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making and using these constructs.
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'ADENO-ASSOCIATED VECTORS FOR EXPRESSION
OF FACTOR VIII BY TARGET CELLS

FIELD OF THE INVENTION

The present invention relates to AAV vectors suitable for hemophilia gene
therapy. More particularly, these AAV vectors are suitable for delivering nucleic acids
encoding Factor VIII into a recipient subject suffering from hemophilia A, such that

the subject’s blood is able to clot.

BACKGROUND

Hemophilia is a genetic disease characterized by a blood clotting deficiency. In
hemophilia A (classic hemophilia, Factor VIII deficiency), an X-chromosome-linked
genetic defect disrupts the gene encoding Factor VIII, a plasma glycoprdtein, which is
a key component in the blood clotting cascade. Human Factor VIII is synthesized as a
single chain polypeptide, with a predicted molecular weight of 265 kDa. The Factor
VIII gene codes for 2351 amino acids, and the protein has six domains, designated
from the amino to the carboxy terminus as A1-A2-B-A3-C1-C2 (Wood et al., Nature
312:330 [1984]§ Vehar et al., Nature 312:337 [1984]; and Toole ez al., Nature 312:342
[1984]). Human Factor VIII is processed within the cell to yield a heterodimer
primarily comprised of a heavy chain of 200 kDa containing the Al, A2, and B
domains and an 80 kDa light chain containing the A3, C1, and C2 domains (Kaufman
et al,, J. Biol. Chem., 263:6352-6362 [1988]). Both the single chain polypeptide and
the heterodimer circulate in the plasma as inactive precursors (Ganz ef al., Eur. J.
Biochem., 170:521-528 [1988]). Activation of Factor VIII in plasma is initiated by
thrombin cleavage between the A2 and B domains, which releases the B domain and

results in a heavy chain consisting of the A1 and A2 domains. The 980 amino acid B
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domain is deleted in the activated procoagulant form of the protein. Additionally, in
the native protein, two polypeptide chains ("a" and "b"), flanking the B domain, are
bound to a divalent calcium cation. Hemophilia may result from point mutations,
deletions, or mutations resulting in a stop codon (See, Antonarakis et al., Mol. Biol.
Med., 4:81 [1987]).

The disease is relatively rare, afflicting approximately one in 10,000 males.
Hemophilia in females is extremely rare, although it may occur in female children of
an affected father and carrier mother, as well as in females with X-chromosomal
abnormalities (e.g., Turner syndrome, X mosaicism, etc.). The severity of each
patient’s disease is broadly characterized into three groups--"mild," "moderate," and
"severe," depending on the severity of the patient’s symptoms and circulating Factor
VIII levels. While normal levels of Factor VIII range between 50 and 200 ng/mL
plasma, mildly affected patients have 6-60% of this value, and moderately affected
patients have 1-5% of this value. Severely affected hemophiliacs have less than 1% of
normal Factor VIII levels.

While hemophiliacs clearly require clotting factdr after surgery or severe
trauma, on a daily basis, spontaneous internal bleeding is a greater concern.
Hemophiliacs experience spontaneous hemorrhages from early infancy, as well as
frequent spontaneous hemarthroses and other hemorrhages requiring clotting factor
replacement. Without effective treatment, chronic hemophilic arthropathy occurs by
young adulthood. Severely affected patients are prone to serious hemorrhages that
may dissect through tissue planes, ultimately resulting in death due to compromised
vital organs. |

Hematomas are commonly observed in moderately and severely affected
hemophiliacs. In these patients, hematomas have a tendency to progressively enlarge
and dissect in all directions. Some of these hematomas expand locally, resulting in
local compression of adjacent organs, blood vessels, and nerves. A rare, yet often
fatal, complication of abdominal hematomas is the perforation and drainage of the
hematoma into the colon, resulting in infection and septicemia. Intracranial and/or

extracranial hemorrhage also represent very dangerous bleeding situations. While
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subcutaneous hematomas may dissect into muscle, pharyngeal and retropharyngeal
hematomas (e.g., complicating bacterial or viral pharyngitis) may enlarge and obstruct
the airway, sometimes resulting in a life-threatening situation that requires
administration of a sufficient dose of Factor VIII concentrate to normalize the Factor
VIII level.

In addition to hematomas, hemarthroses are commonly observed in
hemophiliacs, with bleeding into the joint accounting for approximately 75% of
hemophilic bleeding. Repeated hemorrhaging into the joints eventually results in
extensive destruction of articular cartilage, synovial hyperplasia, and other reactive
changes in adjacent tissues and bone. A major complication of repeated hemarthroses
is joint deformity, which is often accompanied by muscle atrophy and soft tissue
contractures; osteoporosis and cystic areas in the subchondral bone may also develop,
along with progressive loss of joint space.

Other symptoms are often observed in hemophiliacs, including hematuria and
mucous membrane bleeding. Hematuria is experienced by virtually all severely
affected hemophiliacs sometime during their lifetimes, and mucous membrane bleeding
is common in hemophiliacs. Bone cysts (pseudotumors) are rare, but dangerous
complications of hemophilic bleeding. In many of these cases, immediate treatment is
necessary.

In the early 1980s, many severely affected hemophiliacs were treated with
Factor VIII concentrate about three times weekly. Unfortunately, these concentrates
transmitted viruses, such as hepatitis B and/or C, and human immunodeficiency virus
(HIV). In the United States and Western Europe, at least 75% of Factor VIII
concentrate recipients have been reported to have anti-HIV antibodies (See, Schrier and
Leung, supra). Some of these patients also developed HIV-associated immune
thrombocytopenia, a very serious complication in hemophiliacs. In spite of antiviral
therapy (e.g., with zidovudine and pentamidine prophylaxis), which has tended to slow
disease progression, full-blown AIDS (acquired immunodeficiency syndrome) occurs at
an inexorable rate in hemophiliacs infected with HIV. Indeed, this has reversed the

improvement in the life expectancy of hemophiliacs, which peaked at 66 years of age
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during the 1970s, and has dropped to 49 years (See, Schrier and Leung, supra). The
development of virus-free preparations and recombinant Factor VIII has helped control
infectious viral contamination. |

However, for hemophiliacs, the availability of viral-free concentrates and
recombinant Factor VIII, while significant, is but part of the solution. In order to
prevent spontaneous internal bleeding episodes, patients suffering from hemophilia A
must consistently have serum Factor VIII levels of about 1%, and preferably 5%.
Currently, the cost of viral-free concentrates and recombinant Factor VIII make it
prohibitively expensive to administer the clotting factor prophylactically or on a
maintenance basis. Indeed, most hemophiliacs in the U.S. do not receive recombinant
Factor VIII therapy on a maintenance basis, but only receive it prior to activities or
events which might cause bleeding (e.g., surgery), or as a treatment for spontaneous
bleeding.

Moreover, even if cost effective preparations of recombinant or virus-free
Factor VIII were available, a steady state level of V.Factor VIII cannot be achieved by
its daily administration. At best, patients receive widely varying levels of Factor VIIL
Immediately following the administration, the levels are super-physiological, while
prior to administration the levels are sub-physiological. Thus, there remains a need for
methods and compositions that are relatively economic, yet effective in the treatment
and prevention of bleeding in hemophiliacs, particularly spontaneous bleeds.
Furthermore, there is a need in the art for methods and compositions for long term
delivery of clotting factors (e.g., Factor VIII) which more closely mimic the steady

state physiological levels observed in normal individuals.

SUMMARY OF THE INVENTION

The present invention provides improved viral vectors suitable for gene therapy
to treat hemophilia. In particular, the present invention provides AAV vectors and
methods for treating hemophilia A by delivering nucleic acids coding for the clotting
protein Factor VIII. The present invention also provides pharmaceutical compositions

comprising such AAV vectors, as well as methods for making and using the vectors.

4
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According to a first aspect of the present invention there is provided a method of
treating a blood clotting disorder in a subject comprising:
(a) providing a recombinant adeno-associated vector comprising nucleotide
sequences encoding at least a portion of Factor VIII; and
5 (b) administering said recombinant adeno-associated vector to said subject under
conditions such that said Factor VIII nucleotide sequences are expressed at a
level which provides a therapeutic effective amount in said subject.
According to a second aspect of the present invention there is provided a
recombinant adeno-associated vector, wherein said vector comprises nucleic acid
10 encoding at least a portion of Factor VIII operably linked to control sequences, wherein
said control sequences direct the transcription or translation of said portion of Factor VIII,
KL and a pharmaceutically acceptable excipient.
According to a third aspect of the present invention there is provided a host cell
containing a recombinant adeno-associated vector, said vector comprising nucleotide
caeest 15 sequences encoding at least a portion of Factor VIII, wherein said host cell is capable of

expressing Factor VIII.

[R:\LIBVV]02944.doc:sxc
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The present invention is particularly suited for use in hemophilia A gene
therapy. Accordingly, in one embodiment of the invention, at least one AAV vector
containing a nucleic acid molecule encoding Factor VIII is operably linked to control
sequences that direct expression of Factor VIII in a suitable recipient cell. The AAV
vectors are then introduced into a recipient cell of the subject, under conditions that
result in expression of Factor VIII. The subject, therefore, has a continuous supply of
Factor VIII available to clot blood during bleeding episodes.

Using the methods of the present invention, long term expression of therapeutic
levels of Factor VIII have been achieved in vivo. In one embodiment, animals were
administered, via the portal vein, two AAV vectors: one carrying the DNA sequence
coding for the heavy chain of Factor VIII and the other carrying the DNA sequence
coding for the light chain of Factor VIII. Blood samples were collected periodically
and assayed for Factor VIII activity. Reproducibly, animals expressed between 600
and 900 ng/ml of biologically active Factor VIII, levels that are well above the normal
physiological levels of approximately 200 ng/ml. Furthermore, these levels have been
sustained for over 13 months without a decrease in Factor VIII levels or activity. In a
related embbdiment, a B-domain deleted form of Factor VIII was cloned into a single
AAYV vector and shown to express biologically active Factor VIII.

It is not intended, however, that the present invention be limited to specific
embodiments. Many different forms of recombinant Factor VIII have been made and
tested both in vitro and in vivo, using a variety of different control and regulatory
sequences. Any DNA sequence coding for biologically active Factor VIII can be
expressed using the AAV vectors and methods taught in the present invention.
Therefore, the present invention encompasses any AAV vector or vectors bontaining
Factor VIII sequences that produce biologically active Factor VIII protein in vitro or
in vivo.

For example, in some embodiments, the AAV vector contains the first 57 base
pairs of the Factor VIII heavy chain which encodes the 10 amino acid signal sequence,
as well as the human growth hormone (hGH) polyadenylation sequence. In some

alternative embodiments, the vector also contains the A1 and A2 domains, as well as 5
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amino acids from the N-terminus of the B domain, and/or 85 amino acids of the C-
terminus of the B domain, as well as the A3, Cl, and C2 domains. In yet other
embodiments, the nucleic acids coding for Factor VIII heavy chain and light chain
were cloned into a single vector separated by 42 nucleic acids coding for 14 amino
acids of the B domain.

The present invention also provides methods for administering the above-
described vectors. For example, it is intended that the present invention encompass
methods suitable for delivery of the AAV vectors to the livers of recipient patients or
test animals. It is not intended that the present invention be limited to any particular
route of administration. However, in preferred embodiments, the AAV vectors of the
present invention are successfully administered via the portal or arterial vasculature.

These and other embodiments of the invention will readily occur to those of

ordinary skill in the art in view of the disclosure herein.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 provides a schematic representation of the Factor VIII protein.

