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(57) Abstract: A method for regulating in vivo
calcium transport in cardiac muscle of animals suf-
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According to the method, calcium ATPase activity
(which decreases as congestive heart failure devel-
ops) and cardiac muscle contractility augmented
by delivering a gene which operatively encodes the
enzyme into the heart. Delivery systems, includ-
ing but not limited to using adeno-associated viral
vectors are provided. Methods for monitoring the
expression and effect of the gene product on car-
diac performance are also provided.

controls in hypothyroid mice 4 weeks after rAAV gene delivery.
*denotes significantly (P<0.05) different from AAV-GFP treated
mice. Note that mice treated with rAAV-SERCA-flag have

improved function over those treated with AAV-GFP.
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METHOD FOR IN VIVO REGULATION OF
CARDIAC MUSCLE CONTRACTILITY

CROSS-REFERENCE TO RELATED PATENT APPLICATION

This is a continuation-in-part of a US application Serial No. 08/420,306, filed
04/11/95, still pending.

BACKGROUND OF THE INVENTION
1. Field of the Invention

[0001] The invention relates to methods for regulating cardiac muscle contractility. More
specifically, the invention relates to methods to increase in vivo levels of cardiac
sarcoplasmic reticulum (SR) calcium 2 ATPase (SERCA2) by in vivo delivery of a gene

which operatively encodes SERCA?2 protein.
2. History of the Prior Art

[0002] Congestive heart failure is one of the leading causes of death among adults in the
United States. As compared to cardiac ischemia (an acute event resulting from obstruction or
loss of blood supply to the heart), congestive heart failure is a relatively insidious event
associated with the gradual loss of cardiac muscle contractility and adaptability of the heart to
stress. Ultimately, absent effective treatment, the CHF heart loses its ability to pump blood at

a rate sufficient to meet the metabolic requirements of the body.

[0003] Although the abnormalities in cardiac function which accompany congestive heart

. .
> jons required for

failure (CHF) vary, decreased release from the SR of the calcium
activation of contractile proteins is a common characteristic of the CHF syndrome. The
significance of this loss can be best understood in the context of the role that calcium

transport plays in the normal functioning of the heart.

[0004] Briefly, the SR is a membranous structure which surrounds each myofibril of
cardiac muscle. SERCA2 is contained within the SR membranes and serves to actively
transport 70 to 80% of free calcium ions into the SR intracellular space during diastolic
relaxation of cardiac muscle. Much of the remaining calcium ions available for transport are

removed from the cytoplasm by a SR sodium/calcium transport exchange system as well as,
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to a far lesser extent, transport driven by ATP hydrolysis CATALYZED by sarcolemma
calcium ion ATPase and through mitochondrial calcium uptake (Bassani, et al., J.Physiol.
453:591-608, 1992 and Carafoli, E., Ann.Rev.Biochem., 56:395-433, 1987).

[0005] Given that both the ATP hydrolytic activity of SERCA2 and absolute levels of
SERCA2 mRNA are decreased in the CHF heart (Hasenfuss, et al, Circ.Res., 75:434-442,
1994 and Studer, et al., Circ.Res. 75:443-453, 1994), it has been widely postulated that the
impairment of the CHF heart’s ability to receive blood at low pressures is directly linked to
delays in SERCA2 mediated transport of contraction-activating calcium ions into the SR,
which in turn results in a slowing of diastolic relaxation of the heart (see, e.g., Grossman,
W., N.Engl.J Med., 325:1557-1564, 1991; Lorell, BH, Ann.Rev.Med., 42:411-436, 1991; and,
Arai, et al., Circ.Res., 74:555-564, 1994). These observations, particularly with respect to
reductions in levels of mRNA’s coding for SERCA2 have been confirmed in humans as well
as other mammalian species (see, re human SERCA2 mRNA levels, Arai, ef al., supra and
Mercadier, et al., J.Clin.Invest., 85:305-309, 1990; also, re lowering of SERCA2 mRNA
levels in hypertrophied heart tissue of other mammalian species, see, e.g., Wang, et al.,
Am.J.Physiol. , 267:H918-H924, 1994 [ferrets]; Afzal and Dhella, Am.J.Physiol., 262:H868-
H874, 1992 [rodents]; and, Feldman, et al., Circ. Res., 73:184-192, 1993 [rodents]).

[0006] Despite the interest in recent years regarding the role of calcium transport in CHF,
the molecular basis for the impairment of SERCA2 calcium transport activity is poorly
understood and has not yet been exploited in a regime for the treatment of CHF. Instead,
current therapeutic modalities for CHF syndrome are largely non-specific in the sense that are
not directly targeted toward the biochemical and molecular events which are believed to
accompany, if not cause, the abnormalities of function which lead to failure of the CHF heart.
For example, pharmaceutical treatment of CHF by administering adrenaline-like drugs
stimulates cardiac muscle contraction but does not correct the underlying condition which

caused the diminishment in the contractility of the muscle.

[0007] Thus, replacement and/or increase of in vivo levels of cardiac proteins is an
intriguing alternative for the treatment and control of the progression of CHF in humans.
However, achieving this goal by introducing cardiac proteins or peptides into heart tissue is

unlikely to be successful. Of primary concern is the risk of potential toxicities, particularly at
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dosages sufficient to produce a biological response to the protein. From a practical
perspective, there is also the problem of the cost associated with isolating and purifying or
synthesizing the proteins. Moreover, the clinical impact of the proteins would also be limited
by their relatively short half-life in vivo due to degradation by any proteases present in the

target tissue.

[0008] For these reasons, introduction of a protein into a patient by delivery of a gene
which will express the protein is an intriguing alternative to administering the protein itself.
To that end, a variety of strategies have been developed for the introduction of exogenous
genes into target cells. Most gene therapy protocols proposed to date for use in humans have
focused on ex vivo gene transfer; e.g., by retroviral transfection of cells for implantation into
target tissue (see, e.g., Anderson, WF, Science, 256:808-813, 1992 and Miller, AD, Nature,
357:455-460, 1992 [treatment of adenosine deaminase deficiency]). However, the usefulness
of such protocols has proved to be limited by their relative inefficiency of protein expression

as well as the limited accessibility of target organs and tissues.

[0009]  In vivo gene delivery methods are therefore a topic of great interest in the art. To
that end, several systems have been developed to achieve this goal, including introduction of
“naked” polynucleotides (plasmids), plasmids linked to viruses, plasmids cointernalized with

viruses, as well as encapsulation and delivery of gene constructs within liposomes.

[0010] For example, work at the NIH was reported in 1984 which showed that
intrahepatic injection of naked, cloned plasmid DNA for squirrel hepatitis into squirrels produced
both viral infection and the formation of antiviral antibodies in the squirrels (Seeger, ef al.,
Proc.Nat’l.Acad.Sci USA, 81:5849-5852, 1984). Several years later, Felgner, et al., reported
that they obtained expression of protein from “naked” polynucleotides (i.e., DNA or RNA not
associated with liposomes or a viral expression vector) injected into skeletal muscle tissue
(Felgner, et al., Science, 247:1465, 1990; see also, PCT application WO 90/11092). Felgner,
et al. surmised that muscle cells efficiently take up and express polynucleotides because of
the unique structure of muscle tissue, which is comprised of multinucleated cells,
sarcoplasmic reticulum and a transverse tubular system which extends deep into the muscle

cell.
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[0011] Similar systems for delivery genes directly into target tissue have been reported by
Stribling, et al., Proc. Natl. Acad. Sci. USA, 89:11277-11281, 1992 (protein expression
detected after aerosol delivery of a liposome encapsulated gene); and Tang, et al, Nature,
356:152-154, 1992 (injection with a vaccine “gun” of an hGH plasmid coupled to colloidal
gold beads into the skin of mice resulted in hGH protein expression without eliciting an
immune response to the injected gene). Although generally effective for producing high
levels of protein expression within muscle cells, direct injection of DNA or RNA into muscle
tissue for long-term therapy requires use of repeated injections to offset loss of expression
from gene degradation. This approach may not only be time-consuming and expensive, but
may also be impractical for long-term therapy due to inflammation caused at and near the site
of injection. Thus, although useful in short-term or emergency therapies, less invasive means
for introduction of expressible genes into target tissue will generally be preferred over direct

injection into the target tissue.

[0012] Further, most methods for in vivo gene delivery free of a recombinant expression
vector suffer from inefficient target cell transfection and relatively low protein expression. Thus,
recombinant expression vectors (especially non-replicable vectors) presently remain the

preferred vehicle for in vivo gene delivery.

[0013] Cardiac myocytes have been shown to be suitable targets for in vivo gene delivery.
For example, one recent proposal for treatment of CHF would replace and/or enhance the
numbers of active B,-adrenergic receptors in myocytes of the CHF heart. Studies in mice
indicate that have indicated that use of direct transplantation techniques to introduce genes
which encode such receptors leads to increased in vivo contractility of the heart muscle even
in the absence of an exogenous adrenaline source (Lefkowitz, et al., Science, 264:582-586,
1994).  Adeno-associated viral vectors in particular have been shown to be successful
vehicles for delivery of genes to cardiac myocytes (see, e.g., Guzman, et al, Circ.Res.,

73:1202-1207, 1993 and Muhlhauser, et al., Circulation, 88(Part 2):1-475, 1993).
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SUMMARY OF THE INVENTION

[0014] The details of the preferred embodiment of the present invention are set forth in
the accompanying 4drawings and the description below. Once the details of the invention are
known, numerous additional innovations and changes will become obvious to one skilled in

the art.

[0015] The invention is a method for augmenting calcium transport into the SR of heart
muscle by elevating in vivo expression of catalytically active SERCA2 by introducing a
polynucleotide which operatively encodes SERCA2 into such tissue. In an embodiment
preferred for its efficiency of target cell transfection, the SERCA2 encoding polynucleo-tide
is delivered into heart tissue via a non-replicable viral recombinant expression vector, most

preferably an adeno-associated viral vector (AAV) construct.

[0016] Alternatively, the SERCA2 encoding gene may be provided by encapsulation in
liposomes or by administration of “naked” nucleotides. Delivery of the SERCA2 gene may
be made surgically (i.e., by direct introduction of the vector or transfected cells into target

tissue) or by intracoronary infusion.

[0017] The enhancement in transport of calcium ions to the SR provided by increased
SERCA2 activity in the SR will moderate activation of myofibril contractions in the heart.
Thus, a particular advantage of the method of the invention is the assistance it will provide
the heart in adjusting to the abnormalities associated with CHF, especially by shortening the

early phase of diastolic relaxation of heart muscle.

