
MUSCLE-DIRECTED GENE AND ENZYME REPLACEMENT THERAPIES FOR
GLYCOGEN STORAGE DISORDER TYPE H, POMPE DISEASE

By

THOMAS JOSEPH FRAITES, JR.

A DISSERTATION PRESENTED TO THE GRADUATE SCHOOL
OF THE UNIVERSITY OF FLORIDA IN PARTIAL FULFILLMENT

OF THE REQUIREMENTS FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY

UNIVERSITY OF FLORIDA

2003



Copyright 2003

by

Thomas Joseph Fraites, Jr.



This work is dedicated to the current and future subjects of cHnical trials for GSDII and

their families. Their courage has inspired and sustained our efforts.
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Our earlier studies showed the potential utility of gene replacement therapies for

glycogen storage disorder type n (GSDII), or Pompe disease, using recombinant vectors

based on recombinant adeno-associated virus serotype 2 (AAV2). GSDII results from

defects in the gene encoding acid a-glucosidase (GAA), a lysosomal enzyme responsible

for glycogen turnover in that compartment. Acid a-glucosidase knockout mice {Gad' )

accumulate massive quantities of glycogen over their life span, leading to muscle wasting

and loss of contractile function. Therefore, in concert with previous gene transfer studies,

experiments were also undertaken to establish the skeletal muscle phenotype of Gad''

mice to determine whether they can serve as appropriate models of human Pompe

disease.

Our objectives were I) to further characterize the Gad'' model of GSDII; 2) to

assess the efficacy of recombinant enzyme replacement therapy, an alternative to gene

transfer; and 3) to further develop recombinant adeno-associated virus-mediated gene
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therapies for GSDII. In particular, much of our recent work has been focused on the

potential for systemic delivery of recombinant human GAA, either through enzyme or

gene replacement strategies, to correct affected muscles. The ultimate goal of these

efforts is, as always, to correct the primary enzymatic defect in the murine model—

enabling functional correction and providing critical data to inform the design and

completion of clinical trials in human GSDII subjects.
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CHAPTER 1

INTRODUCTION

Cardiovascular disease remains the leading cause of death in both the United States

and the State of Florida [1,2]. Advances in pharmacological and surgical interventions

have vastly improved quality of life and life expectancy after diagnosis for a host of

cardiovascular conditions. Despite these advances, effective treatments remain elusive

for a number of cardiovascular diseases, particularly conditions of genetic origin. With

the completion of the Human Genome Project in April 2003, investigators and patients

alike are hopeful that more effective and specific therapies will soon be available. The

bridges between emerging genomic information and therapeutic products will in many

cases be biotechnology and biopharmaceuticals.

Among biotechnology products, genetic therapies hold the promise of ameliorating

the symptoms of genetic diseases and reversing the underlying molecular defects that

give rise to them [3,4]. At present, however, clinical use of genetic therapies for

cardiovascular and musculoskeletal conditions is limited by a variety of remaining

challenges in vector development, gene delivery, and demonstrated safety and efficacy in

animal models. For some clinical conditions, biopharmaceuticals (such as recombinant

enzymes or antibodies) are also promising candidates, and in some cases

biopharmaceuticals are already the standard of care. For example, Genzyme Corporation,

in collaboration with the National Institutes of Health, has developed a recombinant

enzyme replacement therapy for Type 1 Gaucher disease. ImClone Systems Incorporated

has developed a number of chimeric monoclonal antibody products that target specific

1
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growth factors in neoplastic conditions. Unlike genetic therapies, these products are

designed for repeated administration, and as a result may face obstacles related to

immunogenicity and bioavailability.

We chose to address the primary genetic and biochemical defects in glycogen

storage disease type 11 (GSDII), an inherited cardiac and skeletal myopathy, using

recombinant adeno-associated virus as a gene transfer vector. In parallel and in

collaboration with an industrial partner, we also sought to characterize the potential

efficacy of recombinant enzyme replacement therapy (ERT) for GSDII. Using a

genetically engineered knockout mouse strain, we addressed some of the challenges

facing gene and enzyme replacement therapies. Specifically, we evaluated the efficacy of

various gene transfer methods and materials; and used physiologic measures of cardiac

and skeletal muscle contractility to assess the functional efficacy of gene transfer and

enzyme replacement therapy.