Figure 2 provides a schematic representation of a B-domain deleted form of
Factor VIII protein.

Figure 3 provides a schematic representation of a B-domain deleted Factor VIII
AAV construct (AAV-F8-1) from internal terminal repeat (ITR to ITR), including
control sequences.

Figure 4 provides a schematic representation of a B-domain deleted Factor VIII
AAV construct (PVM4.1c-F8AB) from internal terminal repeat (ITR to ITR),
includ : g control sequences.

igure 5 provides the sequence of pAAV-F8-1 (ITR to ITR), with the plasmid

backbone omitted.

Figure 6 provides the sequence of pVm4.1cF8AB (ITR to ITR), with the
plasmid backbone omitted.

Figure 7 provides a map of rAAV-hFVIII-HC and rAAV-hFVIII-LC vectors.
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Figure 8 provides a graph demonstrating the expression of various human FVIII
constructs in mouse plasma.

Figure 9 provides Southern blot analyses of liver DNA using probes specific
for (A) the light chain of hFVIII, and (B) the heavy chain of hFVIIL

Figure 10 provides Southern blot analyses of DNA from different tissues using
probes specific for (A) the light chain of hFVIII, and (B) the heavy chain of hFVIIL.

Figure 11 provides Northern blot analyses of liver RNA using probes specific
for (A) the light chain of hFVIII, and (B) the heavy chain of hFVIIL

GENERAL DESCRIPTION OF THE INVENTION

The present invention relates to improved viral vectors useful for expressing
gene products at high levels in human cells. In particular, the present invention
provides AAV vectors suitable for gene therapy. These vectors are capable of
delivering nucleic acid containing constructs which result in the production of Factor
VII protein in a host. The present invention also provides pharmaceutical
compositions comprising such AAV vectors, as well as methods for making and using
the constructs.

The AAV vectors and rAAYV virions of the present invention can be produced
using standard methodology known to those of skill in the art. The methods generally
involve the steps of: (1) introducing an AAV vector into a host cell; (2) introducing an
AAYV helper construct into the host cell, where the helper construct includes AAV
coding regions capable of being expressed in the host cell to complement AAV helper
functions missing from the AAV vector; (3) introducing one or more helper viruses
and/or accessory function vectors into the host cell, wherein the helper virus and/or
accessory function vectors provide accessory functions capable of supporting efficient
recombinant AAV ("rAAV") virion production in the host cell; and (4) culturing the
host cell to produce rAAYV virions. The AAV vector, AAV helper construct and the
helper virus or accessory function vector(s) can be introduced into the host cell either

simultaneously or serially, using standard transfection techniques.
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Unless otherwise indicated, the practice of the present invention employs
conventional methods of virology, microbiology, molecular biology and recombinant
DNA techniques within the skill of the art, including those described in such
references as Sambrook et al. (eds.) Molecular Cloning: A Laboratory Manual; Glover
(ed.) DNA Cloning: A Practical Approach, Vols. I and II; Gait (ed.) Oligonucleotide
Synthesis; Hames and Higgins (eds.) Nucleic Acid Hybridization; Hames and Higgins
(eds.) Transcription and Translation; Tijessen (ed.) CRC Handbook of Parvoviruses,
Vols. I and II; and Fields and Knipe (eds.) Fundamental Virology, 2nd Edition, Vols. I
and II.

Definitions

In describing the present invention, the following terms will be employed, and
are intended to be defined as indicated below.

As used herein, the terms "gene transfer” and "gene delivery" refer to methods
or systems for reliably inserting a particular nucleotide sequence (e.g., DNA) into
targeted cells. In particularly preferred embodiments, the nucleotide sequence
comprises at least a portion of Factor VIII.

As used herein, the terms "vector," and "gene transfer vector" refer to any
genetic element, such as a plasmid, phage, transposon, cosmid, chromosome, virus,
virion, etc., which is capable of replication when associated with the proper control
sequences and/or which can transfer nucleic acid sequences between cells. Thus, the
term includes cloning and expression vectors, as well as viral vectors.

Gene transfer vectors may include transcription sequences such as
polyadenylation sites, selectable markers or reporter genes, enhancer sequences, and
other control sequences which allow for the induction of transcription. Such control
sequences are described more fully below.

The term "expression vector" as used herein refers to a recombinant DNA
molecule containing a desired coding sequence and appropriate nucleic acid sequences

necessary for the expression of the operably linked coding sequence in a particular
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host organism. Nucleic acid sequences necessary for expression in prokaryotes usually
include a promoter, an operétor (optional), and a ribosome binding site, as well as
other sequences. Eukaryotic cells are generally known to utilize promoters
(constitutive, inducible or tissue specific), enhancers, and termination and
polyadenylation signals, although some elements may be deleted and other elements
added without sacrificing the necessary expression.

As used herein, the terms "host" and "expression host" refer to organisms
and/or cells which harbor an exogenous DNA sequence (e.g., via transfection), an
expression vector or vehicle, as well as organisms and/or cells that are suitable for use
in expressing a recombinant gene or protein. It is not intended that the present
invention be limited to any particular type of cell or organism. Indeed, it is
contemplated that any suitable organism and/or cell will find use in the present
invention as a host.

As used herein, the terms "viral replicons" and "viral origins of replication"
refer to viral DNA sequences that allow for the extrachromosomal replication of a
vector in a host cell expressing the appropriate replication factors. In some
embodiments, vectors which contain either the SV40 or polyoma virus origin of
replication replicate to high copy number, while vectors which contain the replicons
from bovine papillomavirus or Epstein-Barr virus replicate extrachromosomally at low
copy number may be utilized in other embodiments.

As used herein, the term "AAV vector" refers to a vector having functional or
partly functional ITR sequences. The ITR sequences may be derived from an adeno-
associated virus serotype, including without limitation, AAV-1, AAV-2, AAV-3,
AAV-4, AAV-5, AAV-X7, etc. The ITRs, however, need not be the wild-type
nucleotide sequences, and may be altered (e.g., by the insertion, deletion or
substitution of nucleotides), so long as the sequences retain function provide for
functional rescue, replication and packaging. AAV vectors can have one or more of the
AAV wild-type genes deleted in whole or part, preferably the rep and/or cap genes but
retain functional flanking ITR sequences. Functional ITR sequences are necessary for

the rescue, replication and packaging of the AAV virion. Thus, an "AAV vector" is
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defined herein to include at least those sequences required in cis for replication and
packaging (e.g., functional ITRs) of the virus.

As used herein, the term "ITR" refers to inverted terminal repeats. The terms
"adeno-associated virus inverted terminal repeats" or "AAV ITRs" refer to the art-
recognized palindromic regions found at each end of the AAV genome which function
together in cis as origins of DNA replication and as packaging signals for the virus.
For use in some embodiments of the present invention, flanking AAV ITRs are
positioned 5’ and 3’ of one or more selected heterologous nucleotide sequences.
Optionally, the ITRs together with the rep coding region or the Rep expression product
provide for the integration of the selected sequences into the genome of a target cell.

As used herein, the term "AAV rep coding region" refers to the art-recognized
region of the AAV genome which encodes the replication proteins Rep 78, Rep 68,
Rep 52 and Rep 40. These Rep expression products have been shown to possess many
functions, including recognition, binding and nicking of the AAV origin of DNA
replication, DNA helicase activity and modulation of transcription from AAYV (or other
heterologous) promoters. The Rep expression products are collectively required for
replicating the AAV genome. Muzyczka (Muzyczka, Curr. Top. Microbiol. Immunol.,
158:97-129 [1992]) and Kotin (Kotin, Hum. Gene Ther., 5:793-801 [1994]) provide
additional descriptions of the AAV rep coding region, as well as the cap coding region
described below. Suitable homologues of the AAV rep coding region include the
human herpesvirus 6 (HHV-6) rep gene which is also known to mediate AAV-2 DNA
replication (Thomson et al., Virol., 204:304-311 [1994]).

As used herein, the term "AAV cap coding region" refers to the art-recognized
region of the AAV genome which encodes the capsid proteins VP1, VP2, and VP3, or
functional homologues thereof. These cap expression products supply the packaging
functions which are collectively required for packaging the viral genome.

As used herein, the term “AAV helper function” refers to AAV coding regions
capable of being expressed in the host cell to complement AAV viral functions

missing from the AAV vector. Typically, the AAV helper functions include the AAV
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rep coding region and the AAV cap coding region. An “AAV helper construct” is a
vector containing AAV coding regions required to complement AAV viral functions
missing from the AAV vector (e.g., the AAV rep coding region and the AAV cap
coding region).

As used herein, the terms "accessory functions" and "accessory factors" refer to
functions and factors that are required by AAV for replication, but are not provided by
the AAV virion (or rAAV virion) itself. Thus, these accessory functions and factors
must be provided by the host cell, a virus (e.g., adenovirus or herpes simplex virus), or
another expression vector that is co-expressed in the same cell. Generally, the E1,
E2A, E4 and VA coding regions of adenovirus are used to supply the necessary
accessory function required for AAV replication and packaging (Matsushita et al.,
Gene Thefapy 5:938 [1998)).

As used herein, the term "wild type" ("wt") refers to a gene or gene product
which has the characteristics of that gene or gene product when isolated from a
naturally occurring source. A wild-type gene is that which is most frequently observed
in a population and is thus arbitrarily designed the "normal" or "wild-type" form of the
gene. In contrast, the term "modified" or "mutant" refers to a gene or gene product
which displays modifications in sequence and or functional properties (i.e., altered
characteristics) when compared to the wild-type gene or gene product. It is noted that
naturally-occurring mutants can be isolated; these are identified by the fact that they
have altered characteristics when compared to the wild-type gene or gene product.

As used herein, the term "AAYV virion" refers to a complete virus particle, such
as a "wild-type" (wt) AAV virus particle (comprising a linear, single-stranded AAV
nucleic acid genome associated with an AAV capsid protein coat). In this regard,
single-stranded AAV nucleic acid molecules of either complementary sense (e.g.,
"sense" or “"antisense" strands), can be packaged into any one AAV virion and both
strands are equally infectious.

As used herein, the terms "recombinant AAV virion," and "rAAV virion" refer

to an infectious viral particle containing' a heterologous DNA molecule of interest (e.g.,
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Factor VIII sequence) which is flanked on both sides by AAV ITRs. In some
embodiments of the present invention, an rAAV virion is produced in a suitable hdst
cell which contains an AAV vector, AAV helper functions and accessdry functions
introduced therein. In this manner, the host cell is rendered capable of encoding AAV
polypeptides that are required for packaging the AAV vector containing a recombinant
nucleotide sequence of interest, such as at least a portion of Factor VIII or portions of
Factor VIII domains, into recombinant virion particles for subsequent gene delivery.

As used herein, the term "transfection" refers to the uptake of foreign DNA by
a cell, and a cell has been "transfected" when exogenous DNA has been introduced
inside the cell membrane. A number of transfection techniques are generally known in
the art (See e.g., Graham et al., Virol., 52:456 [1973]; Sambrook et al., Molecular
Cloning, a Laboratory Manual, Cold Spring Harbor Laboratories, New York [1989];
Davis et al., Basic Methods in Molecular Biology, Elsevier, [1986]; and Chu et al.,
Gene 13:197 [1981]. Such techniques can be used to introduce one or more
exogenous DNA moieties, such as a gene transfer vector and other nucleic acid
molecules, into suitable recipient cells.

As used herein, the terms "stable transfection" and "stably transfected" refers to
the introduction and integration of foreign DNA into the genomé of the transfected
cell. The term "stable transfectant" refers to a cell which has stably integrated foreign
DNA into the genomic DNA.