[0018] One use for the method of the invention is for short-term amelioration of CHF in
patients who are awaiting interventional therapy (e.g., transplantation) and/or who are already
undergoing treatment for CHF. Use of the method of the invention is also expected to benefit
patients who are at risk for, and have begun to suffer from, the abnormalities in heart function

associated with CHE.
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[0019] In another aspect of the invention, transgenic animals are provided for use in
developing vectors for use in, and testing the application of, the method of the invention.
Methods for monitoring the efficacy of the method of the invention as used for treatment of

CHEF are also described.
BRIEF DESCRIPTION OF THE DRAWINGS

[0020] FIGURE 1 is a Western blot showing SERCA2 transgene expression in mice
(developed through use of an adenoviral SERCA2 construct, for illustrative purposes). Lanes
1-2 represent a-sarcomeric actin expression; Lane 3 is a molecular weight marker; and, Lanes

4-5 represent SERCA2 expression.

[0021] FIGURE 2 is a Northern blot showing the presence of rat SERCA2 mRNA in
cardiac myocytes from mice transfected with one of several SERCA2 encoding adenoviruses;
i.e., vectors under the control of a CMV promoter (HH-1, HH-2 and SAI-3) or the TK
promoter (TK), for illustrative purposes. A control construct did not contain a SERCA2
polynucleotide (ctrl). Numbers in brackets indicate the number of plaque-forming units (pfu)
of each construct and were determined by infecting L6 cells with adenovirus constrﬁcts for 48
hours, extracting and resolving total cellular RNA on gels, then hybridizing a SERCA2
c¢DNA to the RNA in Northern analysis.

[0022] FIGURE 3 depicts, for illustrative purposes, detected calcium transients in a
neonatal myocytes transfected with an adenovirus vector (average values are represented by
Cell #27) and in untransfected neonatal myocytes (average values are represented by Cell
#42). Calcium transients are measured fluorimetrically and expressed as a function of time (x

axis).

[0023] FIGURE 4 depicts, for illustrative purposes, a cloning scheme and appropriate
restriction sites for insertion of a SERCA2a sequence into a vector. In particular, the rat
SERCA2a fused at the 3’-end to a flag signal peptide SERCA2a-Flag is inserted under a
human CMV promoter between Xba I/Bam HI and Bgl II/Kpn I restriction sites.
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[0024] FIGURE 5 shows expressing nuclear encoded O gal by injecting the free wall of
the left ventricle of the mouse heart with AAV or adeno associated virus after 2, 4, 6 & 8

weeks injection.

[0025] FIGURE 6 illustrates an effect of SERCA2a-Flag expression on functional
measurements from isolated perfused hearts versus GFP controls in hypothyroid mice 4
weeks after rAAV gene delivery. *denotes significant;y (p<0.05) different from AAV-GFP
treated mice. Note that mice treated with rAAV-SERCA-flag have improved function over
those treated with AAV-GFP.

DETAILED DESCRIPTION OF THE INVENTION

[0026]  Throughout this description, the preferred embodiment and examples shown

should be considered as exemplars, rather than as limitations on the present invention.
A. DEFINITIONS

[0027] The following definitions are provided to simplify discussion of the invention.
Those skilled in the art will, however, recognize that these definitions may be expanded to
include equivalents without departing from the legitimate scope or spirit of the invention.

For this reason, these definitions should not be construed as limiting the invention.

1. “SERCA2 polynucleotide” refers to DNA or RNA and can include sense and
antisense strands as appropriate to the goals of the therapy practiced according to the
invention. As used herein, “polynucleotide” refers to a polymer of
deoxyribonucleotides or ribonucleotides, in the form of a separate fragment or as a
component of a larger construct. A polynucleotide sequence can be deduced from
the genetic code, however, the degeneracy of the code must be taken into account.
Polynucleotides of the invention include sequences which are degenerate as a result of
the genetic code, which sequences may be readily determined by those of ordinary

skill in the art.
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“Operatively encoding” refers to a polynucleotide which has been modified to include

promoter and other sequences necessary for expression and, where desired, secretion
of the desired translation product; e.g., a peptide or protein. All the embodiments of
the invention can be practiced using known recombinant expression vectors.
Preferably, these vectors will include cDNA(‘s) which encode for the desired translation
product. Therefore, unless context otherwise requires, it will be assumed that
“polynucleotide” refers to operatively encoding sequences contained in a suitable

recombinant expression vector, examples of which are provided herein.

“Synthesis” refers to well-known means of synthesizing polynucleotide and
polypeptide sequences and may include isolation and purification of native

polynucleotides and proteins.

“Peptide” refers to small peptides, polypeptides, oligopeptides and proteins which

have a desired biological effect in vivo.

“Delivery” refers to known means of introducing operatively encoding
polynucleotides to a host. Those of ordinary skill in the art will be familiar with, or
can readily identify, such delivery means; however, reference with respect to
particularly useful means for delivery may be made to “Novel Drug Delivery
Systems”, (Marcel Dekker, 1992), the relevant disclosures of which are incorpo-rated
herein by this reference for the purpose of illustrating the state of knowledge in the art

concerning techniques for drug delivery.

“Host” refers to the recipient of the therapy to be practiced according to the invention.
The host may be any vertebrate, but will preferably be a mammal. If a mammal, the

host will preferably be a human, but may also be a domestic livestock or pet animal.

“Target tissue” refers to the tissue of the host in which expression of the operatively

encoding polynucleotide is sought.

“Antibody” refers to whole immunoglobulin of any class, chimeric antibodies, hybrid
antibodies with dual or multiple antigen specificities and fragments including hybrid

fragments. Also included within the meaning of “antibody” are conjugates of such
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fragments, and so-called antigen binding proteins (single chain antibodies) as
described, for example, in U.S. Patent No. 4,704,692, and anti-idiotypic antibodies
(antibodies that bind other antibodies) as described, for example, in U.S. Patent No.
4,699,880.

9. “Recombinant expression vector” refers to systems of polynucleotide(s) which

operatively encode polypeptides expressible in eukaryotes or prokaryotes. Methods
of expressing DNA sequences having eukaryotic or viral sequences in prokaryotes are
well known in the art. Biologically functional viral and plasmid DNA vectors capable
of expression and replication in a host are also well known in the art. Hosts can

include microbial, yeast, insect and mammalian organisms.

B. POLYNUCLEOTIDE CONSTRUCTS FOR USE IN THE METHOD OF THE
INVENTION.

[0028] The nucleotide sequence for a genomic clone of rat SERCA2 (see also, Rohrer, et
al., J.Biol.Chem., 263:6941-6944, 1988 [rat SERCA2 mRNA], the reported sequence from
which is incorporated herein for purposes of reference). The clone was obtained by
conventional hybridization techniques as described in Rohrer, et al., J Biol. Chem., 266:8638-
8646, 1991 (the disclosure of which is incorporated herein for purposes of reference), which

also sets forth the initiation and stop codons for transcription of the clone (see Example 1).

[0029] The nucleotide sequence of the SERCA2 isoform of calcium ATPase (i.e., the
“slow” isoform of skeletal muscle as compared to the “fast” isoform of striated muscle) is
90%+ conserved among mammalian species. SERCA2 has therefore been fairly readily
identified and sequenced from skeletal muscle tissue in non-rodent mammalian species,
including humans (GENBANK #J4025; see also, GENBANK M23114-23116, M23277-
23279, and Lytton and MacLennan, J. Biol. Chem., 263:15024-15031, 1988); and rabbits
(MacLennan, DH, Nature, 316:697-700, 1985, and GENBANK M33834). Although those of
ordinary skill in the art will recognize that use of the human SERCA?2 polynucleotide would
be greatly preferred in human therapies, the rat SERCA2 polynucleotide was simpler to use

and preferred for purposes of the experiments described in the Examples.
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[0030] It will also be appreciated by those of skill in the art that the method of the
invention, which is described herein specifically with reference to SERCA2, may be
advantageously adapted to use for delivery of other cardiac proteins whose expression and
activity are impaired in the CHF heart. In particular, the gene encoding the mammalian
calcium/sodium exchanger is a particularly attractive subject for delivery to the heart
according to the method of the invention in the same manner as is described herein for

delivery of SERCA2 polynucleotide.

[0031] To obtain and use of the SERCA2 sequences included in this disclosure and those
known in the art, DNA and RNA may also be synthesized using automated nucleic acid
synthesis equipment well known in the art. Use of the well-known polymerase chain reaction
(PCR) is particularly preferred for generating mixtures of polynucleotides. Genomic nucleic
acids may be prepared by means well-known in the art such as the protocols described in
Ausubel, et al., Current Protocols in Molecular Biology, Chs. 2 and 4 (Wiley Interscience,
1989). cDNA can be synthesized according to means well known in the art (see, e.g.,
Maniatis, et al., Molecular Cloning; A Laboratory Manual (Cold Spring Harbor Lab, New
York, 1982). A cDNA expression library containing polynucleotides of interest can also be

screened by means well known in the art.

[0032] For example, these means include, but are not limited to: 1) hybridization of
probes to genomic or cDNA libraries to detect shared nucleotide sequences; 2) antibody
screening of expression libraries to detect shared structural features and 3) synthesis by the
polymerase chain reaction (PCR). The development of specific DNA sequences encoding or
fragments thereof, can also be obtained by: 1) isolation of double-stranded DNA sequences from
the genomic DNA: 2) chemical manufacture of a DNA sequence to provide the necessary
codons for the polypeptide of interest; and 3) in vitro synthesis of a double-stranded DNA
sequence by reverse transcription of mRNA isolated from a eukaryotic donor cell. In the
latter case, a double-stranded DNA complement of mRNA is eventually formed which is
generally referred to as cDNA.

[0033] Hybridization procedures are useful for the screening of recombinant clones by
using labeled mixed synthetic oligonucleotide probes where each probe is potentially the

complete complement of a specific DNA sequence in the hybridization sample which
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includes a heterogeneous mixture of denatured double-stranded DNA. For such screening,
hybridization is preferably performed on either single-stranded DNA or denatured double-
stranded DNA. Hybridization is particularly useful in the detection of cDNA clones derived
from sources where an extremely low amount of mRNA sequences relating to the
polypeptide of interest are present. In other words, by using stringent hybridization
conditions directed to avoid non-specific binding, it is possible, for example, to allow the
autoradiographic visualization of a specific cDNA clone by the hybridization of the target

DNA to that single probe in the mixture.

[0034] A cDNA library believed to contain a polynucleotide of interest can be screened
by injecting various mRNA derived from cDNAs into oocytes, allowing sufficient time for
expression of the cDNA gene products to occur, and testing for the presence of the desired
cDNA expression product, for example, by using antibody specific for a peptide encoded by
the polynucleotide of interest or by using probes for the repeat motifs and a tissue expression
pattern characteristic of a peptide encoded by the polynucleotide of interest. Alternatively, a
c¢DNA library can be screened indirectly for expression of therapeutic and/or immunogenic
peptides having at least one epitope using antibodies specific for the peptides. Such
‘antibodies can be either polyclonally or monoclonally derived and used to detect expression

product indicative of the presence of cDNA of interest.

