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Abstract

Cardiac disease causes morbidity in several lysosomal storage diseases, which are the result of
deficient activity of lysosomal enzymes. Mucopolysaccharidosis (MPS) causes aortic and valvular
disease, Pompe disease causes cardiac muscle weakness, and Fabry disease causes left ventricular
hypertrophy. Enzyme replacement therapy involves intravenous injection of enzyme modified
with mannose 6-phosphate, which can be taken up by cells, and is currently approved for some
lysosomal storage diseases. Gene therapy can result in secretion of mannose 6-phosphate-modified
enzyme into blood, from where it can; similarly, be taken up by cells. Gene therapy has been
effective in animal models of lysosomal storage disease, and holds great promise.
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Introduction

More than 50 different forms of inherited lysosomal storage diseases are known to occur in
humans; most result in high morbidity and mortality. The aggregate incidence is
approximately 1 in 7000 live births [1]. Most lysosomal storage diseases are caused by loss
of normal function of a specific lysosomal acid hydrolase, resulting in inability of the
lysosomes to degrade large complex substrates that have been targeted for degradation after
endocytosis or autophagy. Lysosomal accumulation of the substrate affects the architecture
and function of cells, tissues, and organs; lysosomal storage diseases that affect the heart
include mucopolysaccharidosis (MPS), Pompe disease, and Fabry disease. MPS results from
deficiency in any of several enzymes involved in degradation of glycosaminoglycans, and
results in mitral and aortic valve thickening and regurgitation, and aortic dilatation. Pompe
disease is caused by deficiency of acid-a-glucosidase (AAG), and results in weakness of
cardiac muscle because of the accumulation of glycogen [2]. Fabry disease is attributable to
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deficiency of a-galactosidase A and results in accumulation of globotriaosylceramide, a
glycosphingolipid, and results in vascular disease, left ventricular hypertrophy, and cardiac
conduction defects [3].

Enzyme replacement therapy has been developed recently for some types of MPS and for
Pompe and Fabry diseases. It involves intravenous injection of mannose-6-phosphate-
modified enzyme, which can diffuse to cells and be taken up via the mannose-6-phosphate
receptor. The active enzyme can be delivered to the lysosome, where it catabolizes stored
substrate. Other treatment alternatives include hematopoietic stem cell transplantation for
MPS [4,5], and substrate reduction therapy, which is being tested for Fabry disease [3].

Therapeutic gene transfer holds great therapeutic potential, and has proven successful in
several animal models of lysosomal storage disease. The most common form of gene
therapy involves the transfer into an animal of a cDNA that encodes a functional protein,
resulting in long-term expression of the protein that was deficient. As transduced cells in a
single organ can secrete enzyme that enters blood or diffuses to adjacent cells, a small
percentage of transduced cells can be therapeutic for the entire animal. In-vivo gene therapy
involves systemic injection of vector into the circulation, or localized injection into a
specific organ. Ex-vivo gene therapy is comprised of removal of cells (such as
hematopoietic stem cells), modification in vitro, and infusion of the modified cells back into
the animal.

Mucopolysaccharidosis

MPS is caused by deficiency of enzymes that degrade glycosaminoglycans, and results in
thickening and elastin fiber fragmentation in the aorta and cardiac valves. This is associated
with upregulation of elastin-degrading proteins such as matrix metalloproteinases and
cathepsins [6], and the changes can result in valvular stenosis or insufficiency, or both.
Intravenous injection of plasmid DNA or viral vectors has been found to result in high
expression in the liver, and high concentrations of enzyme in the serum [7]. Neonatal
administration of a retroviral vector was shown to reduce the cardiac and aortic
manifestations in mice with MPS I, which are deficient in activity of a-.-iduronidase [8].
Good hepatic transgene expression has also been observed with adenoviral vectors [9],
SV40 vectors, and a transposon-based plasmid [10], and in-vivo treatment with adeno-
associated virus or lentiviral vectors has reduced storage of glycosaminoglycans in the heart,
although functional analyses were not performed [11]. Ex vivo hematopoietic-stem-cell-
directed gene therapy improved left ventricular function in mice with MPS | [4].