As used herein, the term "transient transfection" or "transiently transfected"
refers to the introduction of foreign DNA into a cell where the foreign DNA fails to
integrate into the genome of the transfected cell. The foreign DNA persists in the
nucleus of the transfected cell for several days. During this time the foreign DNA is
subject to the regulatory controls that govern the expression of endogenous genes in
the chromosomes. The term "transient transfectant" refers to cells which have taken
up foreign DNA but have failed to integrate this DNA.

As used herein, the term "transduction" denotes the delivery of a DNA
molecule to a recipient cell either in vivo or in vitro, via a replication-defective viral

vector, such as via a recombinant AAV virion.
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As used herein, the term "recipient cell" refers to a cell which has been
transfected or transduced, or is capable of being transfected or transduced, by a nucleic
acid construct or vector bearing a selected nucleotide sequence of interést (i.e., Factor
VIII). The term includes the progeny of the parent cell, whether or not the progeny
are identical in morphology or in genetic make-up to the original parent, so long as the
selected nucleotide sequence is present.

The term "heterologous" as it relates to nucleic acid sequences such as coding
sequences and control sequences, denotes sequences that are not normally joined
together, and/or are not normally associated with a particular cell. Thus, a
"heterologous" region of a nucleic acid construct or a vector is a segment of nucleic
acid within or attached to another nucleic acid molecule that is not found in
association with the other molecule in nature. For example, a heterologous region of a
nucleic acid construct could include a coding sequence flanked by sequences not found
in association with the coding sequence in nature. Another example of a heterologous
coding sequence is a construct where the coding sequence itself is not found in nature
(e.g., synthetic sequences having codons different from the native gene). Similarly, a
cell transfected with a construct which is not normally present in the cell would be
considered heterologous for purposes of this invention. Allelic variation or naturally
occurring mutational events do not give rise to heterologous DNA, as used herein.

As used herein, "coding sequence"” or a sequence which "encodes" a particular
antigen, is a nucleic acid sequence which is transcribed (in the case of DNA) and
translated (in the case of mRNA) into a polypeptide in vitro or in vivo, when placed
under the control of appropriate rcgﬁlatory sequences. The boundaries of the coding
sequence are determined by a start codon at the 5’ (amino) terminus and a translation
stop codon at the 3’ (carboxy) terminus. A coding sequence can include, but is not
limited to, cDNA from prokaryotic or eukaryotic mRNA, genomic DNA sequences
from prokaryotic or eukaryotic DNA, and even synthetic DNA sequences. A
transcription termination sequence will usually be located 3’ to the coding sequence.

As used herein, the term "nucleic acid" sequence refers to a DNA or RNA

sequence. The term captures sequences that include any of the known base analogues
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of DNA and RNA such as, but not limited to 4-acetylcytosine, 8-hydroxy-N6-
methyladenosine, aziridinylcytosine, pseudoisocytosine, 5-(carboxyhydroxylmethyl)
uracil, 5-fluorouracil, 5-bromouracil, 5-carboxymethylaminomethyl-Z-tlﬁouracil,
5-carboxymethylaminomethyluracil, dihydrouracil, inosine, N6-isopentenyladenine,
1-methyladenine, 1-methylpseudouracil, 1-methylguanine, 1-methylinosine, 2,2-
dimethylguanine, 2-methyladenine, 2-methylguanine, 3-methylcytosine,
5-methylcytosine, N6-methyladenine, 7-methylguanine, 5-methylaminomethyluracil, 5-
methoxyaminomethyl-2-thiouracil, beta-D-mannosylqueosine,
5’-methoxycarbonylmethyluracil, 5-methoxyuracil,

2-methylthio-N6-isopentenyladenine, uracil-5-oxyacetic acid methylester,
uracil-5-oxyacetic acid, oxybutoxosine, pseudouracil, queosine, 2-thiocytosine, 5-
methyl-2-thiouracil, 2-thiouracil, 4-thiouracil, 5-methyluracil, N-uracil-5-oxyacetic acid
methylester, uracil-5-oxyacetic acid, pseudouracil, queosine, 2-thiocytosine, and
2,6-diaminopurine.

As used herein, the term "recombinant DNA molecule” as used herein refers to
a DNA molecule which is comprised of segments of DNA joined together by means of
molecular biological techniques.

As used herein, the term "regulatory element" refers to a genetic element which
controls some aspect of the expression of nucleic acid sequences. For example, a
promoter is a regulatory element which facilitates the initiation of transcription of an
operably linked coding region. Other regulatory elements are splicing signals,
polyadenylation signals, termination signals, etc. (defined infra).

The term DNA "control sequénces" refers collectively to regulatory elements
such as promoter sequences, polyadenylation signals, transcription termination
sequences, upstream regulatory domains, origins of replication, internal ribosome entry
sites ("IRES"), enhancers, and the like, which collectively provide for the replication,
transcription and translation of a coding sequence in a recipient cell. Not all of these
control sequences need always be present so long as the selected coding sequence is

capable of being replicated, transcribed and translated in an appropriate recipient cell.
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Transcriptional control signals in eukaryotes generally comprise "promoter” and
"enhancer" elements. Promoters and enhancers consist of short arrays of DNA
sequences that interact specifically with cellular proteins involved in transcription
(Maniatis et al., Science 236:1237 [1987]). Promoter and enhancer elements have
been isolated from a variety of eukaryotic sources including genes in yeast, insect and
mammalian cells and viruses (analogous control sequences, i.e., promoters, are also
found in prokaryotes). The selection of a particular promoter and enhancer depends on
what cell type is to be used to express the protein of interest (i.e., Factor VIII). Some
eukaryotic promoters and enhancers have a broad host range while others are
functional in a limited subset of cell types (See e.g., Voss et al., Trends Biochem. Sci.,
11:287 [1986]; and Maniatis et al., supra, for reviews). For example, the SV40 early
gene enhancer is very active in a wide variety of cell types from many mammalian
species and has been widely used for the expression of proteins in mammalian cells
(Dijkema et al., EMBO J. 4:761 [1985]). Two other examples of promoter and
enhancer elements active in a broad range of mammalian cell types are those from the
human elongation factor 1o gene (Uetsuki ef al., J. Biol. Chem., 264:5791 [1989];
Kim et al., Gene 91:217 [1990]; and Mizushima and Nagata, Nucl. Acids. Res.,
18:5322 [1990]) and the long terminal repeats of the Rous sarcoma virus (Gorman et
al., Proc. Natl. Acad. Sci. USA 79:6777 [1982]) and the human cytomegalovirus
(Boshart e al., Cell 41:521 [1985]). Promoters and enhances can be found naturally
alone or together. For example, the long terminal repeats of retroviruses contain both
promoter and enhancer functions Moreover, generally promoters and enhances act
independently of the gene being transcribed or translated. Thus, the enhancer and
promoter may be "ehdogenous" or "exogenous" or "heterologous." An "endogenous"
enhancer/promoter is one which is naturally linked with a given gene in the genome.
An "exogenous" or "heterologous" enhancer and promoter is one which is placed in
juxtapositibn to a gene by means of genetic manipulation (i.e., molecular biological
techniques) such that transcription of that gene is directed by the linked

enhancer/promoter.
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As used herein, the term "tissue specific" refers to regulatory elements or
control sequences, such as a promoter, enhancers, etc., wherein the expression of the
nucleic acid sequence is substantially greater in a specific cell type(s) or tissue(s). In
particularly preferred embodiments, the albumin promoter and the transthyretin
promoter display increased expression of FVIII in hepatocytes, as compared to other
cell types. It is not intended, however, that the present invention be limited to the
albumin or transthyretin promoters or to hepatic-specific expression, as other tissue
specific regulatory elements, or regulatory elements that display altered gene
expression patterns, are contemplated.

The presence of "splicing signals;' on an expression vector often results in
higher levels of expression of the recombinant transcript. Splicing signals mediate the
removal of introns from the primary RNA transcript and consist of a splice donor and
acceptor site (Sambrook ez al., Molecular Cloning: A Laboratory Manual, 2nd ed.,
Cold Spring Harbor Laboratory Press, New York [1989], pp. 16.7-16.8). A commonly
used splice donor and acceptor site is the splice junction from the 16S RNA of SV40.

Efficient expression of recombinant DNA sequences in eukaryotic cells requires
expression of signals directing the efficient termination and polyadenylation of the
resulting transcript. Transcription termination signals are generally found downstream
of the polyadenylation signal and are a few hundred nucleotides in length. The term
"poly A site" or "poly A sequence" as used herein denotes a DNA sequence which
directs both the termination and polyadenylation of the nascent RNA transcript.

Efficient polyadenylation of the recombinant transcript is desirable as transcripts

- lacking a poly A tail are unstable and are rapidly degraded. The poly A signal utilized

in an expression vector may be "heterologous” or "endogenous." An endogenous poly
A signal is one that is found naturally at the 3’ end of the coding region of a given
gene in the genome. A heterologous poly A signal is one which is one which is
isolated from one gene and placed 3’ of another gene. A commonly used heterologous
poly A signal is the SV40 poly A signal. The SV40 poly A signal is contained on a
237 bp BamHU/Bcll restriction fragment and directs both termination and
polyadenylation (Sambrook et al., supra, at 16.6-16.7).
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"Operably linked" refers to an arrangement of elements wherein the
components so described are configured so as to perform their usual function. Thus,
control sequences operably linked to a coding sequence are capable of éffecting the
expression of the coding sequence. The control sequences need not be contiguous with
the coding sequence, so long as they function to direct the expression thereof. Thus,
for example, intervening untranslated yet transcribed sequences can be present between
a promoter sequence and the coding sequence and the promoter sequence can still be
considered "operably linked" to the coding sequence.

The term "isolated" when used in relation to a nucleic acid, as in "an isolated
oligonucleotide" or "isolated polynucleotide" refers to a nucleic acid sequence that is
identified and separated from at least one contaminant nucleic acid with which it is
ordinarily associated in its natural source. Isolated nucleic acid is such present in a
form or setting that is different from that in which it is found in nature. In contrast,
non-isolated nucleic acids are nucleic acids such as DNA and RNA found in the state
they exist in nature. For example, a given DNA sequence (e.g., a gene) is found on
the host cell chromosome in proximity to neighboring genes; RNA sequences, such as
a specific mRNA sequence encoding a specific protein, are found in the cell as a
mixture with numerous other mRNAs which encode a multitude of proteins. The
isolated nucleic acid, oligonucleotide, or polynucleotide may be present in single-
stranded or double-stranded form. When an isolated nucleic acid, oligonucleotide or
polynucleotide is to be utilized to express a protein, the oligonucleotide or
polynucleotide will contain at a minimum the sense or coding strand (i.e., the
oligonucleotide or polynucleotide may single-stranded), but may contain both the sense
and anti-sense strands (i.e., the oligonucleotide or polynucleotide may be double-
stranded). |

As used herein, the term "purified" or "to purify" refers to the removal of
contaminants from a sample. For example, antibodies may be purified by removal of
contaminating non-immunoglobulin proteins; they may also purified by the removal of
immunoglobulin that does not bind the antigen of interest (e.g., at least a portion of

Factor VIII). The removal of non-immunoglobulin proteins and/or the removal of
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immunoglobulins that do not bind the antigen of interest (e.g., at least a portion of
Factor VIII) results in an increase in the percent of desired antigen-reactive
immunoglobulins in the sample. In another example, recombinant polypeptides of
Factor VIII are expressed in bacterial host cells and the polypeptides are purified by
the removal of host cell proteins; the percent of recombinant polypeptides is thereby
increased in the sample.