[0035] Screening procedures which rely on nucleic acid hybridization make it possible to
isolate any gene sequence from any organism, provided the appropriate probe is available.
Oligonucleotide probes, which correspond to a part of the sequence encoding the protein in
question, can be synthesized chenﬁcally. This requires that short, oligopeptide stretches of
amino acid sequence must be known. The DNA sequence encoding the protein can be
deduced from the genetic code, however, the degeneracy of the code must be taken into
account. It is possible to perform a mixed addition reaction when the sequence is degenerate.
This includes a heterogeneous mixture of denatured double-stranded DNA. For such
screening, hybridization is preferably performed on either single-stranded DNA or denatured
double-stranded DNA.

[0036] The SERCA2 polynucleotide to be used in the invention may be DNA or RNA,
but will preferably be a complementary DNA (cDNA) sequence. The polynucleotide
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sequences used in the invention must be (a) expressible and (b) either non-replicating or
engineered by means well known in the art so as not to replicate into the host genome.
Preferably, a polynucleotide which operatively encodes a SERCA2 protein will be used in
the invention as part of a recombinant expression vector, most preferably an adenovirus

construct.

[0037]  Tllustrations of the preparation of polynucleotides suitable for use in the invention
follow and specific examples showing how particular polynucleotide compositions were
made are provided infra. It will, however, be apparent to those skilled in the art that other

known means of preparing nonreplicating polynucleotides may also be suitable.

[0038]  Polynucleotides of the invention include functional derivatives of known

polynucleotides which operatively encode for SERCA?2 protein. By “functional derivative” is

% G 2% <6

meant a polynucleotide which will encode “fragments,” “variants,” “analogs,” or “chemical
derivatives” of SERCA2. A “fragment” of a molecule includes any peptide subset of the
molecule. A “variant” of such molecule refers to a naturally occurring molecule substantially
similar to either the entire molecule, or a fragment thereof. An “analog” of a molecule refers
to a non-natural molecule substantially similar to either the entire molecule or a fragment

thereof.

[0039] As used herein, a molecule is said to be a “chemical derivative” of another
molecule when it contains additional chemical moieties not normally a part of the molecule.
Such moieties may improve the molecule’s solubility, absorption, biological half-life, etc.
The moieties may alternatively decrease the toxicity of the molecule, eliminate or attenuate
any undesirable side effect of the molecule, etc. Moieties which are known in the art to be
capable of mediating such effects are disclosed, for example, in Remington’s Pharmaceutical

Sciences, 16th Ed., Mack Publishing Co., Easton, Penn. (1980).

[0040] The SERCA2 polynucleotides may be conjugated to or used in association with
other polynucleotides which operatively code for regulatory proteins that control the
expression of these polypeptides or may contain recognition, promoter and secretion
sequences. Those of ordinary skill in the art will be able to select regulatory polynucleotides
and incorporate them into SERCA2 polynucleotides of the invention without undue

experimentation. For example, suitable promoters for use in murine or human systems and
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their use are described in Current Protocols in Molecular Biology, supra at Ch. 1.

[0041] A particularly preferred form of a SERCA2 polynucleotide for use in the
invention will be one which has been incorporated into a recombinant expression vector. Use

of an recombinant expression vector will prolong expression of the gene in target tissue.

[0042] Suitable recombinant expression vectors are well-known in the art and include the
vectors described in Current Protocols in Molecular Biology, supra at Ch. 1. Two
particularly preferred plasmid promoter vectors are the pRSV (Rous sarcoma virus) and
pCMV (cytomegalovirus) promoter vectors, particularly the latter. This preference is based
on observations that higher levels of expression are achieved in this context when the CMV

promoter is employed.

[0043] A suitable protocol for isolation of the RSV promotor and its use in construction
of a plasmid vector is described in Gorman, et al, Proc. Natl. Acad. Sci, USA, 79:6777,
(1982). Other preferred plasmid vectors are pREP7 and pREV which are commercially
available from Invitrogen of San Diego, California. For cloning of polynucleotides, a
particularly suitable plasmid for production of mRNA is the pSP64T cloning vector described
by Kreig, et al, Nucleic Acids Res., 12:7057-7070, (1984). Any cDNA containing an
initiation codon can be introduced into this plasmid and mRNA prepared from the expressed

DNA templates using conventional techniques.

[0044] A well-characterized “on/off” switch for use in a recombinant expression vector is
the antibiotic (tetracycline) regulated promoter system. Means for construction of such a
system are well-known in the art; for review in this regard, those of skill in the art may wish
to consult Furth, et al., Proc.Natl.Acad.Sci. US4, 91:9302-9306, 1994 (tetracycline regulated
control of gene expression in transgenic mice); Fishman, et al., J.Clin.Invest., 93:1864-1868,
1993 (tetracycline control of cardiac gene expression); and, Niwa, et al., Gene, 108:193-200,
1991(use of the promoter system for high-expression transfectants). A SERCA2 encoding

plasmid under the control of a tetracycline promoter system is described in Example 4.

[0045] Various viral vectors that can be utilized in the invention include adeno-associated
virus (AAV), adenovirus, herpes virus, vaccinia, or an RNA virus such as a retrovirus.

Examples of retroviral vectors in which a single foreign gene can be inserted include, but are not
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limited to: Moloney murine leukemia virus (MoMuLV), Harvey murine sarcoma virus
(HaMuSV), murine mammary tumor virus (MuMTV), and Rous Sarcoma ﬂVirus RSV). A
number of additional retroviral vectors can incorporate multiple genes. All of these vectors
can transfer or incorporate a gene for a selectable marker so that transduced cells can be

identified and generated.

[0046] Since recombinant retroviruses are defective, they require assistance in order to
produce infectious vector particles. This assistance can be provided, for example, by using
helper cell lines that contain plasmids encoding all of the structural genes of the retrovirus
under the control of regulatory sequences within the LTR. These plasmids are missing a
nucleotide sequence that enables the packaging mechanism to recognize an RNA transcript
for encapsidation. Helper cell lines that have deletions of the packaging signal include, but
are pot limited to, ¥2, PA317 and PA12, for example. These cell lines produce empty
virions, since no genome is packaged. If a retroviral vector is introduced into such helper
cells in which the packaging signal is intact, but the structural genes are replaced by other

genes of interest, the vector can be packaged and vector virion can be produced.

[0047] Of the DNA expression vectors, AAV vectors are preferred for their efficiency of
transfection (up to 70% in cardiac myocytes). Such vectors are also preferred for their ability
to accept relatively large segments of exogenous DNA, as well as their susceptibility to
production in high titers, at low immunogenicity. Advantageously, AAV vectors survive
intracoronary injection well (as compared to, for example, polylysine conjugates of SERCA2

polynucleotides).

[0048] The adeno-associated virus (AAV) is a simple, non-pathogenic, single-stranded
DNA virus. Its cap and rep genes containing the packaging sequence are sandwiched
between inverted terminal repeats that define the beginning and the end of the virus. The cap
gene encodes viral capsil (coat) proteins, and the rep gene product is involved in viral
replication and integration. AAV needs additional gene provided by a helper virus, e.g.
adenovirus or herpes simplex virus, for replication. AAV infects variety of cell types. Its

viral DNA can integrate preferentially into human chromosome 19.

[0049] AAYV vector can be produced by replacing the rep and cap genes with a transgene,

and used as a gene-therapy vector. AAV vectors containing human factor IX ¢cDNA have
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been constructed and used to infect liver and muscle cells in immunocompetent mice. These
mice were able to produce therapeutic amounts of factors IX protein in their blood for over
six months. A composition and methods for a large-scale production of AAV vectors are

disclosed in US Patent No. 6,416,992,

[0050] A particular preferred AAV construct for use in the invention is shown in
Example 1. The construct is formed by cloning SERCA2 polynucleotide into a shuitle vector
that contains a promotor, polylinker and others. The particular adeno-associated shuttle
vector employed in the sample was derived from the plasmid pSub201 described by Samulski
et al. (Journal of Virology 63(9): 3822-3828, 1989). A Xba I fragment of this plasmid was
ligated to a 572 bp human CMV enhancer/promoter fragment followed by a multiple cloning
site and a polyadenylation signal. The plasmid was designated AAV-Shuttle and has an
approximate size of 5000 bp.

[0051] The coding sequence for the rat SERCA2a fused at the 3° end to a flag signal
peptide has been reported (He et al.,, J Clin. Invest 100:974-980, 1999). The green
fluorescent protein (GFP) may be conveniently cloned into AAV-Shuttle using Kpn I/Xba I
or Hind III/Xba enzymes (He et al., J. Clin. Invest 100:974-980, 1999). Recombinant clones
are verified by DNA sequencing and large amounts of plasmid pDG have been described and
purified by a CsCl maxiprep protocol (Grimm et al., Human Gene Therapy 9:2745-2760,
1998).

[0052]  To produce pure infectious virus particles, both the AAV-Shuttle plasmid with the
inserted ¢cDNA and the pDG plasmid are transfected into cells using the CaPO4
coprecipitation method. Following the transfection, the cells are cultured with a fresh media
and the virus particles are then harvested and purified. A schematic illustration of the cloning

scheme and the appropriate restriction sites is shown in Figure 4.

[0053]  Encapsulation of SERCA2 for liposomal delivery (as described in Section C
below) should also limit immune destruction of the virus, as would use of a replicable AAV
construct. However, given the risks which may be associated with integration of viral DNA
into the host genome, use of such vectors would likely be limited to situations where long-

term expression of the vector product was critical to the patient’s survival.
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[0054] By inserting one or more sequences of interest into the viral vector, along with
another gene which encodes the ligand for a receptor on a specific target cell, for example,
the vector can be rendered target specific. Retroviral vectors can be made target specific by

inserting, for example, a polynucleotide encoding a sugar, a glycolipid, or a protein.

[0055]  Preferably, avoidance of non-specific transfection of the recombinant expression
vectors of the invention into myocardial cells other than target myocytes will be achieved
through use of cardiac-specific promoters. Several such promoters are presently known and
include avian -actin (see Example 1). Those of skill in the art will know of, or can readily
ascertain without undue experimentation, other specific polynucleotide sequences which can
be inserted into the viral genome to allow target specific delivery of the viral vector

containing the SERCA2 polynucleotides of interest.

[0056] The advantage of using AAV vectors for the delivery of the SERCA2 transgene
into heart tissue is that no immune response develops to this vector, and persistence of
transgene expression is obtained for up to seven months. The detailed description of using
AAV vectors for delivery of the SERCA2 transgene into the heart tissue is presented in the
following Example 1.

C. PHARMACEUTICAL PREPARATIONS OF SERCA2 POLYNUCLEOTIDES

[0057] Compositions of SERCA2 polynucleotides and mixtures of SERCA2
polynucleotides may be placed into a pharmaceutically acceptable suspension, solution or
emulsion. Suitable mediums include saline and may, for those embodiments which ‘do not
rely on antigen presenting cells for delivery of the SERCA?2 polynucleotides into target

tissue, liposomal preparations.

