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Abstract
While progress in conventional treatments is making steady and incremental gains to reduce
mortality associated with heart failure, there remains a need to explore potentially new therapeutic
approaches. Heart failure induced by different etiologies such as coronary artery disease,
hypertension, diabetes, infection, or inflammation results generally in calcium cycling
dysregulation at the myocyte level. Recent advances in understanding of the molecular basis of
these calcium cycling abnormalities, together with the evolution of increasingly efficient gene
transfer technology, has placed heart failure within reach of gene-based therapy. Furthermore, the
recent successful completion of a Phase 2 trial targeting the sarcoplasmic reticulum calcium pump
(SERCA2a) ushers in a new era for gene therapy for the treatment of heart failure.
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Introduction
End-stage congestive heart failure (CHF) has a poor prognosis, and therapeutic choices are
still limited. Congestive heart failure (CHF) is a clinical syndrome in which the heart is
unable to pump enough blood to meet the metabolic demands of various organs in the body.
CHF is a leading cause of death and morbidity in modern societies and its incidence
continues to increase especially as the population ages [1]. Recent treatments for CHF, have
focused on blocking neurohormonal pathways and have resulted in an increase in survival,
however, these therapeutic approaches do not completely prevent the progression of CHF.
This has resulted in many investigators exploring molecular targets that can improve
excitation–contraction (E–C) coupling which is deficient in CHF [2,3].

In this review, we will describe how our group has targeted a specific pathway in congestive
heart failure, namely the impaired re-uptake of Ca2+ by the SR which is mainly caused by
low expression of cardiac Sarco/endoplasmic reticulum Ca2+ ATPase (SERCA2a) pump and
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also its dysfunction using gene therapy. As shown in Figure 1, we will review the validation
of the target, the choice of vectors used, the immune response and to AAV vectors, the
delivery method and pre-clinical data obtained in large animals, and finally clinical trials
using gene therapy approaches.

Excitation-Contraction Coupling
Each cell type expresses a unique set of Ca2+-regulatory components that modulate and
regulates intracellular Ca2+-signaling yielding different spatial and temporal properties
depending on the cell type [4]. Ca2+ is a highly versatile intracellular signaling molecule that
regulates many different cellular processes, from fertilization to cell death. At any moment
in time, the level of intracellular Ca2+ is tightly regulated by a balance between the release
of Ca2+ into the cytosol and the removal of Ca2+ by the combined action of buffers, pumps
and ion channels. Figure 2 represents the various components of SR Ca2+ cycling in the
heart. During excitation-contraction (EC) coupling, Ca2+ entry through the L-type Ca2+

channels (LTCC) triggers Ca2+ release from the SR through ryanodine receptors (i.e. RyR2).
The combination of Ca2+ influx and release raises free intracellular Ca2+ concentration from
a resting or diastolic calcium concentration in the nanomolar range to the micromolar range
thereby allowing Ca2+ to associate to troponin C a myofilament protein that is part of the
troponin complex resulting in sarcomere shortening and muscle contraction. Subsequent
muscle relaxation is initiated by RyR2 closure accompanied by Ca2+ dissociation from the
troponin complex. Ca2+ reuptake into the SR is catalyzed by SERCA2a. Calcium is also
partially extruded to the external medium through the action of plasma-membrane Ca2+

ATPase (PMCA). In humans, SERCA2a removes 70% of Ca2+ and the rest is removed by
the Na2+/Ca2+ exchanger (NCX, 28%) and PMCA (2%) [5]. The Na2+/Ca2+ has low affinity
but high capacity whereas the PMCA has high affinity and low capacity. Several protein
kinases and phosphosphatases are also associated with SR Ca2+ cycling such as protein
kinase A (PKA), Ca2+/calmodulin kinase (CaMKII), and protein phosphatase type 1 (PP1).

First Report of Calcium Cycling in Experimental and Human Heart Failure
In the early 1980s the bioluminescent indicator aequorin was used in multicellular
preparations[6]. Intracellular Ca2+ transients were recorded with aequorin during isometric
contraction of myocardium from ferrets with pressure overload hypertrophy and from
patients with end-stage heart failure by Gwathmey and colleagues[7,8]. In contrast to
controls, contractions and Ca2+ transients of muscles from failing hearts were markedly
prolonged, and the Ca2+ transients in human heart failure exhibited 2 distinct components.
Muscles from failing hearts showed a diminished capacity to restore low resting Ca2+ levels
during diastole. These experiments provide the first direct evidence from actively
contracting human myocardium that intracellular Ca2+ handling is abnormal and may cause
systolic and diastolic dysfunction in heart failure. [8,9] [10]. In single cardiomyocytes
isolated from left ventricular myocardium of patients with cardiac failure caused by dilated
or ischemic cardiomyopathy undergoing transplantation, there were three distinct changes
reported by Beuckelmann et al: 1) a decrease in systolic calcium released, 2) a significant
prolongation of calcium and 3) an increase in diastolic calcium [11]. These abnormalities in
intracellular calcium signaling pointed towards abnormalities in SR function but also to
electrical remodeling in human heart failure. [12]