As used herein, the term "chimeric protein" refers to two or more coding
sequences obtained from different genes, that have been cloned together and that, after
translation, act as a single polypeptide sequence. Chimeric proteins are also referred to
as "hybrid proteins." As used herein, the term "chimeric protein" refers to coding
sequences that are obtained from different species of organisms, as well as coding
sequences that are obtained from the same species of organisms.

A "composition comprising a given polynucleotide sequence" as used herein
refers broadly to any composition containing the given polynucleotide sequence. The
composition may comprise an aqueous solution.

As used herein, the term "at risk" is used in references to individuals who are
at risk for experiencing hemorrhagic episodes. In particularly preferred embodiments,
the individuals are hemophiliacs with mild, moderate, or severe hémophih’a.

As used herein, the term "subject” refers to any animal (i.e., vertebrates and
invertebrates), while the term "vertebrate subject" refers to any member of the
subphylum Chordata. It is intended that the term encompass any member of this
subphylum, including, but not limited to humans and other primates, rodents (e.g.,
mice, rats, and guinea pigs), lagamorphs (e.g., rabbits), bovines (e.g, cattle), ovines
(e.g., sheep), caprines (e.g., goats), porcines (e.g., swine), equines (e.g., horses),
canines (e.g., dogs), felines (e.g., cats), domestic fowl (e.g., chickens, turkeys, ducks,
geese, other gallinaceous birds, etc.), as well as feral or wild animals, including, but
not limited to, such animals as ungulates (e.g., deer), bear, fish, lagamorphs, rodents,

birds, etc. It is not intended that the term be limited to a particular age or sex. Thus,
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adult and newborn subjects, as w_ell as fetuses, whether male or female, are
encompassed by the term.

As defined herein, a “therapeutically effective amount” or “therapeutic effective
dose” is an amount or dose of AAV vector or virions capable of producing sufficient
amounts of Factor VIII to decrease the time it takes for a subject’s blood to clot.
Generally, severe hemophiliacs having less than 1% of normal levels of FVIII have a
whole blood clotting time of greater than 60 minutes as compared to approximately 10

minutes for non-hemophiliacs.

DETAILED DESCRIPTION OF THE INVENTION

The present invention relates to AAV vectors suitable for hemophilia A gene
therapy. More particularly, these AAV vectors are suitable for delivering nucleic acids
encoding Factor VIII into a recipient host suspected of suffering from a blood clotting
disorder. Using the nucleic acid as a template, the host produces Factor VIII, such
that the subject’s blood is able to clot. The present invention also provides
pharmaceutical compositions comprising such AAV vectors, as well as methods for

making and using the constructs.

I. AAV Vectors

Adeno-associated virus (AAV) is a non-pathogenic, replication-defective,
helper-dependent parvovirus (or "dependovirus" or "adeno-satellite virus"). There are
at least six recognized serotypes, designated as AAV-1, AAV-2, AAV-3, AAV-4,
AAV-5, AAV-X7, etc. Culture and $erologic evidence indicates that human infection
occurs with AAV-2 and AAV-3. Although 85% of the human population is
seropositive for AAV-2, the virus has never been associated with disease in humans.
Recombinant AAV (rAAV) virions are of interest as vectors for gene therapy because
of their broad host range, excellent safety profile, and duration of transgene expression
in infected hosts. One remarkable feature of recombinant AAV (rAAV) virions is the

prolonged expression achieved after in vivo administration.
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AAYV vectors of the present invention may be constructed using known
techniques to provide, as operatively linked components in the direction of
transcription, (a) control sequences including a transcriptional initiation and termination
regions, and (b) a nucleotide sequence encoding at least a portion of Factor VIII. The
control sequences are selected to be functional in a targeted recipient cell. The
resulting construct which contains the operatively linked components is bounded (5’
and 3’) with functional AAV ITR sequences.

The nucleotide sequences of AAV ITR regions are known (See e.g., Kotin,
Hum. Gene Ther., 5:793-801 [1994]; Berns, "Parvoviridae and Their Replication" in
Fields and Knipe (eds), Fundamental Virology, 2nd Edition, for the AAV-2 sequence).
AAV ITRs used in the vectors of the invention need not have a wild-type nucleotide
sequence, and may be altered (e.g., by the insertion, deletion or substitution of
nucleotides). Additionally, AAV ITRs may be derived from any of several AAV
serotypes, including without limitation, AAV-1, AAV-2, AAV-3, AAV-4, AAV-5,
AAVXT7, etc. Furthermore, 5’ and 3’ ITRs which flank a selected nucleotide sequence
in an AAV vector need not necessarily be identical or derived from the same AAV

serotype or isolate, so long as they function as intended.

A. Control Sequences

In some embodiments of the present invention, heterologous control sequences
are employed with the vectors. Useful heterologous control sequences generally
include those derived from sequences encoding mammalian or viral genes. Examples
include, but are not limited to, the SV4O early promoter, mouse mammary tumor virus
LTR promoter, adenovirus major late promoter (Ad MLP), a herpes simplex virus
(HSV) promoter, a cytomegalovirus (CMV) promoter such as the CMV immediate
early promoter region (CMVIE), a rous sarcoma virus (RSV) promoter, synthetic
promoters, hybrid promoters, and the like. In addition, sequences derived from
nonviral genes, such as the murine metallothionein gene, also find use herein. Such

promoter sequences are commercially available (e.g., from Stratagene).
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It is contemplated that in some embodiments, tissue-specific expression may be
desirable (e.g., expression of biologically active Factor VIII by hepatocytes). It is not
intended that the present invention be limited to expression of biologicaily active
Factor VIII by any particular cells or cell types. However, as hepatocytes (i.e., liver
cells) are the cells that normally synthesized Factor VIII (See, Kaufman, Ann. Rev.
Med., 43:325 [1992]), it is contemplated that in some particularly preferred
embodiments, the compositions of the present invention be administered to the liver.

In preferred embodiments, expression is achieved by coupling the coding
sequence for Factor VIII with heterologous control sequences derived from genes that
are specifically transcribed by a selected tissue type. A number of tissue-specific
promoters have been described above which enable directed expression in selected
tissue types. However, control sequences used in the present AAV vectors can also
comprise control sequences normally associated with the selected nucleic acid

sequences.

B. Construction of AAV Factor VIII Vectors

AAV vectors that contain a control sequence and a nucleotide sequence of
interest (i.e., at least a portion of the sequence encoding Factor VIII), bounded by
AAV ITRs (i.e., AAV vectors), can be constructed by directly inserting selected
sequences into an AAV genome with the major AAV open reading frames ("ORFs")
excised. Other portions of the AAV genome can also be deleted, so long as a
sufficient portion of the ITRs remain to allow for replication and packaging functions.
These constructs can be designed usihg techniques well known in the art (See e.g.,
U.S. Patent Nos. 5,173,414 and 5,139,941, all of which are herein incorporaicd by
reference); International Publication Nos. WO 92/01070 and WO 93/03769; Lebkowski
et al., Mol. Cell. Biol., 8:3988-3996 [1988]; Vincent et al., Vaccines 90 {Cold Spring
Harbor Laboratory Press, 1990]; Carter, Curr. Opin. Biotechnol., 3:533-539 [1992];
Muzyczka, Curr. Top. Microbiol. Immunol., 158:97-129 [1992]; Kotin, Hum. Gene
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Ther., 5:793-801 [1994]; Shelling and Smith, Gene Ther., 1:165-169 [1994]; and Zhou
et al., J. Exp. Med., 179:1867-1875 [1994)).

Alternatively, AAV ITRs can be excised from the viral genomé or from an
AAYV vector containing the same and fused 5’ and 3’ of a selected nucleic acid
construct that is present in another vector using standard ligation techniques, such as
those described in Sambrook ef al., supra. For example, ligations can be accomplished
in 20 mM Tris-Cl pH 7.5, 10 mM MgCl,, 10 mM DTT, 33 pg/ml BSA, 10 mM-50
mM NaCl, and either 40 pM ATP, 0.01-0.02 (Weiss) units T4 DNA ligase at 0°C (for
"sticky end" ligation) or 1 mM ATP, 0.3-0.6 (Weiss) units T4 DNA ligase at 14°C (for
"blunt end" ligation). Intermolecular "sticky end" ligations are usually performed at
30-100 pg/ml total DNA concentrations (5-100 nM total end concentration). AAV
vectors which contain ITRs have been described in (e.g., U.S. Patent No. 5,139,941,
herein incorporated by reference). In particular, several AAV vectors are described
therein which are available from the American Type Culture Collection ("ATCC")
under Accession Numbers 53222, 53223, §3224, 53225 and 53226.

Additionally, chimeric genes can be produced synthetically to include AAV
ITR sequences arranged 5’ and 3’ of a selected nucleic acid sequence. The complete
chimeric sequence is assembled from overlapping oligonucleotides prepared by
standard methods (See e.g., Edge, Nature 292:756 [1981]; Nambair et al., Science
223:1299 [1984]; and Jay et al., J. Biol. Chem., 259:6311 [1984]).

Moreover, it is not intended that the present invention be limited to any specific
Factor VIII sequence. Many natural and recombinant forms of Factor VIII have been
isolated and assayed both in vitro and in vivo, using a variety of different regulatory
elements and control sequences. Therefore, any known, or later discovered, DNA
sequence coding for biologically active Factor VIII can be expressed, alone or in
combination with at least one additional vector, using the AAV vectors and methods
taught in the present invention. Examples of naturally occurring and recombinant
forms of Factor VIII can be found in the patent and scientific literature including, U.S.
5,563,045, U.S. 5,451,521, U.S. 5,422,260, U.S. 5,004,803, U.S. 4,757,006, U.S.
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5,661,008, U.S. 5,789,203, U.S. 5,681,746, U.S. 5,595,886, U.S. 5,045,455, U.S.
5,668,108, U.S. 5,633,150, U.S. 5,693,499, U.S. 5,587,310, U.S. 5,171,844, U.S.
5,149,637, U.S. 5,112,950, U.S. 4,886,876, WO 94/11503, WO 87/07144, WO
92/16557, WO 91/09122, WO 97/03195, WO 96/21035, WO 91/07490, EP 0 672
138, EP 0270 618, EP 0 182 448, EP 0 162 067, EP 0 786 474, EP 0 533 862,
EP 0506 757, EP 0 874 057, EP 0 795 021, EP 0 670 332, EP 0 500 734, EP 0
232 112, EP 0 160_457, Sanberg et al., XXth Int. Congress of the World Fed. Of
Hemophilia (1992), and Lind et al., Eur. J. Biochem., 232:19 (1995).

Nucleic acid sequences coding for the above-described Factor VIII can be
obtained using recombinant methods, such as by screening cDNA and genomic
libraries from cells expressing Factor VIII or by deriving the sequence from a vector
known to include the same. Furthermore, the desired sequence can be isolated directly
from cells and tissues containing the same, using standard techniques, such as phenol
extraction and PCR of cDNA or genomic DNA (See e.g., Sambrook et al., supra, for a
description of techniques used to obtain and isolate DNA). Nucleotide sequences
encoding an antigén of interest (i.e., Factor VIII sequence) can also be produced
synthetically, rather than cloned. The complete sequence can be assembled from
overlapping oligonucleotides prepared by standard methods and assembled into a
complete coding sequence (See e.g., Edge, Nature 292:756 [1981]; Nambair et al., Sci-
ence 223:1299 [1984]; and Jay et al., J. Biol. Chem., 259:6311 [1984)).

Although it is not intended that the present invention be limited to any
particular methods for assessing the production of biologically active Factor VIII, such
methods as immunoassays (e.g., ELISA) and biological activity assays are
contemplated (e.g., coagulation activity assays).