[0058]  More specifically, pharmaceutically acceptable carriers may include sterile
aqueous of non-aqueous solutions, suspensions, and emulsions. Examples of non-aqueous
solvents are propylene glycol, polyethylene glycol, vegetable oils such as olive oil, and
injectable organic esters such as ethyl oleate. Aqueous carriers include water,
alcoholic/aqueous solutions, emulsions or suspensions, including saline and buffered media.
Parenteral vehicles include sodium chloride solution, Ringer’s dextrose, dextrose and sodium

chloride, lactated Ringer’s or fixed oils. Intravenous vehicles include fluid and nutrient
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replenishers, electrolyte replenishers (such as those based on Ringer’s dextrose), and the like.
Preservatives and other additives may also be present such as, for example, antimicrobials,
antioxidants, chelating agents, and inert gases and the like. Further, a composition of
SERCAZ2 polynucleotides may be lyophilized using means well known in the art, for

subsequent reconstitution and use according to the invention.

[0059] In addition to the targeted vector delivery systems discussed supra, a colloidal
dispersion system may also be used for targeted delivery. Colloidal dispersion systems
include macromolecule complexes, nanocapsules, microspheres, beads, and lipid-based
systems including oil-in-water emulsions, micelles, mixed micelles, and liposomes. The

preferred colloidal system of this invention is a liposome.

[0060] Liposomes are artificial membrane vesicles which are useful as delivery vehicles
in vitro and in vivo. It has been shown that large unilamellar vesicles (LUV), which range in
size from 0.2-4.0 1m can encapsulate a substantial percentage of an aqueous buffer containing
large macromolecules. RNA, DNA and intact virions can be encapsulated within the aqueous
interior and be delivered to celis in a biologically active form (Fraley, et al., Trends Biochem.
Sci., 6:77, 1981). In addition to mammalian cells, liposomes have been used for delivery of
operatively encoding polynucleotides in plant, yeast and bacterial cells. In order for a
liposome to be an efficient gene transfer vehicle, the following characteristics should be
present: (1) encapsulation of the genes encoding the antisense polynucleotides at high
efficiency while not compromising their biological activity; (2) preferential and substantial
binding to a target cell in comparison to non-target cells; (3) delivery of the aqueous contents
of the vesicle to the target cell cytoplasm at high efficiency; and (4) accurate and effective

expression of genetic information (Mannino, ef al., Biotechniques, 6:682, 1988).

[0061] The composition of the liposome is usually a combination of phospholipids,
particularly high-phase-transition-temperature phospholipids, usually in combination with
steroids, especially cholesterol. Other phospholipids or other lipids may also be used. The
physical characteristics of liposomes depend on pH, ionic strength, and the presence of

divalent cations.

[0062] Examples of lipids useful in liposome production include phosphatidyl
compounds, such as phosphatidylglycerol, phosphatidylcholine, phosphatidylserine,
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phosphatidyletha-nolamine, sphingolipids, cerebrosides, and gangliosides. Particularly useful
are diacylphosphatidylglycerols, where the lipid moiety contains from 14-18 carbon atoms,
particularly from 16-18 carbon atoms, and is saturated. Illustrative phospholipids include egg
phosphatidylcholine, dipalmitoylphosphatidylcholine and distearoylphos-phatidylcholine.

[0063]  The targeting of liposomes can be classified based on anatomical and mechanistic
factors. Anatomical classification is based on the level of selectivity, for example, organ-
specific, cell-specific, and organelle-specific. Mechanistic targeting can be distinguished
based upon whether it is passive or active. Passive targeting utilizes the natural tendency of
liposomes to distribute to cells of the reticulo-endothelial system (RES) in organs which
contain sinusoidal capillaries. Active targeting, on the other hand, involves alteration of the
liposome by coupling the liposome to a specific ligand such as a monoclonal antibody, sugar,
glycolipid, or protein, or by changing the composition or size of the liposome in order to
achieve targeting to organs and cell types other than the naturally occurring sites of

localization.

[0064] The surface of the targeted delivery system may be modified in a variety of ways.
In the case of a liposomal targeted delivery system, lipid groups can be incorporated into the
lipid bilayer of the liposome in order to maintain the targeting ligand in stable association

with the liposomal bilayer. Various linking groups can be used for joining the lipid chains to

the targeting ligand.

[0065] It is expected that these techniques (and others which are conventionally used to
facilitate drug delivery) may be adapted to preparation of SERCAZ2 polynucleotides for use in
the methods of the invention by those of ordinary skill in the art without undue
experimentation. In particular, although the approaches discussed in the preceding
paragraphs have not, to the inventors’ knowledge, been previously used for SERCA2
polynucleotide delivery to myocytes in vivo, it is believed that they are suitable for use to that
end. For that reason, the references identified above, while not essential to the inventive
methods, are incorporated herein by this reference. Specific examples illustrating this

- suitability are set forth infra.
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D. METHOD FOR IN VIVO ENHANCEMENT OF CARDIAC SERCA2 ACTIVITY

[0066] For purposes of the invention, it is sufficient that the SERCA2 polynucleotides be
supplied at a dosage sufficient to cause expression of the biologically active peptide encoded
by the polynucleotide. Preferably, the level of expression achieved will be sufficient to
substantially replace “normal” endogenous SERCA2 activity. Advanta-geously, the
SERCA2 polynucleotides will be contained in a recombinant expression vector, preferably
an AAV vector, and formulated into a pharmaceutically acceptable composition (as described

in Section C, supra).

[0067] “Normal” SERCA2 levels and activity will vary among individuals and cannot,
therefore, be absolutely quantified for particular species. However, a desired SERCA2
expression level to achieve specific therapeutic ends (a “therapeutically beneficial amount™)
can be ascertained and maintained within acceptable clinical limits by monitoring pre- and
post-treatment levels of SERCA2 protein as well as clinical signs of enhanced contractility
and cardiac performance in a CHF heart. Means for monitoring SERCA2 levels are

described infra at Section F.

[0068] Clinical signs of improvement in cardiac performance and accommodation of
stresses associated with CHF are well-known to those of ordinary skill in the cardiological art
and may be determined, for example, by monitoring blood flow, cardiac pumping volume and
ventricular pressure (by, for example, angiography and echocardiography), calcium transport
rates (by in vitro evaluation of cardiac fluid samples), tolerance studies (by, for example,
monitoring heart rate in response to pressure overload stress on the heart) and general clinical
signs of a lessening in CHF symptoms (for example, greater host endurance and easier
respiration). Administered dosages may be modified to achieve particular therapeutic ends
(e.g., overexpression of SERCA2 to boost calcium transport in hosts suffering from acute
CHF conditions). Maximal and minimal ranges will also be defined by extrapolation of
results from non-human animal data, such as from use of the models described above and

larger mammalian species.

[0069] SERCAZ2 polynucleotide delivery will preferably be achieved by intravenous or
intracoronary infusion (preferably using catheterization to minimize backflow of

polynucleotide into the aortic root). Alternatively, to achieve greater, more immediate
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SERCA2 expression, the SERCA2 polynucleotides may be injected into the intraventricu-lar
wall (through, for example, a surgical thoracotomy technique) or introduced directly into a
ventricle (by, for example, angiographic catheterization). SERCA2 expression will thereafter
be monitored and the delivery repeated as necessary. Treated hosts should also be carefully
monitored for adverse reactions, such as immune responses to the polynucleotides or
SERCA2, as well as for excessive SERCA2 expression (as indicated by, for example,

excessive prolongation of diastole).

[0070] In general, however, based on the results set forth in the Examples below, the risk
of cytopathic or other adverse effects related to AAV delivery of SERCA2 polynucleotides to
myocytes in vivo appears to be low and can be minimized with elimination of wild-type
vector contaminants and other reduction in vector immunogenicity (such as by liposomal

encapsulation of vectors).
E. ANIMAL MODELS FOR TESTING THE METHOD OF THE INVENTION

[0071] The rat has proven to be a reproducible experimental model of congestive heart
failure which, despite the lack of collateral circulation in the rat heart, is acceptably predictive
of human CHF conditions. In particular, rats which have undergone surgical ligation of the
coronary artery are particularly good models of CHF after myocardial infarction in humans.
The experimental protocols for the production and use of rats as CHF animal models have
been well-described in the art; for reference, those of skill in the art may wish to refer to
Pfieffer, et al., Am.J.Med., 76:99-103, 1984; Johns and Olsen, Ann.Surg., 140:675-682,1954;
and, Selye, et al., Angiology, 11:398-407, 1960 (the disclosures of which are incorporated by
this reference to illustrate knowledge in the art concerning the development and use of CHF
animal models). In addition, mice with a decreased thyroid status or hypothyroid mice having
decreased cardiac contractility and a delayed calcium transient can also be used as a

reproducible experimental model.

[0072] In addition, a transgenic animal model has been developed which is especially
predictive of the impact on cardiac performance in CHF heart in which SERCA?2 activity has
been increased according to the method of the invention. A protocol useful in reproducing
these transgenic animals (which express a SERCA?2 transgene) is described below and is set

forth in Example 1. The protocol generally follows conventional techniques for introduction
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of expressible transgenes into mammals. Those of ordinary skill in the art will be familiar
with these applications and will be able to apply the techniques in the context of the present

invention without undue experimentation.

[0073]  For example, embryonal target cells at various developmental stages can be used
to introduce transgenes. Different methods are used depending on the stage of development
of the embryonal target cell. The zygote is the best target for microinjection. In the mouse,
the male pronucleus reaches the size of approximately 20 micrometers in diameter which
allows reproducible injection of 1-2pl of DNA solution. The use of zygotes as a target for
gene transfer has a major advantage in that in most cases the injected DNA will be
incorporated into the host gene before the first cleavage (Brinster, et al., Proc. Natl. Acad.
Sci. USA 82:4438-4442, 1985). As a consequence, all cells of the transgenic non-human
animal will carry the incorporated transgene. This will in general also be reflected in the
efficient transmission of the transgene to offspring of the founder since 50% of the germ cells
will harbor the transgene. Microinjection of zygotes is the preferred method for

incorporating transgenes in practicing the invention.

[0074] Retroviral infection can also be used to introduce transgene into a non-human
animal. The developing non-human embryo can be cultured in vitro to the blastocyst stage.
During this time, the blastomeres can be targets for retroviral infection (Jaenisch, Proc. Natl.
Acad. Sci USA 73:1260-1264, 1976). Efficient infection of the blastomeres is obtained by
enzymatic treatment to remove the zona pellucida (Hogan, et al., Manipulat-ing the Mouse
Embryo, Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y., 1986). The viral
vector system used to introduce the transgene is typically a replication-defective retrovirus
carrying the transgene (Jahner, et al., Proc. Natl. Acad. Sci. USA, 82:6927-6931, 1985; Van
der Putten, et al., Proc. Natl. Acad. Sci USA 82:6148-6152). Transfection is easily and
efficiently obtained by culturing the blastomeres on a monolayer of virus-producing cells

(Van der Putten, supra; Steward, et al., EMBO J., 6:383-388, 1987).