SR Ca2+ handling proteins in Heart Failure
Defective intracellular Ca2+ homeostasis through alterations of Ca2+ handling proteins has
been investigated in both experimental and human HF. A slowed relaxation rate or impaired
diastolic function in HF is associated with a a slower rate of decay of Ca2+ transient and
increased diastolic intracellular Ca2+ concentration and diastolic stiffness [13]. These defects
have been linked to at least three factors: (i) decreased Ca2+ re-uptake into the SR, (ii)
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decreased Ca2+ storage of the SR, and (iii) Ca2+ leak from the SR. Recently several proteins
have been reported as major regulators.

SR Ca2+ load—SR Ca2+ uptake is mainly regulated by the SERCA2a Ca2+ pump.
SERCA2a activity is increased via phospholamban (PLN) phosphorylation by reducing its
affinity for Ca2+. In mammals, three different genes (ATP2A1-3) encode at least two
different SERCA protein isoforms. SERCA2 is the predominant variant of all SERCA
isoforms and phylogenetically the oldest. Three different splice transcripts are reported,
SERCA2a, SERCA2b, and SERCA2c, which differ at the C-terminus. SERCA2a is mainly
expressed in the heart.Low amounts of SERCA2b [14] and possibly even lower amounts of
SERCA2c have also been detected. Functional differences between the isoforms SERCA2a
and SERCA2b have been demonstrated in studies of transgenic animals. Long-term
expression of SERCA2a in transgenic animals improves contractility without harmful
effects, but substitution of SERCA2a with the SERCA2b isoform causes cardiac dysfunction
and hypertrophy [15,16]. A number of studies collectively have shown significantly reduced
SERCA2a expression and activity in failing human and animal myocardium. Several studies
in samples obtained from failing human hearts received at the time of cardiac transplanation
suggest that SR Ca2+ transport function is altered in end-stage human heart failure. A
decrease in the level of SERCA2a pump (mRNA, protein, or activity) has been strongly
correlated with decreased myocardial function and impaired force-frequency responses
[17,18]. Impaired re-uptake of Ca2+ into the SR, reflected by a reduced SERCA2a protein
level, would at least partially explain the lower SR Ca2+ concentration, elevated diastolic
calcium concentration, and decreased intracellular Ca2+ transients at higher frequencies of
contraction.

As an endogenous regulator of SERCA2a, PLN controls the affinity of SERCA2a for Ca2+.
With an unchanged PLN level in HF, the PLN/SERCA2a ratio increases, diminishing Ca2+

affinity of SERCA2a. Moreover, decreased PLN phosphorylation by PKA and CaMKII at
Ser16 and Thr17, respectively, which relieves SERCA2a inhibition is a further complicating
factor that would contribute to the impaired cardiac contractility of the failing heart [19,20].
Dephosphorylation of PLN is also controlled by protein phosphatase 1 (PP1) activity which
is increased in HF. However, PP1 is itself inhibited by its endogenous modulator, inhibitor-1
(I-1) which can be activated by PKA and inhibited by PKC [21].

SR Ca2+ store—During a regular Ca2+ transient only 40~60% of the total SR Ca2+

content is released thereby leaving a sizable Ca2+ reserve within the SR. This implies that a
number of mechanisms are activated to terminate the Ca2+ release process before the SR
Ca2+ store is emptied.

Calsequestrin (CASQ), high-capacity Ca2+ binding protein in the SR lumen, has been shown
to play a major role as a SR Ca2+ storage protein which was bound to approximately
50~75% of the Ca2+ in the SR lumen. Changes in calsequestrin levels have been shown to
be associated with cardiac remodeling and ventricular arrhythmias in rodent models [22].

Another SR luminal protein, histidine rich Ca2+ binding protein (HRC) has been reported to
be another important SR Ca2+ storage protein, which binds to SERCA2a and triadin.
Decreased HRC levels have been detected in both HF patients and animal model of HF [23].