Glycogen Storage Disease Type II

Glycogen storage disease type n (GSDII; Pompe disease; MIM 232300) is an

autosomal recessive disorder caused by a deficiency of the lysosomal enzyme, acid a-

glucosidase (GAA; EC 3.2.1.20) [5]. GAA is responsible for the cleavage of oc-1,4 and

a- 1,6 linkages in lysosomal glycogen and maltose, leading to the release of

monosaccharides. A loss or absence of GAA activity leads to massive accumulation of

lysosomal and cytoplasmic glycogen in all tissues with significant pathologies observed

in striated muscle [6], where apparent disruption of the contractile apparatus leads to

generalized myopathy. The incidence of GSDII is estimated at 1:40,000, although the

true incidence may be underreported due to the broad spectrum of symptomology.
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Although the severity of the disease is clearly related to the age of onset, glycogen

burden, and residual enzyme activity [7], attempts to classify GSDII according to strict

age or genotype-phenotype guidelines have been thwarted by the simple heterogeneity of

clinical presentation from individual to individual. Rather than well-delineated ages of

onset or clinical course, broad overlaps exist between the age at diagnosis and the

involvement of cardiac or skeletal myopathies. However, severe cardiomyopathy is

almost always associated with infantile-onset, Pompe disease, and a more diverse clinical

spectrum can be classified as later-onset GSDII.

Infantile-Onset GSDII, Pompe Disease

The most severe, infantile form of GSDII is known as Pompe disease, and it is

caused by complete or nearly complete absence of enzymatic activity. First described by

Pompe in 1932 [7], it is characterized by a rapidly progressing cardioskeletal myopathy,

with profound cardiomegaly and hypotonia, skeletal muscle weakness, macroglossia, and

in some cases, hepatomegaly. Glycogen deposition is observed in cardiac, skeletal,

smooth muscle and liver; and in the central nervous system. However, no mental

retardation has been recorded in GSDII infants. Patients often initially present with

respiratory illness followed by cardiorespiratory symptoms that escalate rapidly and

culminate in cardiorespiratory failure and death within the first 2 years of life.

Electrocardiogram reveals a shortened PR interval (which is pathognomonic for Pompe

disease) and large QRS complexes [6]. X-ray and echocardiography upon initial

presentation reveal a markedly enlarged heart. In some cases, increased wall thicknesses

of both ventricles and the interventricular septum (with concomitant shrinking of the

ventricular cavities) are observed, leading to left-ventricular outflow-tract obstruction; in

others, left-ventricular chamber dilation has also been reported. End-stage heart failure
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results in either case, with diminished cardiac output and eventually ischemic and

arrhythmic cardiac events.

A recent report reviewed case histories from the literature and one center's

experience in the Netherlands [8]. The authors' experiences with twenty patients and 133

case reports in the literature both indicate that the median age for onset of symptoms is

1.6 mo; and the median age at death is between 6 and 8 mo. Among the approximately

150 cases reported, 10 patients (approximately 7%) lived beyond 1 year (adjusted for

gestational age at birth), with 2 patients surviving beyond 1.5 years.

Later-Onset GSDII

There is a continuum of later onset disease that is accompanied by generalized

cardiac, skeletal, and smooth muscle myopathies (although cardiac involvement is

usually secondary to other myopathies). In general, age and severity of onset correlate to

residual enzyme activities, with initial symptoms manifested in postural and other

skeletal muscles; and more-severe progression leading to respiratory muscle weakness.

Morbidity and mortality often relate to respiratory pathology.

Nonclassic infantile-onset GSDII

Nonclassic infantile-onset GSDII is classified here as a later-onset condition,

primarily because of the predominance of skeletal muscular symptoms without apparent

(or at least severe) cardiac involvement [6]. The actual age of onset can vary (from as

early as within the first 6 mo of life, to later in infancy) with some correlation between

the age of onset and absence of cardiomegaly [6,9].

Childhood- and juvenile-onset GSDII

Many later-onset patients present during the first decade, and in some cases are

hard to distinguish from the non-classic infantile-onset group; clinical presentation can
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overlap with classic cardiac symptomatology and generalized muscular myopathy. Most

childhood- and juvenile-onset patients present with proximal skeletal muscle myopathy.

The progression of disease is generally slower than in infantile-onset GSDII, but the age

of onset does not strictly correlate with the age of death. In toddlers and young children,

delayed or halted progression of motor milestones can be observed. In adolescents,

symptoms can begin either as proximal muscle weakness or respiratory insufficiency.