Furthermore, while in particularly preferred embodiments, human Factor VIII is
encompassed by the present invention, it is not intended that the present invention be
limited to human Factor VIII. Indeed, it is intended that the present invention
encompass Factor VIII from animals other than humans, including but not limited to

companion animals (e.g., canines, felines, and equines), livestock (e.g., bovines,
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caprines, and ovines), laboratory animals (e.g., rodents such as murines, as well as

lagamorphs), and "exotic" animals (e.g., marine mammals, large cats, etc.).

II. Virion Production

Producing AAV Factor VIII vectors and rAAV Factor VIII virions of the
present invention generally involve the steps of: (1) introducing an AAV vector
containing the Factor VIII gene into a host cell; (2) introducing an AAV helper
construct into the host cell, where the helper construct includes AAV coding regions
capable of being expressed in the host cell to complement AAV helper functions
missing from the AAV vector; (3) introducing one or more helper viruses and/or
accessory function vectors into the host cell, wherein the helper virus and/or accessory
function vectors provide accessory functions capable of supporting efficient
recombinant AAV ("rAAV") virion production in the host cell; and (4) culturing the
host cell to produce rAAV virions.

The above-described vectors and constructs can be introduced into a cell using
standard methodology known to those of skill in the art (e.g., transfection). A number
of transfection techniques are generally known in the art (See e.g., Graham er al.,
Virol., 52:456 [1973], Sambrook et al. supra, Davis et al., supra, and Chu et al., Gene
13:197 [1981]). Particularly suitable transfection methods include calcium phosphate
co-precipitation (Graham et al., Virol., 52:456-467 [1973]), direct micro-injection into
cultured cells (Capecchi, Cell 22:479-488 [1980]), electroporation (Shigekawa et al.,
BioTechn., 6:742-751 [1988]), liposome-mediated gene transfer (Mannino ef al.,
BioTechn., 6:682-690 [1988]), lipid-mediated transduction (Felgner ef al., Proc. Natl.
Acad. Sci. USA 84:7413-7417 [1987]), and nucleic acid delivery using high-velocity
microprojectiles (Klein et al., Nature 327:70-73 [1987]).

For the purposes of the invention, suitable host cells for producing rAAV
virions include microorganisms, yeast cells, insect cells, and mammalian cells, that can
be, or have been, used as recipients of a heterologous DNA molecule. The term

includes the progeny of the original cell which has been transfected. Thus, as
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indicated above, a "host cell" as used herein generally refers to a cell which has been
transfected with an exogenous DNA sequence. Cells from the stable human cell line,
293 (ATCC Accession No. CRL1573) are preferred in the practice of the present
invention. Particularly, the human cell line 293 is a human embryonic kidney cell line
that has been transformed with adenovirus type-5 DNA fragments (Graham et al., J.
Gen. Virol., 36:59 [1977]), and expresses the adenoviral Ela and E1b genes (Aiello et
al., Virol., 94:460 [1979]). The 293 cell line is readily transfected, and provides a
particularly convenient platform in which to produce rAAV virions.

Host cells containing the above-described AAV vectors must be rendered
capable of providing AAV helper functions in order to replicate and encapsidate the
nucleotide sequences flanked by the AAV ITRs to produce rAAV virions. AAV
helper functions are generally AAV-derived coding sequences which can be expressed
to provide AAV gene products that, in turn, function in trans for productive AAV
replication. AAV helper functions are used herein to complement necessary AAV
functions that are missing from the AAV vectors. Thus, AAV helper functions include
one, or both of the major AAV ORFs, namely the rep and cap coding regions, or
functional homologues thereof.

AAV helper functions are introduced into the host cell by transfecting the host
cell with an AAV helper construct either prior to, or concurrently with, the transfection
of the AAV vector. AAV helper constructs are thus used to provide at least transient
expression of AAV rep and/or cap genes to complement missing AAV functions that
are necessary for productive AAV infection. AAV helper constructs lack AAV ITRs
and can neither replicate nor package themselves.

In preferred embodiments, these constructs are in the form of a vector,
including, but not limited to, plasmids, phages, transposons, cosmids, viruses, or
virions. A number of AAV helper constructs have been described, such as the
commonly used plasmids pAAV/Ad and pIM29+45 which encode both Rep and Cap
expression products (See e.g., Samulski et al., J. Virol,. 63:3822-3828 [1989]; and
McCarty et al., J. Virol., 65:2936-2945 [1991]). A number of other vectors have been
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described which encode Rep and/or Cap expression products (See e.g., U.S. Patent No.
5,139,941, herein incorporated by reference).

Both AAV vectors and AAV helper constructs can be constructed to contain
one or more optional selectable markers. Suitable markers include genes which confer
antibiotic resistance or sensitivity to, impart color to, or change the antigenic
characteristics of those cells which have been transfected with a nucleic acid construct
containing the selectable marker when the cells are grown in an appropriate selective
medium. Several selectable marker genes that are useful in the practice of the
invention include the gene encoding aminoglycoside phosphotranferase (APH) that
allows selection in mammalian cells by conferring resistance to G418 (Sigma). Other
suitable markers are known to those of skill in the art.

The host cell (or packaging cell) must also be rendered capable of providing
non-AAV derived functions, or "accessory functions," in order to produce rAAV
virions. Accessory functions are non-AAV derived viral and/or cellular functions upon
which AAV is dependent for its replication. Thus, accessory functions include at least
those non-AAV proteins and RNAs that are required in AAV replication, including
those involved in activation of AAV gene transcription, stage specific AAV mRNA
splicing, AAV DNA replication, synthesis of rep and cap expression products and
AAV capsid assembly. Viral-based accessory functions can be derived from any of
the known helper viruses.

Particularly, accessory functions can be introduced into and then expressed in
host cells using methods known to those of skill in the art. Commonly, accessory
functions are provided by infection of the host cells with an unrelated helper virus. A
number of suitable helper viruses are known, including adenoviruses; herpesviruses
such as herpes simplex virus types 1 and 2; and vaccinia viruses. Nonviral accessory
functions will also find use herein, such as those provided by cell synchronization
using any of various known agents (See e.g., Buller ez al., J. Virol., 40:241-247
[1981]; McPherson et al., Virol., 147:217-222 [1985]; and Schiehofer et al., Virol.,
152:110-117 [1986]).
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Alternatively, accessory functions can be provided using an accessory function
vector. Accessory function vectors include nucleotide sequences that provide one or
more accessory functions. An accessory function vector is capable of being introduced
into a suitable host cell in order to support efficient AAV virion production in the host
cell. Accessory function vectors can be in the form of a plasmid, phage, virus,
transposon or cosmid. Accessory vectors can also be in the form of one or more
linearized DNA or RNA fragments which, when associated with the appropriate
control sequences and enzymes, can be transcribed or expressed in a host cell to
provide accessory functions.

Nucleic acid sequences providing the accessory functions can be obtained from
natural sources, such as from the genome of adenovirus, or constructed using
recombinant or synthetic methods known in the art. In this regard, adenovirus-derived
accessory functions have been widely studied, and a number of adenovirus genes
involved in accessory functions have been identified and partially characterized (See
e.g., Carter, "Adeno-Associated Virus Helper Functions," in CRC Handbook of
Parvoviruses, Vol. I (P. Tijssen, ed.) [1990], and Muzyczka, Curr. Top. Microbiol.
Immun., 158:97-129 [1992]). Specifically, early adenoviral gene regions Ela, E2a,
E4, VAI RNA and, possibly, Elb are thought to participate in the accessory process
(Janik et al., Proc. Natl. Acad. Sci. USA 78:1925-1929 [1981]). Herpesvirus-derived
accessory functions have been described (See e.g., Young et al., Prog. Med. Virol.,
25:113 [1979]). Vaccinia virus-derived accessory functions have also been described
(See e.g., Carter, supra., and Schlehofer et al., Virol., 152:110-117 [1986]).

As a consequence of the infection of the host cell with a helper virus, or
transfection of the host cell with an accessory function vector, accessory functions are
expressed which transactivate the AAV helper construct to produce AAV Rep and/or
Cap proteins. The Rep expression products direct excision of the recombinant DNA
(including the DNA of interest encoding at least a portion of Factor VIII) from the
AAV vector. The Rep proteins also serve to duplicate the AAV genome. The

expressed Cap proteins assemble into capsids, and the recombinant AAV genome is
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packaged into the capéids. Thus, productive AAYV replication ensues, and the DNA is
packaged into rAAV virions.

Following recombinant AAV replication, rAAV virions can be purified from
the host cell using a variety of conventional purification methods, such as CsCl
gradients. Further, if helper virus infection is employed to express the accessory
functions, residual helper virus can be inactivated, using known methods. For
example, adenovirus can be inactivated by heating to temperatures of approximately
60°C for approximately 20 minutes or more, as appropriate. This treatment selectively
inactivates the helper adenovirus which is heat labile, while preserving the rAAV

which is heat stable.

III. Pharmaceutical Compositions

The resulting rAAV virions are then ready for use in pharmaceutical
compositions which can be delivered to a subject, so as to allow production of
biologically active Factor VIII. Pharmaceutical compositions comprise sufficient
genetic material that allows the recipient to produce a therapeutically effective amount
of Factor VIII so as to reduce, stop and/or prevent hemorrhage. The compositions
may be administered alone or in combination with at least one other agent, such as
stabilizing compound, which may be administered in any sterile, biocompatible
pharmaceutical carrier, including, but not limited to, saline, buffered saline, dextrose,
and water. The compositions may be administered to a patient alone, or in combination
with other agents, clotting factors or factor precursors, drugs or hormones. In
preferred embodiments, the pharmaceutical compositions also contain a
pharmaceutically acceptable excipient. Such excipients include any pharmaceutical
agent that does not itself induce an immune response harmful to the individual
receiving the composition, and which may be administered without undue toxicity.
Pharmaceutically acceptable excipients include, but are not limited to, liquids such as
water, saline, glycerol, sugars and ethanol. Pharmaceutically acceptable salts can be
included therein, for example, mineral acid salts such as hydrochlorides,

hydrobromides, phosphates, sulfates, and the like; and the salts of organic acids such
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as acetates, propionates, malonates, benzoates, and the like. Additionally, auxiliary
substances, such as wetting or emulsifying agents, pH buffering substances, and the
like, may be present in such vehicles. A thorough discussion of pharmaceutically
acceptable excipients is available in Remington’s Pharmaceutical Sciences (Mack Pub.
Co., N.J. [1991)).

Pharmaceutical formulations suitable for parenteral administration may be
formulated in aqueous solutions, preferably in physiologically compatible buffers such
as Hanks’s solution, Ringer’s solution, or physiologically buffered saline. Aqueous
injection suspensions may contain substances which increase the viscosity of the
suspension, such as sodium carboxymethyl cellulose, sorbitol, or dextran.

Additionally, suspensions of the active compounds may be prepared as appropriate oily
injection suspensions. Suitable lipophilic solvents or vehicles include fatty oils such as
sesame oil, or synthetic fatty acid esters, such as ethyl oleate or triglycerides, or
liposomes. Optionally, the suspension may also contain suitable stabilizers or agents
which increase the solubility of the compounds to allow for the preparation of highly
concentrated solutions.

For topical or nasal administration, penetrants appropriate to the particular
barrier to be permeated are used in the formulation. Such penetrants are generally
known in the art.

The pharmaceutical compositions of the present invention may be manufactured
in a manner that is known in the art (e.g., by means of conventional mixing,
dissolving, granulating, dragee-making, levigating, emulsifying, encapsulating,
entrapping, or lyophilizing processes).