SR Ca2+ release—RyR2 channels are part of a massive macromolecular signaling
complex, which play a crucial role in excitation-contraction coupling in the heart. During
diastolic phase, the resting state of the cardiac cycle, RyR2 channels must lock tightly
otherwise Ca2+ will leak uncontrollably into the cytosol from the SR. Thus, opening and
closing of the tetrameric channel requires strict regulation by several inhibitory and
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activating accessory proteins. Recently, the phosphorylation state of RyR2 has been
considered as the major trigger factor. In HF, PKA-mediated hyperphoshporylation of RyR2
at S2809 has been suggested to induce diastolic release of Ca2+ through dissociation of the
channel-stabilizing protein, FKBP12.6 [24]. More recently, however other groups have
shown that PKA-mediated hyperphosphorylation of RyR-S2809 plays no role in SR Ca2+

leak [25]. Currently, CAMKII phosphorylation of RYR2 has emerged as an important
modulator of the channel function in cardiovascular diseases. [26]. Another protein of
interest is S100A1 which binds to the RyR2 and increases its open probability during systole
while open probability of the RyR2 is reduced due to S100A1 at diastolic cytosolic Ca2+

concentrations. In addition, S100A1 enhances SERCA2a activity. In HF. S100A1 is
decreased and its rescue has been shown to improve contractile function in heart
failure[27,28].

Therapeutic targets for HF
Restoring proper SR Ca2+ mobilization has been the focus of sustained investigations for
innovative therapeutic approaches in the past few years to rescue HF. Among the major SR
proteins that have been investigated, altering SERCA2a and/or PLN levels or activity to
restore disturbed Ca2+ uptake into the SR and preventing SR Ca2+ leak have been proposed
as a promising therapeutic strategies for HF.

SERCA2a restoration—Transgenic animal models have been developed to define the
role of the SERCA pump in Ca2+ homeostasis and cardiac physiology. Transgenic (TG)
mice overexpressing SERCA2a by 1.5-fold resulted in increased SR Ca2+ uptake and release
and enhanced myocardial contractility [29,30]. No cardiac pathology has been observed in
these animals, suggesting that SERCA2a overexpression (albeit at low levels) can be
tolerated by the heart. On the other hand, disruption of the SERCA2 allele is
lethal.Homozygous null (SERCA2−/−) mice die early in development. Heterozygous
(SERCA2+/−) mice showed 65% of SERCA2 protein levels compared with wild type hearts.
Although no cardiac pathology was exhibited, when stressed by pressure overload, they
developed heart failure much more quickly than WT control mice [31]. In addition, these
mice showed impaired intracellular Ca2+ homeostasis and decreased rates of myocardial
contractility [31,32]. Thus, these studies employing TG and gene knockout animal models
showed that SERCA pump level is a critical determinant of SR function and changes in its
level can modify contractility.

The search for SERCA2a modulators by pharmacological means has not yielded so far any
specific or non-toxic agents. This has led to the consideration of gene therapy as a method to
specifically enhance SERCA2a activity. Even though a number of vectors were used to
deliver SERCA2a gene to the heart, recombinant adeno-associated vectors have proven to
have the essential features for long term expression.

Ancillary effects of SERCA2a overexpression
Beyond its effects on myocardial contractility, SERCA2a overexpression has specific effects
on other cardiovascular targets that in combination improve its therapeutic effects in HF as
depicted in figure 3. These include

Mechanoenergetics—In pre-clinical HF models including rodents, porcine, and sheep,
AAV-mediated SERCA2a overexpression significantly improved cardiac metabolism (as
measured by the ratio of creatine phosphate to ATP ratio), and energy utilization (as
measured by restoration of the O2 consumption to Emax relationship to normal levels) even
when the underlying pathophysiology or insult (eg, mitral valve rupture or pacing induced
heart failure) was not fixed [33-35]. The restoration of myocardial energetics is an important
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issue because increased myocardial contractility is associated with greater energy demands.
These studies showed a beneficial remodeling following SERCA2a overexpression within
cardiomyocytes restoring the metabolic machinery to normal.

Endothelial effects—We have demonstrated that in a heart failure model coronary flow
increased following AAV1.SERCA2a gene transfer. We found that eNOS expression and
the activity of eNOS promoter were greater in SERCA2a overexpressing human endothelial
cells. We also demonstrated that in SERCA2a overexpressing cells, Ser1177eNOS
phosphorylation was increased in basal state. Furthermore, we demonstrated by co-
immunoprecipitation that SERCA2a and eNOS are associated in functional protein-protein
complex. This indicates that both proteins are localized in a similar calcium environment
and also suggests that SERCA2a may directly control eNOS activity. Our results suggest
that increased coronary flow occurring after intracoronary SERCA2a gene transfer in a HF
model may be due to increased eNOS expression and activity in coronary artery EC.

