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This application is a continuation of U.S. patent appli 
cation Ser. No. 08/973,334, filed Dec. 5, 1997, which is a 
national phase filing, pursuant to 35 USC S 371, of PCT/ 
US96/10245, filed Jun. 4, 1996, which is a continuation-in 
part (CIP) of U.S. patent application Ser. No. 08/549,489, 
filed Oct. 27, 1995, and U.S. patent application Ser. No. 
08/462,014, filed Jun. 5, 1995, now U.S. Pat. No. 5,756,283. 
U.S. patent application Ser. No. 08/549,489 is itself a CIP of 
U.S. patent application Ser. No. 08/462,014. 

This invention was supported by the National Institute of 
Health Grant Nos. HD32649-01, DK47757 and DK49136. 
The United States government has rights in this invention. 

FIELD OF THE INVENTION 

The present invention relates generally to the field of 
Somatic gene therapy, and Specifically to methods and com 
positions useful in the treatment of genetic disorders. 

BACKGROUND OF THE INVENTION 

Adenoviruses are eukaryotic DNA viruses that can be 
modified to efficiently deliver a therapeutic or reporter 
transgene to a variety of cell types see, e.g., M. S. Horwitz 
et al., “Adenoviridae and Their Replication”, Virology, sec 
ond edition, pp. 1712, ed. B. N. Fields et al, Raven Press 
Ltd., New York (1990)). Recombinant adenovirus (rads) are 
capable of providing extremely high levels of transgene 
delivery to virtually all cell types, regardless of the mitotic 
State. The efficacy of this System in delivering a therapeutic 
transgene in Vivo that complements a genetic imbalance has 
been demonstrated in animal models of various disorders 
K. F. Kozarsky et al, Somatic Cell Mol. Genet., 19:449-458 
(1993) (“Kozarsky et all I’); K. F. Kozarsky et al., J. Biol. 
Chem., 269:13695–13702 (1994) (“Kozarsky et al II) and 
others. The use of recombinant adenoviruses in the trans 
duction of genes into hepatocytes in Vivo has previously 
been demonstrated in rodents and rabbits see, e.g., Kozar 
sky II, cited above, and S. Ishibashi et al., J. Clin. Invest., 
92:883–893 (1993)). 
The first-generation recombinant, replication-deficient 

adenoviruses which have been developed for gene therapy 
contain deletions of the entire E1a and part of the E1b 
regions. This replication-defective virus is grown on an 
adenovirus-transformed, complementation human embry 
onic kidney cell line containing a functional adenovirus E1a 
gene which provides a transacting E1a protein, the 293 cell 
ATCC CRL1573. E1-deleted viruses are capable of repli 
cating and producing infectious virus in the 293 cells, which 
provide E1a and E1b region gene products in trans. The 
resulting virus is capable of infecting many cell types and 
can express the introduced gene (providing it carries its own 
promoter), but cannot replicate in a cell that does not carry 
the E1 region DNA unless the cell is infected at a very high 
multiplicity of infection. 

Adeno-associated virus (AAV) is an integrating human 
DNA parvovirus which has been proposed for use as a gene 
delivery vehicle for Somatic gene therapy B. J. Carter, in 
“Handbook of Parvoviruses”, ed., P. Tijsser, CRC Press, 
pp. 155-168 (1990)). This small non-enveloped virus con 
tains a 4.6 kb single Stranded (SS) DNA genome that encodes 
Sets of regulatory and capsid genes called rep and cap. Rep 
polypeptides (rep78, rep68, rep62 and rep40) are involved in 
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replication, rescue and integration of the AAV genome. The 
cap proteins (VP1,VP2 and VP3) form the virion capsid. 
Flanking the rep and cap open reading frames at the 5' and 
3' ends are 145bp inverted terminal repeats (ITRs), the first 
125 bp of which are capable of forming Y- or T-shaped 
duplex Structures. 

Recombinant forms of AAV (ra AV) have been developed 
as Vectors by replacing all viral open reading frames with a 
therapeutic minigene, while retaining the necessary cis ele 
ments contained in the ITRS. See, e.g., U.S. Pat. Nos. 
4,797,368; 5,153,414; 5,139,941; 5,252.479; and 5,354,678; 
and International Publication Nos. WO 91/18088 published 
Nov. 28, 1991; WO 93/24641 published Dec. 9, 1993 and 
WO94/13788 published Jun. 23, 1994). However, progress 
towards establishing AAV as a transducing vehicle for gene 
therapy has been slow for a variety of reasons. For example, 
the integrated provirus preferentially targets Specific Sites in 
chromosome 19. Additionally, difficulties Surround large 
Scale production of replication defective recombinants. The 
cells employed to producer AAV must also be infected with 
adenovirus or herpesvirus to provide the necessary helper 
functions, thereby producing problems in purifying recom 
binant AAV (rAAV) from contaminating virus in culture. 
Practical experience with purified recombinant AAV as a 
gene therapy vector has been disappointing, because the 
more purified the AAV is from co-infection with its helper 
Virus in culture, the lower the gene transduction efficiencies 
that the rAAV displays. 

There remains a need in the art for additional recombinant 
adenoviruses and raAV, therapeutic compositions and meth 
ods which enable effective use of these recombinant viruses 
in the treatment of disorders and diseases by gene therapy. 

SUMMARY OF THE INVENTION 

In one aspect of this invention, a packaging cell line is 
provided which expresses adenovirus genes E1a, E1b and 
E4, or functional fragments thereof, e.g., the E4 open 
reading frame (ORF) 6. 

In another aspect, the invention provides a rad compris 
ing the DNA of at least a portion of the genome of an 
adenovirus having functional deletions of the E1 and E4 
gene regions, a Suitable gene operatively linked to regula 
tory Sequences directing its expression, and an adenovirus 
capsid, the rAd capable of infecting a mammalian cell and 
expressing the gene product in the cell in Vivo or in vitro. 
The invention also provides a mammalian cell infected with 
the rAd described above. 

In Still another aspect, the invention provides a radshuttle 
vector comprising the DNA of at least a portion of the 
genome of an adenovirus having functional deletions of the 
E1 and E4 gene regions. 

In a further aspect, the invention provides a method for 
producing the above-described recombinant Ad and a 
method for delivering a Selected gene into a mammalian cell 
using the recombinant Ad described above. 

In another aspect, the invention provides a method for 
enhancing the efficiency of transduction of a recombinant 
AAV into a target cell. The method operates, in brief, by 
infecting a target cell with a SS recombinant adeno 
associated virus (ra AV) which comprises a transgene opera 
tively linked to regulatory Sequences directing its 
expression, and contacting the infected cells with an agent 
which facilitates the conversion of SS raAV to its double 
stranded (ds) form. Conversion of SS raAV to ds raAV 
occurs in the target cell, resulting in enhanced transduction 
of the rAAV into the target cell. The agent may be a helper 
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Virus which carries a Selected gene or functional fragment 
thereof encoding a polypeptide capable of enhancing the 
conversion of the SS raAV to ds raAV and which is 
co-infected into the same target cell. The agent may also be 
a drug or chemical composition which accomplishes the 
Same function and is applied to the infected target cell. This 
method can operate both in an eX Vivo Setting and in Vivo. 

In yet another aspect, the invention provides a novel 
recombinant AAV, which contains both the transgene 
intended for use in treating a genetic disease or disorder and 
at least one additional gene operatively linked to inducible 
or constitutive regulatory Sequences. The additional gene(s) 
encodes a polypeptide capable of facilitating, alone or in 
concert with other additional genes, the conversion of SS 
rAAV to its ds form upon expression. In a preferred 
embodiment, the additional gene is adenovirus E4 or a 
functional fragment thereof. Also disclosed is a method for 
enhancing the efficiency of transduction of the novel raAV 
into a target cell. 

The novel raAV and methods of this invention are also 
useful in pharmaceutical compositions for use in ex vivo and 
in Vivo gene therapy treatment protocols for treating inher 
ited diseases, cancer, and other genetic dysfunctions. 

Other aspects and advantages of the present invention are 
described further in the following detailed description of the 
preferred embodiments thereof. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a Schematic drawing of an exemplary plasmid 
pMMTVE4ORF6 SEQ ID NO: 1) or pMTE4ORF6, which 
contains an MMTV or sheep MT promoter, respectively, in 
control of a human E4 ORF 6 gene Sequence, a growth 
hormone gene terminator Sequence (GH), and SV40 ori, 
pBR322-based plasmid sequences including a neogene, an 
SV40 polyA site and an amp' gene. 

FIG. 2 is a schematic map of rad H5.001CBLacZ SEQ 
ID NO: 3 with indicated restriction endonuclease enzyme 
Sites. The Striated bar represents the CBLacZ minigene; the 
black bar represents Ad5 viral backbone, the crosshatched 
bar represents Ad E4 deletion. 

FIG.3 plots LacZ forming units (LFU)/ml vs time (hours) 
for E4 complementing cell lines infected with 
H5.001CBLacZ. 

FIG. 4A is a graph of the induction, ORF6 expression and 
Viral production in 293-27-18 packaging cells plotting yield 
at 24 hours post-infection (pi) in LFU/ml and ORF6 protein 
(abs.mm) VS. concentration of the inducer, dexamethasone 
(uM). Abs.mm is in the intensity of the size of the protein 
band on a Western blot and reflects absorbance and protein 
size in mm. The square is yield at 24 hours pi. The diamond 
is ORF6 protein detected at 24 hours pi. 

FIG. 4B is a similar graph to that of FIG. 4A, except that 
the packaging cells are 293-10-3 cells. The symbols are as 
described for FIG. 4A. 

FIG. 5A is a bar graph plotting 3-galactosidase enzyme 
activity in lysates from infected Hela cells. The horizontal 
axis indicates the adenoviruses infected into the HeLa cells, 
with the symbol “+” indicating the addition of the adenovi 
rus to the rAAV, AVCMVLacz. The vertical axis indicates 
intracellular f3-galactosidase specific activity (munits/mg 
protein) using ONPG. Below each bar, the fold-induction in 
specific activity relative to cells that received the AV.CM 
VLacZ vector alone is given. 
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FIG. 5B is a bar graph plotting Ad multiplicity of infec 

tion (MOI) in HeLa cells of wild-type Ad5 or the E2 mutant 
d1802, the cells co-infected with raAV vs. intracellular 
B-galactosidase specific activity. See Example 11. 
FIG. 6A is a graph in which B-galactosidase specific 

activity and counts per minute (CPM) are plotted along the 
vertical axis and adenovirus MOI's are on the horizontal 
axis for HeLa cells infected with witAd5 and raAV accord 
ing to Example 12. Data obtained from low MOI (1, 5, and 
10) infections are shown. 

FIG. 6B is a graph similar to that of FIG. 6A except that 
the cells were infected with Ad mutant d1802. 

FIG. 7A illustrates a model for leading strand synthesis of 
a complementary AAV Strand in the presence of Rep (+Rep) 
or absence of Rep (-Rep). Rep expresses a terminal reso 
lution activity that can convert a duplex Structure with 
closed-ends to an open-ended duplex. In the absence of Rep, 
terminal resolution is impaired leaving the covalently 
closed, hairpin Structures intact. Under these conditions, 
hairpins are expected to be found leftward and rightward, 
Since both Strands of a rescued ds AAV genome are pack 
aged into Virions. 

FIG. 7B is a Schematic of linear AVCMVLacZ with 
labeled domains including the AAV ITRS, CMV immediate 
early enhancer/promoter (CMV), SV40 splice donor-splice 
acceptor (SD/SA), E. coli B-galactosidase cDNA (Lacz), 
and SV40 polyA signal (pA). Two NotI sites located at bp 
positions 1035 and 4509 are indicated. 
FIG.7C illustrates a closed end and an open end fragment 

of raVCMVLacZ. 
FIGS. 7D, 7E and 7F indicate the mixture of open-ended 

and covalently closed duplex fragments generated by Not 
digestion of SS AVCMVLacZ at position 4509 in the absence 
of terminal resolution. The Not 4509 digestion provides a 
convenient means of releasing a 361 bp fragment that 
contains the right ITR in the context of a hybridization target 
(i.e. SV40 pA). In the presence of terminal resolution, only 
the open-ended 361 bp fragment would be expected to be 
generated (FIG. 7D) by Such digestion. 

FIG. 8A is a bar graph plotting B-galactosidase specific 
activity (munits/mg protein) vs. increasing concentration of 
Zinc (uM) inducer for cell line 293 (MTORF6) transduced 
with AVCMVLacZ (first row below each bar). Also provided 
is the fold-induction relative to 293 cells (second row below 
each bar), and the fold-induction relative to 293 (ORF6) 
cells maintained in the absence of Zinc (third row). 
FIG.8B is a bar graph plotting CPM of duplex monomer 

replicative form (RFm) of raAV vs. the concentration of 
Zinc (uM) used for induction and the fold-induction relative 
to 293 (ORF6) cells maintained in 0 mM zinc below each 
bar. 

FIG. 8C is a graphical comparison of the induction 
profiles that describe AVCMVLacZ transduction efficiency. 
Specific activity data from FIG. 8A and CPM data of 
AVCMVLacZ RFm from FIG. 8B are plotted along the 
Vertical axis, and concentration of Zinc Sulfate used during 
the experiment is shown along the horizontal axis. 

FIG. 9 is a bar graph plotting specific activity (milliunits 
f-galactosidase/mg protein) vs the concentration of Zinc 
used for induction (first row under the horizontal axis), the 
fold-induction relative to HeLa cells (second row), and the 
fold-induction relative to HeLa (Mt-ORF6) cells maintained 
in the absence of zinc (third row), for the HeLa(MTORF6) 
cells transduced at a MOI of 1,000 AV.CMVLacZ virus 
particles/cell in the absence of Zinc Sulfate inducer or in the 
presence of 50, 100, 150, 200 or 250 uM zinc sulfate 
inducer. 
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FIG. 10 is a schematic of the plasmid paVCMVLacZ 
SEQ ID NO: 4). 
FIG. 11 illustrates plasmid pAVCMVALPGRE-ORF6 

SEQ ID NO: 5). 
DETAILED DESCRIPTION OF THE 

INVENTION 

The present invention provides packaging cell lines, 
which enable the production of recombinant adenoviruses 
(rad) functionally deleted in both the E1 and E4 genes. 
These rAd and methods which enable the therapeutic treat 
ment of disorders with Such rads are disclosed. Novel 
"Second generation recombinant adeno-associated virus 
(ra AV) and methods for enhancing the transduction effi 
ciency of raAV containing a transgene for expression in a 
Somatic gene therapy protocol are also provided. The meth 
ods and compositions of this invention are useful in ex vivo 
applications of gene therapy, Such as in the transduction of 
bone marrow cells with desirable hematopoietic stem cell 
progenitor genes prior to bone marrow transplantation. The 
embodiments of the invention are also useful in pharmaceu 
tical compositions for direct in Vivo treatment of patients by 
gene therapy vectors, including the transduction of desirable 
genes in patients with genetic disorders, Such as cystic 
fibrosis (CF). 
I. Packaging Cell Lines 
To increase the transgene capacity and decrease immune 

response to rads, as many viral genes as possible should be 
deleted to inactivate the adenovirus. However, it is crucial to 
generate complementing cell lines for construction and 
propagation of Such deleted Ad. The method and composi 
tions of the present invention overcome Several problems 
previously identified in the gene therapy for first generation 
E1 deleted adenoviruses and display advantages in admin 
istration particularly to muscle tissue. 

Early region 4 (E4) of Ad serotype 5 consists of 7 ORFs 
believed to be involved in viral DNA replication, host cell 
shut-off, and late mRNA accumulation. To generate rAd 
deleted in E4, the function of the E4 region must be supplied 
to the rAd by a helper virus or packaging cell line. However, 
useful packaging cell lines have not been available previ 
ously because normally the continuous expression of func 
tioning Ad E1 and functional E4 in a Single cell line are toxic 
to the cell. Such cells are therefore not useful for the growth 
and replication of rads. Further, the DNA encoding the 
functional Ad E1 and Ad E4 genes, when present in a 
packaging cell line, can increase the chances of recombina 
tion with a rad virus to cause the virus to revert to a wildtype 
Ad virus. 

The present invention avoids these problems by providing 
a packaging cell line which contains the Ad5 E1 gene and 
only the ORF 6 of the Ad5 E4 gene. ORF6 of E4 alone can 
provide the requirements for E4 in the viral life cycle. 

According to this invention, the ORF6 is preferably under 
the transcriptional control of an inducible promoter. The 
mouse mammary tumor virus (MMTV) promoter, inducible 
by a glucocorticoid, particularly, dexamethasone, is pres 
ently preferred. The DNA sequence of the MMTV promoter 
spans nucleotides 1-1506 of SEQ ID NO: 1. Another 
inducible promoter is the sheep metallothionine (MT) 
promoter, inducible by Zinc M. G. Peterson et al., Eur. J. 
Biochem., 174:417-424 (1988). However, the zinc sulfate 
inducer of the MT promoter can itself be toxic to the cells. 
Other inducible promoters, such as those identified in Inter 
national patent application WO95/13392, published May 18, 
1995, and incorporated by reference herein may also be used 
in the production of packaging cell lines according to this 
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invention. Constitutive promoters, Such as the constitutive 
Ad5 E4 region promoter, LTR, may be employed in control 
of the expression of ORF6. 
The packaging cell line of the invention which utilizes an 

inducible promoter permits one to control the development 
of toxicity by regulating the expression of the E4 ORF6 
gene. After the desired Shuttle vector containing the Ad 
Sequences is transfected into the cell line, expression of the 
E4 ORF6 can be induced by the appropriate inducer. The 
packaging cell is thus able to provide both Ad E1 and Ad E4 
ORF6 gene products to the rAd for a sufficient period to 
allow productive infection and recovery of the rAd, before 
the cell becomes toxic. At present, the time period before the 
cell experiences toxicity is about 10 dayS. 