The pharmaceutical composition may be provided as a salt and can be formed
with many acids, including but not limited to, hydrochloric, sulfuric, acetic, lactic,
tartaric, malic, succinic, etc. Salts tend to be more soluble in aqueous or other
protonic solvents than are the corresponding free base forms. In other cases, the
preferred preparation may be a lyophilized powder which may contain any or all of the
following: 1-50 mM histidine, 0.1%-2% sucrose, and 2-7% mannitol, at a pH range of

4.5 to 5.5, that is combined with buffer prior to use.
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After pharmaceutical compositions have been prepared, they can be placed in
an appropriate container and labeled for treatment. For administration of Factor VIII-
containing vectors, such labeling would include amount, frequency, and method of
administration.

Pharmaceutical compositions suitable for use in the invention include
compositions wherein the active ingredients are contained in an effective amount to
achieve the intended purpose. Determining a therapeutic effective dose is well within
the capability of those skilled in the art using the techniques taught in the present
invention, such as ELISA and ChromZ FVIII coagulation activity assay, and other
techniques known in the art. Therapeutic doses will depend on, among other factors,
the age and general condition of the subject, the severity of hemophilia, and the
strength of the control sequences. Thus, a therapeutically effective amount in humans
will fall in a relatively broad range that can be determined through clinical trials.

It is intended that the dosage treatment and regimen used with the present
invention will vary, depending upon the subject and the preparation to be used. Thus,
the dosage treatment may be a single dose schedule or a multiple dose schedule.
Moreover, the subject may be administered as many doses as appropriate to achieve or
maintain the desired blood clotting time.

Direct delivery of the pharmaceutical compositions in vivo will generally be
accomplished via injection using a conventional syringe, although other delivery
methods such as convention-enhanced delivery are envisioned (See e.g., United States
Patent No. 5,720,720, incorporated herein by reference). In this regard, the
compositions can be delivered subcutaneously, epidermally, intradermally,
intrathecally, intraorbitally, intramucosally (e.g., nasally, rectally and vaginally),
intraperitoneally, intravenously, intraarterially, orally, or intramuscularly. Other modes
of administration include oral and pulmonary administfation, suppositories, and
transdermal applications. In particularly preferred embodiments, the compositions are
administered intra\}enously in the portal vasculature or hepatic artery

One skilled in the art will recognize that the methods and compositions

described above are also applicable to a range of other treatment regimens known in
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the art. For example, the methods and compositions of the present invention are

compatible with ex vivo therapy (e.g., where cells are removed from the body,

‘incubated with the AAV vector and the treated cells are returned to the body).

IV.  ADMINISTRATION

AAV vector can be administered to any tissue suitable for the expression of
Factor VIII. In a preferred embodiments, the AAV vectors of the present invention
are successfully administered via the portal vasculature or hepatic artery where it is
thought, without being bound by theory, that the vector transduces hepatocytes.
Current approaches to targeting genes to the liver have focused upon ex vivo gene
therapy. Ex vivo liver-directed gene therapy involves the surgical removal of liver
cells, transduction of the liver cells in vitro (e.g., infection of the explanted cells with
recombinant retroviral vectors) followed by injection of the genetically modified liver
cells into the liver or spleen of the patient. A serious drawback for ex vivo gene
therapy of the liver is the fact that hepatocyctes cannot be maintained and expanded in
culture. Therefore, the success of ex vivo liver-directed gene therapy depends upon the
ability to efficiently and stably engraft the genetically modified (i.e., transduced)
hepatocytes and their progeny. It has been reported that even under optimal
conditions, autologous modified liver cells injected into the liver or spleen which
engraft represent only a small percentage (less than 10%) of the total number of cells
in the liver. Ectopic engrafiment of transduced primary hepatocytes into the peritoneal
cavity has been tried, in order to address the problem of engraftment in the liver.

Given the problems associated with ex vivo liver-directed gene therapy, in vivo
approaches have been investigated for the transfer of genes into hepatocytes, including
the use of recombinant retroviruses, recombinant adenoviruses, liposomes and
molecular conjugates. While these in vivo approaches do not suffer from the
drawbacks associated with ex vivo liver-directed gene therapy, they do not provide a
means to specifically target hepatocytes. In addition, several of these approaches

require performance of a partial hepatectomy, in order to achieve prolonged expression
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of the transferred genes in vivo. Adenovirus and molecular conjugate based delivery
methods also result in liver toxicity and inflammation which is an undesirable feature
of Factor VIII gene therapy. The present invention provides compositions and
methods for the long-term expression of biologically active Factor VIIL. It is
contemplated that the present invention will bypass the need for partial hepatectomy,
while allowing expression of Factor VIII in concentrations that are therapeutic in vivo.
The present invention further provides gene therapy compositions and methods that
target hepatocytes for the production of Factor VIII by treated individuals.

Other tissues, however, may be suitable for the expression of Factor VIII even
if they are not the tissue that normally synthesizes the protein. Muscle cells, for
example, have been shown to express biologically active blood clotting Factor IX even
though it is normally synthesized in the liver.

Finally, the AAV vectors may contain any nucleic acid sequences coding for
biologically active Factor VIII. Additionally, the AAV vectors may contain a nucleic
acid coding for fragments of Factor VIII which is itself not biologically active, yet
when administered into the subject improves or restores the blood clotting time. For
example, as discussed above, the Factor VIII protein comprises two polypeptide
chains: a heavy chain and a light chain separated by a B-domain which is cleaved
during processing. As demonstrated by the present invention, co-transducing recipient
cells with the Factor VIII heavy and light chains leads to the expression of biologically
active Factor VIII. Because, however, most hemophiliacs contain a mutation or
deletion in only one of the chains (e.g., heavy or light chain), it may be possible fo
administer only the chain defective in the patient and allow the patient to supply the
other chain. In this case, the AAV vector would fall within the scope of the invention
even though the single chain (i.e., heavy or light) would not be biologically active
until it was administered into a subject which can supply the second chain, thus

forming biologically active Factor VIII.
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V. FACTOR VIII ASSAYS

As described in the Experimental section below, there are many ways to assay
Factor VIII expression and activity. Although the present invention is not limited to
immunoassay methods, the present invention also provides methods for detecting
Factor VIII expression comprising the steps of: a) providing a sample suspected of
containing Factor VIII, and a control containing a known amount of known Factor
VIII; and b) comparing the test sample with the known control, to determine the
relative concentration of Factor VIII in the sample. Thus, the methods are capable of
identifying samples (e.g., patient samples) with sufficient or insufficient quantities of
Factor VIII. In addition, the methods may be conducted using any suitable means to
determine the relative concentration of Factor VIII in the test and control samples,
including but not limited to means selected from the group consisting of Western blot
analysis, Northern blot analysis, Southern blot analysis, denaturing polyacrylamide gel
electrophoresis (e.g., SDS-PAGE), reverse transcriptase-coupled polymerase chain
reaction (RT-PCR), enzyme-linked immunosorbent assay (ELISA), radioimmunoassay
(RIA), and fluorescent immunoassay (IFA). Thus, the methods may be conducted to
determine the presence of normal Factor VIII sequences in the genome of the animal
source of the test sample, or the expression of Factor VIII (mRNA or protein), as well
as detect the presence of abnormal or mutated Factor VIII gene sequences in the test
samples.

In one preferred embodiment, the presence of Factor VIII is detected by
immunochemical analysis. For example, the immunochemical analysis can comprise
detecting binding of an antibody specific for an epitope of Factor VIII. In one another
preferred embodiment of the method, the antibody comprises polyclonal antibodies,
while in another preferred embodiment, the antibody comprises monoclonal antibodies.

It is further contemplated that antibodies directed against at least a portion of
Factor VIII will be used in methods known in the art relating to the localization and
structure of Factor VIII (e.g., for Western blotting), measuring levels thereof in
appropriate biological samples, etc. The antibodies can be used to detect Factor VIII

in a biological sample from an individual (e.g., an individual treated using the methods
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and/or compositions of the present invention). The biological sample can be a
biological fluid, including, but not limited to, blood, serum, plasma, interstitial fluid,
urine, cerebrospinal fluid, synovial fluid, and the like. In particular, the antigen can be
detected from cellular sources, including, but not limited to, hepatocytes. For
example, cells can be obtained from an individual and lysed (e.g., by freeze-thaw
cycling, or treatment with a mild cytolytic detergent including, but not limited to,
TRITON X-100, digitonin, NONIDET P (NP)-40, saponin, and the like, or
combinations thereof; See, e.g., International Patent Publication WO 92/08981).

The biological samples can then be tested directly for the presence of the
Factor VIII using an appropriate strategy (e.g., ELISA or RIA) and format (e.g.,
microwells, dipstick [e.g., as described in International Patent Publication WO
93/03367], etc.). Alternatively, proteins in the sample can be size separated (e.g., by
polyacrylamide gel electrophoresis (PAGE), with or without sodium dodecyl sulfate
(SDS), and the presence of Factor VIII detected by immunoblotting [e.g., Western
blotting]). Immunoblotting techniques are generally more effective with antibodies
generated against a peptide corresponding to an epitope of a protein, and hence, are
particularly suited to the present invention. In another preferred embodiment, the level
of Factor VIII is assayed using the whole-blood clotting time and activated parial
thromboplastin time (aPTT) of the subject’s blood using techniques well known in the
art (Herzog et al., Nature Medicine 5:56 [1999)).

The foregoing explanations of particular assay systems are presented herein for
purposes of illustration only, in fulfillment of the duty to present an enabling
disclosure of the invention. It is to be understood that the present invention
contemplates a variety of immunochemical assay protocols within its spirit and scope.
Indeed, other methods such as biological assays to determine the presence and activity
of Factor VIII are also encompassed by the present invention.

Thus, in addition to the immunoassay systems described above, other assay

systems, such as those designed to measure and/or detect Fraction VIII and/or clotting
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ability of a subject’s blood are also encompassed by the present invention (e.g., the

ChromZ FVIII coagulation activity [FVIII-c] assay [Helena Labs]).

EXPERIMENTAL

Below are examples of specific embodiments for carrying out the present
invention. The examples are offered for illustrative purposes only, and are not
intended to limit the scope of the present invention in any way.

Efforts have been made to ensure accuracy with respect to numbers used (e.g.,
amounts, temperatures, etc.), but some experimental error and deviation should, of
course, be allowed for.

In the experimental disclosure which follows, the following abbreviations
apply: N (Normal); M (Molar); mM (millimolar); puM (micromolar); g (grams); mg
(milligrams); pg (micrograms); ng (nanograms); I or L (liters); ml (milliliters); pl
(microliters); cm (centimeters); mm (millimeters); um (micrometers); nm
(nanometers); mU (milliunits); **Cr (Chromium 51); pCi (microcurie); EC (degrees
Centigrade); hFVIII (human factor VIII); FVIII (factor VII); pH (hydrogen ion
concentration); JRH grade; NaCl (sodium chloride); HCI (hydrochloric acid); OD
(optical density); bp (base pair(s)); ATP (adenosine 5’-triphosphate); PCR (polymerase
chain reaction); DNA (deoxyribonucleic acid); cDNA (complementary DNA); AAV
(adeno-associated virus); rAAV (recombinant adeno-associated virus); ITR (inverted
terminal repeat); FCS or FBS (fetal calf serum; fetal bovine serum); CFA (complete
Freund’s adjuvant); BSA (bovine serum albumin); ATCC (American Type Culture
Collection, Rockville, MD); Sigma (Sigma Aldrich, St. Louis, MO); Biodesign
International (Biodesign International, Kennebunk, MI); Baxter Hyland (Baxter
Healthcare Corp., Biotech Group--Hyland Division, Hayward, CA); Helena Labs
(Helena Laboratories, Beaumont, TX); American Diagnostica (American Diagnostica,
Greenwich, CT); Accurate Chemical (Accurate Chemical and Scientific Corp.,
Westbury, NY); Molecular Probes (Molecular Probes, Eugene, OR); Vysis (Vysis,
Downer Grove, IL); Tel-Test (Tel-Test, Inc., Friendswood, TX); Molecular Dynamics
(Molecular Dynamics, Sunnyvale, CA); NUNC (Naperville, IL); and Stratagene
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(Stratagene Cloning Systems, La Jolla, CA); and Biodesign (Biodesign International,
Kennebunkport, ME).