Studies involving large animals are more likely to be predictive of results in humans,
because their larger size requires efficient scaling and their longer lifespan allows late
evaluation of efficacy and toxicity [11]. Retroviral vector gene therapy has yielded
impressive results for dogs with MPS VII or MPS I. Dogs affected with MPS VII due to -
glucuronidase deficiency that were treated at 2—3 days of age using a retroviral vector
achieved very high serum B-giucuronidase activity [12] that has been maintained stably for
up to 7years (M. Sleeper, M. Haskins, K. Ponder, unpublished data). There was a marked
reduction in mitral and aortic valve thickening and insufficiency [12, 13], which has been
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sustained at 7.5 years (Figure 1). In addition, dogs with untreated MPS V11 exhibit aortic
dilatation and elastin fragmentation, and neonatal gene therapy with a retrovirai vector has
been found to result in a marked reduction in both of these parameters [13] that was
maintained in the long term (Figure 1, Figure 2). Similar experiments in dogs affected with
MPS | using a retroviral vector containing the canine a-.-iduronidase cDNA also resulted in
stable enzyme activity and normal aortic diameters with mild aortic valve thickening and
aortic regurgitation at 1 year [14], and improvements have been maintained at 2 years,
although moderate mitral regurgitation was present (M. Sleeper, M. Haskins, K. Ponder,
unpublished data). Marked improvement in the heart was also noted in MPS | affected cats
that were treated as newborns with intravenous injection of a retroviral vector expressing the
deficient enzyme (M. Sleeper, M. Haskins, K. Ponder, unpublished data). The improvement
lasted for at least 2 years, when transient immune suppression was given at the time of gene
therapy [11].

Pompe disease

Pompe disease results in the accumulation of glycogen in cardiac and skeletal muscle, and is
associated with reduced contractility, the causative mechanisms of which remain unclear. In
mice with Pompe disease, intravenous administration of an adeno-associated virus vector
expressing AAG resulted in efficient transduction of liver, high concentrations of AAG in
blood, and reduced lysosomal storage [15]. Cardiac function and mass normalization were
sustained with gene therapy for at least 1 year in this model [16]. Therapy was more
effective in clearing cardiac glycogen storage in heart muscle of young AAG-knockbut mice
than in that of older counterparts [2,15]. These results emphasize that screening of newborns
to allow early diagnosis and treatment is an important initiative.

Fabry disease

Summary

Fabry disease results in kidney and heart disease, at least in part as a result of the
accumulation of storage material in the vascular system. Intravenous administration of
adeno-associated virus serotype 8 encoding for human a-galactosidase resulted in
normalization of tissue (including cardiac) substrate storage concentrations [17], although
the mildness of cardiac disease in this model made it difficult to determine if there was
clinical improvement.

Systemic gene therapy with viral vectors has reduced the clinical manifestations of
cardiovascular disease in MPS and in Pompe disease, and will probably have a therapeutic
effect for Fabry disease. As early treatment was more beneficial in some studies,
identification of patients with lysosomal storage disease by means of screening of newborns
[18], which is currently being introduced in some states in the USA, will be important in the
future. Studies are currently underway to define the risk of insertional mutagenests and to
modify vectors in order to reduce the associated carcinogenic risks. If these concerns can be
addressed, it is possible that, in the near future, gene therapy will be used to treat patients
with these diseases.
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Figure 1.

Echocardiograms in dogs with mucopolysaccharidosis (MPS) VII. Normal dogs, dogs with
untreated MPS VII, or dogs with MPS VI treated with retroviral vector underwent
echocardiography at the ages indicated above the panels. (a—e) Echocardiographic images of
the mitral valve obtained in the long axis from the right parasternum. The cranial (anterior)
mitral valve leaflets are indicated by filled white arrows, and the chordae tendinae by open
arrows. Note the marked thickening of the valve in the untreated MPS VII dog compared
with that in the normal and treated MPS VII dogs. (d—f) Subjective severity score for
echocardiogram parameters. Mitral valve thickening (MVT) (d), mitral valve regurgitation
(e), and aortic valve thickening (AVT) (f) were scored from 0 (normal) to 4 (severely
abnormal) for six or seven dogs with untreated MPS V11 and for four dogs with MPS VI
treated with retroviral vector, at the indicated ages. Values in the groups at a given age were
compared statistically using Student’s t-test (*P = 0.005-0.05; **P = < 0.005). Untreated
dogs with MPS VII do not survive beyond 2 years, so it was not possible to compare values
in treated dogs with MPS VII with those in age-matched, untreated dogs at older ages. (g)
Aortic diameter. The aortic diameter determined in the long axis was normalized to the body
surface area (m?), and statistical comparisons were performed as in (d—f). LA, left atrium;
LV, left ventricle.
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Figure 2.
Pathology of the aorta. Aortae were collected from dogs at the ages indicated above the

panels and then stained for elastin with Verhoeff’s van Giesen stain, which results in a dark
color in the fibers. All images have the intima (1) at the upper left, and the adventitia (A) in
the lower right. Lysosomal storage is indicated by the short vertical arrow, and elastin fiber
fragmentation is identified with the long horizontal arrow. Low-power images (original
magnification x5) are shown in the top panels, in which the box indicates the region that is
shown at high power (original magnification x20) in the lower panels.
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