In its most preferred form, the packaging cell line is a 
human embryonic kidney (HEK) 293 E1 expressing cell line 
into which is introduced the E4 ORF 6 sequence under the 
control of the inducible promoter. It should be understood by 
one of skill in the art that another parent cell line may be 
Selected for the generation of a novel cell line expressing the 
E1a, E1b, and E4 ORF6 genes of a selected adenovirus 
Serotype. Among Such parent cell lines may be included 
HeLa CCL2), A549CCL185), Kb CCL 17), Detroit e.g., 
Detroit 510, CCL 72 and WI-38 ATCC CCL 75 cells. 
These cell lines are all available from the American Type 
Culture Collection, 12301 Parklawn Drive, Rockville, Md., 
USA. Other suitable parent cell lines may be obtained from 
other Sources. If Such parent cell lines were Selected for 
modification, the cell line would need to be further supplied 
with the E1a and E1b gene functions, e.g., Such as by 
transfection with a plasmid containing these genes or func 
tional fragments thereof under a Suitable promoter, as well 
as with the ORF6 gene as described herein. 
Example 1 teaches construction of packaging cell lines 

containing only the ORF 6 of Ad5 E4 region or, for 
functional comparisons, the entire E4 region. Briefly 
described, the entire E4 region and an ORF6 sequence of Ad 
5 E4 gene were obtained by known techniques see, e.g., 
Sambrook et al., “Molecular Cloning. A Laboratory 
Manual.'', 2d edit., Cold Spring Harbor Laboratory, New 
York (1989) and references cited therein). To isolate the 
ORF6 region, the anchored PCR technique was used to 
amplify the ORF6 sequence from its initiation codon to its 
termination codon. Primers selected from the published 
sequence of ORF6 were used to amplify the ORF sequence 
and insert restriction Sites onto the end of the Sequence. The 
E4 ORF6 sequence itself is reproduced as nucleotides 1523 
through 2408 of SEQ ID NO: 1. The entire E4 gene 
Sequence is published in the Genbank Sequence of Ad5 
Genbank Accession No. M73260). 
A minigene was constructed that placed the ORF6 

Sequence under the control of a Selected promoter. By 
“minigene' as used here is meant the combination of the 
desired sequence to be expressed (in this particular instance, 
the ORF6 Sequence) and the other regulatory elements 
necessary to transcribe the desired Sequence and express the 
gene product in a cell containing that minigene. The ORF6 
Sequence gene is operatively linked to regulatory compo 
nents in a manner which permits its transcription. Such 
components include conventional regulatory elements, Such 
as a promoter to drive ORF6 expression. One inducible 
promoter was the Zn' inducible MT promoter; the other 
was the dexamethasone-inducible MMTV promoter of SEQ 
ID NO: 1. 
The minigene also contains nucleic acid Sequences het 

erologous to the ORF6 viral Sequence, including Sequences 
providing Signals required for efficient polyadenylation of 
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the transcript (poly-A or pa). A common poly-A sequence 
which is employed in this invention is that derived from the 
growth hormone (GH) gene terminator Sequence (nuc. 
2409-3654 of SEQ ID NO: 1). The poly-A sequence gen 
erally is inserted in the minigene following the ORF6 
sequence. The polyA sequence employed in the MMTV 
ORF6 minigene described in Example 1 SEQ ID NO: 1) is 
supplied by the GH gene terminator and an SV40 origin of 
replication (ori). A similar minigene differing in promoter 
Sequence, polyA sequence and/or SV40 ori can also be 
designed by one of skill in the art to transfer the E4 ORF6 
Sequence to a shuttle plasmid. Selection of these and other 
common vector elements are conventional see, e.g., Sam 
brook et al, cited above, and references cited therein and 
many Such Sequences are available from commercial and 
industrial Sources as well as from Genbank. 

The ORF6-containing minigene was Subcloned into a 
pBR322-based shuttle plasmid that contained a neomycin 
resistance gene, resulting in the shuttle vector of FIG.1. Any 
of the many known bacterial shuttle vectors may be 
employed to carry the minigene, providing that the Vector 
contains a reporter gene or Selectable marker of which many, 
e.g., neo, amp or puromycin, are known in the art. It is 
expected that one of skill in the art can develop other 
Suitable shuttle vectors using other plasmid components 
which are similarly capable of transferring the ORF6 mini 
gene into the chromosome of a cell transfected with the 
plasmid. 
As further described in Example 1, other shuttle vectors 

were designed for comparative purposes, which contain the 
complete or Substantially complete Ad5 E4 region under the 
control of the constitutive retroviral MLV LTR sequence in 
the presence or absence of the endogenous E4 promoter. The 
shuttle plasmid carrying the ORF6 minigene (or the entire 
E4 region) was introduced into HEK 293 cells which 
express the Ad E1 gene products. Complementing cell lines 
were generated that express these Ad E4 or ORF6 genes 
from either their endogenous promoters or heterologous 
inducible promoters. These cell lines are further character 
ized by their genetic constitution, E4 protein Synthesis, 
recombinant AAV helper function, relative plaque efficiency 
of H5dl1004 virus, and growth kinetics of recombinant 
E1/E4 deleted adenovirus. These characteristics of exem 
plary E1/E4 expressing packaging cell lines are discussed in 
detail in the following examples. 
II. Recombinant Adenovirus 
The E1/E4 expressing cell line is useful in constructing 

E1/E4 deleted rads which can deliver a suitable gene to 
mammalian cells and tissues. These rAds are functionally 
deleted in at least the E1a, E1b and E4 Ad gene regions. By 
the term “functionally deleted” is meant that a sufficient 
amount of the gene region is removed or otherwise 
damaged, e.g., by mutation or modification, So that the gene 
region is no longer capable of producing the products of 
gene expression. If desired, the entire gene region may be 
removed. In in vivo experiments with the rAd grown in the 
packaging cell lines, the E1/E4 deleted rad demonstrated 
utility particularly in transferring a transgene to a muscle 
cell. 

The adenovirus Sequences used in the construction of the 
Shuttle vectors, helper viruses, if needed, and rad, and other 
components and Sequences employed in the construction of 
the vectors and viruses described herein may be readily 
obtained from commercial or academic Sources based on 
previously published and described Sequences. Viral mate 
rials may also be obtained from an individual patient. The 
Viral Sequences and vector components may be generated by 
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resort to the teachings and references contained herein, 
coupled with Standard recombinant molecular cloning tech 
niques known and practiced by those skilled in the art. 
Modifications of existing nucleic acid Sequences forming the 
vectors, including Sequence deletions, insertions, and other 
mutations taught by this specification may be generated 
using Standard techniques. Similarly, the methods employed 
for the Selection of viral Sequences useful in a vector, the 
cloning and construction of the “minigene' and its insertion 
into a desired viral shuttle vector and the production of a 
recombinant infectious virus are within the skill in the art 
given the teachings provided herein. 

A. Construction of the Transgene 
A "minigene' in this context is defined as above, except 

that the components of this minigene are designed to express 
the gene product eX Vivo or in Vivo. Such components 
include conventional regulatory elements necessary to drive 
expression of the transgene in a cell transfected with the 
rAd. For this minigene, a Selected promoter is operatively 
linked to the transgene and located, with other regulatory 
elements, within the Selected viral Sequences of the recom 
binant vector. Selection of the promoter is a routine matter 
and is not a limitation of this invention. Useful promoters 
may be constitutive promoters or regulated (inducible) 
promoters, which will enable control of the amount of the 
transgene to be expressed. For example, a desirable pro 
moter is that of the cytomegalovirus (CMV) immediate early 
promoter/enhancer see, e.g., Boshart etal, Cell, 41:521-530 
(1985). Another desirable promoter includes the Roussar 
coma virus LTR promoter/enhancer. Still another promoter/ 
enhancer Sequence is the chicken cytoplasmic f-actin (CB) 
promoter T. A. Kost et al, Nucl. Acids Res., 11(23):8287 
(1983)). Other suitable promoters may be selected by one of 
skill in the art. 
The minigene may also desirably contain nucleic acid 

Sequences heterologous to the viral vector Sequences includ 
ing poly-A sequences and introns with functional Splice 
donor and acceptor Sites, as described above. The poly-A 
Sequence generally is inserted in the minigene following the 
transgene Sequences and before the 3' adenovirus Sequences. 
A minigene of the present invention may also contain an 
intron, desirably located between the promoter/enhancer 
Sequence and the transgene. Selection of these and other 
common vector elements are conventional as described 
above and many Such Sequences are available from com 
mercial and industrial Sources as well as from Genbank. 
AS above Stated, the minigene is located in the Site of any 

Selected deletion in the rAd. In the E1/E4 deleted rad 
H5.001CBLacZ, the transgene is located in the deleted E1 
gene region. However, the transgene may be located else 
where in the adenovirus Sequence, as desired. 

B. Production of Recombinant Adenovirus 
Adenovirus Sequences useful in this invention may 

include the DNA sequences of a number of adenovirus 
types, which are available from Genbank, including type 
Ad5 Genbank Accession No. M73260). The adenovirus 
Sequences may be obtained from any known adenovirus 
Serotype, Such as Serotypes 2, 3, 4, 7, 12 and 40, and further 
including any of the presently identified 41 human types 
See, e.g., Horwitz, cited above). Similarly adenoviruses 
known the infect other animals may also be employed in the 
vector constructs of this invention. The selection of the 
adenovirus type is not anticipated to limit the following 
invention. A variety of adenovirus Strains are available from 
the American Type Culture Collection, Rockville, Md., or 
available by request from a variety of commercial and 
institutional Sources. In the following exemplary embodi 
ment an adenovirus, type 5 (Ad5) is used for convenience. 
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However, it is desirable to obtain a variety of adenovirus 
Shuttle vectors based on different human adenovirus Sero 
types. It is anticipated that a library of Such plasmids and the 
resulting rads would be useful in a therapeutic regimen to 
evade cellular, and possibly humoral, immunity, and 
lengthen the duration of transgene expression, as well as 
improve the Success of repeat therapeutic treatments. Addi 
tionally the use of various Serotypes is believed to produce 
rAds with different tissue targeting Specificities. 
Additionally, the absence of adenoviral genes E1 and E4 in 
the rAd of this invention should reduce or eliminate adverse 
CTL responses which normally cause destruction of rads 
deleted of only the E1 gene. 

rAds of this invention are recombinant, defective aden 
oviruses (i.e., E1 deleted) which are also deleted completely 
or functionally of the E4 gene region. Functional deletions 
of E4 gene regions may be assessed by assays of Examples 
2 and 3, among other assayS. rads useful in this invention 
may optionally bear other mutations, e.g., temperature Sen 
Sitive (ts) mutations in the E2a gene region, and deletions in 
the E3 gene regions. 
An adenovirus of this invention contains a functional 

deletion of the adenoviral early immediate early gene E1a 
(which spans mu 1.3 to 4.5) and delayed early gene E1b 
(which spans mu 4.6 to 11.2). Similarly the adenovirus has 
a functional deletion of the whole E4 region (which spans 
mu 92 to 97.2), or of at least ORF6 of the E4 region. Gene 
regions which may be optionally deleted in the E1/E4 
deleted rad of this invention include all or a portion of the 
adenovirus delayed early gene E3 (which spans mu 76.6 to 
86.2). The function of E3 is irrelevant to the function and 
production of the rAd. 

The rAd of this invention may also have a mutation which 
results in reduced expression of adenoviral protein and/or 
reduced viral replication. For example, a ts mutation may be 
introduced into the adenovirus delayed early gene E2a 
(which spans mu 67.9 to 61.5). Among such mutations 
include the incorporation of the missense tS mutation in the 
(DBP)E2a region found in the Ad5 H5ts125 strain P. Vander 
Vliet et al., J. Virol., 15:348-354 (1975) at 62.5 mu. A single 
amino acid substitution (62.5 mu) at the carboxy end of the 
72 kd protein produced from the E2a gene in this Strain 
produces a protein product which is a SS DNA binding 
protein and is involved in the replication of adenoviral 
genomic DNA. At permissive temperatures (approximately 
32° C) the ts strain is capable of full life cycle growth on 
HeLa cells, while at non-permissive temperatures 
(approximately 38 C.) no replication of adenoviral DNA is 
Seen. In addition, at non-permissive temperatures, decreased 
immunoreactive 72 kd protein is Seen in HeLa cells. See, 
e.g., J. F. Engelhardt et al, Hum. Gene Ther, 5:1217-1229 
(1994); J. F. Engelhardt et al., Proc. Natl. Acad. Sci., USA, 
91:6196-6200 (1994) and International patent application 
WO95/13392, published May 18, 1995, incorporated by 
reference herein. 

However, it should be understood that other deletions in 
the adenovirus genome as previously described in the art or 
otherwise may also occur in the rAds of this invention. One 
minimal type of rad can contain adenovirus genomic 
Sequences from which all viral genes are deleted. More 
Specifically, the adenovirus Sequences may be only the 
cis-acting 5' and 3' inverted terminal repeat (ITR) Sequences 
of an adenovirus (which function as oris) and the native 5' 
packaging/enhancer domain, that contains Sequences neces 
Sary for packaging linear Ad genomes and enhancer ele 
ments for the E1 promoter. The adenovirus 5” sequence 
containing the 5' ITR and packaging/enhancer region (Ad5 
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mu 0-1 or bp 1-360) can be employed as the 5' adenovirus 
sequence in rad of this invention. The 3' adenovirus 
Sequences including the right terminal (3) ITR sequence of 
the adenoviral genome spanning about bp 35,353-end of 
the adenovirus genome, or map units 98.4-100 may be 
desirably employed as the 3' sequence of the rAd. These 
Sequences, which are clearly devoid of the E1 and E4 genes, 
can flank, or be operatively associated with the minigene in 
a rad. Any other necessary Ad gene products will then be 
supplied by helper viruses and the E1/E4 ORF6 expressing 
packaging cell of this invention. 

Exemplary rads for use in this invention, for example, 
may be obtained by homologous recombination of desired 
fragments from various rads, a technique which has been 
commonly employed to generate other rads for gene 
therapy use. In the examples below, a representative rAd, 
H5.001CBLacZ, is constructed by homologous recombina 
tion between the adenovirus d11004 (also H5dl1004) viral 
backbone and padCBLacZ minigene DNA. H5dl1004 is an 
Ad5 virus deleted of from about map unit 92.1 through map 
unit 98, i.e., substantially the entire E4 gene. The d11004 
virus is described in Bridge and Ketner, J. Virol, 632(2): 
631-638 (February 1989). 

the padCBLacZ vector is a cDNA plasmid containing Ad 
m.u. 0-1, an E1 deletion into which is inserted a bacterial 
B-galactosidase gene under the control of a chicken f-actin 
promoter, with other regulatory elements as described 
below, and flanked by Adm.u. 9-16 and plasmid Sequence. 

The production of the E1/E4 rad of this invention in the 
packaging cell line of this invention utilizes conventional 
techniques. Such techniques include conventional cloning 
techniques of cDNA such as those described in texts 
Sambrook et al, cited above, use of overlapping oligo 
nucleotide Sequences of the adenovirus genomes, PCR and 
any suitable method which provides the desired nucleotide 
Sequence. Standard transfection and co-transfection tech 
niques are employed, e.g., CaPO transfection techniques 
using the complementation 293 cell line. Other conventional 
methods employed include homologous recombination of 
the viral genomes, plaquing of viruses in agar overlay, 
methods of measuring Signal generation, and the like. 

For example, following the construction and assembly of 
the desired minigene-containing plasmid vector 
pAdCBLacZ, the E1/E4 expressing packaging cell line of 
this invention is infected with the helper virus H5dl1004. 
The infected cell line is then Subsequently transfected with 
an adenovirus plasmid vector by conventional methods. 
Homologous recombination occurs between the E4-deleted 
H5dl1004 helper and the padCBLacZ vector, which permits 
the adenovirus-transgene Sequences in the vector to be 
replicated and packaged into Virion capsids, resulting in the 
rAd. About 30 or more hours post-transfection, the cells are 
harvested, an extract prepared and the rAd containing the 
Lac7, transgene is purified by buoyant density ultracentrifu 
gation in a CsCl gradient. 
III. Use of the Recombinant Virus in Gene Therapy 
The rAd containing the transgene produced by coopera 

tion of the adenovirus vector and E4 deleted helper virus and 
packaging cell line, as described above, provides an efficient 
gene transfer vehicle which can deliver the transgene in a 
pharmaceutical composition to a patient in Vivo or ex vivo 
and provide for integration of the gene into a mammalian 
cell. 
The rAds are administered to humans in a conventional 

manner for gene therapy and Serve as an alternative or 
Supplemental gene therapy for the disorder to which the 
transgene is directed. A rad of this invention may be 
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administered to a patient, preferably Suspended in a biologi 
cally compatible Solution or pharmaceutically acceptable 
delivery vehicle. A suitable vehicle includes sterile saline. 
Other aqueous and non-aqueous isotonic Sterile injection 
Solutions and aqueous and non-aqueous Sterile Suspensions 
known to be pharmaceutically acceptable carriers and well 
known to those of skill in the art may be employed for this 
purpose. 