[0075] Alternatively, infection can be performed at a later stage. Virus or virus-
producing cells can be injected into the blastocoele (Jahner, et al., Nature, 298:623-628,
1982). Most of the founders will be mosaic for the transgene since incorporation occurs only

in a subset of the cells which formed the transgenic non-human animal. Further, the founder
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may contain various retroviral insertions of the transgene at different positions in the genome
which generally will segregate in the offspring. In addition, it is also possible to introduce
transgenes into the germ line, albeit with low efficiency, by intrauterine retroviral infection of

the midgestation embryo (Jahner, et al., supra, 1982).

[0076] A third type of target cell for transgene introduction is the embryonal stem cell
(ES). ES cells are obtained from pre-implantation embryos cultured in vitro and fused with
embryos (Evans, et al., Nature, 292:154-156, 1981; Bradley, et al., Nature, 309:255-258,
1984; Gossler, et al., Proc. Natl. Acad. Sci USA, 83:9065-9069, 1986; and Robertson, et al.,
Nature, 322:445-448, 1986). Transgenes can be efficiently introduced into the ES cells by
DNA transfection or by retrovirus-mediated transduction. These transformed ES cells can
thereafter be combined with blastocysts from a non-human animal. The ES cells will
thereafter colonize the embryo and contribute to the germ line of the resulting chimeric

animal (see for review, Jaenisch, Science, 240:1468-1474, 1988).

[0077] Preferably, for use as an animal model in the context of the invention, the
transgene of choice will be one which includes a promoter capable of leading to a relatively
high expression level of SERCA2. A preferred promoter for use in this regard is the human
CMYV enhancer linked to a $-actin promoter (e.g., from an avian species) which includes a -
actin intron. For detection of transgene expression activity, a coding region for the Flag
antigenic epitope described elsewhere above was included in the region of the transgene
coding for the C-terminal region of SERCA2. As described in Exémple 1, transgene-
expressing progeny of the founder animals live to adulthood; the transgene can be expected to

be carried by at least about 15% of the progeny of a founder line.
F. METHODS FOR MONITORING IN VIVO EXPRESSION OF SERCA2

[0078] For purposes of monitoring expression of SERCA2, the SERCA2 polynucleotides
to be introduced into a host according to the invention may be modified to include known
reporter genes. For example, the pRSV lac-Z DNA vector described in Norton, et al., Mol.
Cell. Biol., 5:281, 1985, may produce (-galactosidase with protein expression. Luciferase
-and chloramphenicol acetyl transferase (“CAT”; see, e.g., Gorman, et al., supra, re
construction of a pRSV-CAT plasmid) may also be used. Another useful reporter molecule is

the Flag antigenic peptide, which can be readily detected by immunoassay. The 8 amino acid
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sequence for the Flag antigenic peptide and coding regions therefor are known in the art; for
reference in this regard, those of skill in the art may wish to consult Chiang, et al., Peptide
Res., 6:62-64, 1993. Insertion of a reporter gene for coding at the C terminus of the SERCA2
protein (e.g., by insertion of the gene about 15 bp from the starting codon) will not interfere
with the catalytic activity of SERCA2. Means for detection of the expression of such reporter
genes are well-known in the art and will not be described in detail, but are summarized

below.

[0079] For example, SERCA2 expressed in vivo after introduction of a SERCA2
polynucleotide according to the invention may be detected by immunoassays in which
SERCAZ2 protein can be utilized in liquid phase or bound to a solid phase carrier. In addition,
SERCA2 protein to be utilized in these assays can be detectably labeled in various ways.
Further, antibodies to SERCAZ2 or a reporter gene product may be utilized to detect SERCA2

polynucleotide expression in assay samples, such as blood or serum.

[0080] Briefly, such antibodies may be produced by means which are well-known in the
art. For example, antibodies which are specific for SERCA2 or reporter gene products may
be produced by immunization of a non-human with antigenic SERCA2 or reporter gene
peptides. Such peptides may be isolated from native sources (see, e.g., the method used to
isolate rat SERCA2 reported in Popovich, et al., Am.J.Physiol., 261:E377-E381, 1991, the
disclosure of which is incorporated herein for purposes of review) or may be synthesized
without undue experimentation by commonly used methods such as t-BOC or FMOC

protection of alpha-amino groups.

[0081] The latter methods involve stepwise synthesis whereby a single amino acid is
added at each step starting from the C terminus of the peptide ‘(see, Coligan, et al., Current
Protocols in Immunology, Wiley Interscience, 991, Unit 9). Peptides for use in this regard
can also be synthesized by various well known solid phase peptide synthesis methods, such
as those described by Merrifield, J. Am. Chem. Soc., 85:2149, 1962, and Stewart and Young,
Solid Phase Peptides Synthesis, (Freeman, San Francisco, 27-62, 1969), using a
copoly(styrene-divinylbenzene) containing 0.1-1.0 mMol amines/g polymer.

[0082] On completion of chemical synthesis, the peptides can be deprotected and cleaved
from the polymer by treatment with liquid HF-10% anisole for about 1/4-1 hours at 0° C.
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After evaporation of the reagents, the peptides are exiracted from the polymer with 1% acetic
acid solution which is then lyophilized to yield the crude material. This can normally be
purified by such techniques as gel filtration on Sephadex G-15 using 5% acetic acid as a
solvent. Lyophilization of appropriate fractions of the column will yield the homogeneous
peptide or peptide derivatives, which can then be characterized by such standard techniques
as amino acid analysis, thin layer chromatography, high performance liquid chromatography,
ultraviolet absorption spectroscopy, molar rotation, solubility, and quantitated by the solid
phase Edman degradation. The antigenicity of peptides of interest can be determined by
conventional techniques to determine the magnitude of the antibody response of an animal

which has been immunized with the peptide.

[0083] Once antigenic SERCA2 peptides are prepared, antibodies to the immunizing
peptide are produced by introducing peptide into a mammal (such as a rabbit, mouse or rat).
A multiple injection immunization protocol is preferred for use in immunizing animals with
the antigenic peptides (see, e.g., Langone, et al., eds., “Production of Antisera with Small
Doses of Immunogen: Multiple Intradermal Injections”, Methods of Enzymology (Acad.
Press, 1981). For example, a good antibody response can usually be obtained in rabbits by
intradermal injection of 1 mg of antigenic peptide emulsified in Complete Freund’s Adjuvant
followed several weeks later by one or more boosts of the same antigen in Incomplete

Freund’s Adjuvant.

[0084] If desired, the immunizing peptide may be coupled to a carrier protein by
conjugation using techniques which are well-known in the art. Such commonly used carriers
which are chemically coupled to the peptide include keyhole limpet hemocyanin (KLH),
thyroglobulin, bovine serum albumin (BSA), and tetanus toxoid. The coupled peptide is then
used to immunize the animal (e.g., a mouse or a rabbit). Because SERCA?2 is presently
believed to be fairly well conserved among mammalian species, use of a carrier protein to

enhance the immunogenicity of SERCA2 proteins is preferred.

[0085]  Polyclonal antibodies produced by the animals can be further purified, for
example, by binding to and elution from a matrix to which the peptide to which the
antibodies were raised is bound. Those of skill in the art will know of various techniques

common in the immunology arts for purification and/or concentration of polyclonal
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antibodies, as well as monoclonal antibodies (see, for example, Coligan, et al., Unit 9,

Current Protocols in Immunology, Wiley Interscience, 1991).

[0086] For their specificity and ease of production, monoclonal antibodies are preferred
for use in detecting SERCA2 expression. For preparation of monoclonal antibodies,
immuniza-tion of a mouse or rat is preferred. The term “antibody” as used in this invention is
meant also to include intact molecules as well as fragments thereof, such as for example, Fab
and F(ab’),» which are capable of binding the epitopic determinant. Also, in this context, the
term “mAb’s of the invention” refers to monoclonal antibodies with specificity for SERCA2

or reporter gene products.

[0087] The general method used for production of hybridomas secreting monoclonal
antibodies (“mAb’s”), is well known (Kohler and Milstein, Nature, 256:495, 1975). Briefly,
as described by Kohler and Milstein the technique comprised lymphocytes isolated from
regional draining lymph nodes of five separate cancer patients with either melanoma,
teratocarcinoma or cancer of the cervix, glioma or lung, were obtained from surgical
specimens, pooled, and then fused with SHFP-1. Hybridomas were screened for production

of antibody which bound to cancer cell lines.

[0088] Confirmation of antigen specificity among mAb’s can be accomplished using
relatively routine screening techniques (such as the enzyme-linked immunosorbent assay, or
“ELISA”) to determine the elementary reaction pattern of the mAb of interest. It is also
possible to evaluate an mAb to determine whether it has the same specificity as a mAb of the
invention without undue experimentation by determining whether the mAb being tested
prevents a mAb of the invention from binding to the antigen of interest isolated as described
above. If the mADb being tested competes with the mAb of the invention, as shown by a
decrease in binding by the mAb of the invention, then it is likely that the two monoclonal

antibodies bind to the same or a closely related epitope.

[0089] Still another way to determine whether a mAb has the specificity of a mAb of the
invention is to pre-incubate the mAb of the invention with an antigen with which it is
normally reactive, and determine if the mAb being tested is inhibited in its ability to bind the
antigen. If the mAb being tested is inhibited then, in all likelihood, it has the same, or a
closely related, epitopic specificity as the mAb of the invention.
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[0090] SERCA2 monoclonal antibodies which recognize an epitope shared by MHCa
and MHCR will be particularly useful in determining that SERCA2 detected is essentially
unaltered structurally. Such mAb’s are described with sufficient detail to be reproduced by
Dom, et al., Am.J.Physiol., 267:H400-H405, 1994, the disclosure of which is incorporated

herein for use as a review and reference.

[0091] Examples of immunoassays which can be used to detect SERCA2 expression are
competitive and non-competitive immunoassays in either a direct or indirect format.
Examples of such immunoassays are the radioimmunoassay (RIA), the sandwich
(immunometric assay) and the Western blot assay. Detection of antibodies which bind to
SERCA2 or a reporter gene product can be done utilizing immunoassays which run in either
the forward, reverse, or simultaneous modes, including immunochistochemical assays on
physiological samples. Particularly preferred for use in this regard are the commercially
available assay kits for detection of reporter gene products such as lac-Z or 3-gal (e.g., 5-

galactosidase).

- [0092] The concentration of antigen or antibody to used will vary depending on the type
of immunoassay and nature of the detectable label which is used. However, regardless of the
type of immunoassay which is used, the concentration of antigen or antibody to be utilized

can be readily determined by one of ordinary skill in the art using routine experimentation.

