transgene expression (Fig. 3B). The compa2B04). Despite the fact that the AAV1 serotype is known to ef-
son of hybrid- and homologous-ITiRanssplicing vectors in fectively transduce mouse lung (Yat al, 2006) and Doxil
RagtKO mice is also useful because it obviates potential aalso enhances AAV transduction in the lung (data not shown),
quired immunity to théacZ transgene, which might be affectedno detectablérans-splicedlacZ gene product was observed in
by the level oflacZ gene expression. Overall, this demonstrdung lysates. These findings suggest that cell type-specific dif-
tion of enhanced directional recombination of AAV genomdgrences in AAV genome conversion in the lung may limit the
in muscle by hybrid-ITR vectors suggests that homologous @pplication of dual-AAV vectotrans-splicing approaches for
combination of viral genomes in this tissue is directly influthis organ.
enced by the sequence of the ITR. Although lacZ minigene reconstitution with two independent

Previous studies have suggested that the molecular fatanpiut vectors is an indirect indicator of viral genome het-

AAV genomes in the liver is somewhat different from that ierodimerization, we also attempted to confirm the extent of ge-
muscle, implicating ITR sequence-independent nonhomologauame heterodimerization by performing Southern blots of Hirt
end joining of AAV genomes as a mechanism for intermole®NA isolated from muscle, liver, and lung, using a fraction of the
ular concatemerization in hepatocytes (Céeal, 2001; Nakai organ evaluated in the expression studies. However, we were un-
et al, 2003; Grimmet al, 2006). Because dual-AAV vectorable to visualize molecular forms consistent with heterodimer-
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ization; predominant signal came from linear input viral DNAAI, Y., YUE, Y., LIU, M., GHOSH, A., ENGELHARDT, J.F.,
(data not shown). We interpret this finding to reflect the fact thatCHAMBERLAIN, J.S., and DUAN, D. (2005). Efficiein vivogene

a minority of genomes are transcriptionally competent in all 0r_e>_(pressi0n bytrans-splicing adeno-associated viral vectors. Nat.
gans tested and below the sensitivity of the Southern blot as?_?g'lo,t:(:h?aléz3{(14zi_|:{1§g% 5.0, GRANGE, R\W., CHAMBER
None.the.less‘ using the genetic approach (aez r_nlnlgene re- . L,’AIN,'J.S., z;md bUAN, D. (‘2005).‘ Adeno-ass’ociatec,i virus-mediated
constitution), the lung was by far the least effective at supportin

. D ) o - qnicrodystrophin expression protects youmgx muscle from con-
heterodimerization, despite the ability of AAV1 to effectively ., tion-induced injury. Mol. Thetl1, 245-256.

transduce all the tissues tested using a single transgene cas§giieal, H., STORM, T.A., and KAY, M.A. (2000). Increasing the size
In summary, then vivo study described here, together with of rAAvV-mediated expression cassetiesvivo by intermolecular

our earlierin vitro data, clearly demonstrate a critical role for joining of two complementary vectors [see comments]. Nat. Biotech-

ITR sequences in AAV genome heterodimerization. The use ofiol. 18,527-532.

hybrid-ITR vectors can significantly enhance the efficacy dfAKAI, H., MONTINI, E., FUESS, S., STORM, T.A., MEUSE, L.,

dual-AAV vectortranssplicing approaches in skeletal muscle, FINEGOLD, M., GROMPE, M., and KAY, M.A. (2003). Helper-in-

liver, and cardiac muscle. Such methods may aid in the app”gependent and AAV-ITR-independent chromosomal integration of
ouble-stranded linear DNA vectors in mice. Mol. Thed01-111.

cation of this approach to deliver transgenes larger than ICH. S.J. AURICCHIO, A. HILDINGER. M.. GLOVER. E..

AAV packaging capacity. MAGUIRE, A.M., WILSON, J.M., and BENNETT, J. (2003). Effi-
cienttrans-splicing in the retina expands the utility of adeno-associ-
ated virus as a vector for gene therapy. Hum. Gene TAg37-44.
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