The rAds are administered in Sufficient amounts to trans 
fect the desired target cells, e.g., muscle, liver, epithelial, etc. 
and provide Sufficient levels of transfer and expression of the 
transgene to provide a therapeutic benefit without undue 
adverse or with medically acceptable physiological effects 
which can be determined by those skilled in the medical arts. 
Conventional and pharmaceutically acceptable routes of 
administration include direct delivery to the muscle or other 
Selected cell, intranasal, intravenous, intramuscular, 
Subcutaneous, intradermal, oral and other parental routes of 
administration. Routes of administration may be combined, 
if desired. 

Dosages of rad will depend primarily on factorS Such as 
the condition being treated, the age, weight and health of the 
patient, and may thus vary among patients. For example, a 
therapeutically effective human dose of the rAd is generally 
in the range of from about 20 to about 100 ml of saline 
Solution containing concentrations of from about 1x10” to 
1x10" pfu/ml virus. A preferred human dose is estimated to 
be about 50 ml saline solution at 2x10' pfu/ml. The dose 
will be adjusted to balance the therapeutic benefit against 
any Side effects. The levels of expression of the transgene 
can be monitored to determine the frequency of administra 
tion. 
An optional method step involves the co-administration to 

the patient, either concurrently with, or before or after 
administration of the rAd of a Suitable amount of a short 
acting immune modulator. The Selected immune modulator 
is defined herein as an agent capable of inhibiting the 
formation of neutralizing antibodies directed against the 
recombinant vector of this invention or capable of inhibiting 
or substantially delaying cytolytic T lymphocyte (CTL) 
elimination of the vector. Among desirable immune modu 
lators are interleukin-12 European Patent Application No. 
441,900; gamma interferon S. C. Morris et al., J. Immunol., 
152: 1047 (1994); interleukin-4 U.S. Pat. No. 5,017,691); 
antibody to the CD4 protein, Such as anti-OKT3+ See, e.g., 
U.S. Pat. No. 4,658,019 or antibody GK1.5 (ATCC Acces 
sion No. TIB207); a soluble CD40 molecule or an antibody 
to CD40 ligand (Bristol-Myers Squibb Co) European patent 
application 555,880, published Aug. 18, 1993; a soluble 
form of B7 or an antibody to CD28 or CTLA4 CTLA4-Ig 
(Bristol-Myers Squibb Co), European patent application 
606,217, published Jul. 20, 1994), or agents such as 
cyclosporin A or cyclophosphamide. Thus, the pharmaceu 
tical compositions and methods of this invention provide a 
desirable gene therapy treatment. 
IV. Recombinant Adeno-ASSociated Virus 

In the following context the term “transgene' means a 
nucleic acid Sequence or reverse transcript thereof, heter 
ologous to the AAV Sequence, which encodes a polypeptide 
or protein of interest. The transgene may be operatively 
linked to regulatory components in a manner which permits 
transgene transcription, i.e., the transgene is placed into 
operative association with a promoter, as well as other 
regulatory Sequences, Such as SV40 introns or polyA 
Sequences, useful for its regulation. The composite associa 
tion of the transgene with its regulatory Sequences is referred 
to herein as a minicassette or minigene. 
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The composition of the transgene or minicassette 

Sequence will depend upon the use of which the resulting 
rAAV will be put. For example, one type of transgene 
Sequence includes a reporter Sequence, which upon expres 
Sion produces a detectable signal. Such reporter Sequences 
include without limitation, an E. coli f-galactosidase (Lacz) 
cDNA, an alkaline phosphatase gene (ALP) and a green 
fluorescent protein gene. These Sequences, when associated 
with regulatory elements which drive their expression, pro 
vide Signals detectable by conventional means, e.g., ultra 
Violet wavelength absorbance, visible color change, etc. 

Another type of transgene Sequence includes a therapeutic 
gene which expresses a desired gene product in a host cell. 
These therapeutic nucleic acid Sequences typically encode 
products for administration and expression in a patient in 
Vivo or eX Vivo to replace or correct an inherited or non 
inherited genetic defect or treat an epigenetic disorder or 
disease. Such transgenes may be readily Selected by one of 
skill in this art and the design of the transgene or the 
minicassette for insertion into the rAAV is not a limitation 
of this invention. 
The term “rAAV' encompasses any recombinant AAV 

gene therapy vehicle of the prior art, including the AdAAV 
hybrid virus described in published International Patent 
Application No. WO96/13598, published May 9, 1996. 
More specifically, raAV defines a raAV comprising: (a) the 
DNA of at least a portion of the genome of an AAV, which 
portion is capable of transducing into a target cell at least one 
Selected gene in the absence of cell division; and (b) at least 
one Selected gene (or transgene) operatively linked to regu 
latory Sequences directing its expression, the gene flanked 
by the DNA of (a) and capable of expression in the target cell 
in Vivo or in vitro. 

Other raAVs have been described in the art. The method 
of this invention is not limited by the precise nature of the 
AAV Sequences used in the rAAV, provided that at a 
minimum both the 5' and 3' AAV inverted terminal repeats 
are present. Thus, the rAAV may be selected by one of skill 
in the art, and is not itself a limitation on this invention. The 
rAAVs specifically disclosed herein are illustrative. 
By the term “transduction” is meant that the rAAV 

produced by practice of the invention is capable of infecting 
a desired target cell and expressing the transgene in the cell 
by harnessing the cell's machinery. Transduction may 
include Stably integrating the viral DNA into a chromosome 
of the target cell. “Enhanced transduction” is defined as the 
ability of the rAAV in the presence of a conversion agent to 
transduce the target cell, either in vitro, eX Vivo or in Vivo, 
at an efficiency greater than a typical prior art raAV pro 
duced in, and purified from, a culture co-infected with an 
adenovirus or herpesvirus helper. 

This method is based on the observation that the limiting 
Step in raAV mediated transduction of cells for gene therapy 
is not the internalization or transfer of the SS Viral genome, 
but rather the Subsequent conversion of the Single-Stranded 
(SS) Viral genome to a transcriptionally active double 
stranded (ds) form. Formation, of ds DNA intermediates is 
necessary for recombinant gene expression, which is likely 
to be modulated by viral and cellular factors through post 
transcriptional mechanisms. The inventors have designed a 
method to overcome this rate-limiting Step, thereby enhanc 
ing transduction ability of an raAV and ultimately the use of 
rAAV in gene therapy protocols. 

This method of the present invention may employ a 
conventionally prepared SS raAV containing a transgene. 
The prior art produces SS raAV by co-infection in culture 
with a helper adenovirus or herpesvirus, followed by puri 
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fying the rAAV from the culture contaminants including the 
helper Virus, and infecting the target cell with the rAAV 
alone. The present invention provides for infecting a target 
cell with a SS raAV. However, once the target cell is infected, 
the infected cell is contacted with an agent which facilitates 
the conversion of the SS raAV to the ds form of raAV. The 
action of this “facilitating agent' or “conversion agent' 
causes the SS to ds conversion to occur in the target cell, 
resulting in enhanced transduction of the recombinant AAV 
into the target cell. By facilitating the conversion of SS to ds 
rAAV in the target cell, the method of this invention may 
also result in both transduction and Stable chromosomal 
integration of the rAAV into the chromosome of said host 
cell. 

Preferably, for use of this invention the “facilitating or 
conversion agent may take Several forms. 

A. The Conversion Agent is a Helper Virus 
In one embodiment, the agent is a helper virus and the 

method includes an additional Step of co-infecting the target 
cell with the helper virus. The helper virus useful in this 
method contains a Selected gene which can facilitate the 
conversion of SS raAV to ds raAV. The selected gene may 
encode a gene product or polypeptide (or a functional 
fragment of the polypeptide which shares the biological 
activity of the full-length polypeptide) which enhances the 
conversion. Alternatively, the Selected gene may express an 
antisense or ribozyme which functions in the cell to block or 
inhibit a cellular gene that normally prevents SS to ds 
conversion of the rAAV. These genes may also be employed 
in the second generation raAV described below. 

The helper virus is capable of expressing the Selected 
gene product in the target cell in the absence of cell division. 
The helper virus may be a wild-type or mutant adenovirus. 
The helper virus may alternatively by a wild-type or mutant 
herpesvirus. Preferably, for use as facilitating agents, Such 
Viruses are mutants deleted of Several normal genes So that 
the helper viruses and/or their expressed gene products will 
not cause disease in a patient. 

For example, a helper adenovirus useful in this invention 
may express only a gene product of a Single adenoviral early 
gene. Exposure of the SS raAV to an Ad early gene product 
is sufficient to substantially enhance the formation of ds 
rAAV genome with a coordinate increase in transduction 
efficiency. The Ad early genes which are useful in producing 
this effect are E1, E2a, E4 and functional fragments thereof. 
However, as demonstrated by the examples below, adenovi 
ruS Substantially enhances recombinant AAV transduction in 
Vitro in a way that is dependent on expression of the E1 and 
E4 genes of adenovirus and is directly proportional to the 
appearance of ds replicative forms of raAV. 
One example of a helper virus is an adenovirus deleted of 

most of its wild-type early genes and which is capable of 
expressing only its E4 gene or a functional fragment thereof 
in the target cell. Among Such functional fragments is the 
ORF 6 of the E4 gene. As described below in the examples, 
experiments in cell lines indicate that the ORF6 of the 
adenoviral E4 gene locus is Sufficient to Significantly 
enhance rAAV transduction. Selective expression of the 
E4-ORF6 product of adenovirus accomplishes an increase in 
transduction efficiency similar to, but Somewhat attenuated, 
compared to that produced by exposure to the E1 and E4 
gene products in combination. That is, the ORF6 product of 
E4 is Sufficient to enhance the augmentation of raAV 
transduction; but this effect is amplified substantially by E1 
gene products. 

15 

25 

35 

40 

45 

50 

55 

60 

65 

14 
Thus, more preferably, exposure of the rAAV to both the 

expressed E1 and E4 gene products produces a Substantial 
enhancement of the above-described rate limiting Step. 
Therefore, another exemplary helper virus may also contain 
more than one gene which, upon expression, facilitates the 
SS to ds conversion. An example of Such a helper virus is an 
adenovirus which expresses both the E1 and E4 genes, or 
functional fragments thereof. Still other Ad genes may be 
expressed by the helper virus, provided that the virus is 
Sufficiently crippled So that it does no cause disease in the 
patient contributing the target cells. 
Where the agent which facilitates conversion of SS to ds 

rAAV is a helper virus, the method of the invention com 
prises co-infecting the target cell with the rAAV and the 
helper virus. Such co-infection may occur in the context of 
eX Vivo therapy, i.e., manipulations performed on cells 
extracted from the patient, which cells are reinserted into the 
patient after the method is performed. Alternatively, the 
patient may be directly co-infected with the two viruses by 
conventional means. Delivery of the two viruses to the 
patient may be directed to a Specific organ, or to the general 
circulatory System. Such delivery methods are described in 
the art for gene therapy of e.g., cystic fibrosis see, e.g., U.S. 
Pat. No. 5,240,846). 

B. The Conversion Agent is a Chemical, Drug or Other 
Entity that can Activate rAAV Transduction 

In another embodiment of the method of this invention, 
the conversion agent which contacts the cells infected with 
the rAAV may be selected from the following classes of 
known compounds or methods: 1) inhibitors of DNA syn 
thesis Such as hydroxyurea, hydrogen peroxide, and other 
direct or indirect inhibitors of DNA polymerase; 2) chemo 
therapeutic agents that induce DNA damage, Such as 
cyclophosphamide, alkylating agents, purine analogs, e.g., 
6-thioguanine, etc.; 3) drugs that interfere with DNA modi 
fying enzymes, Such as inhibitors of topoisomerase, DNA 
ligase exonucleases and endonucleases; and 4) agents that 
nonspecifically enhance transcription, Such as Sodium 
butyrate, or agents that stabilize cells, such as DMSO. Also, 
genotoxic agents Such as carcinogens may be employed as 
the conversion agent. Other methods of inducing disruption 
or damage to DNA may also be useful as agents capable of 
facilitating SS to ds conversion of raAV and maybe Selected 
by one of Skill in the art, including physical methods, Such 
as irradiation. These classes of compounds or methods are 
believed to result in the conversion from SS to ds raAV. 

According to this embodiment of the method of the 
invention, the rAAV is again produced conventionally, but 
not co-infected with a helper virus. The SS raAV is infected 
into the target cell, and the infected cell is contacted by the 
agent in an appropriate manner depending on the identity of 
the agent. These conversion enhancing agents can be 
employed in ex vivo treatment of the target cells infected by 
the rAAV by application directly to the cells. Such applica 
tion can occur Substantially Simultaneously, or 
consecutively, with application of the rAAV gene therapy 
vehicle. For example, the infected target cell may be Sub 
jected to one of the above-listed compounds or drugs for a 
desired time period. The parameters for contacting the 
infected cells with the agent may readily be determined by 
one of skill in the art. These parameters will depend upon 
whether the method is performed ex vivo or in vivo. For 
example, the number of ex vivo infected cells to be treated 
will be considered for the dosage, and timing of Such 
treatment. 
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Similarly, the physical Status of the patient can determine 
the parameters of delivery of the agent to the patient in Vivo. 
The dosage and amount of the damaging agent may there 
fore be adjusted by one of skill in the art. Where the agents 
are typical chemotherapeutic drugs approved for use in 
humans or animals, Such enhanced conversion of raAV may 
also occur in Vivo by the co-administration of the agent, i.e., 
the chemotherapeutic drug, and the rAAV gene therapy 
vehicle to the patient. According to this aspect of the 
invention, the chemotherapeutic drug would be administered 
only when the rAAV is administered. Appropriate dosages 
and amounts of chemotherapeutic drugs and recombinant 
gene therapy vehicles and means for determining Such 
amounts are within the skill of the art. However, because the 
effect of the chemotherapeutic drug will enhance the SS to ds 
conversion of the rAAV and thus enhance its efficiency of 
transduction into the target cells, it is anticipated that lower 
dosages than the conventional dosages of either or both the 
drug and the rAAV could be effectively administered. 

C. Conversion Agent May be Part of the rAAV. 
In still another embodiment of this invention, a novel 

"Second generation” raAV may be designed to incorporate 
the conversion agent into the Virus, So that both the trans 
gene and the conversion agent are co-expressed in the target 
cell. Such a novel recombinant adeno-associated virus com 
prises the following components: 

(a) the DNA of at least a portion of the genome of an 
adeno-associated virus which portion is capable of trans 
ducing at least two Selected genes or functional fragments 
thereof into a target cell in the absence of cell division; (b) 
a first Selected gene, i.e., the desired transgene, operatively 
linked to regulatory Sequences directing its expression, and 
(c) a second Selected gene, i.e., the “conversion gene’ 
operatively linked to regulatory Sequences capable of direct 
ing expression of Said Second gene. The “conversion gene’ 
upon expression is capable of facilitating the conversion of 
the SS raAV to its ds form upon expression. The first and 
second genes in this raAV are flanked by the AAV DNA, 
preferably the 5' and 3' ITRs. An embodiment of such a 
Second generation raAV is provided Schematically in FIG. 
11. Its DNA sequence is provided in SEQ ID NO: 5. 

Another embodiment of such a novel raAV may include 
more than one gene which upon expression has the ability to 
facilitate conversion of SS to ds raAV in the target cell. For 
example, the novel raAV described above may also contain 
an additional Selected gene operatively linked to regulatory 
Sequences capable of directing its expression, the additional 
gene and Said Second “conversion' gene described above 
being capable of jointly facilitating the conversion of SS 
rAAV to its ds form upon expression of both the second and 
additional genes. In this raAV, all three genes, i.e., the 
transgene, the Second “conversion' gene and the additional 
gene are flanked by the AAV DNA. 

In one desirable embodiment of a novel raAV, the AAV 
ITRS flank a Selected transgene, and a conversion gene, 
which is the adenovirus E4 gene or a functional fragment 
thereof (e.g., the ORF6 Sequence). In another embodiment, 
the novel recombinant expresses three genes, the transgene, 
the adenovirus E4 gene or a functional fragment thereof and 
the adenovirus E1 gene or a functional fragment thereof. The 
E4 and E1 gene products expressed in the target cell with the 
transgene, together act to facilitate conversion of the SS to ds 
form of raAV. 