[0093] Such antigen or antibodies can be bound to many different carriers and used to
detect the presence of antibody or antigen specifically reactive thereto. Examples of well-
known carriers include glass, polystyrene, polyvinyl chloride, polypropylene, polyethylene,
polycarbonate, dextran, nylon, amylases, natural and modified celluloses, polyacrylamides,
agaroses, and magnetite. The nature of the carrier can be either soluble or insoluble for
purposes of the invention. Those skilled in the art will know of other suitable carriers for use

in this regard, or will be able to ascertain such, using routine experimentation.

[0094] There are many different labels and methods of labeling known to those of
ordinary skill in the art. Examples of the types of labels which can be used in the present
invention include enzymes, radioisotopes, colloidal metals, fluorescent compounds,

chemiluminescent compounds, and bioluminescent compounds.
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[0095] Alternatively, SERCA2 polynucleotides may be detected (preferably in samples of
target cells obtained through use of conventional cardiac tissue biopsy techniques) using
quantitative polymerase chain reaction (PCR) protocols known in the art, general techniques

for which are summarized below.

[0096]  The nucleic acid from any histologic tissue specimen, in purified or nonpurified
form, can be utilized as the starting nucleic acid or acids, provided it contains, or is suspected
of containing, the specific nucleic acid sequence containing the target nuéleic acid. Thus, the
process may employ, for example, DNA or RNA, including messenger RNA (mRNA),
wherein DNA or RNA may be single stranded or double stranded. In the event that RNA is
to be used as a template, enzymes, and/or conditions optimal for reverse transcribing the
template to DNA would be utilized. In addition, a DNA-RNA hybrid which contains one
strand of each may be utilized. A mixture of nucleic acids may also be employed, or the
nucleic acids produced in a previous amplification reaction herein, using the same or different
primers may be so utilized. The nucleotide sequence to be amplified may be a fraction of a
larger molecule or can be present initially as a discrete molecule, such that the specific
sequence constitutes the entire nucleic acid. It is not necessary that the sequence to be
amplified be present initially in a pure form; it may be a minor fraction of a complex mixture,

such as contained in whole human DNA.

[0097] Where the target nucleotide sequence of the sample contains two strands, it is
necessary to separate the strands of the nucleic acid before it can be used as the template.
Strand separation can be effected either as a separate step or simultaneously with the
synthesis of the primer extension products. This strand separation can be accomplished
using various suitable denaturing conditions, including physical, chemical, or enzymatic
means; the word “denaturing” includes all such means. One physical method of separating
nucleic acid strands involves heating the nucleic acid until it is denatured. Typical heat
denaturation may involve temperatures ranging from about 80 to 105°C for times ranging
from about 1 to 10 minutes. Strand separation may also be induced by an enzyme from the
class of enzymes known as helicases or by the enzyme RecA, which has helicase activity, and
in the presence of riboATP which is known to denature DNA. The reaction conditions
suitable for strand separation of nucleic acids with helicases are described by Kuhn

Hoffmann-Berling (CSH-Quantitative Biology, 43:63, 1978) and techniques for using RecA
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are reviewed in C. Radding (Ann. Rev. Genetics, 16:405-437, 1982).

[0098] If the nucleic acid containing the target nucleic acid to be amplified is single
stranded, its complement is synthesized by adding one or two oligonucleotide primers. If a
single primer is utilized, a primer extension product is synthesized in the presence of primer,
an agent for polymerization, and the four nucleoside triphosphates described below. The
| product will be complementary to the single-stranded nucleic acid and will hybridize with a
single-stranded nucleic acid to form a duplex of unequal length strands that may then be
separated into single strands to produce two single separated complementary strands.
Alternatively, two primers may be added to the single-stranded nucleic acid and the reaction

carried out as described.

[0099] When complementary strands of nucleic acid or acids are separated, regardless of
whether the nucleic acid was originally double or single stranded, the separated strands are
ready to be used as a template for the synthesis of additional nucleic acid strands. This
synthesis is performed under conditions allowing hybridization of primers to templates.
Generally synthesis occurs in a buffered aqueous solution, preferably at a pH of 7-9, most
preferably about 8. Preferably, a molar excess (for genomic nucleic acid, usually about 10%1
primer:template) of the two oligonucleotide primers is added to the buffer containing the
separated template strands. It is understood, however, that the amount of complementary
strand may not be known if the process of the invention is used for diagnostic applications, so
that the amount of primer relative to the amount of complementary strand cannot be
determined with certainty. As a practical matter, however, the amount of primer added will
generally be in molar excess over the amount of complementary strand (template) when the
sequence to be amplified is contained in a mixture of complicated long-chain nucleic acid

strands. A large molar excess is preferred to improve the efficiency of the process.

[0100] In some amplification embodiments, the substrates, for example, the
deoxyribonucleotide triphosphates dATP, dCTP, dGTP, and dTTP, are added to the synthesis
mixture, either separately or together with the primers, in adequate amounts and the resulting
solution is heated to about 90-100 °C from about 1 to 10 minutes, preferably from 1 to 4
minutes. After this heating period, the solution is allowed to cool to room temperature, which

is preferable for the primer hybridization. To the cooled mixture is added an appropriate
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agent for effecting the primer extension reaction (called herein “agent for polymerization”),
and the reaction is allowed to occur under conditions known in the art. The agent for
polymerization may also be added together with the other reagents if it is heat stable. This
synthesis (or amplification) reaction may occur at room temperature up to a temperature
above which the agent for polymerization no longer functions. Thus, for example, if DNA

polymerase is used as the agent, the temperature is generally no greater than about 40 °C.

[0101] The agent for polymerization may be any compound or system which will
function to accomplish the synthesis of primer extension products, including enzymes.
Suitable enzymes for this purpose include, for example, E. coli DNA polymerase I, Taq
polymerase, Klenow fragment of E. coli DNA polymerase I, T4 DNA polymerase, other
available DNA polymerases, polymerase muteins, reverse transcriptase, ligase, and other
enzymes, including heat-stable enzymes (i.e., those enzymes which perform primer extension
after being subjected to temperatures sufficiently elevated to cause denaturation). Suitable
enzymes will facilitate combination of the nucleotides in the proper manner to form the
primer extension products which are complementary to each mutant nucleotide strand.
Generally, the synthesis will be initiated at the 3> end of each primer and proceed in the 5’
direction along the template strand, until synthesis terminates, producing molecules of
different lengths. There may be agents for polymerization, however, which initiate synthesis

at the 5” end and proceed in the other direction, using the same process as described above.

[0102] The newly synthesized mutant nucleotide strand and its complementary nucleic
acid strand will form a double-stranded molecule under hybridizing conditions described
above and this hybrid is used in subsequent steps of the process. In the next step, the newly
synthesized double-stranded molecule is subjected to denaturing conditions using any of the

procedures described above to provide single-stranded molecules.

[0103] The above process is repeated on the single-stranded molecules. Additional agent
for polymerization, nucleosides, and primers may be added, if necessary, for the reaction to
proceed under the conditions prescribed above. Again, the synthesis will be initiated at one
end of each of the oligonucleotide primers and will proceed along the single strands of the
template to produce additional nucleic acid. After this step, half of the extension product will

consist of the specific nucleic acid sequence bounded by the two primers.
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[0104] The steps of denaturing and extension product synthesis can be repeated as often
as needed to amplify the target mutant nucleotide sequence to the extent necessary for
detection. The amount of the mutant nucleotide sequence produced will accumulate in an

exponential fashion.

[0105] The amplified product may be detected by Southern blot analysis, without using
radioactive probes. In such a process, for example, a small sample of DNA containing a
very low level of target nucleotide sequence is amplified, and analyzed via a Southern
blotting technique. The use of non-radioactive probes or labels is facilitated by the high level

of the amplified signal.

[0106] A preferred method for performance of quantitative PCR is a competitive PCR
technique performed using a competitor template containing an induced mutation of one or
more base pairs which results in the competitor differing in sequence or size from the target
gene template. One of the primers is biotinylated or, preferably, aminated so that one strand
(usually the antisense strand) of the resulting PCR product can be immobilized via an
amino-carboxyl, amino-amino, biotin-streptavidin or other suitably tight bond to a solid
phase support which has been tightly bound to an appropriate reactant. Most preferably, the
bonds between the PCR product, solid phase support and reactant will be covalent ones, thus

reliably rendering the bonds resistant to uncoupling under denaturing conditions.

[0107] Once the aminated or biotinylated strands of the PCR products are immobilized,
the unbound complementary strands are separated in an alkaline denaturing wash and
removed from the reaction environment. Sequence-specific oligonucleotides (“SSO’s”)
corresponding to the target and competitor nucleic acids are labelled with a detection tag.
The SSO’s are then hybridized to the antisense strands in absence of competition from the
removed unbound sense strands. Appropriate assay reagents are added and the degree of
hybridization is measured by ELISA measurement means appropriate to the detection tag and
solid phase support means used, preferably an ELISA microplate reader. The measured
values are compared to derive target nucleic acid content, using a standard curve separately

derived from PCR reactions amplifying templates including target and competitor templates.
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[0108] This method is advantageous in that it is quantitative, does not depend upon the
number of PCR cycles, and is not influenced by competition between the SSO probe and the
complementary strand in the PCR product.

[0109]  Alternatively, part of the polymerization step and all of the hybridization step can
be performed on a solid phase support. In this method, it is an nucleotide polymerization
primer (preferably an oligonucleotide) which is captured onto a solid phase support rather
than a strand of the PCR products. Target and competitor nucleic acid PCR products are then
added in solution to the solid phase support and a polymerization step is performed. The
unbound sense strands of the polymerization product are removed under the denaturing

conditions described above.

[0110] A target to competitor nucleic acid ratio can be determined by detection of
labelled oligonucleotide SSO probes using appropriate measurement means (preferably
ELISA readers). The efficiency of this method can be so great that a chain reaction in the
polymerization step may be unnecessary, thus shortening the time needed to perform the
method. The accuracy of the method is also enhanced because the final polymerization
products do not have to be transferred from a reaction tube to a solid phase support for
hybridization, thus limiting the potential for their loss or damage. If necessary for a
particular sample, however, the PCR may be used to amplify the target and competitor
nucleic acids in a separate reaction tube, followed by a final polymerization performed on

the solid phase support.

[0111] Molecules capable of providing different, detectible signals indicative of the
formation of bound PCR products known to those skilled in the art (such as labelled
nucleotide chromophores which will form different colors indicative of the formation of
target and competitor PCR products) can be added to the reaction solution during the last few
cycles of the reaction. The ratio between the target and competitor nucleic acids can also be
determined by ELISA or other appropriate measurement means and reagents reactive with
detection tags coupled to the 3’ end of the immobilized hybridization primers. This method
may also be adapted to detect whether a particular gene is present in the sample (without

quantifying it) by performing a conventional noncompetitive PCR protocol.
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[0112] Those of ordinary skill in the art will know, or may readily ascertain, how to
select suitable primers for use in the above methods. For further details regarding the above-
described techniques, reference may be made to the disclosures in Kohsaka, et al., Nuc.Acids
Res., 21:3469-3472, 1993; Bunn, et al., U.S. Patent No. 5,213,961; and to Innis, et al., PCR
Protocols: A Guide to Methods and Applications, Acad.Press, 1990, the disclosures of which
are incorporated herein solely for purposes of illustrating the state of the art regarding
quantitative PCR protocols.