Arrhythmias—One of the early concerns with SERCA2a overexpression was that with
additional SERCA2a pumps, the SR would trigger calcium release especially with leaky
Ryanodine receptors [36]. In addition, the inhomogeneous expression of SERCA2a can
induce pro-arrhythmogenic effects in this setting. We and other investigators embarked on
an extensive evaluation of whether SERCA2a overexpression can induce ventricular
arrhythmias. In a rodent model of ischemia-reperfusion, we found that SERCA2a
overexpression decreased ventricular arrhythmias [37]. These results were further
corroborated in a large animal model of ischemia reperfusion [38]. More recently, another
group found that overexpression of SERCA2a suppresses electrical alternans [39]
interrupting an important pathway leading to cardiac fibrillation.

Cellular Remodeling—The decrease in intracellular calcium and its redistribution within
the SR decreases the activation of various kinases and proteases that are involved in the
hypertrophic response [40]. This improvement in calcium cycling induces transcriptional
and proteomic changes as the cell remodels.

The effects of SERCA2a on contractility along with the ancillary effects have led to the
overall improvement in not only overall cardiac function but also in survival in the
experimental models. Furthermore, SERCA2a overexpression in these animal models led to
“by-stander” effects so that isolated cardiomyocytes which were not infected in vivo had
improved contractile function. This phenomenon was also observed in other studies with
gene therapy targeting S100A1 [27] In addition, large animal studies showed that there was
a clear gene dosing effects whereby an increase in SERCA2a delivered resulted in an
improvement in overall function [35]. These dose-gene effects were critical in validating the
biological significance of enhancing SERCA2a function in the setting of heart failure.

Choice of Vectors
A large number of viral vectors have been used in the cardiovascular field mostly on an
experimental basis. Gene delivery systems are classified into two main categories, the non-
viral and the recombinant viral vectors [41,42]. In this review we will focus on viral vectors.
Briefly, non-viral vectors include plasmid DNA, liposome-DNA complexes and polymer-
DNA complexes [43]. The advantages of non-viral vectors include the ease of vector
production, the reduced limitation on the expression cassette size and the relatively minimal
biosafety risks. Their limitations include low transfection efficiency and transient effect due
to their intracellular degradation. This makes them more suitable for transient, short lived
expression of particular genes in certain disease states, such as angiopathies where transient
expression of angiogenic factors by a modest number of gene modified cells is sufficient to

Gwathmey et al. Page 5

J Mol Cell Cardiol. Author manuscript; available in PMC 2012 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



obtain a desired phenotypic effect. On the other hand, certain cardiovascular disease states,
such as heart failure require widespread and sustained transgene expression in order to
achieve the desired effect. For these disease states viral vectors are the most suitable, as they
offer a relatively high gene transfer efficiency and long term transgene expression. Their
limitations include the limited packaging capacity, inconsistencies in bioactivity and purity
between vector stocks, and biosafety risks. Moreover, the presence of neutralizing
antibodies against viral vectors makes it more challenging and poses the demand to engineer
or design a viral vector that can escape the immune response and at the same time that can
transduce the largest number of cardiac cells. Viral vectors most commonly used in
cardiovascular disease states are adenoviral vectors, adeno-associated virus vectors and
lentivirus vectors.

An important component of the vector system is the promoter cassette used to drive and
regulate the expression of the gene. Regulation of a therapeutic gene expression may be
necessary in vivo. A regulatable gene-expression system can be designed which may be
responsive to specific transactivators [44,45]. Systems exploiting physiological regulation
can be designed to incorporate promoters with transcriptional activity that is contingent
upon signals provided by the pathophysiology of interest. Hypoxia, intravascular shear stress
and left ventricular strain have all been used in models of this type of regulation. In the
setting of heart failure regulatable system would be important if the gene of interest needs to
be turned on or off for a short period of time. This would include genes driving angiogenesis
or stem cell recruitment or expansion.

Adenoviral Vectors
Recombinant adenoviral vectors can transduce all major cardiac cell types both in vitro and
in vivo. It is the most commonly used vector in preclinical gene therapy models and in
clinical cardiovascular gene therapy protocols due to the ease of their production and the
broad cell tropism, particularly within the cardiovascular system [46]. However, in vivo, the
pattern of myocardial transduction reflects the method of vector delivery. Direct myocardial
injection results in intense transduction at the site of injection [47], whereas intracoronary
delivery results in more widespread transduction in the distribution of the injected vessel
[48]. A number of maneuvers have been shown to enhance adenoviral myocardial
transduction efficiency during intracoronary injection. Those maneuvers include physical
approaches, such as increase in transcoronary pressure gradient [49] or the application of
ultrasound energy to disperse circulating vector as it traverses the myocardium [50,51].
Chemical approaches include the use of vasodilatory agents that facilitate vector passage
from the vascular lumen to the myocardium [52-54]. Translation of this vector system from
research to clinical settings is going to be challenging for a number of reasons as the
adenovirus vectors can evoke an intense immune and inflammatory reaction, beside the
presence of neutralizing antibodies and the de novo development of these antibodies
precludes readministration of the same vector serotype. Regarding their biosafety, a number
of approaches have been pursued. These include the production of adenoviral vectors with
reduced amounts of viral parental genes. The gutted adenoviral vectors are devoid of almost
all of the viral parental genes. Another approach to reduce vector associated immunological
responses is to modify vector tropism by engineering fiber coat proteins. This avoids
transduction of unintended cells, such as antigen presenting cells, and increases gene
transfer efficiency to target cells.