Instill another embodiment of the novel raAV and its use, 
the regulatory Sequences directing expression of the con 
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version gene, e.g., whether it be a single Second gene or 
more than a Single additional gene, may include an inducible 
promoter. Thus, expression of the conversion gene occurs 
only in the presence of an inducing agent. Many inducible 
promoters and companion inducing agents, e.g., Steroids 
Such as glucocorticoids, are known to the art and may be 
readily selected for incorporation into the rAAV and meth 
ods of this invention by one of skill in the art with resort to 
this description. 
The method of the invention employing such “second 

generation” raAVs which carry at least one “conversion 
gene' provides for infecting the target cell with this SS raAV. 
Where the promoters directing expression of both the trans 
gene and the conversion gene are constitutive, the infected 
target cell machinery will direct the expression of the 
transgene product and conversion gene product. 
Co-expression in the target cell of the transgene and the 
“conversion gene” facilitates the conversion of SS raAV to 
ds raAV in the cell, and increases the transduction 
efficiency, and perhaps Stable chromosomal integration, 
without further method steps. 
When the second generation raAV employed in the 

method contains the “conversion gene(s) under the control 
of inducible promoter(s), the method is slightly altered. 
Following infection of the target cell by the rAAV, the 
infected target cell is contacted with a Suitable inducing 
agent, which triggers the inducible promoter to “turn on 
production of the conversion gene product. When the induc 
ing agent is removed or Stopped, the expression of the 
conversion gene product is “turned off. 
AS described above, any prior art raAV containing a 

transgene for gene therapy may be used in at least one 
embodiment of the above methods. The Sources, selection 
and assembly of the various components to generate the 
rAAV, including the novel raAV described above, are now 
conventional and readily accessible to one of Skill in thisart, 
given the disclosure contained herein. Such methods employ 
conventional genetic engineering techniques See, e.g. Sam 
brook et al, cited above). 
The novel raAV viruses and the methods of this invention 

provide efficient gene transfer vehicles for Somatic gene 
therapy and are Suitable in pharmaceutical compositions for 
ex vivo applications and in vivo use. When raAV contain a 
therapeutic gene, e.g., in place of the Lac7, transgene illus 
trated in the exemplary raAV, AVCMVLacZ, by use of the 
rAAV and the methods described herein, the therapeutic 
transgene can be delivered to a patient in Vivo or eX Vivo to 
provide for efficient transduction, and possibly stable 
integration, of the desired gene into the target cell. Thus, 
these novel raAV and the methods described herein can be 
employed to correct genetic deficiencies or defects. The 
potential of AAV to efficiently integrate its genome into 
nondividing cells is currently being exploited in the devel 
opment of gene therapies based on eX Vivo transduction of 
hematopoietic Stem cells. In Vivo application of raAVs is 
primarily being developed for the treatment of CF where 
purified Stocks of virus are instilled into the airway to 
transduce the terminally differentiated epithelial cells of 
conducting airway. The methods and compositions 
described herein can be used with both types of gene 
therapy. Another condition Suitable for Such use includes 
transduction of the low density lipoprotein (LDL) receptor 
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gene into hepatocytes for the treatment of familial hyperc 
holesterolemia. One of skill in the art can generate any 
number of raAV which can be used via the above methods 
for the treatment of these and other disorders. 

For ex vivo or for in vivo therapy, the rAAV may be used 
to infect the target cells by Suspending the virus particles in 
a biologically compatible Solution or pharmaceutically 
acceptable delivery vehicle. A suitable vehicle includes 
Sterile Saline. Other aqueous and non-aqueous isotonic Ster 
ile injection Solutions and aqueous and non-aqueous Sterile 
Suspensions known to be pharmaceutically acceptable car 
riers and well known to those of skill in the art may be 
employed for this purpose. 

The rAAV are administered in Sufficient amounts to 
transfect the desired cells and provide sufficient levels of 
expression of the Selected transgene to provide a therapeutic 
benefit without undue adverse, or with medically acceptable, 
physiological effects which can be determined by those 
skilled in the medical arts. Conventional and pharmaceuti 
cally acceptable routes of in Vivo administration include 
direct delivery to the target organ, tissue or Site, intranasal, 
intravenous, intramuscular, Subcutaneous, intradermal, oral 
and other parental routes of administration. Routes of 
administration may be combined, if desired. 

Dosages of the rAAV for the infecting step of the method 
will depend primarily on factorS Such as the therapeutic 
environment, i.e., ex vivo or in Vivo, the condition being 
treated, the Selected gene, the age, weight and health of the 
patient, and may thus vary among patients. Atherapeutically 
effective dosage of the rAAV for ex vivo treatment will be 
based upon the multiplicity of infection, which is likely to 
range from between about 1 to about 10 transducing 
particles/cell. A therapeutically effective human dosage of 
the rAAV for in vivo infection according to the present 
invention is believed to be in the range of from about 20 to 
about 50 ml of Saline Solution containing concentrations of 
from about 1x107 to 1x10" transducing viral particles/ml 
Virus. A preferred human dosage is about 20 ml Saline 
Solution at the above concentrations. The dosage will be 
adjusted to balance the therapeutic benefit against any side 
effects. The levels of expression of the Selected gene can be 
monitored to determine the Selection, adjustment or fre 
quency of dosage administration. 

The effective amount of the facilitating agent to be 
administered is within the skill of the art to determine and 
will depend upon the identity of the agent. Known dosages 
of certain of the classes of chemicals and pharmaceuticals 
described above may be employed in this method to damage 
the DNA and facilitate SS to ds conversion of the rAAV. 
Where the agent is a gene expressed by a helper virus, the 
amounts of infecting virus should be similar to those 
amounts described above for the rAAV. Of course, where the 
agent is a gene present in a Second generation raAV, the 
identical dosages described above for the rAAV will apply. 

Several embodiments of the above-described methods of 
this invention were confirmed in murine models or raAV 
mediated gene transfer to both lung and liver. These experi 
ments demonstrated Similarly low levels of gene transfer in 
Vivo by raAV, which was increased Several orders of mag 
nitude by coinfection with E1 and E4 expressing adenovirus. 

In Summary, experiments were conducted to demonstrate 
that adenovirus enhances raAV transduction in cultured 
cells. During the production and characterization of a lacZ 
recombinant AAV generated in 293 cells that were coin 
fected with an E1 deleted virus, it was observed that 
purification of raAV from lysates was associated with 
Substantial loSS of lac7, transducing activity when assayed on 
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293 cells. This drop in raAV activity was particularly 
evident in the final Step where residual contaminating helper 
adenovirus was removed by heat inactivation. LacZ trans 
ducing activity was recovered by adding adenovirus back to 
the purified stock or raAV. These data provided the first 
indication that adenovirus could Substantially enhance the 
transduction efficiency of ra AV. 
AS described in Example 10, a Series of complementation 

groups were generated by mixing different adenovirus early 
gene mutants with purified Lac7, raAV, referred to as 
AVCMVLacZ (see Example 2). These defined mixtures of 
Viruses were analyzed for LacZ transduction on Hela cells 
(See Examples 12 and 13). An E1 deletion rad H5.CBALP 
and the E4 deletion mutant d11004 provided no significant 
increase in AVCMVLacZ transduction (FIG. 5A). However, 
partial activity could be achieved with E1 and E4 mutants 
that carried less severe deletions. Both d1110 (E1B-55 kDa 
deleted) and d11010 (ORF6 deleted) enhanced transduction 
to levels that approached those of Ad5, ts125, and d1802 in 
terms of the number of positive blue cells, but total 
f3-galactosidase activity was substantially lower (FIG. 5A). 
These results implicate early regions E1 and E4 in the 
augmentation of raAV transduction. 
The experiments described below also demonstrate that 

the novel raAV which incorporates as its conversion gene, 
as Ad gene, Such as E4, can increase transduction efficiency 
of the rAAV in the absence of a helper virus. As described 
in more detail in Example 15 below, 293 cells were stably 
transfected with a genomic fragment of Ad5 Spanning E4. 
This E1/E4 expressing cell line and the parent E1 expressing 
cell line (293) were infected with raAV and analyzed for 
transduction. These experiments demonstrated the Signifi 
cance of the combined expression of E1 and E4(ORF6) in 
the adenovirus mediated augmentation of raAV transduc 
tion. 

In the presence of E1 and E4 expression, raAV transduc 
tion was invariably accompanied by the appearance of ds RF 
monomers and dimers (Example 14). Importantly, the tight 
correlation between raAV vector transduction and the accu 
mulation of duplex forms could be achieved in two different 
experimental Settings, cells infected with E1/E4 expressing 
adenovirus (FIGS. 8A and 8B), or complementing cell lines 
(FIG. 8C). 
The following examples illustrate the construction and 

testing of the novel packaging cell lines, the E1/E4 deleted 
rAd of the present invention and the use thereof, improved 
methods and Second generation recombinant AAV produc 
tion for gene therapy of the present invention. These 
examples are illustrative only, and do not limit the Scope of 
the present invention. 

EXAMPLE 1. 

Novel E1a/E1b and E4 Expressing Packaging Cell 
Lines 

A. Construction of E4 ORF 6 Expressing Plasmids 
The entire E4 region from Ad5 or an ORF6 minigene were 

Subcloned into a shuttle plasmid that contained a neomycin 
resistance gene. Two versions of ORF6 minigene were 
developed that differed in the promoter element. The first 
used a Zn+2 inducible sheep metallothionine (MT) promoter 
to drive ORF 6 expression. The second used a 
dexamethasone-inducible mouse mammary tumor virus 
(MMTV) promoter. 
An exemplary plasmid useful for the construction of a 

packaging cell line of this invention is pMMTVE4ORF6. 
The minigene contained in this plasmid is set out in SEQ ID 
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NO: 1, and contains a mouse mammary tumor virus pro 
moter (MMTV) (nucleotides 1-1506 of SEQ ID NO: 1) in 
transcriptional control of a human E4 ORF 6 gene Sequence 
(nucleotides 1523–2408 of SEQ ID NO: 1), a growth 
hormone terminator (GH) (nucleotides 2409-3654 of SEQ 
ID NO: 1), an SV40 origin of replication, plasmid sequences 
from plasmid pBR322, including a neomycin resistance 
gene, and an amplicillin resistance gene. The amino acid 
sequence of ORF 6 is indicated in SEQ ID NO: 2. The 
various functional fragments of this plasmid may be readily 
replaced with other conventionally used Sequences and are 
not critical to the design of the plasmid. 

Another plasmid useful for the construction of a packag 
ing cell line of this invention is pMTE4ORF6. The DNA 
Sequence of the minigene contained in this plasmid is similar 
to that of SEQ ID NO: 1, except that the promoter is a sheep 
metallothionine promoter (MT promoter) M. G. Peterson et 
al, cited above). 
A plasmid used as a control for the construction of a 

packaging cell line of this invention is plTR.E4(-). This 
plasmid contains the endogenous constitutive retroviral 
MLV LTR and most of the Ad E4 gene region except that the 
endogenous E4 promoter and a portion of E4 ORF1 are 
missing. The other plasmid Sequences remain the Same as 
described above. 

Still another plasmid useful for the study of the methods 
of this invention is pTR.E4, which contains the constitutive 
MLV LTR and endogenous E4 promoter and an intact E4 
gene. The other plasmid Sequences remain the same as 
described above. 

To determine whether ORF6 expression was sufficient to 
enhance rAAV transduction, the inducible metallothionein 
(MT)-ORF6 minigene was stably transfected into HeLa 
cells. This new cell line, HeLa(MTORF6) was evaluated for 
Lacz raAV transduction in response to ORF6 induction as 
described below. The cell line 293 (MTORF6) expresses 
ORF-6 of the E4 gene of Ad5 from the metallothionine 
promoter which is relatively inactive at baseline but can be 
induced with divalent cations. These 293 cells were included 
to establish the baseline transduction efficiency. 

B. Transfections and Selection of Clones 
Each of the above-described plasmids was transfected by 

the calcium phosphate precipitation technique into the 
human embryonic kidney cell line 293 ATCC CRL1573 
which expresses the product of the adenovirus E1 genes, or 
into HeLa cells, seeded on 100 mm plates (10 ug plasmid/ 
plate). Twenty four hours post-transfection, cells were har 
vested and seeded at varying dilutions (1:10-1:100) in 100 
mm plates for about 10 days. Seeding media contain G418 
Geneticin, BRL) at 1 mg/ml. Resistant colonies that devel 
oped were Selected using the following assays and 
expanded. Preliminary analysis of clones was based on 
enhanced transduction efficiency of a recombinant adeno 
associated virus, AVCMVLacz, and immunofluorescence 
localization of Ad E4 protein as described in the following 
examples. 

EXAMPLE 2 

Recombinant AAV and AVCMBLacZ Transduction 
Enhancement ASSay 

E1 and E4 Ad gene products are needed for recombinant 
adeno-associated virus (AAV) function. This primary assay 
involves Seeding the packaging cell lines of Example 1 in 96 
well 35 mm culture plates (2x10 cells/well) and infecting 
the cells with purified, heat-treated AV.CMVLacZ at an MOI 
of 1000 virus particles/cell. 
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A. Preparation of Recombinant AVCMVLacZ 
A recombinant AAV virus was prepared by conventional 

genetic engineering techniques for the purposes of this 
experiment. Recombinant AAV was generated by plasmid 
transfections in the presence of helper adenovirus Samulski 
et al., J. Virol, 63:3822-3828 (1989)). A cis-acting plasmid 
pAVCMVLacZSEQ ID NO: 4 (see FIG. 10) was derived 
from psub201 Samulski et al., J. Virol., 61:3096-3101 
(1987) and contains an E. coli f-galactosidase minigene in 
place of AAV Rep and Cap genes. The 5' to 3' organization 
of the recombinant AVCMVLacZ genome (4.9 kb) SEQID 
NO: 4 includes 

(a) the 5' AAVITR (bp 1-173) was obtained by PCR using 
pAV2C. A. Laughlin et al, Gene, 23: 65-73 (1983) as 
template nuc. 53–219); 

(b) a CMV immediate early enhancer/promoter Boshart 
et al., Cell, 41:521-530 (1985) (nuc. 246–839); 

(c) an SV40 intron (nuc. 856–987); 
(d) E. coli B-galactosidase cDNA (nuc. 1039–4512); 
(e) an SV40 polyadenylation signal (a 237 Bam HI-BclI 

restriction fragment containing the cleavage/poly-A 
Signals from both the early and late transcription units 
(nuc. 4522-4719) and 

(f) 3' AAV ITR, obtained from paV2 as a SnaBI-BglII 
fragment (nuc. 4759–4925). All other nucleotides are 
plasmid derived. 

Rep and Cap genes were provided by a trans-acting 
plasmid paAV/Ad Samulski et al, cited above). 

Monolayers of 293 cells grown to 90% confluency in 150 
mm culture dishes (5x10" cells/plate) were infected with 
H5.CBALP at an MOI of 10. H5.CBALP (also called 
H5.010ALP) is a rad that contains an alkaline phosphatase 
minigene in place of adenovirus E1a and E1b gene 
Sequences (map units 1–9.2 of the Ad5 Sequence of Gen 
Bank Accession No. M73260). The alkaline phosphatase 
cDNA is under the transcriptional control of a CMV 
enhanced B-actin promoter in this virus. This helper virus is 
described in Goldman et al, Hum. Gene Ther, 6:839-851 
(July, 1995); Engelhardt et al, Hum. Gene Ther., 
5:1217-1229 (October, 1994); and references cited therein. 

Infections were done in Dulbecco's Modified Eagles 
Media (DMEM) supplemented with 2% fetal bovine serum 
(FBS) at 20 ml media/150 mm plate. Two hours post 
infection, 50 ug plasmid DNA (37.5ug trans-acting and 12.5 
pig cis-acting) in 2.5 ml of transfection cocktail was added to 
each plate and evenly distributed. Transfections were cal 
cium phosphate based as described B. Cullen, Meth. 
Enzymol., 152:684–704 (1987). Cells were left in this 
condition for 10-14 hours after which the infection/ 
transfection media was replaced with 20 ml fresh DMEM/ 
2% FBS. Forty to fifty hours post-transfection, cells were 
harvested, Suspended in 10 mM Tris-Cl (pH 8.0) buffer (0.5 
ml/150 mm plate) and a lysate prepared by Sonication. The 
lysate was brought to 10 mM manganese chloride, after 
which bovine pancreatic DNase I (20,000 units) and RNase 
(0.2 mg/ml final concentration) were added, and the reaction 
incubated at 37 C. for 30 minutes. Sodium deoxycholate 
was added to a final concentration of 1% and incubated at 
37 C. for an additional 10 minutes. 
The treated lysate was chilled on ice for 10 minutes and 

solid CsCl added to a final density of 1.3 g/ml. The lysate 
was brought to a final volume of 60 ml with 1.3 g/ml CsCl 
solution in 10 mM Tris-Cl (pH 8.0) and divided into three 
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equal aliquots. Each 20 ml Sample was layered onto a CsCl 
step gradient composed of two 9.0 ml tiers with densities 
1.45 g/ml and 1.60 g/ml. 

Centrifugation was performed at 25,000 rpm in a Beck 
man SW-28 rotor for 24 hours at 4 C. One ml fractions were 
collected from the bottom of the tube and analyzed on 293 
or 293(E4) cells for Lacz transduction. Fractions containing 
peak titers of functional AVCMVLacZ virus were combined 
and Subjected to three Sequential rounds of equilibrium 
sedimentation in CsCl. Rotor selection included a Beckman 
NVT-90 (80,000 rpm for 4 hours) and SW-41 (35,000 rpm 
for 20 hours). At equilibrium, AVCMVLacZ appeared as an 
opalescent band at 1.40-1.41 g/ml CsCl. Densities were 
calculated from refractive index measurements. Purified 
vector was exchanged to 20 mM HEPES buffer (pH 7.8) 
containing 150 mM NaCl (HBS) by dialysis and stored 
frozen at -80 C. in the presence of 10% glycerol or as a 
liquid stock at -20° C. in HBS/40% glycerol. 