[0113] SERCAZ2 polynucleotides detected as described above can be further evaluated,
detected, cloned, sequenced, and the like, either in solution or after binding to a solid support,
by any method usually applied to the detection of a specific DNA sequence such as PCR,
oligomer restriction (Saiki, et al., Bio/Technology, 3:1008-1012, 1985), allele-specific
oligonucleotide (ASO) probe analysis (Conner, et al., Proc. Natl. Acad. Sci. USA, 80:278,
1983), oligonucleotide ligation assays (OLAs) (Landegren, et al., Science, 241:1077, 1988),
and the like. Molecular techniques for DNA analysis have been reviewed and are well
known in the art (Landegren, et al., Science, 242:229-237, 1988).

[0114] The invention having been fully described, examples illustrating its practice are
set forth below. These examples should not, however, be considered to limit the scope of the

invention, which is defined by the appended claims.

[0115] In the examples, the abbreviation “min.” refers to minutes, “hrs” and “h” refer to

hours, and measurement units (such as “ml”) are referred to by standard abbreviations.
EXAMPLE 1

CLONING AND EXPRESSION OF SERCA2 WITH AN AAV VECTOR AND
EVULATION OF CARDIAC MYOCYTE FUNCTION IN MOUSE MYOCARDIUM

[0116] The SERCA2 cDNA was cloned into an adeno-associated viral vector using
conventional cloning techniques. Basically, the construction of an adeno associated virus

expressing SERCA2 or a GFP reporter sequence was performed as follows:

[0117] The adeno-associated shuttle vector was derived from the plasmid pSub201
described by Samulski et al., Journal of Virology 63: 3822-3828, 1989). A Xba I fragment of
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this plasmid was ligated to a 572 bp human CMV enhancer/promoter fragment followed by a
multiple cloning site and a polyadenylation signal. This plasmid was designated AAV-Shuttle

and has an approximate size of 5000 bp.

[0118] The coding sequences for the rat SERCA2a fused at the 3’ end to a flag signal
peptide and for the green fluorescent protein (GFP) cloned into AAV-Shuttle using Kpn
I/’Xba I enzymes or Hind III/Xba enzymes, respectively, have been reported (He et al., J.
Clin. Invest 100:974-980, 1999). Recombinant clones were verified by DNA sequencing and
large amounts of plasmid were purified by a CsCl maxiprep protocol. The plasmid pDG was
described by Grimm et al. (Human Gene Therapy 9:2745-2760, 1998) and was CsCl purified

as well.

[0119] For the production of pure infectious virus particles, both the AAV-Shuttle
plasmid with the inserted cDNA and the pDG plasmid were transfected with the CaPO4
coprecipitation method into 293T cells. For each virus preparation 50 cell culture plates with
a diameter of 15 cm, plated with subconfluent 293T cells, were used. For each 15 cm plate,
18 micrograms of shuttle plasmid and 70 micrograms of the pDG plasmid were transfected.
Following transfection, the next day the medium was changed to fresh DMEM containing
10% fetal bovine serum and the cells were incubated for 2 more days at 37 degrees centigrade
and 5% CO2.

[0120] Harvesting of virus particles was done by scraping off the 293T cells from each
plate in 2.5 ml DMEM. Then the cells were spun down and resuspended in 25 ml DMEM
and frozen at -80 degrees centigrade. After two more freeze-thaw cycles 100 micrograms of
DNase I and RNase H were added and the suspension incubated at 37 degrees centigrade for
30 min. Following another centrifugation at 3000g the supernatant was brought to 0.5%
deoxycholate and incubated for 30 mm at 37 degrees centigrade. This solution was then
filtered sequentially through a 5 micrometer and 0.8 micrometer syringe filter and rotated on
a wheel at room temperature for one hour with 3 ml of a suspension of heparin-agarose. The
suspension was then loaded onto a glass column and the heparin-agarose resin was washed
with 25 ml PBS containing 0.254 M NaCl. After the wash the virus particles were eluted
with PBS containing 0.554 M NaCl and kept in small fractions for titer evaluation. Fractions

with the highest titer were pooled and dialyzed against PBS and stored at 4 degrees
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centigrade. A schematic illustration of the cloning scheme and the appropriate restriction

sites is shown in Figure 4.

[0121] The viral vector was then administered to the left ventricular wall of hypothyroid
mice. Mice with a decreased thyroid status or hypothyroid mice have decreased cardiac
contractility and a delayed calcium transient. The adeno viral vector was delivered in 5 — 10

pl aliquots and injected into the left ventricular wall in five different regions.

[0122] The expression efficiency of the AAV with target transgenes is consistent and
well known in the art. This leads to the expression of the transgene in about 50% of cardiac
myocytes. A similar results have also been obtained by injecting the free wall of the left
ventricle of the mouse heart with AAV or adeno associated virus expressing nuclear encoded
B Gal (Figure 5). There, animals were sacrificed 2, 4, 6, or § weeks after adenovirus or AAV
injection. The data from the mouse hearts indicate that robust expression of AAV persists

after 6 or 8 weeks of injection, whereas adenovirus expression had significantly decreased.

[0123] Four weeks after the injection of the AAV vector expressing SERCA2, the
contractile performance of the heart was determined in a so called isolated perfused
Langendorff set-up. A balloon was inserted into the left ventricle through the pulmonary
vein and contractile function, especially pressure development during systole or dP/dt max,
pressure decline during diastole or dP/dt min and total systolic pressure were determined in
hearts injected with AAV expressing GFP CRE as a control. Very significant increases in all
the contractile perimeters were obtained in hypothyroid mouse hearts returning the contractile
function towards the normal range. Figure 6 presents data on the contractile performance of
mouse hearts which were isolated from hypothyroid mice injected with AAV expressing a
Flag tagged SERCA2. The speed of systolic contraction dP/dt max was significantly
increased in comparison to mice injected AAV expressing GFP. Similarly the speed of
diastolic relaxation or —dP/dt was significantly increased in AAV SERCA injected
hypothyroid mice and also systolic pressure development was significantly increased in

mouse hearts injected with AAV expressing SERCA2a.
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EXAMPLE 2

PRESSURE OVERLOAD AND CARDIAC HYPERTROPHY MODELS IN SERCA2
EXPRESSING TRANSGENIC ANIMALS AND CONTROL ANIMALS

[0124] To test the impact of additional SERCA?2 expression in transgene positive animals
under conditions which mimic those in CHF hearts, groups of sex, age and weight matched
animals were treated to induce cardiac stenosis, to develop abdominal aortic constriction and
to undergo salt loading. Under such conditions, such animals develop cardiac hypertrophy
(CH) and cardiac abnormalities associated with pressure overload on the heart (PO),
conditions which predominate in the CHF heart. For cardiac tissue specificity of transgene-

expression, the SERCA2 CMV/B-actin transgenic animals were used.

[0125] Briefly, to develop such animals, transgenic animals (rats of about 200-250g body
weight) developed using the SERCA2/AAV vector construct described in Example 1, and
control animals are anesthetized for isolation of the abdominal aorta at the level of the celiac
artery and, in the transgenic animals, for surgical constriction of the aorta above the renal
artery using a stainless steel hemoclip (Edward Weck & Co., North Carolina). The latter

procedure results in an reduction in aortic lumen size of about 50%.

[0126] About 2 days after surgery, the aortic constricted transgenic animals are injected
twice a week intramuscularly with deoxycorticosterone suspended in sesame oil (25mg/g
body weight) and receive 1% sodium chloride in drinking water. All animals are monitored
with cardiac ultrasound (echocardiography) for development of CH, which will generally
occur within 1-2 weeks of surgery. In addition, the animals undergo an acute damage phase

on imposition of pressure overload.
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EXAMPLE 3

ADAPTIVE RESPONSES IN TRANSGENIC ANIMALS
TO CHF CONDITIONS

[0127] Transgenic animals developed using an AAV/SERCA2 construct tested at 6
weeks post-surgery underwent a significant decline in SERCA2 gene transcription (as
determined by detecting mRNA levels for SERCA2), and typically begin to suffer heart
failure at 10-12 weeks. SERCA2 mRNA and protein levels were determined by Northern
and Western blotting as described above or by other assay techniques (e.g., PCR, also
described above). Enzyme activity levels (as related to SR calcium transients) and left
ventricular function in the transgenic and control animals were measured as described below.
The same parameters for cardiac performance may be measured according to the protocols
described below in other CHF animal models as well as in humans undergoing treatment

according to the method of the invention.

Assessment of Cardiac Contractile Function:

A. Protocol for Echocardiography To Determine Ventricular Functionality (in vivo):

[0128] Echocardiographic imaging is performed in a suitable animal model with a dual
frequency phased array transducer operating at 7 Mhz and an ACCUSON™ 128 ultrasound
console equipped with integrated doppler capability. Timing of echocardiographic events is
correlated with simultaneous electrocardiographic recordings obtained from subcutaneous
electrodes. Imaging depth is set at 2 cm and the sector angle at 60 which gives a frame rate
of 50/sec. The power setting is 75 dB. 2D images may be used to select appropriate cursor

positioning for M-mode recordings (which are acquired at 1000 lines/sec).

[0129] Lightly anesthetized animals are placed prone and imaging is performed through
the left intercostal spaces near the sternum. Parasternal long and short axis views are
acquired and recorded on videotape, and as stated above, 2D views are used to guide cursor
placement for M-mode recordings which are performed at the mid-ventricular level. All
relevant measurements are made from the 2D guided M-mode recordings using criteria to

clinical conventions recommended by the American Society of Echocardiography. Septal
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wall thickness is measured from the leading edge to the trailing edge in end-diastole.

[0130] The posterior wall endocardium, identified as the line with the steepest systolic
slope is measured from the leading edge of the posterior wall to the leading edge of the
epicardial border in end-diastole. Left ventricular end-diastole dimension (LVEDD) is
measured from the trailing edge of the intraventricular septum to the leading edge of the
posterior wall at the point of maximum ventricular diameter. Lvend-systolic dimension
(LVESD) is measured using the same criteria at the point of minimum ventricular diameter.
Fractional shortening (FS) as an indication of systolic function is calculated as [(LVEDD-
LVESD)/(LVEDDO0)]°100.