Lentivirus Vector
Lentivirus vectors transduce mitotically quiescent cells through genomic integration,
particularly within the cardiovascular system. Unfortunately, they are less clinically
interesting for the fear regarding the pothogenicity of the parental virus which is based on
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the human immunodeficiency virus type 1 (HIV-1) [55]. In order to become suitable for
clinical use, vector modifications are needed such as deletion of all accessory proteins from
the packaging system, separation of packaging elements into multiple plasmids and the use
of a chimeric 5’-long term repeat (LTR) and a self inactivating 3’-LTR in the vector plasmid
[56,57]. Modifications to the vector backbone to optimize performance include the
incorporation of a central polypurine tract (cPPT) and a posttranscriptional regulatory
element PRE) to enhance nuclear import and mRNA translation respectively [58]. These
vector modifications have the potential to improve in vivo transduction efficiency of the
myocardium [59]. The strengths of this system include the ability to confer long term stable
transgene expression and an increased packaging capacity compared with rAAV. However
the major limitation of this vector system relates to its high biosafety risk.

Recombinant Adeno-Associated Virus vector
Recombinant adeno-associated virus (rAAV) vectors belong to the family of the dependant
parvovirus AAV type 2 [60,61], a naturally occuring, non-pathogenic, non-integrating and
non-replicating virus that depends on a helper virus for replication [62,63]. When wild type
AAV infects a cell in the absence of a helper virus, the AAV persists in a latent form within
the cell until superinfection with a helper virus results in productive replication of the AAV
along with the helper. The wtAAV is a 4.7 kb single-stranded molecule comprised of a
single open-reading frame (ORF) encoding the four replication (Rep) proteins and a single
ORF for the three structural capsid (cap) proteins [64]. These protein coding regions are
flanked on either side by paired 145 nucleotide inverted terminal repeat (ITR) sequences.
The ITRs are the critical elements directing replication, viral packaging and host cell
integration of the DNA sequences that they flank. The majority of integration events occur
in a specific site, called AAVS1, in the q arm of the human chromosome 19 [65,66]. There
are 12 different AAV serotypes, each one of them has a different tissue tropism [67]. AAV1
has been shown to transduce cardiac and skeletal muscle efficiently. Recently, AAV8 and
AAV9 have shown strong tropism toward cardiac tissue which makes them suitable for gene
therapy in the cardiovascular system [68-71]. rAAV were produced in the mid 1980's by
creating ITR deleted helper plasmids to supply rep and cap function and as a result the
property of site-specific integration into chromosome 19q is lost in rAAV vectors, which
lack the AAV Rep78 and Rep68 proteins [72]. rAAV2 vector plasmids were constructed in
which ITR sequences flanked the therapeutic gene of interest, along with an appropriate
promoter and a polyadenylation signal. This vector has a number of clinically favorable
attributes over the adenoviral vector. First, it lacks parental agent pathogenicity and vector
related cytotoxicity and as a result does not induce a host immune response. rAAV vectors
have been used to deliver genes to over 200 study subjects by various routes of
administration for potential treatment of genetic disorders such as cystic fibrosis,
haemophilia, hereditary emphysema due to α1-antitrypsin deficiency and other neurologic
disorders such as Canavan disease, Batten disease, Parkinson and Alzheimer disease without
any significant safety concerns [73,74]. Second, it has the capacity for stable long term gene
expression through random genomic integration and or stable extra-chromosomal (episomal)
sequences maintenance in non-dividing or slowly dividing transduced cells such as the
striated muscles and the cardiac myocytes [60,61,75,76]. Large animal models of single-
administration of rAAV2 injection into the muscle [77,78] and the liver have demonstrated
persistent expression for more than 3 years. Results from human trials suggest that repeated
delivery might be required, which heightens the interest in developing alternative serotypes
and understanding their potential for cross-neutralization. Studies evaluating onset, peak and
persistence of expression with nonAAV2 serotypes in vivo are at an early stage [79]. A
pseudotype AAV2/1 vector has been designed to effectively transduce cardiac myocytes.
AAV2/1 vector has the capsid of AAV1 vector that efficiently transduces cardiac myocytes,
while its ITRs are derived from the AAV2 vector as they have been used in many previous
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clinical trials and their safety profile is established. The time from vector administration to
peak of therapeutic protein levels with rAAV2 vectors in vivo is much longer than with most
other viral or non-viral gene therapeutics. The onset of transgenic protein expression is often
detectable within two weeks of treatment. The plateau of expression occurs 4-8 weeks post
viral injection into the muscle [77,78]. The delay of peak expression is likely due to the
requirement for input single-stranded rAAV transgene conversion to a double-stranded
molecule that can serve as a template for DNA transcription within the target cell [80,81].
One strategy to overcome this is to design a double-stranded template when delivering a
small gene [82]. Major limitations of the rAAV vector systems include the production of
high titer vector stocks of consistent purity and bioactivity, a limited packaging capacity of
4.8 kb and the potential for pre-existing neutralizing antibodies in human populations.