Purified virus was tested for contaminating H5.CBALP 
helper virus and AVCMVLacZ titers. Helper virus was 
monitored by histochemical Staining for reporter alkaline 
phosphatase activity. A Sample of purified virus representing 
1.0% of the final product was added to a growing monolayer 
of 293 cells seeded in a 60 mm plate. Forty-eight hours later, 
cells were fixed in 0.5% glutaraldehyde/phosphate buffered 
saline (PBS) for 10 minutes at room temperature, washed in 
PBS (3x10 minutes) and incubated at 65° C. for 40 minutes 
to inactivate endogenous alkaline phosphatase activity. The 
monolayer was allowed to cool to room temperature, rinsed 
once briefly in 100 mM Tris-Cl (pH 9.5)/100 mM NaCl/5 
mM MgCl, and incubated at 37° C. for 30 minutes in the 
same buffer containing 0.33 mg/ml nitroblue tetrazolium 
chloride (NBT) and 0.165 mg/ml 5-bromo-4-chloro-3- 
indolylphosphate p-toluidine salt (BCIP). Color develop 
ment was stopped by Washing the monolayer in 10 mM 
Tris-Cl (pH 8.0)/5 mM EDTA. Routinely the purification 
Scheme described above removed all detectable H5.CBALP 
helper virus by the third round of buoyant density ultracen 
trifugation. 
AVCMVLacZ titers were measured according to genome 

copy number (virus particles/ml), absorbance at 260 nm 
(Aso particles/ml) and Lac7. Forming Units (LFU/ml). 
Virus particle concentrations were based on Southern blot 
ting. Briefly, a sample of purified AVCMVLacZ was treated 
with capsid digestion buffer (50 mM Tris-Cl, pH 8.0/1.0 mM 
EDTA, pH 8.0/0.5% SDS/Proteinase K 1.0 mg/ml) at 50° C. 
for one hour to release virus DNA. The reactions were 
allowed to cool to room temperature, loading dye was added 
and electrophoresed through a 1.2% agarose gel. Standard 
quantities of ds AVCMVLacZ genome were also resolved 
on the gel. 
DNAS were electroblotted onto a nylon membrane, 

hybridized with a 'P random primer labeled restriction 
fragment, and the resulting blot Scanned on a Phosphorm 
ager 445 SI (Molecular Dynamics). A standard curve was 
generated from the duplex forms and used to extrapolate the 
number of Virus genomes in the Sample. LFU titers were 
generated by infecting indicator cells with limiting dilutions 
of virus sample. Indicator cells included HeLa and 293 and 
293 (E4) lines (described in Example 10 below). Twenty 
four hours later, cells were fixed in glutaraldehyde and cells 
were histochemically stained for E. coli B-galactosidase 
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(LacZ) activity as described in J. M. Wilson et al., Proc. Natl. 
Acad. Sci. USA, 85:3014–3018 (1988). One LFU is 
described as the quantity of Virus that is Sufficient to cause 
Visually detectable f-galactosidase expression in one cell 24 
hours post-infection. 

B. Induction of ORF6 Expression 
Induction of ORF6 expression with 10 uM dexametha 

Sone or 150 um Zinc sulfate (for negative control, no inducer 
used) was initiated 2 hours before the addition of virus and 
continued throughout the duration of the experiment. 
Twenty-four hours after the addition of virus, cells were 
harvested, lysates were generated by Sonication and ana 
ly Zed for the B-galactosidase expression (i.e., 
f-galactosidase activity) and virus DNA as described above. 
Hirt extracts were prepared from low molecular weight 
DNA from cell extracts. The preparation of the Hirt extracts 
and Subsequent analysis by Southern hybridization were 
performed by resort to conventional procedures known to 
one of skill in the art. 

In the absence of the inducers, the packaging cell lines 
generate lower levels of B-galactosidase in raAV infected 
cells. Induction of ORF6 expression with the inducer dex 
amethasone results in a concomitant rise in AV.CMVLacZ 
cell transduction to a level that was much greater than the 
parent 293 line. Expression of E1 alone was insufficient to 
have an effect in the adenovirus mediated augmentation of 
rAAV transduction. 

Results are demonstrated for certain positive clones in the 
Table I below (see Example 4). However, for 30 cell lines 
having an MMTV promoter and ORF6 sequence, 4 demon 
strated over 90% blue cells illustrative of LacZ production 
in the presence of dexamethasone, i.e., 293-27-6, 293-27-17, 
293-27-18 and 293-27-28. 

EXAMPLE 3 

Immunofluorescence Localization of Ad5 Late 
Protein 

Positive clones from the assay of Example 2 were infected 
with the recombinant E4 deleted adenovirus H5dl1004 and 
Screened for E4 complementation using an immunofluores 
cence assay for late gene expression. The H5dl1004 virus 
was obtained from Dr. Ketner of Johns Hopkins University 
and is described in Bridge and Ketner, J. Virol, 632(2): 
631-638 (February 1989), incorporated by reference herein. 
Because ORF6 of E4 complements late Ad gene expression, 
Specifically in the formation of the hexon and penton fibers 
of the adenovirus, cell lines containing ORF6 are able to 
bind with antibody against these proteins. 

Each cell line of Example 1 is infected with E4 deleted 
virus H5d11004 virus at an MOI of 0.1. The cells were 
treated with mouse anti-adenovirus FITC-labeled mono 
clonal antibody to either the hexon or penton fibers in a 1:10 
dilution (Chemicon International Inc., Temecula, Calif.). 
Positive clones were identified by reaction with the antibody. 

EXAMPLE 4 

Relative Plaquing Efficiency 
The cell lines of Example 1, demonstrating Strong 

complementation ability in Example 3, were Screened for 
relative plaquing efficiency of H5dl1004 as compared to 
W162 cells (an E4-complementing Vero cell line which does 
not express E1) Weinberg and Ketner, Proc. Natl. Acad. Sci. 
USA, 80(17):5383–5386 (1983)). In Table II below, RPE '%, 
i.e., relative plaquing efficiency, represents the titer of 
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H5d11004 on tested cell lines/titer or H5d11004 on W162 
cells. For example, the RPE of 293 cells is 0. 

The positive cell lines selected by all criteria are identified 
in Table I below, with the results of the assays of Examples 
2, 3 and 4. 

TABLE I 

E1/E4 Double Complementing Cell Lines 

Cell Trans- Pro- AVCMV 
Line Gene moter IF/LP Lacz, RPE 9% 

293-1O-3 ORF6 MT -------- -------- 246 
293-39-11 ORF6 LTR -------- ------ 52 
293-84-31 E4- LTR -------- -------- 179 
293-12-31 whole LTR- -------- -------- 174 

E4 E4 
293-27-6 ORF6 MMTV ---------- 327 
293-27-17 ORF6 MMTV -------- 313 
293-27-18 ORF6 MMTV ---------- 339 
293-27-28 ORF6 MMTV -------- 261 

EXAMPLE 5 

Construction and Purification of H5.001CBLacZ 

The plasmid pad.CBLacZ was constructed as described 
in detail in K. Kozarsky et al, Som. Cell Mol. Genet., 19(5): 
449–458 (1993), incorporated by reference herein. This 
plasmid contained a minigene comprising a 5' flanking Nhe 
restriction site, followed by Ad5 sequence m.u. 0-1, fol 
lowed by an E1 deletion into which is inserted a CMV 
enhancer/chicken f-actin promoter Sequence T. A. Kost et 
al, Nucl. Acids Res., 11(23):8287 (1983)), which controls the 
transcription of the following bacterial B-galactosidase, fol 
lowed by a poly A sequence and flanked 3' by Adm.u. 9-16, 
and another Nhe Site. In the plasmid, the minigene was 
flanked on both Sides by plasmid Sequence containing drug 
resistance markers. 

The plasmid pad.CBLacZ was linearized with Nhe and 
co-transfected by the calcium phosphate co-transfection 
method into the novel packaging cell line of Example 1 with 
ClaI digested H5dl1004 (an Ad5 sequence deleted of from 
about map unit 92.1 through map unit 98, corresponding to 
Substantially the entire E4 gene). 
Homologous recombination occurs in the cell line 

between these two viral constructs between Ad map units 
9-16, resulting in rad, designated H5.001CBLacZSEQ ID 
NO: 3 (FIG. 2). This rad contains the sequence from 
pAd.CBLacZ (including Ad map units 0-1 (nuc. 1-330); 
CMV enhancer/chicken f3-actin promoter (CB) (nucs. 
370–928); E. coli B-galactosidase (nucs. 945-4429); the 
polyA (nuc. 4429–4628); and Ad5 map units 9-92.1 and 
97.3 to 100 from H5d11004 (nucs. 4671–35408)). This rAd 
is thereby functionally deleted, and Substantially structurally 
deleted, of the Ad E1 and E4 genes. 

Viral plaques were Selected and Screened by the 
f3-galactosidase assay Wilson (1988), cited above and 
H5.001CBLacZ was isolated following three rounds of 
plaque purification. The purified virus was also Subjected to 
cesium chloride density centrifugation and large Scale pro 
duction. 

For the following mouse experiments, Virus was used 
after column purification and glycerol was added to a final 
concentration of 10% (v/v). Virus was stored at 70° C. 
until use. 
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EXAMPLE 6 

Growth Kinetics of H5.001CBLacZ in Packaging 
Cell Lines 

The cell lines identified in Table I were infected with 

recombinant H5.001CBLacZ at an MOI of 0.5. The growth 
kinetics of this virus in the E4 complementing cell lines are 
shown in FIG. 3. Maximum viral yield is reported as 
LFU/ml in Table II below. 

TABLE II 

Cell Line Maximum Viral Yield 

293-1O-3 2.8 x 1010 
293-39-11 9.5 x 10 
293-84-31 1.1 x 10 
293-12-31 4.5 x 10 
293-27-6 2.8 x 1010 
293-27-17 2.5 x 100 
293-27-18 2.9 x 1010 
293-27-28 1.2 x 1010 

When grown in 293-27-18 cells (the E4 ORF6 cell line 
with MMTV promoter inducible by dexamethasone) the 
maximum yield of this virus is 2.9x10'LFU/ml. Several of 
the cell lines were passaged between 5 and 20 times and the 
Viral production of the passages remained Stable. However, 
RPE did fall following repeated passages of cells. 

EXAMPLE 7 

Other Recombinant Adenoviruses 

Other related r Ads were prepared similarly to 
H5.001CBLacZ by homologous recombination between 
pAdCBLacZ and other helper viruses. 
As one example, H5.000CBLacZ is a recombinant E1 

deleted Ad5 which contains the same minigene as 
H5.001CBLacZ, but has an intact E4 gene. This rad was 
prepared as described by homologous recombination 
between padCBLacZ and a wild-type Ad5. 
As another example, H5.010CBLacZ contains the aden 

ovirus map units 0-1, followed by a CMV enhanced, 
chicken cytoplasmic B-actin promoter, the E. coli 
f-galactosidase gene (lacz), a polyadenylation signal (pA), 
and adenovirus type 5 map units 9-100, with a small 
deletion in the E3 gene (the Ad 5 sub360 backbone). This 
rAd may be prepared by homologous recombination 
between the padCBLacZ vector and Ad5 virus Sub360, 
which contains a 150 bp deletion within the 14.6 kD protein 
of the E3 gene. See, e.g., J. F. Engelhardt et al, Proc. Natl. 
Acad. Sci., USA, 91:6196-6200 (June 1994); and Engelhardt 
et al, Hum. Gene Ther, 5:1217–1229 (October 1994), both 
incorporated by reference herein. 

These rads were isolated following transfection Graham, 
Virol., 52:456-467 (1974), and were subjected to two 
rounds of plaque purification. Lysates were purified by 
cesium chloride density centrifugation as previously 
described Englehardt et al., Proc. Natl. Acad. Sci. USA, 
88: 11192-11196 (1991)). Cesium chloride was removed by 
passing the virus over a BioPad DG10 column using 
phosphate-buffered Saline. 
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EXAMPLE 8 

Lacz, Gene Transfer into Mouse 

A. Transfer into Mouse Muscle 
Five to six-week old male C57B/6 mice were anesthe 

tized. Anterior tibialis muscles were exposed and directly 
injected with either rad H5.000CBLacZ, H5.010CBLacZor 
H5.001CBLacZ as follows: 25 u of purified viral suspen 
sion at a stock concentration of 5x10" virus particles/mL 
was injected by inserting the tip of the 33 gauge needle of 
a 100 ul Hamilton syringe into the belly of the muscle. 
Animals were Sacrificed on day 4, 14, 28 and 60 post 

injection. The muscles were dissected and frozen in liquid 
nitrogen cooled isopentane. Six uM Sections were cut in a 
cryostat, fixed and Stained for 3-galactosidase activity for 6 
hours at 37 C. 

While the blue stained rad was found for each virus in the 
day 4 and day 14 (most abundant) stains, by day 28, the 
H5.001CBLacZ clearly demonstrated more virus on day 28. 
By day 60, the only virus which stained positive was the 
H5.001CBLacZ. 

B. Transfer into Mouse Lung and Circulation 
RAd H5.000CBLacZ (control), and H5.001CBLacZ 

(1x10" viral particles) were administered to six week old 
C57BL/6 female mice by tail vein injection and trachea 
installation. The animals were Sacrificed and their liver and 
lung tissues were harvested at days 4, 9, 21, 28 and 35 
post-administration. The transgene and viral late gene 
expression were compared. 
At therapeutic doses of Virus, there was diminished 

expression of late Viral proteins at all time points in com 
parison with transgene. 

C. Dose Responses in Liver 
Dose responses of E4-deleted and E4 intact rads in the 

liver of C57BL/6 mice were studied by tail vein adminis 
tration of 1.5x10", 5x10', 1.7x10', 5.6x10, and 1.9x10 
Viral particles and comparing the transgene and viral late 
gene expression at day 4, 21, 28, 35, and 42 post adminis 
tration. 

At therapeutic doses of Virus, there was diminished 
expression of late Viral proteins at all time points in com 
parison with transgene. 

EXAMPLE 9 

Other Gene Transfers 

A. Human OTC Gene Transfer 

The human OTC gene A. L. Horwich et al, Science, 
224: 1068–174 (1984) or the human CFTR gene Riordan et 
al, Science, 245: 1066-1073 (1989) was used to replace the 
Lac7, as the transgene in the recombinant E1/E4 deleted 
adenoviruses described above, using the techniques analo 
gous for the construction of the above-described Lac7. 
VectOrS. 

The resulting human OTC-containing rad were adminis 
tered at an MOI of 10 to 30 to human hepatocytes. The 
E1/E4 deleted rad demonstrated less replication and less 
late gene expression than when the E1/E4 deleted rads are 
administered to muscle, as described in the example above. 
However, the results of this gene transfer are better than 
comparable transferS with rads containing only a deletion in 
the E1 gene or a deletion in the E1 gene and a point mutation 
in the E2a gene. 

Similar results are demonstrated when the transgene is 
CFTR and the method of administration is intratracheal into 
lungs. 
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EXAMPLE 10 

Transduction Efficiency of ra AV LacZ 
AVCMVLacZ) in HeLa Cells Infected with Ad 

Mutants 

A. Viruses 

The following viruses were employed in this experiment: 
(1) Wild-type Ad 5, propagated in 293 cells; 
(2) Ad d1110 (an Ad which is deleted of the 55 kb E1B 

gene) Babiss et al., J. Virol., 52(2):389–395 (1984) and 
Babiss and Ginsberg, J. Virol., 50(1):202-212 (1984)), 
propagated in 293 cells, 

(3) H5.CBALP (an Ad deleted of its E1A and E1B genes 
and containing a minigene that expresses alkaline phos 
phatase from a CMV enhanced B-actin promoter, as 
described above), propagated in 293 cells, 

(4) Adts125 (an Ad with a temperature Sensitive mutation 
in the E2A gene which encodes the DNA binding 
protein) Ensinger and Ginsberg, J. Virol., 10(3) 
:328-339 (1972), propagated in 293 cells, 

(5) Addl802 (an Ad deleted of its E2a gene), grown in 
E2A-complementing gmDBP cells as described in Rice 
and Klessig, J. Virol., 56(3):767-778 (1985); 

(6) Addl1004 (an Ad deleted of the E4 gene), grown in 
E4-complementing Vero W162 cells Weinberg and 
Ketner, Proc. Natl. Acad. Sci. USA, 80(17):5383–5386 
(1983) and 

(7) Ad d11010 (an Ad deleted of ORF6 of its E4 gene), 
grown in E4-complementing Vero W162 cells 
Weinberg and Ketner, cited above). 

All viruses were purified by two sequential rounds of 
buoyant density ultracentrifugation in CsCl. 