Most children and adolescents are mechanically ventilated as their condition deteriorates,

and eventual mortality results from respiratory insufficiency as a result of diaphragmatic

weakness [10], usually before the end of the third decade [6]. In one interesting case of

juvenile-onset disease, an adult patient with childhood-onset muscular weakness but no

evidence of vacuolization at age 26 died at age 31 of respiratory insufficiency [11]. Just

before death, histological analysis revealed massive vacuolization exclusively in type I

fibers, a finding (not mentioned in later reports) that may provide insights into

pathogenesis of respiratory insufficiency in GSDII.

Adult-onset GSDII

Adult-onset GSDII usually manifests during the third to sixth decades [12] (in

some cases after years of robust athletic activity) indicating a lack of early

symptomatology. As with juvenile GSDII, symptoms often resemble limb-girdle

muscular dystrophy, with later involvement of the diaphragm and respiratory muscles.

Unlike other forms of GSDII, few reports exist of cardiac involvement in any adult-onset

patients. Adult-onset GSDII is characterized by higher residual acid a-glucosidase

activities than seen in other forms of the disease. As with other forms of GSDII,
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examination of tissues from adult-onset subjects reveals significant enlargement of

lysosomes with substantial glycogen accumulation.

Clinical manifestations of late-onset GSDII, particularly among juveniles and

adults, are reportedly caused primarily by increased muscle protein breakdown. Bodamer

and colleagues reported that protein turnover in GSDII subjects was increased by 31%

compared to control subjects, with a concomitant increase in mean resting energy

expenditure [13]. Recent evidence indicates that in addition to generalized protein

turnover, specific deficiencies and mistrafficking of the dystrophin-associated protein

complex (DAP) may be secondary effects of adult-onset GSDII [14].

Standard of Care for GSDII

Early attempts to treat GSDII were unsuccessful, including a high-protein diet, (3-

adrenergic drugs, thyroid and steroid hormones, and bone marrow transplantation

[15,16]. For instance, despite the finding that protein turnover is substantially increased

in GSDn subjects, only 25% of all reported subjects show an improvement of muscle or

respiratory function after a high-protein diet [13]. Recent evidence suggests that dietary

supplementation with L-alanine may have some beneficial effect in later-onset patients

[17]. One case was also reported in which a patient with late infantile presentation (12

mo old at diagnosis) was treated with L-alanine supplementation for over 3 years, with

some resolution of cardiac hypertrophy but progressive skeletal muscle myopathy

nonetheless [18]. Because of the age at diagnosis and the heterogeneity of clinical course

among late-infantile patients, there is some question as to whether the supplementation

therapy had any effect at all. In any event, currently only palliative care is widely

available, including nasogastric feeding and ventilatory support.
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Biochemistry of Glycogen and Acid a-Glucosidase

Acid a-glucosidase is one of a family of lysosomal hydrolases that are responsible

for processing of glycogen and recycling of monosaccharides. Glycogen enters the

lysosome by a variety of autophagic mechanisms and is then available for complete

digestion by GAA, which cleaves a- 1,4 and a- 1,6 glycosidic linkages to produce single

glucose residues. Significant pathologies arise in GSDEI patients despite normal levels

and activity of cytoplasmic glycogen synthetic and hydrolytic enzymes.

Glycogen

Glycogen is a highly branched glucose polymer; and is the major storage form of

carbohydrates in animals. While glycogen is synthesized and broken down in most

human tissues, it is most abundant in liver (up to 6%) and muscle (1%). Considerable

data have been accumulated regarding the differential metabolism of glycogen in these

two tissues, particularly regarding its mobilization by means of hydrolysis.

The glycogenesis pathway is almost the same in liver and muscle [19]. The first

step (phosphorylation of glucose to glucose-6-phosphate) is shared with the first step in

glycolysis of glucose, and is catalyzed by hexokinase and glucokinase in the muscle and

liver, respectively. The conversion of glucose-6-phosphate to glucose- 1-phosphate

through a glucose- 1,6-bisphosphate intermediate is followed by the synthesis of UDP-

glucose from glucose- 1 -phosphate and UTP, a reaction that is catalyzed by UDPGlc-

pyrophosphorylase. These steps are shared with several other pathways. The next three

events are unique to glycogen synthesis. First, glycogenin, a 37-kDa protein, is

glucosylated on a specific tyrosine residue by UDP-glucose is an autocatalytic manner.