Delivery Methods
A number of delivery methods have been described that are translatable to the clinical
setting. Surgical techniques have been used effectively. Developing delivery methods that
can provide us with the highest transduction efficiency to the largest number of
cardiomyocytes when targeting molecular pathways involved in the pathophysiology of
heart failure become very important. A number of delivery methods exist, each one of which
has different transduction efficiency and hence will be suitable for specific therapies. Also
the mode of delivery differs between rodents or small animals and large animals in vivo. In
small animals the mode of delivery includes direct intramyocardial injection, tail vein
injection and a catheter based technique that we have developed [49]. In this approach, a
catheter is inserted in the left ventricular apex and is advanced beyond the aortic valve. A
high concentration of adenoviral vector is infused through the catheter while the aorta and
the pulmonary artery are clamped simultaneously distal to the tip of the catheter for a period
of approximately 30 sec. This method achieves grossly homogeneous transduction of
cardiac myocytes throughout the left and the right ventricles of the heart and hence can
produce dramatic transgene specific physiological effects in vivo [49]. Maurice et al [83]
used this technique to express β2 receptors in rabbit hearts; however, they only clamped the
aorta and achieved predominantly epicardial gene expression. By clamping the pulmonary
artery and the aorta simultaneously, we reduced left ventricle preload and as a consequence
the left ventricle end-diastolic pressure which allows perfusion of the virus at relatively low
pressure and the endocardium can be efficiently transduced. On the other hand, tail vein
delivery, offers a high transduction efficiency of cardiac myocytes in small animals by
certain rAAV serotypes, such as rAAV8-9 serotypes [84]. Tail vein injection is applied to
alter the expression of different genes in animal models of pressure overload hypertrophy
and heart failure, where a second survival surgery would not be feasible in such sick
animals.

The mode of gene delivery in large animal models include catheter based myocardial
delivery, pericardial delivery and surgical delivery.

Pericardial delivery offers a low transduction efficiency that is mainly distributed to the
epicardium. The transduction efficiency can be improved by the co-administration of
proteolytic enzymes that disrupts the pericardial cellular and extracellular barriers to the
myocardium [85]. Surgical delivery is the most invasive where direct injection of vector into
the myocardium can be achieved via the transthoracic or subxiphisternal approaches. This
approach is mostly applied in small animals rather than large animals [47]. The transduction
efficiency with this method is mainly restricted to the local myocardium.

A novel technique, the V-Focus system, is a minimally invasive procedure that enables a
closed circuit to be percutaneously established between the coronary arteries and the
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coronary sinus, hence allowing efficient vector delivery by isolating the coronary circulation
from the general circulation, with minimal damage to the heart [86]. The advantage of this
technique is that it allows high transduction efficiency to the myocardium with minimal
systemic vector delivery. Only 10% of the perfused blood escapes the closed circuit through
the thebesian veins. Adequate oxygenation of the myocardium is maintained in part by
circulating the perfusate through an extracorporeal membrane oxygenation system. Once the
circuit is established, the vector is directly injected into the circuit and circulates through the
myocardium for approximately 10 min [86]. This technique has allowed a widespread
transduction of SERCA2a in an ovine model of heart failure with a substantial increase in
contractility both with adenoviral and rAAV gene transfer.

Surgical gene transfer methods have also been tried. Animals have been placed on bypass
and antegrade injection of vector has been performed with high efficiency of gene transfer
[87]. More recently, investigator used a complete surgical isolation of the heart in situ with
retrograde (through the coronary venous circulation) administration of both vector and
endothelial permeabilizing agents to increase myocyte transduction efficiency [88]. This
technique involves clamping both vena cavae and all pulmonary veins. On cardiopulmonary
bypass, the aorta and pulmonary artery are crossclamped, and the heart isolated. Viral
solution is then infused retrograde into the coronary sinus and recirculated for a total of 30
minutes. Even though this novel cardiac surgical technique of cardiac isolation and
retrograde delivery of vector through the coronary sinus results in efficient myocyte
transduction in an adult large animal in vivo, its translation to patients with severe heart
failure may be limited [88].