B. Experimental Procedures 
HeLa cells seeded in 6 well, 36 mm culture plates (2x10' 

cells/well) were infected with wild-type Ad5 or an adenovi 
rus early gene mutant as described in Part A at an MOI of 10 
pfu?well. Infections were done in 1.0 ml DMEM/2% FBS. 
Six hours post-infection, monolayers were washed and 1.0 
ml fresh DMEM/2% FBS media containing AVCMVLacZ 
at 4x10 virus particles/ml were added. Although the AVC 
MVLacZ virus lot used in these experiments was shown to 
be free of H5.CLALPhelper virus by histochemical staining, 
the virus sample was subjected to heat treatment (60° C. for 
20 minutes) prior to use to ensure the absence of contami 
nating adenovirus. Two hours later, 1.0 ml of DMEM/1.15% 
FBS was added to each well. 

Twenty-four hours after the addition of AV.CMVLacZ, 
cells were harvested. Each test condition was done in 
triplicate to enable virus transduction to be evaluated in 
terms of three outputs: histochemical Staining for 
f-galactosidase activity (below), intracellular 
f-galactosidase specific activity (Example 11), and the 
molecular form of the virus DNA (Example 12). 
HeLa cells were histochemically stained for E. coli 

f3-galactosidase (LacZ) activity as described in J. M. Wilson 
et al., Proc. Natl. Acad. Sci. USA, 85:3014-3018 (1988). The 
different combinations that were tested included cells trans 
fected with AAV vector alone (AVCMVLacZ), vector plus 
wild-type Ad5 (+Ad5), vector plus d1110 (+dl110), vector 
plus Ad mutant H5.CBALP (+H5.CBALP), vector plus Ad 
mutant ts125 (+ts 125), vector plus Ad mutant d1802 
(+dl802), vector plus Ad mutant d11004 (+dl1004), and 
vector plus Ad mutant d11010 (+dl1010). 
The results were observed in photomicrographs at mag 

nification 10x (not pictured) of histochemical stains for 
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recombinant B-galactosidase activity. The results indicated 
that wild-type Ad5 and the E2a mutants ts125 and d1802 
caused a Significant increase in Lac7, raAV transduction as 
measured by the number of positive blue cells and the degree 
of stain intensity. Both d1110 (E1B-55 kDa) and d11010 
(ORF6) enhanced transduction to levels that approached 
those of Ad5, tS125, and d1802 in terms of the number of 
positive blue cells. 
The E1 deletion recombinant H5.CBALP provided no 

significant increase in AVCMVLacZ transduction. Expres 
Sion of E1 alone was insufficient to have an effect in the 
adenovirus mediated augmentation of raAV transduction as 
evidenced by lack of Significant increase in transduction 
obtained with HeLa cells infected with the E4 deletion 
mutant d11004. A significant drop in transduction occurred 
following removal of ORF6 from the E4 region from the 
coinfecting adenovirus (FIG. 5A). 

It is believed that these results demonstrate that the 
adenoviral gene products, E4 and E1 indirectly promote the 
formation of dsDNA intermediates that are transcriptionally 
active. 

EXAMPLE 11 

Quantitation of Enhanced Vector Transduction 

(A) A duplicate set of HeLa cells as described in Example 
10B were used in this experiment. Twenty-four hours after 
the addition of AVCMVLacz recombinant, for intracellular 
B-galactosidase assays, cell pellets were Suspended in 0.5 ml 
PBS and Sonicated. Cell debris was removed by centrifuga 
tion (15,000xg for 10 minutes) and the clarified extract 
assayed for total protein M. Bradford, Anal. Biochem., 
72(1-2):248-254 (1976) and M. Bradford et al, Fed. Proc., 
35(3):274 (1976) and B-galactosidase activity Sambrook et 
al, cited above using O-nitrophenylf-D-galactopyranoside 
(ONPG) as substrate. 

FIG. 5A demonstrates the transduction efficiency quanti 
tated by measuring B-galactosidase enzyme activity in the 
lysates from infected Hela cells and also assayed for total 
protein. In FIG. 5A, the test condition is shown along the 
horizontal axis, and intracellular B-galactosidase specific 
activity (milliunits/mg protein) using ONPG as substrate is 
plotted on the vertical axis. Below each bar, the fold 
induction in Specific activity relative to cells that received 
the AVCMVLacZ vector alone is given. 

The results of FIG. 5A demonstrate that the E2a mutants 
ts125 and d1802 produced 134-fold and 225-fold increases in 
B-galactosidase activity, respectively, as compared to that 
achieved with purified raAV alone. In comparison, cells 
infected with wt Ad5 generated 107-fold increase in 
B-galactosidase activity. 
(B) In another experiment, HeLa cells (2x10) were 

infected with increasing multiplicities of wild-type Ad5 or 
the E2 mutant d1802. Six hours post-infection, monolayers 
were washed and infected with AVCMVLacZ at 1000 virus 
particles/cell. Twenty-four hours after the addition of 
AV.CMVLacZ, cells were harvested and assayed for total 
protein and B-galactosidase activity. 

The results are illustrated in the bar graph of FIG. 5B, in 
which adenovirus MOI's are given along the horizontal axis, 
and intracellular B-galactosidase Specific activity along the 
Vertical axis. Enhancement of raAV transduction was pro 
portional to input helper adenovirus from MOIs of 1 to 50 
for both wild type Ad5 and d1802. Higher doses of virus 
were cytopathic, leading to a fall in B-galactosidase expres 
Sion. Enhanced transduction was achieved when the cells 
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were infected prior to, or at the time of, ra AV infection. The 
E1 deletion recombinant H5.CBALP and the E4 deletion 
mutant d11004 provided no significant increase in AVCM 
VLacZ transduction. Both cells infected with d1110 (E1B-55 
kDa) and with d11010 (ORF6) demonstrated substantially 
lower total B-galactosidase activity than those infected with 
Ad5, ts125, or d1802. 

EXAMPLE 12 

Analysis of Low Molecular Weight DNAS in 
AVCMVLacZ Transduced Cells 

Studies with these early gene mutants of adenovirus 
Suggested that expression of adenoviral genes rather than the 
virion itself was responsible for enhancement of raAV 
transduction. To further investigate these mechanisms and to 
determine if conversion of SS to ds genome limits the 
transduction efficiency of ra AV, the molecular state of the 
rAAV genome was characterized in the infected cells. The 
relationship between RFm formation and lacZ raAV trans 
duction was explored in experiments where the dose of 
coinfecting virus was varied (MOI =1, 5, or 10). 

(A) A duplicate Set of HeLa monolayers as described in 
Example 10 were harvested 24 hours after they were trans 
duced with the recombinant AVCMVLacz and cultured 
with or without helper adenovirus. 

Episomal DNA was extracted from cell pellets using a 
modification of the procedure originally described by B. 
Hirt, J. Mol. Biol., 26:365-369 (1967). Briefly, cells were 
suspended in 320 ml Tris-Cl (pH 8.0)/10 mM EDTA and 
SDS added to a final concentration of 1%. The mixture was 
incubated at 37 C. for 30 minutes. Pronase and proteinase 
K were added to final concentrations of 500 tug/ml and 20 
Aug/ml, respectively, and the reaction incubated at 37 C. for 
2 hours. Sodium chloride was added to a final concentration 
of 1.1 M and incubated at 4 C. overnight. The precipitate 
that developed during the 4 C. incubation was pelleted at 
20,000xg for 30 minutes and the clear Supernatant carefully 
removed. The Supernatant was extracted once with phe 
nol:chloroform:isoamyl alcohol (25:24:1) followed by chlo 
roform:isoamyl alcohol (24:1). Nucleic acids were precipi 
tated with ethanol. The final pellet was suspended in 50 ul 
Tris-Cl (pH 8.0)/1.0 mM EDTA. 

These Hirt extracts were analyzed by Southern blot 
hybridization. Samples (5 ul) of each Hirt extract were 
resolved through a 1.2% agarose gel, electroblotted onto a 
nylon membrane and hybridized with a 'Prandom primer 
labeled cDNA of the SV40 polyA signal used in AVCMV 
Lac7. 
An autoradiogram of the experiment of Example 12 (not 

pictured), identifies and labels bands corresponding to the SS 
AVCMVLacZ genome (SS), a monomer replicative form 
(RFm), and concatomer replicative forms (RFd). Bands 
corresponding to the SS AVCMVLacZ genome (SS), a 
monomer replicative form (RFm), and concatomer replica 
tive forms (RFd) were identified and labeled. To reference 
the RFm band, a plasmid carrying AV.CMVLacZ was 
digested to release the entire genome. Autoradiogram expo 
Sure times were 14 hours and 69 hours. 

In this autoradiogram, the full spectrum of molecular 
Species present during a lytic infection was demonstrated in 
cells infected with both LacZ raAV and wild type adenovi 
rus. Both the input as genome (SS) and monomeric and 
dimeric forms of ds replicative intermediates (RFm and 
RFd) are present. This contrasts with cells infected with 
purified raAV alone, where SS genome is the Sole molecular 
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form detected. Analysis of cells coinfected with the aden 
Ovirus early gene mutants revealed a direct correlation 
between formation of ds forms of the rAAV genome and the 
enhancement of Lac7, transduction. Mutant adenoviruses 
that were ineffective in enhancing raAV transduction (i.e., 
the E1 deleted mutant H5.CBALP and the E4 deleted mutant 
d11004) failed to promote the formation of ds forms of AAV. 

Cells infected with adenovirus deleted of E2a (d1802) or 
partially deleted of E1 (d1110) or E4 (d11010) additionally 
demonstrated a band whose size was identical to the ds 
replicative monomer (RFm) of the lacZ raAV genome and 
whose abundance correlated directly with the expression of 
f-galactosidase activity (compare results of Example 14 to 
these described results). Slower migrating concatomers, 
likely dimers, of duplex raAV were also detected in the 
autoradiogram described above. 

In the presence of E1 and E4 expression, rad transduction 
was invariably accompanied by the appearance of ds RF 
monomers and dimers. 

The high molecular weight band in Sample lane 
+H5.CBALP is helper virus DNA. Helper virus DNA is 
recognized by the SV40 probe because the CBALP mini 
gene also utilizes the SV40 polyA signal. 

(B) In another experiment, HeLa cells were infected with 
wt Ad5 or the E2 deleted mutant d1802 as described in 
Example 10B. Monolayers were harvested 24 hours later 
and analyzed for B-galactosidase activity and RFm Synthe 
sis. Monomer bands similar to those shown in the autorad 
iogram described above were quantitated on a Phosphorm 
ager 445 SI and assigned values (CPM). 
The results are illustrated in the graphs of FIGS. 8A and 

8B, in which f3-galactosidase specific activity and CPM are 
plotted along the vertical axis of each figure. Adenovirus 
MOI's are given on the horizontal axis of each figure. Data 
obtained from low MOI infections (1, 5, and 10) are shown. 
Importantly, the tight correlation between raAV vector 
transduction and the accumulation of duplex forms could be 
achieved in cells infected with E1/E4 expressing adenovirus. 
The level of B-galactosidase and abundance of RFm 
increased in proportion to the amount of infecting wild type 
Ad (FIG. 6A) and d1802 (FIG. 6B). These data suggest that 
Synthesis of an episomal duplex intermediate is an obliga 
tory event in transduction. 

EXAMPLE 13 

Duplex End-Analysis 
The following is a description of a model for leading 

Strand Synthesis of a complementary AAV Strand in the 
presence of Rep (+Rep) or absence of Rep (-Rep). Refer to 
FIGS. 7A-7F. Rep expresses a terminal resolution activity 
that can convert a duplex Structure with closed-ends to an 
open-ended duplex. In the absence of Rep, terminal resolu 
tion is impaired leaving the covalently closed, hairpin Struc 
tures intact. Under these conditions, hairpins are expected to 
be found leftward and rightward, since both strands of a 
rescued ds AAV genome are packaged into virions. FIGS. 
7B-7F are a flow chart demonstrating the strategy for 
identifying the terminal structure of duplex RFm that is 
synthesized from SS AVCMVLacZ in response to adenoviral 
gene expression. 
FIG.7C illustrates a closed end and an open end fragment 

of raV.CMVLacZ. FIGS. 7D, 7E and 7F indicate the mix 
ture of open-ended and covalently closed duplex fragments 
generated by Not digestion at position 4509 in the absence 
of terminal resolution. The Not 4509 digestion provides a 
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convenient means of releasing a 361 bp fragment that 
contains the right ITR in the context of a hybridization target 
(i.e. SV40 pA). In the presence of terminal resolution, only 
the open-ended 361 bp fragment would be expected to be 
generated (FIG. 7D) by Such digestion. 
The resulting electrophoretic gel (not pictured), revealed 

in lane (1) the results of digestion of a plasmid carrying an 
AV.CMVLac7, cDNA to release the rAAV vector, and Sub 
sequent digestion with Not to release the right terminal 361 
bp fragment. In lane (2) a sample of NotIdigested Hirt DNA 
extracted from HeLa cells infected with wild-type Ad5 and 
transduced with AVCMVLacz resulted in the release of two 
fragments, labeled FormI and FormII. (See, also, FIGS. 8A 
and 8B). The migration of ss AVCMVLacZ (SS) and RFm 
were also seen. 
The ds AVCMVLacz intermediates that accumulated in 

cells infected with adenovirus were likely the result of 
leading Strand DNA Synthesis, initiating from the duplex 
region of the vector ITR. In the absence of Rep, this 
conversion event was anticipated to generate molecules in 
which one end is open and the other is covalently closed 
(FIG. 7A). To further characterize the structure of this ds 
intermediate Hirt extracts from cells coinfected with raV.C- 
MBLacZ and Ad5 were digested with Not to release the 
termini of the ds intermediate which, if left open, would be 
approximately 361 bp in length. The resulting filters were 
hybridized with a probe specific for the SV40 polyadeny 
lation signal positioned immediately upstream of the right 
ward ITR. At least two forms were released from the right 
end of duplex genomes, one that migrated to a position in the 
gel that predicted an open-ended conformation (Form II), 
and a second slower migrating species (Form I). Although 
this result was consistent with the model (FIGS. 7A-7F), it 
was difficult to predict with certainty the structure of Form 
I. Its retarded mobility did, however, Suggest a conformation 
that differed from the open-ended Form II. 

EXAMPLE 1.4 

Analysis of AV.CMVLacZ Transduction Efficiency 
in 293 Cells Stably Transfected with an Inducible 

E4 ORF6 cDNA 

Cell lines used in this assay were prepared as described in 
Example 1. 293(MTORF6) cells and HeLa(MTORF6) 
cells were seeded in 6 well 35 mm culture plates (2x10' 
cells/well) and infected with purified, heat-treated AVCM 
VLacZ at an MOI of 1000 virus particles/cell. Induction of 
ORF6 expression with from none to increasing concentra 
tions of Zinc Sulfate was initiated 2 hours before the addition 
of Virus and continued throughout the duration of the 
experiment. 

Twenty-four hours after the addition of virus, cells were 
harvested, lysates were generated by Sonication and ana 
ly Zed for the B-galactosidase expression (i.e., 
f-galactosidase activity) and virus DNA as described in the 
preceding examples. Hirt extracts were prepared from low 
molecular weight DNA from cell extracts. The preparation 
of the Hirt extracts and Subsequent analysis by Southern 
hybridization were performed similarly to those described in 
the examples above. 
The results of this experiment were as follows: 
(1) Specific Activity 
The results are illustrated in the bar graph of FIG. 8A. 

Specific activity (milliunits f-galactosidase/mg protein) is 
plotted along the vertical axis. Below each bar is given the 
concentration of Zinc used for induction, the fold-induction 
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relative to 293 cells, and the fold-induction relative to 
293(ORF6) cells maintained in the absence of zinc. As 
shown in FIG. 8A, in the absence of Zn+2, the 293(MT. 
ORF6) cell line generated 39-fold higher levels of 
B-galactosidase in raAV infected 293 cells. Induction of 
ORF6 expression with increasing amounts of Zn' resulted 
in a concomitant rise in AVCMVLac7, cell transduction to a 
level that was 445-fold greater than the parent 293 line. 
Expression of E1 alone was insufficient to have an effect in 
the adenovirus mediated augmentation of raAV transduc 
tion. 
The Specific activity of B-galactosidase was 196.2 

munits/mg in E1/E4 expressing 293 cells, compared to 1.0 
munit/mg in 293 cells that only expressed E1 genes. These 
experiments Support a mechanism for enhancing raAV 
transduction that is dependent on the combined expression 
of both E1 and E4 adenoviral genes. 

(2) Molecular Analysis of the AVCMVLacZ Genome 
The duplex monomer replicative form (RFm) was quan 

titated and the values (CPM) plotted along the vertical axis 
in the bar graph of FIG. 8B. The concentration of zinc used 
for induction and the fold-induction relative to 293(ORF6) 
cells maintained in 0 mM zinc is given below each bar. 
An autoradiogram (not pictured) shows the agarose gel 

resolved Hirt extracts from the AVCMVLacz transduced 
cells described above. A plasmid carrying the AVCMVLacZ 
cDNA was digested to release the entire Sequence and 
loaded in a lane of the autoradiogram. The band that 
appeared in this lane therefore reflected the migration of a 
monomer duplex replicative form (RFm). The migration of 
the SS AVCMVLacZ genome (SS), RFm, and dimers of the 
duplex replicative form (RFd) were also shown. Lanes of the 
autoradiogram labeled (0), (50), (100), (150), (200), and 
(250) contained samples from 293(MTORF6) cells that 
were induced with the indicated concentration of zinc. A Hirt 
extract from 293 cells (lane labeled 293) transduced with 
AV.CMVLacZ was also shown. 