EXAMPLE 1
Dual Vector Plasmid Construction

The heavy and light chains of human Factor VIII (hFVIII) were assembled
according to those reported by Yonemura et al (Yonemura et al., Prot. Engineer.,
6:669-674 [1993]) and cloned as expression cassettes into AAV vectors. Both vectors
contain the promoter and the first non-coding intron (from -573 to +985) from the
human elongation factor lo. (EFla) gene (Uetsuki et al, J. Biol. Chem., 264:5791-
5798 [1989]; and Kim et al., Gene 9:217-223 [1990]). Each vector also contains the
first 57 base pairs of the FVIiI heavy chain encoding the 19 amino acid signal
sequence. The heavy chain construct encodes the A1 and A2 domains and 5 amino
acids from the N terminus of the B domain. The light chain vector encodes 85 amino
acids of the carboxy terminal B domain, in addition to the A3, Cl, and C2 domains.
Both vectors utilize the human growth hormone (hGH) polyadenylation signal. The
expression cassettes were inserted between AAV ITRs. The initial cloning step
involved deleting 854 bp of EFla sequences between the Spel and XcmlI sites of
pVm4.le-hFIX (Nakai et al., Blood 91:1-9 [1998]), and religating to create
pVm4.1e5D-hFIX.

This construct was then digested with EcoRI, which released the hFIX cDNA,
and was ligated to an oligonucleotide containing Mfel ends (EcoRI-compatible) and an
internal Clal restriction site, creating pVm4.1e8D-linker. The heavy and light chain
fragments, including the hGH polyadenylation sequences were isolated from
pVm4.1cFVIII-HC and pVm4.1cFVIII-LC, respectively as Clal-Bs¢EIl fragments.
These fragments were cloned between the corresponding sites in the pVm4.1edD-
linker, creating plasmids pVm4.1e8D-FVIII-HC (also, rAAV-hFVIII-HC) and
pVm4.1edD-FVIII-LC (also, rAAV-hFVIII-LC).
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Figure 7 provides a map of the constructs. In this figure, the upper line in each
panel represents the gene structure of the vectors, and the lower line represents the
structure of the hFVIII protein domains enconded by the vectors (ITR, AAV inverted
terminal repeat; EFla Pro/Intron 1, human polypeptide elongation factor 1 o gene
promoter and first intron; hFVIII-HC human FVIII ¢cDNA; hFVIII-LC, human FVIII
c¢DNA; hGH PA, human growth hormone polyadenylation signal; SS, human FVIII
signal sequence; Al, A2, "B", A3, Cl, C2, complete and incomplete (") protein
domains of the hFVIII protein).

EXAMPLE 2
Single Vector Plasmid Construction

The plasmid pAAV-F8-1 construct containing both the light and heavy chains
of factor VIII was constructed as follows. A PCR fragment, Z8, containing cloning
sites, 5’ -splicing donor site of a synthetic intron based on EFla and immunoglobulin
G (IgQ) intron sequences, Kozak sequence and the first 16 nucleotides of the human
blood coagulation factor VIII (FVIII) coding sequence was generated using
oligonucleotides Z8S and Z8A. The sequences of the nucleic acids is shown below:

Oligonucleotide Z8S:

5’ cccaagcettgecggeegecegggtgecgeccctaggeaggtaagtgeegtgtgtggttee 3/
(SEQ ID NO:1)

Oligonucleotide Z8A:
5’ ccgcetcgagcagagctctatttgcatggtggaatcgatgecgegggaaccacacacgge 3/
(SEQ ID NO:2)

PCR fragment Z8:

5’ cccaagcettgeggeegeecgggtgecgeccctaggeaggtaagtgeegtgtgtggttceege
ggcatcgattccaccatgcaaatagagetctgetcgagegg 3¢ (SEQ ID NO:3)

Nucleic acid Z8 was inserted into pZERO-2 (Invitrogen) between HindIII and
Xhol sites to create pZ8. A PCR fragment, INT3, containing the branching point, the
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polypyrimidine tract, and the 3 splicing acceptor site of the synthetic intron was

generated using oligonucleotides INT3S and INT3A whose sequence is shown below.

Oligonucleotide INT3S:
5’ ttccegegggectggectetttacgggttatggeecttgegtgecttgaattactga 3¢
(SEQ ID NO:4)

Oligonucleotide INT3A:
5’ gaatcgatacctgtggagaaaaagaaaaagtggatgtcagtgtcagtaattcaagge 3/
(SEQ ID NO:5)

PCR Fragment INT3:

5’ tteccgegggectggectetttacgggttatggeccttgegtgecttgaattactgacact
gacatccactttttctttttctccacaggtatcgattc 3/ (SEQ ID NO:6)

INT3 was inserted between the Sacll and Clal sites of pZ8 to create pZ8.1.
Therefore, Z8.1 contains the entire synthetic intron between Avrll and Clal sites. A
hFVIII ¢cDNA fragment having Sacl and Xhol restriction sites was inserted between the
Sacl and Xhol sites of pZ8.I to create pZ8.1.dB. Therefore, pZ8.1.dB contains a
synthetic intron and the entire coding sequence of hFVIII.

A PCR fragment, EG3, containing three HNF-3 binding sites and -54 to +8 of
mouse albumin gene was generated using oligonucleotides EG3S and EG3A with
modifications to eliminate linker sequences. The sequences of EG3S and EG3A are as

follows:

Oligonucleotide EG3S:

5 agggaatgtttgttcttaaataccatccagggaatgtttgttcttaaataccatccagggaatgtttgttcttaaatacca
tctacagttattggttaaa 3’ (SEQ ID NO:7)
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Oligonucleotide EG3A:
5’ ggaaaggtgatctgtgtgcagaaagactcgetctaatatacttctttaaccaataactg 3/
(SEQ ID NO:8)

PCR Fragment EG3:

5’ agggaatgtttgttcttaaataccatccagggaatgtttgttcttaaataccatccagggaatgtttgttctta
aataccatctacagttattggttaaagaagtatattagagcgagtctttctgcacacagatcacctttce 3/

(SEQ ID NO:9)

EG3 was then phosphorylated using T4 polynucleotide kinase and inserted into
the Smal site of pZ8.1.dB to create pZ8.1.dB.egg. A DNA fragment, SPA, containing
an efficient synthetic polyA signal based on rabbit B-globin sequences (Genes and
Develop., 3:1019) was generated by hybridizing two oligonucleotides SPA.S and
SPA.A.

Oligonucleotide SPA.S:
5’ tcgagaataaaagatcagagctctagagatctgtgtgttggttttttgtgtgcggeege 3/
(SEQ ID NO:10)

Oligonucleotide SPA.A:
5’ tcgagcggccgeacacaaaaaaccaacacacagatctctagagetctgatcttttatte 3¢
(SEQ ID NO:11)

PCR Fragment SPA:
5’ tcgagaataaaagatcagagctctagagatctgtgtgttggttttttgtgtgcggecgetega 3/

(SEQ ID NO:12)

SPA was inserted into the Xhol site of pZero-2 to create pZero-2.SPA. SPA
was excised from a pZero-2.SPA clone and inserted into the Xhol site of pZ8.1.dB.egg
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to create pZ8.1.dB.egg.A. pAAV-CMV-FIX9 was digested with Clal, blunted with T4
polymerase and religated to create pAAV(Cla)-CMV-FIX9.

The entire expression cassette containing HNF-3.albumin promoter-synthetic
intron-hFVIII-synthetic poly A signal was excised from pZ8.1.dB.egg.A using NorI and
ligated to the plasmid backbone and AAV ITRs from pAAV (Cla-)-CMV-FIX9 to
create pAAV-F8-1. The nucleotide sequence of the vector from ITR to ITR (i.e.,
excluding plasmid backbone) is shown in SEQ ID NO 13.

EXAMPLE 3
Virion Production

AAYV vectors were produced from these plasmids using the Ad free system as
previously described in U.S. Patent No. 5,858,351; U.S. Patent No. 5,846,528; U.S.
Patent No. 5,622,856; and Matsushita et al., Gene Ther 5:938 (1998) all of which are
hereby incorporated by reference. Briefly, 293 cells (ATCC, catalog number CRL-
1573) were seeded in 10 cm dishes at a density of 3 x 10¢ cells per dish in 10 ml
medium and incubated at 37°C with CO, and humidity. After an overnight incubation,
cells were approximately seventy to eighty percent confluent.

The cells were then transfected with DNA by the calcium phosphate method, as
is well known in the art. Briefly, 7 pg of AAV vector containing the Factor VIII
coding region, 7 pg of pladeno5 which supplies the accessory functions, and 7 pg of
1909 AAV helper were added to a 3 ml sterile, polystyrene snap cap tube using sterile
pipette tips. Then, 1.0 ml of 300 mM CaCl, (JRH grade) was added to each tube and
mixed by pipetting up and down. An equal volume of 2X HBS (274 mM NaCl, 10
mM KCl, 42 mM HEPES, 1.4 mM Na,PO,, 12 mM dextrose, pH 7.05, JRH grade)
was added with a 2 ml pipette, and the solution was pipetted up and down three times.
The DNA mixture was immediately added to the cells, one drop at a time, evenly
throughout the 10 cm dish. The cells were then incubated at 37°C with CO, and
humidity for six hours. A granular precipitate was visible in the transfected cell
cultures. After six hours, the DNA mixture was removed from the cells, which were

provided with fresh medium and incubated for 72 hours.
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After 72 hours, the cells were harvested, pelleted, and resuspended in 1 ml
TBS/1% BSA. Freeze/thaw extracts were prepared by repeatedly (three times)
freezing the cell suspension on dry ice and thawing at 37°C. Viral preps were stored

at -80°C and titered by dot blot assay prior to the first round of infection.

EXAMPLE 4
In Vitro Cell Transduction

Cells from the stable human cell line, 293 (ATCC No. CRL1573) were seeded
in six-well plates (i.e., plates having six wells for cell growth) at a density of 5x10°
cells/well. When the monolayers reached 80-90% confluence, they were infected with
rAAYV virions AAV-edD-FVIII-HC, AAV-e3D-FVIII-LC, an equal ratio of AAV-e8D-
FVII-HC and AAV-eSD-FVIII-LC, or AAV-e5D-FIX at MOIs of 3x10* and 3x10°.
Eighteen hours post infection, the media were replaced with DMEM/10% heat
inactivated FBS. The media were collected later for analysis by ELISA (as described
below) for FVIII light chain antigen levels, and by the ChromZ FVIII as coagulation
activity (FVIII-c) assay (Helena Labs) for biological activity, using the manufacturer’s

instructions and as described in Example 6.