The linear extension of this glucose oligomer is then catalyzed by glycogen synthase,
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which attaches further glucose molecules by means of the 1-^4 position. When the

length of these branches reaches a minimum of eleven residues, glycogen branching

enzyme (amylo[1^4] [1—>6]- transglucosidase) transfers a portion of the nascent

chain to a separate chain, forming branch points in the molecule. Repeated catalysis of

the last two events causes the generation of large, extensively branched glycogen

polymers.

The roles of glycogen in liver and muscle are distinct, and for this reason, two

separate catabolic pathways exist for glycogenolysis [19]. Muscle glycogen is

responsible for providing hexose units for glycolysis within the myofiber. Hepatic

glycogen, on the other hand, is available as a means of maintaining blood glucose - these

hexose units are for export to the bloodstream. In the cytoplasm, the two pathways are

controlled by a distinct (muscle or hepatic) glycogen phosphorylase, which is responsible

for hydrolysis of 1^4 linkages to yield glucose- 1 -phosphate, the rate-limiting step in

both organs. After a specific transfer reaction, 1^6 branch points can be exposed,

allowing the activity of debranching enzyme (amylo[1^6]glucosidase) to act on the

molecule. In concert, these reactions free glucose- 1 -phosphate, which is convertible to

glucose-6-phosphate by a phosphoglucomutase, and glucose-6-phosphate is then

available for further glycolysis. In the liver and kidneys, a further, alternative step

enables removal of the phosphate from glucose-6-phosphate to allow free glucose to

diffuse into the blood rather than enter the glycolytic cycle. It should be noted that all of

these reactions occur in the cytoplasm or microsomes at neutral pH, an environment

much different than the lysosomal compartment where glycogenolysis is catalyzed by

acid a-glucosidase.
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The exact mechanisms for glycogen entry and storage in the lysosome are uncertain

[20]. Current opinion in the Hterature attributes this process to either glycogen

incorporation in autophagic vacuoles (which then fuse to lysosomes) or by

microautophagy (in which glycogen directly invaginates the lysosomal membrane). In

neither case are the signals that initiate the process known; nor are the specific transport

mechanisms known, if any exist.

Lysosomal Enzyme Biogenesis and Trafficliing

Lysosomal enzymes share a number of important features. They have an amino-

terminal signal peptide that mediates co-translational transport into the lumen of the

endoplasmic reticulum (ER) where they are glycosylated. Subsequent carbohydrate

modification begins in the ER and continues in the Golgi compartment. In the c/^-Golgi,

two enzymes, GlcNAc phosphotransferase and phosphodiester acyl-glucosaminidase

(uncovering enzyme), are responsible for addition of mannose 6-phosphate (M6P)

residues to nascent lysosomal proteins. The primary transport pathway leads directly

from the trans-Golgi network to the late endosomes and lysosomes [21]. However, some

lysosomal proteins can be alternatively routed to the plasma membrane and enter the

lysosomes via the endocytic pathway.

Three mechanisms of lysosomal targeting have been described. Most soluble

lysosomal proteins acquire the mannose 6-phosphate recognition marker and depend on

the phosphomannosyl receptor for their transport [21,22]. Some proteins, including acid

phosphatase (which lacks the M6P recognition marker), are synthesized as

transmembrane proteins and reach the lysosome via the plasma membrane. The third

mechanism, which is poorly understood, also seems to involve some form of membrane

association.
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Both during transport and upon reaching the endo-lysosomal compartment,

lysosomal enzymes undergo limited proteolysis. Often this process is limited to cleavage

of the signal peptide in the ER, but it can involve more extensive cleavage at internal

sites or the loss of amino- and carboxyl-terminal propeptides.

Acid a-Glucosidase Trafficking, Maturation, and Enzymatic Activity

This maturation process is part of the trafficking and biogenesis of acid a-

glucosidase (GAA). A 1 10-kDa precursor form of acid a-glucosidase is core-

glycosylated in the ER and acquires M6P residues in the c/^-Golgi. Most of this inactive

precursor is sorted from non-lysosomal enzymes and transported to the lysosomal

compartment by the mannose 6-phosphate receptor (M6PR). Successive cleavage of the

enzyme in late endosomes and lysosomes yields 95-, 76-, and 70-kDa forms of GAA, all

of which are catalytically active [23].

Despite the specificity of intracellular lysosomal enzyme trafficking, about 10% of

a glycosylated 105-kDa precursor is not sorted to the lysosomes and instead enters the

secretory pathway [24,25]. As with other circulating lysosomal enzymes, this secreted

GAA fraction can be recaptured by M6P receptors on the surface of cell membranes,

internalized, and directed to the lysosome [26]; evidence suggests that GAA can be

captured by both the cation-dependent and -independent forms of the M6P receptor.