Analysis of Hirt extracts revealed the presence of the 
RFm in the rAAV infected 293(MTORF6) cells that was not 
present in similarly infected 293 cells. When the induction 
profiles (FIGS. 8A and 8B) that describe AVCMVLacZ 
transduction efficiency were compared, the results were 
plotted in FIG. 8C. Specific activity (milliunits 
f-galactosidase/mg protein) data from FIG. 8A and counts 
per-minute data (CPM) of AVCMVLacZRFm from FIG.8B 
are plotted along the vertical axis, and concentration of Zinc 
Sulfate used during the experiment is shown along the 
horizontal axis. 

The two profiles are near mirror imageS. Importantly, the 
RFm increased in proportion to the increment in lacZ 
transducing activity that occurred as ORF-6 expression was 
induced with Zn" (FIG. 8C). Similar results were obtained 
with a 293 derived cell line that expresses ORF6 from the 
glucocorticoid responsive MMTV promoter. 

EXAMPLE 1.5 

Enhanced AVCMVLacz Transduction in HeLa 
Cells Carrying an Inducible ORF6 Minigene 

HeLa(MTORF6) cells (2x10) were transduced at an 
MOI of 1,000 AVCMVLacZ recombinant particles/cell in 
absence of zinc sulfate inducer or in the presence of 50, 100, 
150, 200, or 250 uM zinc sulfate inducer in the media during 
transduction. Twenty-four hours later, cells were harvested, 
cell extracts were prepared by Sonication, and analyzed for 
transgene expression (i.e., f-galactosidase activity). Cell 
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monolayers were histochemically Stained for 
B-galactosidase activity. 
The resulting photomicrographs (not pictured) illustrated 

that histochemical Staining revealed an increase in the 
number of cells Scored lacZ positive as the concentration of 
Zn" in the medium was raised from 0 to 200 mM. Con 
centrations of 250 mM Zinc were found to be toxic to the 
cells. 

Specific activity (milliunits f-galactosidase/mg protein) is 
plotted in FIG. 9 along the vertical axis. Below each bar is 
given the concentration of Zinc used for induction, the 
fold-induction relative to HeLa cells, and the fold-induction 
relative to HeLa(Mt-ORF6) cells maintained in the absence 
of zinc. Histochemical Staining revealed an increase in the 
amount of 3-galactosidase in lysates as the concentration of 
Zn" in the medium was raised from 0 to 200 mM. 

EXAMPLE 16 

Southern Blot Analysis of Low Molecular Weight 
DNAs from AVCMVLacZ Transduced HeLa(MT. 

ORF6) Cells 
Following Induction of E4ORF6 

Hirt extracts were prepared from HeLa(MTORF6) cells 
transduced with AVCMVLacZ as described in Example 15 
in the presence of increasing concentrations of Zn' to 
determine whether Synthesis of duplex intermediates con 
tributed to the augmentation in AV.CMVLacZ transduction. 

Samples of HeLa(MTORF6) cells that were induced with 
a concentration of zinc sulfate (0, 50, 100, 150, 200, and 
250) were resolved on a 1.2% agarose Southern gel (not 
pictured), transferred to a nylon membrane, and hybridized 
with a Lac7-specific probe. One lane contained a plasmid 
encoding AV.CMVLacZ that was digested to release the 
entire genome. Bands corresponding to the SS AVCMVLacZ 
genome (SS), duplex monomers (RFm), and duplex dimers 
(RFd) were indicated on the gel. 

Southern analysis indicated that Hela and uninduced 
Hela(MTORF6) cells demonstrated a single band on South 
ern blots which comigrated with the SS genome. Induction of 
ORF-6 resulted in the appearance of detectable levels of ds 
monomer but only at higher concentrations of Zn-2. Aband 
comigrating with the RFd was present in all cell 
preparations, the relevance of which is unclear Since the 
monomer is a likely precursor to the dimer. 

EXAMPLE 1.7 

Effect of Adenovirus Infection on In Vivo 
AVCMVLacZ Targeting Efficiency to Murine Liver 
The impact of adenoviral gene expression on raAV 

transduction in murine liver was Studied by Sequentially 
infusing into the portal vein early gene mutants of adenovi 
rus followed by raAV. 

Balb/c mice, 4- to 6-weeks old Jackson Laboratories, Bar 
Harbor, Me. were anesthetized by an intraperitoneal injec 
tion of ketamine (70 mg/kg) and xylazine (10 mg/kg). For 
liver Studies, a 1 cm left flank incision was made and the 
Spleen exposed. 

Samples of purified, heat-treated AVCMVLacZ in 50 ul 
HBS (1x10" virus particles) were used alone or spiked with 
helper adenovirus containing 2x10" Also particles of puri 
fied d11004, H5.CBALP, or ts125 in a final volume of 50 ul. 
The dose of adenovirus was Sufficient to transduced 25% of 
hepatocytes. The virus mixture was injected just beneath the 
Splenic capsule and the abdomen was closed with 3-0 Vicryl. 
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Necropsies were performed 3 days post-infusion and 
tissue frozen in O.C.T. embedding compound. Frozen Sec 
tion (6 um) (Lac7+ALP) were prepared and histochemically 
Stained for B-galactosidase enzyme and alkaline phos 
phatase activity. Sections were counterstained with neutral 
red and mounted. 

Af-galactosidase positive hepatocyte targeted with AVC 
MVLacZ at magnification 20x was obtained. Histochemical 
analyses of liver tissue harvested 3 days after gene transfer 
demonstrated that administration of 10' particles of purified 
rAVCMVLacZalone into the portal vein was not associated 
with appreciable gene transfer (<0.01% of cells), confirming 
the inherent inefficiency of the rAAV system. 

Preinfusion with E4 deleted virus had no impact on raAV 
transduction in mouse lever, whereas E1 deleted virus 
demonstrated a modest increment in lacZ positive hepato 
cytes to about 0.1%. The most significant increase in raAV 
transduction occurred following infusion of the E2a aden 
ovirus mutant ts125 with lacZ expression detected in 
10-25% of hepatocytes. A direct relationship between aden 
Ovirus gene expression and raAV transduction was demon 
strated in animals infused with both lacZ raAV and the ALP 
expressing E1 deleted virus. The dose of adenovirus was 
reduced 10-fold to minimize the coincidental occurrence of 
coinfection. Histochemical Studies demonstrated 
co-localization of ALP and B-galactosidase in the majority 
of B-galactosidase expressing hepatocytes. 

EXAMPLE 1.8 

Effect of Adenovirus Infection on In Vivo 
AVCMVLacZ Targeting Efficiency to Murine Lung 
Experiments described in Example 17 for mouse liver 

were adapted for the Study of raAV mediated gene transfer 
to mouse lung. For lung experiments, anesthetized Balb/C 
animals were intubated as described in DeMatteo et al, 
Transplantation (Baltimore), 59(5):787–789 (1995). Briefly, 
a midline 2 cm skin incision was made in the neck to expose 
the trachea. A 2 inch 18 gauge angiocatheter was passed 
through the mouth, positioned in the midportion of the 
trachea, and connected to a rodent ventilator (#55-3438 
Harvard). Polyethylene (PEH 10, Intramedic) was fed 
through the cathether via a side port and advanced beyond 
the tracheal bifurcation. Using a Hamilton Syringe, Virus 
Samples (30 ul) were slowly infused into the lung through 
the polyethylene tubing. Samples contained the same for 
mulation of purified, heat-treated AVCMVLacZ with or 
without helper adenovirus, as described for liver injections. 

Tissue was harvested 72 hours post-infusion. Frozen 
Sections were histochemically Stained for B-galactosidase 
activity and counterstained with neutral red. 

Frozen sections from lung (AVCMVLacZ) showed a 
B-galactosidase positive airway epithelial cell targeted with 
AVCMVLacZ. Similar studies were performed in the 
murine model of lung-directed gene transfer. Adenoviruses 
were instilled into the trachea prior to the instillation of 
rAAV. Analysis of lung tissue 3 days later revealed only a 
rare B-galactosidase positive cell in animals instilled with 
rAAV alone. No detectable enhancement of raAV transduc 
tion was noted in animals preinstilled with adenovirus 
deleted of either E1 or E4. Substantial enhancement of 
transduction was achieved in conducting airway and alveo 
lar cells of animals administered the E2a mutant adenovirus. 

These experiments in murine models of gene therapy 
directed to liver and lung verified that the efficiency of raAV 
transduction is low due limited conversion of the input SS 
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genome to a transcriptionally active ds intermediate, and 
that this conversion is facilitated by expression of adenovi 
rus E1 and E4 gene products. 

EXAMPLE 1.9 

Second Generation raAV with Regulated Minigene 
Capable of Enhancing Transduction 

The experiments described in previous examples illus 
trated the following principles: 1) purified raAV is a rela 
tively inefficient gene transfer vehicle in vitro and in vivo 
and 2) the rate limiting step in transduction is not viral entry 
but rather conversion of the virion's SS DNA genome to a 
transcriptionally active ds DNA genome. Adenovirus can 
Substantially enhance transduction through expression of a 
Subset of its genes. It does this by promoting conversion of 
the Virion's genome to its ds form. One approach to accom 
plish this is to incorporate into the recombinant AAV 
genome a minigene that expresses the minimal adenoviral 
genes necessary to enhance transduction, i.e., the ORF6 
region of E4. 
Two approaches have been considered in designing this 

modified raAV. The first strategy is based on a raAV 
genome that has two transcriptional units in Series, one 
expressing the therapeutic gene and the other expressing its 
E4 ORF6 from a constitutive promoter. While this may, in 
fact, be useful in many situations, constitutive expression of 
ORF6 may be detrimental to the cell and potentially could 
elicit a destructive immune response. 
The second version of this raAV includes the therapeutic 

minigene in addition to the ORF6 transcriptional unit which, 
in this case, is expressed from an inducible promoter. When 
this second gene rAAV is administered to the cells (ex vivo 
Strategies) or to the patient (in Vivo Strategies), the inducing 
agents are administered at the time of gene transfer or Soon 
thereafter. If the ds genomic form or its integrated derivative 
is stable, the induction of ORF6 will only be necessary at the 
time of gene transfer into the recipient cell. Following this, 
its inducing agent will be withdrawn and the ORF6 gene will 
be turned off. 

An raAV that illustrates this concept of inducible ORF6 
has been constructed and tested in vitro. A Schematic of the 
vector pAVCMVALPGRE-ORF6, is shown in FIG. 11 and 
its sequence is illustrated in SEQ ID NO: 5. This second 
generation construct contains flanking 5' and 3' AAV ITR 
Sequences. The human placental alkaline phosphatase cDNA 
(ALP) is included in a minigene in which the promoter from 
the immediate early gene of cytomegalovirus drives the 
transcription. A Second transcriptional unit is cloned 
between the ITRS in series and in direct orientation with the 
alkaline phosphatase minigene. The Second transcriptional 
unit expresses the Ad5-E4-ORF6 from a glucocorticoid 
dependent promoter (GRE) with an SV40 polyadenylation 
Signal. This is called a Second generation raAV construct. 

Specifically, p AVCMVALPGRE-ORF6 SEQ ID NO: 5 
generates a novel raAV containing the Lac7, transgene and 
the Ad E4 ORF 6 which facilitates SS to ds conversion of 
rAAV. The plasmid includes a flanking AAV 5" ITR sequence 
(nucs. 53–219); CMV enhancer/promoter (nucs. 255-848); 
human placenta alkaline phosphatase cDNA (ALP) (nucs. 
914–2892); SV40 polyA (nucs. 2893-3090); GRE promoter 
(nucs. 31 14-3393); Ad5 E4-ORF6 cDNA (nucs. 
3402–4286); SV40 polyA (nucs. 4315-4512); and 3' AAV 
ITR (nucs. 4547-4713). All other nucleotides are plasmid 
derived. 
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The Second generation raAV construct was used to pro 
duce and purify raAV virions which were exposed to HeLa 
cells that were left untreated or incubated with dexametha 
Sone. In the absence of dexamethasone, (a condition under 

36 
retroviruses which have not been very efficient. One prob 
lem is that retroviruses integrate their provirus only when 
the target cell is dividing. Unfortunately, most Stem cells in 
Vitro are quiescent and not dividing. raAV holds the promise 

which little ORF6 should be expressed), little transduction 5 of integrating the provirus more efficiently into non-dividing 
was observed as measured by expression of the alkaline stem cells. However, purified raAV is not very efficient with 
phosphatase gene. Cells incubated in dexamethasone respect to integration when used alone. In cultured cells, 
expressed in ORF6 gene and the transduction efficacy was integration is observed in less than 1% of the cells. The same 
enhanced at least 5-fold. This provides evidence to Support conditions that activate the conversion of SS to ds genome 
that a gene product expressed from the rAAV can function 10 also enhance the integration of the ds intermediate into the 
in cis to enhance expression of the transgene. chromosomal DNA. 

E PLE 2.0 Therefore, a desirable application of the methods and 
XAM compositions of this invention is in bone marrow directed 

ene therapV. According to this method. Stem cells are Application to Bone Marrow Directed Gene 15 gene py. A g or Thera genetically modified with raAV and an inducing agent eX 
py Vivo using the constructs and methods described above (see 

Bone marrow directed gene therapy represents the para- e.g., Example 19). Genetically modified stem cells are 
digm of eX Vivo gene therapy where the target cell is the Subsequently transplanted by conventional techniques. 
hematopoietic stem cell. The basic strategy is to incorporate Numerous modifications and variations of the present 
(i.e., integrate) a therapeutic minigene into the chromosomal invention are included in the above-identified Specification 
DNA of hematopoietic stem cells which are transplanted and are expected to be obvious to one of skill in the art. Such 
into a recipient patient whose own bone marrow has been modifications and alterations to the compositions and pro 
ablated allowing repopulation of its lymphohematopoietic ceSSes of the present invention, Such as Selections of differ 
System with progeny of the genetically corrected Stem cell. ent transgenes and plasmids for the construction of the 

The problem with this approach has been efficiently packaging cell lines and rads, or the Selection or dosage of 
transfecting genes into Stem cells. Most Studies of bone the viruses or immune modulators, are believed to be 
marrow directed gene therapy have utilized recombinant encompassed in the Scope of the claims appended hereto. 

SEQUENCE LISTING 

(1) GENERAL INFORMATION: 

(iii) NUMBER OF SEQUENCES: 5 

(2) INFORMATION FOR SEQ ID NO: 1: 

(i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 3653 base pairs 
(B) TYPE : nucleic acid 
(C) STRANDEDNESS: double 
(D) TOPOLOGY: not relevant 

(ii) MOLECULE TYPE: cDNA 

(ix) FEATURE: 
(A) NAME/KEY : CDS 
(B) LOCATION: 1521. .2405 

(xi). SEQUENCE DESCRIPTION: SEQ ID NO: 1: 

CTGCATGTGT CAGAGGTTTT CACCGTCATC. ACCGAAACGC GCGAGGCAGC 50 

AAGCTTGGCA GAAATGGTTG AACTCCCGAG. AGTGTCCTAC ACCTAGGGGA 1 OO 

GAAGCAGCCA AGGGGTTGTT TCCCACCAAG GACGACCCGT CTGCGCACAA 15 O 

ACGGATGAGC CCATCAGACA. AAGACATATT CATTCTCTGC TGCAAACTTG 200 

GCATAGCTCT, GCTTTGCCTG GGGCTATTGG GGGAAGTTGC GGTTCGTGCT 25 O 

CGCAGGGCTC. TCACCCTTGA CTCTTTCAAT AATAACTCTT. CTGTGCAAGA 3OO 

TTACAATCTA AACAATTCGG AGAACTCGAC CTTCCTCCTG AGGCAAGGAC 350 

CACAGCCAAC TTCCTCTTAC AAGCCGCATC GATTTTGTCC TTCAGAAATA 400 

GAAATAAGAA TGCTTGCTAA AAATTATATT TTTACCAATA AGACCAATCC 450 

AATAGGTAGA TTATTAGTTA CTATGTTAAG AAATGAATCA TTATCTTTTA 5 OO 
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-continued 