EXAMPLE 5
Single Chain Factor VIII Infectivity Assay

In this Example, the infectivity of single chain Factor VIII was investigated.
To determine the infectivity of rAAV-hF8-1, HepG2, 293, and H2.35 cells were
infected with rAAV-hF8-1 and a control vector rAAV-hF8L at an MOI of 1 x 10°
viral particles per cell. Recombinant AAV DNA in infected cells was isolated by Hirt
extraction and run on an alkaline agarose gel. Southern blot analysis using an human
F8 probe showed that similar amounts of rAAV-hF8-1 and rAAV-hF8L were isolated
from uncoated virus in the infected cells. | An infectious center assay (ICA) known in
the art (See e.g., Snyder, Current Protocols in Genetics, Chapter 12, John Wiley &
Sons [1997]) was used to further characterize the infectivity of rAAV-hF8-1. In this
assay, the infectious particle to total particle ratio of rAAV-F8-1 and that of a control
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rAAYV vector with the genome size of 4645 nucleotides was determined. The results
indicated that rAAV-hF8-1 had an infectious particle to total particle ratio that was
comparable to the control vector at approximately 1:1000. Taken together, these
results indicate rAAV-hF8-1 has similar infectivity as rAAV vectors with the genome

size of wild-type AAV.

EXAMPLE 6
Factor VIII Protein Expression Assay

An ELISA specific for the light chain of FVIII was used to determine FVIII
light chain antigen levels in the 293 cells, as well as the injected animals (described
below). NUNC Maxisorb 96 well plates were coated with 50 pul of a 1:500 dilution of
the light chain specific antibody, N77110 (Biodesign International) in a coating buffer
overnight at 4°C. The plate was washed three times with wash buffer (PBS, 0.05%
Tween 20) and blocked with 200 pl blocking buffer (PBS, 10% horse serum, 0.05%
Tween 20) at room temperature for 1 hour. The plate was washed three times and
standards and samples were applied. Bioclate recombinant human FVIII (Baxter
Hyland) was used as the standard, and was diluted in blocking buffer to concentrations
ranging from 320 ng/ml to 10 ng/ml.

For analysis of transduced culture supernatants, the standards contained 50%
media, and for analysis of mouse plasma, the standards were diluted into 10%, in
normal pooled mouse plasma (Sigma). A standard assay reference plasma (SARP;
Helena Labs) was also included in the assay. Following the loading of the standards
and samples (95 pl/well), the plate was incubated at room temperature for 2 hours, and
washed five times with wash buffer (200 ul/well). A 1:200 dilution of a horseradish
peroxidase-conjugated light chain specific antibody, ESH8-HRP, (American
Diagnostica) was added (100 ul/well), and the plate was incubated for 1 hour at room
temperature. The plates were then washed four times with wash buffer, and the
antigen was detected using an ABTS peroxidase substrate kit (BioRad) according to
the manufacturer’s instructions. The results are shown in Table 1 of Example 7,

below.
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EXAMPLE 7
Factor VIII Biological Activity Assay

The ChromZ FVIII coagulation activity (FVIII-c) assay (Helena Labs,
Beaumont, TX) was used to detect biologically active FVIII in the 293 cells infected
as described in Example 4. Bioclate recombinant human FVIII (Baxter Hyland) was
used as a standard to analyze transfected culture supernatants. The standards were
diluted in plasma dilution buffer (supplied in kit) in the range of 10 ng/ml to 0.313
ng/ml, and were made 2.5% in media. Because this assay can detect both human and
murine FVIII activity, it was modified to deplete biologically active human Factor VIII
in the mouse plasma. Mouse plasma was pre-incubated with an antibody specific for
human FVIII prior to performing the assay. The difference in FVIII activity between
the untreated plasma sample and the antibody treated sample represent the amount of
biologically active human FVIII in the plasma. The standard used in the assay was
normal pooled human plasma (FACT; obtained from George King Biomedical). Serial
dilutions of FACT were made in FVIII deficient plasma from undiluted (200 ng/ml) to
6.25 ng/ml. The standards (10 pl) were incubated at 37°C for 15 min., with or
without the addition of 2 ul antibody N77110. Similarly, mouse plasma samples were
diluted in FVIII deficient plasma and 10 pl of these diluted samples were incubated
with or without 2 pul of N77110 at 37°C for 15 min., and immediately placed on ice.
Thus, all incubations with antibody were done in a background of 100% plasma. The
antibody adsorbed and non-adsorbed FACT standards, as well as the mouse plasma
samples were diluted 1:20 in plasma detection buffer provided in the ChromZ kit.
Thus, the final concentration of the FACT standards used in the assay ranged from 10
ng/ml to 0.313 ng/ml.

Twenty five microliters of these dilutions were added to a chilled 96 well plate.
With the plate on ice, 25 pl of FIXa reagent and 50 pl of FX were added, and the
plate was incubated at 37°C for 15 min. Substrate (50 pl) was added and the plate
was incubated for an additional 3 min at 37°C. The reaction was stopped with the

addition of 25 ul 50% acetic acid and the optical density at 405 nm was measured.
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As shown below in Table 1, infection of 293 cells with AAV-e6D-FVIII-HC
resulted in no antigen production, as well as no biologically-active protein. Cells
infected with AAV-e8D-FVIII-LC produced FVIII light chain, but no biologically
active protein. However, cells transduced with both vectors produced FVIII light
chain and biologically active FVIII in a dose-dependent manner. Transduction of
cells with the negative control vector, AAV-e8D-FIX, resulted in no antigen nor any
biologically active FVIIL. It was assumed that equal amounts of heavy and light
chains were produced in transduced cells. The activity units were converted to
nanograms using the definition of one unit being equal to the amount of FVIII in 1 ml

of normal pooled human plasma, or 200 ng.
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TABLE 1. In Vitro Production of Biologically Active
Human Factor VIII From Two rAAYV Vectors

Y.ector. OI-
AAV-eoD-FVII-HC and 3x10° 24 35 7.1
AAV-edD-FVIII-LC
AAV-edD-FVIII-HC and 3x10° 121 440 87.9
AAV-edD-FVIII-LC
AAV-eoD-FVIII-HC 3x10° 0 0 0
AAV-eoD-FVIII-HC 3x 10° 0 0 0
AAV-edD-FVII-LC 3x10° 20.5 0 0
AAV-eoD-FVIII-LC 3x10° 96.9 0 0
AAV-hFIX 3x10° 0 0 0
AAV-hFIX 3x10° 0 0 0
No Vector 0 0 0
EXAMPLE 8

Immunofluorescent Staining of FVIII Heavy and Light Chains

In these experiments, 293 cells transduced as described above were analyzed
using immunofluorescent staining. 293 cells were plated on rat tail collagen-coated
two-well culture slides at a density of 4 x 10° cells per well. Forty-eight hours later,
the cells were transduced at an MOI of 3 x 10* particles per cell of rAAV-hFVIII-HC
and rAAV-hFVIII-LC. Forty-eight hours post-transduction, the cells were fixed in situ
with acetone, blocked with 2% BSA, and stained with a fluorescently labelled anti-
hFVIII light chain antibody and a fluorescently labelled anti-hFVIII heavy chain
antibody. The anti-hFVIII light chain antibody used was ESH-4 monoclonal antibody
(American Diagnostica), fluorescently labelled with alexa-488 (Molecular Probes),
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according to the manufacturer’s instructions. The anti-hFVIII heavy chain antibody
used was MAS530P monoclonal antibody (Accurate Chemical) fluorescently labelled
with alexa-594 (Molecular Probes), according to the manufacturer’s instructions. The
cells were counter-stained with DAPI. The images were collected using a Zeiss
Axioskop fluorescence microscope equipped with separate filters for DAPI, FITC, and
rhodamine signals and a CCD camera. Image analysis was performed using Quips
imaging software (Vysis).

As indicated above, infection of cells with either rAAV-edD-FVIII-HC or
AAV-eBD-I;'VIII-LC, followed by staining with antibodies to both chains resulted in
production of the individual chains of human FVIII. Immunofluorescent staining of
cells co-infected with both vectors demonstrated that although some cells express only

the heavy or light chain of hFVIII, many co-expressed both chains of human FVIII.

EXAMPLE 9
In Vitro Expression of Factor VIII Using Single Construct

Table 2 shows that two single vector constructs containing the heavy and the

light chain of Factor VIII driven by different promoters express biologically active

Factor VIII. The constructs pAAV-hF8-1 (SEQ ID NO:13), and pVm4.1cF8AB (SEQ
ID NO:14) were transfected into 293 cells. Following transfection, the cells were
allowed to express factor VIII for 48-72 hours. Factor VIII in the culture media was
assayed by the ChromZ FVIII coagulation activity (FVIII-c) assay, as per the

manufacturer’s instructions.
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TABLE 2

In Vitro Production of Biologically Active FVIII
Construct(s) ‘ELIS hromZ

Control - 0

PAAV-hF8-1 - 49

pVm4.1cF8AB - 46
EXAMPLE 10

Factor VIII Expression Using Tissue Specific Promoters

In these experiments, different promoters and enhancer elements were used to
drive expression of a Factor VII coding sequence. Expression of Factor VIII was
compared in 293 cells and HepG2 cells using different promoters. The pAAVeF8AB
contains an EF-1a promoter with a hGH intron, Factor VIII with a B-domain deletion
(F8AB) and a polyA. As described previously, pAAV-hF8-1 uses the HNF-3 albumin
promoter with a minimal intron followed by F8AB and a minimal polyA. The
construct pAAV-c8 uses the CMV enhancer-promoter and the F8AB. pAAV8bl
contains the HNF-3 albumin promoter followed by the CMV/B-globin intron with the
F8AB and a minimal poly A site. Table 3 describes Factor VIII expression using the
albumin promoter relative to the control plasmid pV4.1e¢F8AB in HepG2 and 293 cells.
These data show increased expression of Factor VIII in HepG2 liver cells with the

albumin promoter as compared to Factor VIII expression in 293 cells.
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TABLE 3

Relative Tissue Specificity of Promoters

PAAV-hF8-1 6.2 0.6
PAAVEDb] 6.7 1.0
PAAVCcE 30.0 41.0
pV4.1eF8AB 100 100

Next, several promoters derived from the transthyretin (TTR) gene promoter
were transfected into HepG2 cells. TTR is an abundant serum protein and the gene
enhancer-promoter contains well known liver-specific transcription factor binding sites
(Samadani et al., Gene Expression 6:23 [1996]; Yan et al.,, EMBO 9:869 [1990]; Costa
and Grayson, Nuc. Acids Res., 19:4139 [1991]; Costa et al., Mol. Cell. Bio., 6:4697
[1986]). The constructs were made by replacing the HNF-3 albumin promoter in
pAAV-hF8-1 with various lengths of the TTR promoter-enhancer. The TTR enhancer-
promoter was modified by replacing the weak affinity binding sites with the strong
affinity binding sites to create pAAV-hF8-2. The pAAV-hF8-TTR-E-L-P202 construct
contains the full TTR promoter with a linker between the enhancer and the promoter.
The remaining constructs are 5’ deletions: pAAV-hF8-TTR-E-P202 has the promoter
and enhancer with no linker; pAAV-hF8-TTR-E-P197 has a 5 base pair deletion from
the promoter; pAAV-hF8-TTR-E-P151 has a 50 base pair deletion; pAAV-hF8-TTR-
P202 lacks the TTR enhancer and pAAV-hF8-TTR(X) has a 65 base pair deletion in
the enhancer. The control plasmid, pAAV-hF8-1, expressed approximately 4.6 mU/ml.
Table 4 shows the fold-increase in Factor VIII activity using the TTR promoter series

relative to the control plasmid.
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TABLE 4

Factor VIII Expression Using TTR-Derived Promoters

pAAV-hF8-STTR 3.16
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