Percutaneous catheter based gene delivery to the myocardium in vivo can be achieved by the
intracoronary route, by endocardial delivery or by retrograde infusion of the coronary veins.
Intracoronary delivery using a slow infusion as compared to bolus infusion is superior and
offers on average 50% transduction efficiency which is affected by a number of factors such
as animal species, pharmacological agents used to permeabilize vasculature and vector
related titer variability. In contrast, percutaneous endocardial delivery offers focal gene
delivery to the myocardium and is suitable for therapies involving angiogenesis [89] and to a
lesser extent to focal arrhythmia therapy [90]. Retrograde infusion of vector via the coronary
veins constitutes a novel catheter based technique for myocardial gene delivery and in
studies pioneered by Boekstegers et al it was shown to be superior to antegrade coronary
injections [91]. However other studies showed that antegrade coronary injections was
superior to retrograde injections [92]. The retrograde infusion has the advantage over the
intracoronary method that it bypasses diseased arteries that are likely to impede vector
delivery, which makes it a clinically attractive mode of gene delivery. However it requires
stoppage of antegrade flow which may not be tolerated in patients with severe heart failure.
More recently, we developed a percutaneous and clinically applicable catheter based gene
delivery method that allowed slow selective antegrade myocardial gene transfer and a
transduction efficiency of ~60% [34]. As shown in figure 4, this method is quite easily
translatable in the human cardiac catheterization laboratory and was the one chosen for the
SERCA2a gene therapy trials [93,94].

Immune Response
One of the challenges with viral gene transfer is the pre-existence of neutralizing antibodies
[95,96]. In different studies, it has been shown that a significant proportion of adults are
seropositive for AAV2 (up to ~80%)% AAV1 (~50%), AAV5 (~40%) and AAV6 (~30%)
[97] [98] [99]. The presence of pre-existing antibodies can have considerable implications
for cardiovascular gene therapy because it has been shown in several studies that these AAV
specific antibodies are neutralizing [100-103] and can severely compromise the utility of a
gene therapy approach using AAV vectors. These results highlight the necessity to
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determine neutralizing antibody titers against the specific vector used in a patient
population.

Another issue that can occur is that cells may transiently express AAV capsid protein on
their cell surface. T-cell response could occur in any organ but greatest concern has been
focused on the liver and heart (site of injection). This response is dose dependent and in
clinical trials to treat hemophilia or liportein lipase deficiency, higher doses (>1013 viral
genomes) were associated with activation of capsid specific T cells and elimination of the
transgene [104] [105]. In the clinical trials, to evaluate potential development of a T-cell
response, it is important to use an ELISPOT assay to detect anti-AAV capsid T cell
responses (IFN-γ release when patient's peripheral blood monocytes are exposed to capsid
peptide).

Pharmacological Methods to Enhance Uptake
Independent of the delivery methods used, pahrmacological approaches which include the
use of vasodilatory and permeabilizing agents have been added to facilitate transfer of vector
form the vascular lumen to the myocardium [54,106,107]. In fact a number of agents that
increase the permeability of the vascular bed have been used in preclinical trials including
nitroglycerin, nitroprusside, serotonin, bradykinin, histamine, substance P, and VEGF
(Vascular endothelial growth factor). Clinically and in the setting of heart failure, these
agents must be used in caution as not to decrease systemic blood pressure. In the clinical
trial of AAV1.SERCA2a gene transfer in patients with heart failure, intravenous
nitroglycerin was used.

Clinical Trials
Following the large amount of data gathered in large animals and the toxicology studies that
were performed to examine the safety profile of expressing SERCA2a, a first-inhuman,
phase 1 trial (CUPID) was recently conducted restoring the levels of this key enzyme in HF
patients by gene transfer of the SERCA2a cDNA via a recombinant AAV vector
(AAV1.SERCA2a). Because there was concern that inhomogeneous SERCA2a
overexpresson may lead to a pro-arrhythmogenic state, all patients in the phase 1 (and also
phase 2) trial were required to have Implantable Cardioverter Defibrillators (ICDs). It was
critical that the assessment of the efficacy of gene therapy trials be robust enough to detect
biological signals. In pre-clinical trials and large animal studies, investigators have relied
mainly on hemodynamic measurements coupled with non-invasive techniques such as
echocardiography and MRI (Magnetic resonance Imaging). MRIs, which provide the most
detailed structural measurements of the heart cannot be routinely used in advanced heart
failure patients since a majority of them would have ICDs (Implantable cardiac
defibrillators) or biventricular pacemakers. Clinically, invasive monitoring is obviously
difficult to perform, however there are a number of clinical measures that can be followed.
These include endpoints such as death, LVAD (Left ventricular assist device), transplant,
and heart failure hospitalizations. In addition, other parameters such echocardiographic
measures, Quality of life assessments, biomarkers, six minute walk tests and oxygen
consumption tests are routinely uses in heart failure trials as secondary end-points.