TGCAGGTCGA CTCTAGAGGA TCCCGGGTGG NATCCCTGTG ACCCCTCCCC 25 OO 

AGTGCCTCTC CTGGCCCTGG AAGTTGGCAC TCCAGTGCCC ACCAGCCTTG 255 O 

TCCTAATAAA ATTAAGTTGN ATCATTTTGT. CTGACTAGGT, GTCCTTCTAT 2600 

AATATTATGG GGTGGAGGGG GGTGGTATGG AGCAANGGGN AANTTGGNAA. 26.50 

GACAANCTGT AGGGCCTGCG GGGTCTATTG GGAACAAGCT GGAGTGCAGT 27 OO 

GGCACAATCT TGGCTCACTG CAATCTCCGC CTCCTGGGTT CAAGCGATTC 275 O 

TCCTGCCTCA GACTCCCGAG TTGTTGGGAT TCCAGGCATG CATGACCAGG 2800 

CTCAGATAAT TTTTGTTTTT TTGGTAGAGA CGGGGTTTCA CCATATTGGN 285 O 

CAGGCTGGTC. TCCAACTCCT. AATCTCAGGT GATCTNCCCA CCTTGGCCTC. 29 OO 

CCAAATTGCT GGGATTACAG GNGTGAACCA CTGNTCCCTT CCCTGTCCTT 295 O 

CTGATTTTAA AATAACTATA, CCAGCAGGAG GACGTCCAGA CACAGCATAG 3OOO 

GCTACCTGGC CATGCCCAAC CGGTGGGACA TTTGAGTTGC TTGCTTGGCA 305 O 

CTGTCCTCTC ATGCGTTGGG TCCACTCAGT AGATGCCTGT. TGAATTGGGT 31 OO 

ACGCGGCCAG CTTGGCTGTG GAATGTGTGT CAGTTAGGGT, GTGGAAAGTC 315 O 

CCCAGGCTCC CCAGCAGGCA GAAGTATGCA AAGCATGCAT CTCAATTAGT 3200 

CAGCAACCAG GTGTGGAAAG TCCCCAGGCT CCCCAGCAGG CAGAAGTATG 325 O 

CAAAGCATGC ATCTCAATTA GTCAGNAACC ATAGNCCCGC CCCTAACTCC 33OO 

GTCCATCCCG GCCCTAACTC NGGCCAGTTC CGACCNTNCT CCGGCNNATG 3350 

GNTGAGTAAT TTGCNNGATT TATGCAGNGG GCGAGGNCGC CTCGGGCTCT 34 OO 

GAGNTNTTCC AGAAGTAGTG. AGGAGGCTTT NNTGGTGGAA TTGATCAGCT 3450 

TGGGATCTGA, TCAAGAGACA. GGATGAGGAT CGINNINCGNAT GATTGAACAA 3500 

GATGGGTTGC ACGGAGGTTC. TCCGGNCGCT TGGGTGGGGA GGNTATTCGG 355 O 

NTATTNTTGG TGNACAACAG NNAAACGGNT GTTCTGATGC CGCCGCGTTC 3600 

NCGCTTTCAG NGCAGGGGGG CCCCCCTTCT NTTGAGANNA, GCNCCCCTTN 3650 

TTG 3653 

(2) INFORMATION FOR SEQ ID NO: 2: 

(i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 294 amino acids 
(B) TYPE: amino acid 
(C) STRANDEDNESS: <Unknown> 
(D) TOPOLOGY: not relevant 

(ii) MOLECULE TYPE: protein 

(xi). SEQUENCE DESCRIPTION: SEQ ID NO: 2: 

Met Thr Thr Ser Gly Val Pro Phe Gly Met Thr Leu Arg Pro Thr Arg 
1 5 10 15 

Ser Arg Lieu Ser Arg Arg Thr Pro Tyr Ser Arg Asp Arg Lieu Pro Pro 
2O 25 30 

Phe Glu Thr Glu Thr Arg Ala Thr Ile Leu Glu Asp His Pro Leu Leu 
35 40 45 

Pro Glu Cys Asn Thr Leu Thr Met His Asn Val Ser Tyr Val Arg Gly 
5 O 55 60 

Leu Pro Cys Ser Val Gly Phe Thr Leu Ile Glin Glu Trp Val Val Pro 
65 70 75 8O 

Trp Asp Met Val Lieu. Thr Arg Glu Glu Lieu Val Ile Lieu Arg Lys Cys 

40 
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85 90 95 

Met His Val Cys Leu Cys Cys Ala Asn Ile Asp Ile Met Thr Ser Met 
100 105 110 

Met Ile Tyr Gly Tyr Glu Ser Trp Ala Leu. His Cys His Cys Ser Ser 
115 120 125 

Pro Gly Ser Lieu Glin Cys Ile Ala Gly Gly Glin Val Lieu Ala Ser Trp 
130 135 1 4 0 

Phe Arg Met Val Val Asp Gly Ala Met Phe Asn Glin Arg Phe Ile Trp 
145 15 O 155 160 

Tyr Arg Glu Val Val Asn Tyr Asn Met Pro Lys Glu Val Met Phe Met 
1.65 170 175 

Ser Ser Val Phe Met Arg Gly Arg His Leu Ile Tyr Leu Arg Tyr Trp 
18O 185 190 

Tyr Asp Gly His Val Gly Ser Val Val Pro Ala Met Ser Phe Gly Tyr 
195 200 2O5 

Ser Ala Lieu. His Cys Gly Ile Lieu. Asn. Asn. Ile Val Val Lieu. Cys Cys 
210 215 220 

Ser Tyr Cys Ala Asp Leu Ser Glu Ile Arg Val Arg Cys Cys Ala Arg 
225 230 235 240 

Arg Thr Arg Arg Lieu Met Leu Arg Ala Val Arg Ile Ile Ala Glu Glu 
245 250 255 

Thir Thr Ala Met Leu Tyr Ser Cys Arg Thr Glu Arg Arg Arg Glin Glin 
260 265 27 O 

Phe Ile Arg Ala Leu Lieu Gln His His Arg Pro Ile Lieu Met His Asp 
275 280 285 

Tyr Asp Ser Thr Pro Met 
29 O 

(2) INFORMATION FOR SEQ ID NO: 3: 

(i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 35408 base pairs 
(B) TYPE: nucleic acid 
(C) STRANDEDNESS: not relevant 
(D) TOPOLOGY: not relevant 

(ii) MOLECULE TYPE: other nucleic acid 

(xi). SEQUENCE DESCRIPTION: SEQ ID NO: 3: 

CATCATCAAT AATATACCTT ATTTTGGATT GAAGCCAATA TGATAATGAG 5 O 

GGGGTGGAGT TTGTGACGTG GCGCGGGGCG TGGGAACGGG GCGGGTGACG 100 

TAGTAGTGTG GCGGAAGTGT, GATGTTGCAA. GTGTGGCGGA ACACATGTAA 15 O 

GCGACGGATG TGGCAAAAGT, GACGTTTTTG. GTGTGCGCCG GTGTACACAG 200 

GAAGTGACAA TTTTCGCGCG GTTTTAGGCG GATGTTGTAG TAAATTTGGG 25 O 

CGTAACCGAG TAAGATTTGG CCATTTTCGC GGGAAAACTG AATAAGAGGA 3OO 

AGTGAAATCT GAATAATTTT GTGTTACTCA. TAGCGCGTAA TATTTGTCTA 350 

GGGAGATCAG CCTGCAGGTC GTTACATAAC TTACGGTAAA TGGCCCGCCT 400 

GGCTGACCGC CCAACGACCC CCGCCCATTG ACGTCAATAA TGACGTATGT 450 

TCCCATAGTA ACGCCAATAG GGACTTTCCA TTGACGTCAA TGGGTGGAGT 5 OO 

ATTTACGGTA AACTGCCCAC TTGGCAGTAC ATCAAGTGTA TCATATGCCA 550 

AGTACGCCCC CTATTGACGT CAATGACGGT AAATGGCCCG CCTGGCATTA 600 

TGCCCAGTAC ATGACCTTAT GGGACTTTCC TACTTGGCAG TACATCTACT 650 
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CCACCACATA 

CCTAGTATTC 

TTTCTCCCCG 

TTCTTAGGTG 

AGTGATATTA 

AAATCAGGCA 

ATGCAGATAA 

TTTTTCTCTC 

AACAAAAAAA 

ACCCTTATAA 

AAACTGGTCA, 

CCGGAGTCAT 

CAGTGCTAAA 

GTAGAGACAA 

GAGAAAAACA 

ACCCTCCCGC 

GTCAGCCTTA 

ACGGCACCAG 

GAGTATATAT 

CACCCAGAAA 

CCCACAACTT 

CCCATTTTAA 

AAAACCTACG 

TCCACCCCCT 

TGATGATG 

(2) INFORMATION FOR SEQ ID NO: 

GCTTATACAG 

AACCTGCCAC 

GCTGGCCTTA 

TTATATTCCA 

ATAAACTGGC 

AAGCCTCGCG 

AGGCAGGTAA 

AAACATGTCT 

CATTTAAACA 

GCATAAGACG 

CCGTGATTAA 

AATGTAAGAC 

AAGCGACCGA 

CATTACAGCC 

CATAAACACC 

TCCAGAACAA 

CCAGTAAAAA 

CTCAATCAGT 

AGGACTAAAA 

ACCGCACGCG 

CCT CAAATCG 

GAAAACTACA 

TCACCCGCCC 

CATTATCATA 

77 

ATCACCGTAC 

CTCCCTCCCA 

AAAAGCATCA 

CACGGTTTCC 

GGCGATATAA 

CAAAAAAGAA 

GCTCCGGAAC 

GCGGGTTTCT 

TTAGAAGCCT 

GACTACGGCC 

AAAGCACCAC 

TCGGTAAACA 

AATAGCCCGG 

CCCATAGGAG 

TGAAAAACCC 

CATACAGCGC 

AGAAAACCTA 

CACAGTGTAA 

AATGACGTAA 

AACCTACGCC 

TCACTTCCGT 

ATTCCCAACA 

CGTTCCCACG 

TTGGCTTCAA 

4 : 

CTTAATCAAA 

ACACACAGAG 

TATCATGGGT 

TGTCGAGCCA 

AATGCAAGGT 

AGCACATCGT 

CACCACAGAA 

GCATAAACAC 

GTCTTACAAC 

ATGCCGGCGT 

CGACAGCTCC 

CATCAGGTTG 

GGGAATACAT 

GTATAACAAA. 

TCCTGCCTAG 

TTCACAGCGG 

TTAAAAAAAC 

AAAAGGGCCA 

CGGTTAAAGT 

CAGAAACGAA 

TTTCCCACGT 

CATACAAGTT 

CCCCGCGCCA 

TCCAAAATAA 

(i) SEQUENCE CHARACTERISTICS: 
(A) 

(C) 
(D) 

(ii) MOLECULE TYPE: cDNA 

LENGTH: 8509 base pairs 
(B) TYPE: nucleic acid 

STRANDEDNESS 
TOPOLOGY 

double 
not relevant 
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CTCACAGAAC 

TACACAGTCC 

AACAGACATA 

AACGCTCATC 

GCTGCTCAAA. 

AGTCATGCTC 

AAAGACACCA. 

AAAATAAAAT 

AGGAAAAACA 

GACCGTAAAA 

TCGGTCATGT 

ATTCATCGGT 

ACCCGCAGGC 

ATTAATAGGA 

GCAAAATAGC 

CAGCCTAACA 

ACCACTCGAC 

AGTGCAGAGC 

CCACAAAAAA 

AGCCAAAAAA 

TACGTAACTT 

ACTCCGCCCT 

CGTCACAAAC 

GGTATATTAT 

(xi). SEQUENCE DESCRIPTION: SEQ ID NO: 4: 

GCCCAATACG 

AGCTGCGCGC 

CGGGCGACCT 

GGGAGTGGCC 

CGCCATGCTA 

CATAACTTAC 

CCATTGACGT 

TTTCCATTGA 

CAAACCGCCT 

TCGCTCGCTC 

TTGGTCGCCC 

AACTCCATCA 

CTTATCTACG 

GGTAAATGGC 

CAATAATGAC 

CGTCAATGGG 

CTCCCCGCGC 

ACTGAGGCCG 

GGCCTCAGTG 

CTAGGGGTTC 

TAGCCATTCT 

CCGCCTGGCT 

GTATGTTCCC 

TGGAGTATTT 

GTTGGCCGAT 

CCCGGGCAAA. 

AGCGAGCGAG 

CTTGTAGTTA 

CTAGCCCCTG 

GACCGCCCAA 

ATAGTAACGC 

ACGGTAAACT 

TCATTAATGC 

GCCCGGGCGT 

CGCGCAGAGA 

ATGATTAACC 

CAGGTCGTTA 

CGACCCCCGC 

CAATAGGGAC 

GCCCACTTGG 

3425 O 

34.300 

34.350 

34 400 

3445 O 

34500 

3455 O 

34 600 

34.650 

347 OO 

34.75 O 

34.800 

34.850 

34900 

3495 O 

35 OOO 

35 050 

35 100 

35 15 O 

352OO 

3525 O 

353OO 

35350 

35 400 

35408 

5 O 

100 

15 O 

200 

25 O 

3OO 

350 

400 

78 
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TGGTAACTGT CAGACCAAGT, TTACTCATAT, ATACTTTAGA TTGATTTAAA 7400 

ACTTCATTTT TAATTTAAAA GGATCTAGGT GAAGATCCTT TTTGATAATC 745 O 

TCATGACCAA AATCCCTTAA CGTGAGTTTT CGTTCCACTG AGCGTCAGAC 7500 

CCCGTAGAAA AGATCAAAGG ATCTTCTTGA GATCCTTTTT TTCTGCGCGT 7550 

AATCTGCTGC TTGCAAACAA AAAAACCACC GCTACCAGCG GTGGTTTGTT 76OO 

TGCCGGATCA AGAGCTACCA ACTCTTTTTC CGAAGGTAAC TGGCTTCAGC 765 O 

AGAGCGCAGA TACCAAATAC TGTCCTTCTA. GTGTAGCCGT AGTTAGGCCA 7700 

CCACTTCAAG AACTCTGTAG CACCGCCTAC ATACCTCGCT. CTGCTAATCC 7750 

TGTTACCAGT GGCTGCTGCC AGTGGCGATA AGTCGTGTCT TACCGGGTTG 7800 

GACTCAAGAC GATAGTTACC GGATAAGGCG CAGCGGTCGG GCTGAACGGG 785 O 

GGGTTCGTGC ACACAGCCCA GCTTGGAGCG AACGACCTAC ACCGAACTGA 79 OO 

GATACCTACA. GCGTGAGCTA TGAGAAAGCG CCACGCTTCC CGAAGGGAGA 795 O 

AAGGCGGACA. GGTATCCGGT AAGCGGCAGG GTCGGAACAG GAGAGCGCAC 8 OOO 

GAGGGAGCTT CCAGGGGGAA ACGCCTGGTA TCTTTATAGT CCTGTCGGGT 805 O 

TTCGCCACCT CTGACTTGAG CGTCGATTTT TGTGATGCTC GTCAGGGGGG 8100 

CGGAGCCTAT GGAAAAACGC CAGCAACGCG GCCTTTTTAC GGTTCCTGGC 815 O 

CTTTTGCTGG CCTTTTGCTC ACATGTTCTT. TCCTGCGTTA TCCCCTGATT 82OO 

CTGTGGATAA CCGTATTACC GCCTTTGAGT, GAGCTGATAC CGCTCGCCGC 8250 

AGCCGAACGA CCGAGCGCAG CGAGTCAGTG. AGCGAGGAAG CGGAAGAGC 8.299 
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What is claimed is: 
1. A method of enhancing conversion of Single-Stranded 

AAV to double-stranded AAV, said method comprising the 
Step of culturing a host cell containing: 

(a) a nucleic acid molecule comprising AAV 5" inverted 
terminal repeats (ITRS), a transgene under the control 
of regulatory Sequences directing expression thereof, 
and AAV 3' ITRs; 

(b) a nucleic acid molecule comprising a nucleic acid 
Sequence encoding adenovirus E4 ORF6, wherein the 
E4 ORF6 is under the control of heterologous regula 
tory Sequences directing expression thereof; 

(c) a nucleic acid molecule comprising a nucleic acid 
Sequence encoding rep under the control of regulatory 
Sequences directing expression thereof; 

(d) a nucleic acid molecule comprising nucleic acid 
Sequence encoding cap under the control of regulatory 
Sequences directing expression thereof. 

2. The method according to claim 1, wherein the E4 ORF6 
is under the control of regulatory Sequences comprising a 
constitutive promoter. 

3. The method according to claim 1, wherein the E4 ORF6 
is under the control of regulatory Sequences comprising an 
inducible promoter. 

4. The method according to claim 1, wherein the nucleic 
acid molecule comprising the nucleic acid Sequence encod 
ing adenovirus E4 ORF6 is stably integrated in the host cell. 
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5. The method according to claim 1, wherein the host cell 
is cultured in vitro. 

6. The method according the claim 1, further comprising 
a step of introducing the nucleic acid molecule comprising 
the nucleic acid Sequence encoding rep into the host cell in 
tranS. 

7. The method according to claim 1, further comprising a 
Step of infecting the host cell with wild-type helper virus. 

8. The method according to claim 1, wherein the host cell 
further comprises a nucleic acid molecule comprising 
nucleic acid Sequence encoding an adenovirus E1 gene. 

9. The method according to claim 3, wherein said induc 
ible promoter is Selected from the group consisting of 
metallothionine promoter and the mouse mammary tumor 
Virus promoter. 

10. The method according to claim 5, further comprising 
a step of recovering raAV from the host cell. 

11. The method according to claim 8, wherein the nucleic 
acid molecule comprising a nucleic acid Sequence encoding 
adenovirus E4 ORF6 further comprises a nucleic acid 
Sequence encoding an adenovirus E1 gene. 

12. The method according to claim 11, wherein the 
nucleic acid molecule comprising nucleic acid Sequences 
encoding adenovirus E1 and E4 ORF6 further comprises the 
5' AAV ITR, transgene, and 3' AAV ITR. 