B. Protocol for Micromanometer Catheterization To Draw Sample Fluid and To

Determine Hemodynamic Parameters In The Heart (in vivo):

[0131] As illustrated in mice, adult mice (control and transgenic, with or without PO)
weighing 20-30g are anesthetized with a mixture of ketamine (100 mg/kg, IP) and xylazine (5
mg/kg, IP). Under a dissecting microscope animals are placed supine and a midline cervical
incision is made to expose the trachea and carotid arteries. A blunt 20 gauge needle is then
passed into the trachea to serve s the tracheal cannula which is connected to a volume cycled
rodent ventilator (Harvard Apparatus) with a tital volume of 0.2 ml and respiratory rate of
100/min.  Adequacy of ventilation is determined through visual inspection of chest
expansion. After intubation, one carotid artery is cannulated with a fluid filled catheter
(flame stretched PE to tubing) to measure aortic pressure. The chest is then opened and a 2F
high fidelity micromanometer (Millar) is placed through the mitral valve and secured into
LV.

[0132] Hemodynamic parameters are monitored while continuously measuring LV
systolic and diastolic pressure, dP/dt max and min, and aortic pressure (using, for example, an
on-line detection apparatus). Data is acquire at 1500 samples/sec and the frequency response
of the high fidelity catheter is flat to over 10,000 Hz. These high sample rates are required
for the accurate measurement of dP/dt in mice because of their rapid heart rate (ranging from
300-500/min).



WO 2004/062618 PCT/US2004/000719

38

[0133] Off-line analysis of hemodynamic parameters may include measurement of
minimal and maximal L'V and aortic pressure in addition to the calculation of the time
constant of the LV pressure decay (tau). Determination of the tau value which reflects,

especially the initial isovolumic phase of diastolic relaxation, is closely linked to SERCA2

function.
C. Protocol for Determination of Myocyte Shortening in Isolated Muscle Biopsy Tissue
(in vitro):

[0134] As the protocol is illustrated in rats, left ventricular papillary muscle is excised,
avoiding passive stretching, in oxygenated Tyrode’s solution containing 25 mM BDM to
minimize cutting injury and prevent contracture. The ends are attached by tying short lengths
of 5-0 silk suture to the ventricular wall and valve ends of the preparation avoiding over-
stretching. One end of the muscle will be attached to the glass rod of a Cambridge 400
Isometric force transducer (5 g full scale, 100 ug resolution) and the other end attached to a
small stainless steel hook on a translation stage (Newport 423, + 1 um) for muscle length
control. For convenient viewing, the 1 ml test bath will be in the field of view of an Olympus

SZ45 stereo microscope. The temperature is maintained in the bath at 33° C.

[0135] The muscle will then be adjusted to slack length at which resting force first
registers on the transducer channel, the BDM will be washed out and bipolar stimulating
electrodes lowered into the bath (using, for example, a Gras stimulator apparatus). Muscles
will be stimulated at 0.2 Hz (20% above threshold), and after 30 minutes, the superfusate will
be switched from 0.5 to 2.0 mM [Ca2+]. All perfusates will be bubbled with 100% O,.

[0136] Steady state isometric tension development will be measured at increments of
muscle length and expressed as fractions of Lmax at which the developed tension becomes
maximal. To correct for the short length of muscle sample used (in extrapolating results to
muscle tissue performance in vivo), the shortening strain at the time of peak tension is
measured using pairs of surface microspheres placed on the muscle and recorded with a video

camera.

[0137] The marker positions are preferably detected and digitized using NIH Image 1.47

on a Macintosh Centris 650 with a Data Translation video frame grabber board. Correcting
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the length scale by using strain with respect to any fixed reference length has been shown to

eliminate the descending limb of the length-tension curve.

[0138] Contractility is expressed as the slope of the isometric stress-strain relation, in
which the stress is computed from the developed tension (total resting) divided by the cross-
sectional area of the muscle. The cross-sectional area is estimated after the mechanica) tests
by dividing the volume of the specimen (determined from its weight) by the length of the
unloaded muscle between the ends. Repeating these protocols as a function of extracellular
Ca?* concentration between 0.5 and 2.5 mM will enable the underlying Ca** sensitivity of

these preparations to be characterized.

[0139] To characterize SERCA2 function and EC coupling in these experiments further,
SECRA2 pump function is studied by measuring relaxation time when Na/Ca exchange is
blocked with Na-free Tyrode’s and when sarcoplasmic reticulum calcium accumulation is
blocked by 10 mM caffeine. When Na/Ca exchange is clocked, relaxation time is slowed by
about 30%. Relaxation properties of the test muscles will be determined as functions of
muscle length and calcium from tracings of the isometric tension recorded on the chart
recorder (e.g., the Gould 2200 recorder) and microcomputer acquisition system
(commercially available from, for example, Strawberry Tree) at high speed (40 mm/sec).
Measured parameters will include the time from peak tension to 90% recovery and the
exponential time constant of isometric force decay. These measurements will also be subject
to, and are correctable for, the artifact described above, since studies have shown that
isometric relaxation is significantly prolonged when muscle length is controlled to keep

sarcomere length in the undamaged central muscle constant.

[0140]  Using the same approach described above, contractile studies can also be performed
using long, thin, and uniform trabeculae isolated under a dissecting microscope from the left
ventricle of rats. Studies using trabeculae will provide more specific information on absolute
alterations in diastolic contractile mechanics independent of artifacts due to series of
elastance of the muscle not available from conventional papillary muscle preparations. Other
regions of the left ventricular wall can be used to isolate cardiac myocytes for edge detection

and intracellular Ca2+ transient studies.
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D. Protocol for Isolation of Cardiac Myocytes and Evaluation of Calcium Transients

Levels (in vitro):

[0141] Cardiac myocytes may be prepared from adult rat hearts using a collagenase
perfusion method. The myocytes can be maintained in the absence or presence of 4% fetal
calf serum for at least 4 days and maintain morphological and metabolic characteristics of
adult cardiac myocytes. From the heart of one adult rat, 9-10x10° viable myocytes can be

obtained.

[0142] Cardiac myocytes can also be prepared from pieces of the ventricular wall. This
will allow to determine myocyte function, papillary muscle function and parameters related
to SERCA2 gene expression and SERCA?2 function obtained from the same heart. To this end,
the ventricular tissue is minced and washed in Ca**-free modified Joklik minimum essential
medium (MEM) supplemented with 25 mM NaHCO3; 3.4 mM MgCl,; 30 mM taurine, and 2
mM carnitine. The tissue is then digested with MEM containing 0.1% collagenase type II
(Worthington); 0.1% BSA fraction V, and 25 uM CaCl,. Enzymatic digestion is continued
for 30-40 minutes while gently stirring the tissue at 32°C under continuous oxygenation.
Complete dispersion of the cells is finally achieved by gentle trituration with a wide bore

serological pipette.

[0143] The cells are then filtered through 300 uM nylon mesh and washed. Calcium
levels are then gradually increased to a field concentration of 1 gM. This procedure can yield
up to 2x10° cells/heart of which 60-70% are rod shaped viable myocytes usable in the studies

described below.

[0144] Isolated adult rat cardiac myocytes (non-plated) are suspended in 10 ml of a
solution containing 118m NaCl; 4.8 mM KCL; 1.2 mM NaH,POy; 1.2 mM mg SO4; 1 mM
CaClp; 11 mM glucose and 25 mM Na-N-2-hycroxyethylpiperazine-N-2-ethanesulfonic acid,
500 pl of the cell suspension is added to 1.5 ml of normal Tyrode solution and 5 ul of a 1 mM
solution of the acetoxymethyl ester derivative of Indo I in DMSO is added. Cells are
incubated at room temperature for 15-20 minutes. Cells are then selected for study based on
uniformity of Indo I loading and rod-shaped cell morphology with good striations. Cells are
transferred to a small perfusion chamber mounted on the stage of a Nikon Diaphot

microscope equipped with quartz optics. Cells are allowed to settle to the bottom of the
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perfusion chamber and are perfused continuously at 5 ml/min with Tyrode solution gassed
with 90% 02-5% CO2 and kept at 37° C. Cells are driven at 0.2, 0.33, 1.0, 2.0 and 5.0 Hz
with an external platinum electrode and Ca2+ transients are measured fluorometrically.
Similar studies can also be performed using neonatal rat or mouse myocytes. Infection of

neonatal myocytes with Adv SERCA2 markedly decreases the calcium transient.

[0145] With respect to calcium transients levels, the time to have maximal decrease in
calcium ** transients was significantly shortened in SERCA2 transgene positive myocytes to
a degree similar to that observed in vitro (Example 4; FIGURE 3; p < 0.05). With respect to
ventricular pressures, the maximal pressure achieved in the left ventricle (LVdP/dt max) was
significantly greater in the transgenic animals, while at minimal levels, the ventricular
muscles showed a trend toward faster diastolic relaxation in transgenic animals (n=3; as
compared to controls where n=5). SERCA2 mRNA and protein levels detected in the
animals are shown in figures 1 and 2. These data prove the principle that calcium transport
and diastolic relaxation of heart muscle is beneficially affected by application of the method

of the invention in a predictive animal model.
EXAMPLE 4

IN VITRO EVALUATION OF CARDIAC MYOCYTE FUNCTION
AFTER TRANSFECTION WITH A SERCA2 EXPRESSING
ADENOVIRUS VECTOR

[0146]  Briefly, neonatal cardiac myocytes were transfected with the SERCA2 adenoviral
vector and calcium transients measured as described in Example 3 and compared to control
(untransfected) cells. In FIGURE 3, cell #42 is representative of the average behavior of
control neonatal cardiac myocytes, while cell #27 is representative of the average behavior of
transfected neonatal cardiac myocytes (ADV). As shown in FIGURE 3, the time to half
maximal decrease in the calcium transients was shortened by 33+19% (n=4; p < 0.01) in
transfected cells in comparison to control cells. These data provide proof of the principle that
calcium transients is enhanced in SERCA2 ADV transfected myocytes, a result which, if

measured in vivo, would encourage more rapid diastolic relaxation in heart muscle.
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[0147] A number of embodiments of the present invention have been described.
Nevertheless, it will be understood that various modifications may be made without departing
from the spirit and scope of the invention. Accordingly, it is to be understood that the

invention is not to be limited by the specific illustrated embodiment, but only by the scope of

the appended claims.
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CLAIMS

1. A method for augmenting SERCA2 mediated calcium ion transport into the
sarcoplasmic reticulum of cardiac myocytes in a host, the method comprising
delivering an adeno-associated viral (AAV) vector containing a SERCA2 encoding
transgene into host cardiac muscle, wherein expression of the transgene induces an
augmentation in SERCA2 mediated calcium ion transport in treated myocytes, as

compared to untreated myocytes.

2. The method according to Claim 1 wherein the AAV vector is contained in a colloidal

dispersion system.

3. The method according to Claim 1 wherein the host has been diagnosed as suffering

from congestive heart failure.

4. The method according to Claim 3 wherein the host is a human.
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Figure 6
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Figureg. Effect of SERCA2a-flag (n=4) expression on functional
measurements from isolated perfused hearts versus GFP (n=3)
controls in hypothyroid mice 4 weeks after rAAV gene delivery.
*denotes significantly (P<0.05) different from AAV-GFP treated
mice. Note that mice treated with rAAV-SERCA-flag have
improved function over those treated with AAV-GFP.
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