The results of the phase 1 study demonstrated an acceptable safety profile, and
improvements at 6 months across symptomatic, functional, biomarker and LV function/
remodeling parameters [93,94]. However, even though the phase 1 trial showed biological
efficacy, the phase 1 trial was open label and it is hard to interpret these results. The safety
profile of phase 1, let to the approval of a double-blind placebo controlled randomized trial
of AAV1.SERCA2a [94]. The phase 2 trial enrolled 39 patients with advanced HF who were
randomized to receive intracoronary adeno-associated virus 1 (AAV1) mediated SERCA2a
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gene delivery (in one of 3 doses (low dose - 6 × 1011 DNAse Resistant Particles (DRP),
middle dose - 3 × 1012 DRP and high dose - 1 × 1013 DRP) versus placebo and was finally
completed. At six months, the AAV1.SERCA2a treated patients, demonstrated improvement
or stabilization in NYHA class, MLWHFQ, 6MWT, VO2 max, NT-proBNP levels, and LV
end-systolic volumes. Significant increases in time to adjudicated CV events, and a
decreased frequency of CV events per patient were observed on AAV1.SERCA2a. No
increases in adverse events, disease-related events, laboratory abnormalities or arrhythmias
were observed in AAV1.SERCA2a treated patients compared to placebo. Even though
larger studies are needed to establish AAV.SERCA2a as a treatment modality for advanced
HF, the CUPID trial demonstrated that SERCA2a is a critical target in the pathogenesis of
HF.

Two other clinical trials targeting SERCA2a are currently enrolling patients. The first trial is
in patients with advanced heart failure having received left ventricular assist devices at least
one month prior to treatment and who will receive either AAV6.SERCA2a or saline. This
trial is being conducted in the United Kingdom. A second Phase 2 monocenter double-blind
randomized placebo-controled, parallel study will be held in the Institut of Cardiology Pitié-
Salpêtrière, Paris, France with the primary objective to investigate the impact of AAV6-
CMV-SERCA2a on cardiac remodeling parameters in patients with severe heart failure.

Conclusion
SR calcium cycling is crucial to the process of excitation–contraction coupling. Dysfunction
of several calcium cycling proteins have been strongly associated with the pathogenesis of
human heart failure. A large body of experimental findings to date have clearly
demonstrated the concept that reversal of impaired calcium handling can prevent and/or
partially reverse the progression of heart failure. The clinical trial of gene delivery of
AAV1.SERCA2a in patients with heart failure, with its positive biological signals, has
clearly demonstrated that SERCA2a is an important therapeutic target. New molecular based
strategies for restoring calcium cycling may provide a new therapeutic paradigm for patients
with severe heart failure.
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Figure 1.
Various steps from target validation to clinical trials in gene therapy
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Figure 2. Excitation-Contraction Coupling
Solid lines indicate the Ca2+ cycling in the cardiomyocyte. Upon a depolarizing signal,
extracellular Ca2+ enters the cytosol via the LTTC, which triggers induces the release of a
greater amount of Ca2+ through the RYR2 which initiates contraction at the myofilaments.
Removal of Ca2+ during diastole is primarily facilitated via SERCA2a and to a lesser extent
by the NCX, and PMCA. Increase the cytosolic Ca2+ concentration activates CaMKII.
CaMKII phosphorylates the LTTC, RyR2, and PLN; Long dash dot lines. Dash lines
delineate β-adrenergic stimulation, AC is activated, which leads to production of cAMP and
PKA activation. PKA then phosphorylates the RyR2, TnI, and PLN, which augments
contractility. Also, PKA phosphorylates I-1, and then I-1 activate PP1, which cause
hypophosphorylation of PLN. AC, adenylyl cyclase; β-AR, β-adrenergic receptor; CASQ,
calsequestrin; CaMKII, Ca2+/calmodulin-denpendent protein kinase; GαS, GTP binding
protein; HRC, histidin-rich Ca2+ binding protein; I-1, inhibitor-1; LTTC, L-type Ca2+

channel; NCX, Na+/Ca2+ exchanger; PKA, protein kinase A; PLN, phospholamban; PMCA,
plasma-membrane Ca2+-ATPase; RyR2: ryanodine receptor 2; SERCA2a, SR Ca+-ATPase;
TnI: troponin I.
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Figure 3.
Various effects of SERCA2a on the cardiovascular system.
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Figure 4.
Method of gene transfer using slow infusion into the coronary arteries.
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