Therefore, GAA can reach the lysosome in cis, by means of de novo enzyme synthesis, or

in trans, through an M6P receptor-mediated secretion-recapture pathway [27]. This

understanding of the intra- and intercellular trafficking of lysosomal enzymes (and GAA

in particular) has been critical to the development of both genetic and protein

replacement therapies for GSDII.
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At acidic, lysosomal pH (pH 4.0-5.0) GAA cleaves both a- 1,4 and a- 1,6 linkages

of both high- and low-molecular-weight a-glucans, including glycogen, soluble starches,

and maltose, as well as a number of artificial substrates. The most significant artificial

substrate for our work is 4-methylumbelliferyl a-D-glucopyranoside (4-MUG). There

are relatively few inhibitors or activators of GAA, and virtually none that are GAA-

specific. Alkaline pH inactivates the enzymatic activity. Teleologically, GAA enzymatic

activity is believed to be important for mobilization of neonatal hepatic glycogen stores,

but (as evidenced by the steady accumulation of glycogen in the lysosomal compartments

of GSDU patient tissues) this activity remains important throughout life.

Mutational Analysis and Genotype-Phenotype Correlations

Genotype-phenotype correlations have been difficult to establish for GSDII

because of relatively small kindreds and the existence of several examples of family

members with identical mutations but widely varying clinical course. However, in some

cases the genotype leads to a predictably deleterious phenotype based on the extent of the

mutation and the particular domain of the GAA enzyme in which it falls. To date, over

70 different mutations (along the entire length of the gene) have been identified and

characterized in the human population, and some are known to have consistent,

significant, deleterious effects.

Among mutations in Caucasian populations, the most common is an intronic

mutation in intron 1 of the human GAA gene [20]. The mutation gives rise to splice

variants in which exon 2 is either partially or completely deleted. The resulting mutant

proteins, particularly those lacking exon 2, are completely null for GAA activity, since

the translation initiation codon, signal peptide, and amino-terminal proteolytic processing
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site are all located in exon 2. However, low levels of correctly spliced GAA mRNA can

also be transcribed in these cells, leading to low levels of normal, functional enzyme.

These low levels are able to perform the catalytic functions of GAA in the lysosomal

compartment. As a result, the most common Caucasian mutation (in intron 1) gives rise

to a milder phenotype, late-onset variant of GSDII. On the other hand, Aexon 18 or

AT525 mutations in exon 2 (or compound heterozygosity for the two) have been shown

to result in a severe infantile-onset phenotype. These mutations are common among

Dutch GSDn patients. The Aexon 18 mutation leads to an in-frame removal of 55 amino

acids, some of which are essential for enzyme maturation.

Despite seeming concordance between apparently obvious deleterious mutations

and phenotype, several examples exist of patients carrying severely deleterious genotypes

but presenting with mild to moderate phenotypes [20]. In particular, reports of

homozygous Aexon 18 mutations in adult patients have confounded geneticists and

clinical investigators. Likewise, several examples of compound heterozygotes carrying

two mutations that are deleterious when found in the homozygous state also provide

reasons to question the strictness of genotype-phenotype prediction and correlation.

These examples and others provide the first bases for hypotheses about modifier genes

and other potential mechanisms of disease modulation in GSDII.

Animal Models of GSDII

Several naturally occurring and genetically engineered animal models of GSDII are

currently available and were reviewed by Hirschhom and Reuser [6]. Some strains of

cattle are known to carry GAA mutations and exhibit various skeletal muscle phenotypes.

Japanese quail also suffer from a disease that mirrors the juvenile form of GSDII. The

Lapland dog in some ways mirrors the infantile form of GSDII because of its cardiac
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presentation, but the disorder is not as uniformly or prematurely fatal in these animals.

While differential GAA synthesis and/or activity exists in these animals (as well as a full

spectrum of cardiac involvement) none of these naturally occurring examples of GSDII

mimic human infantile Pompe disease, particularly when age of onset and death (relative

to the life span of the species) is used as a measure of disease progression or severity.

Two strains of knockout mice

Two independent research teams engineered murine knockout models of GSDII

[28,29]. While the strategies for creating these models were similar, the actual

phenotypes of the two resulting strains of animals are markedly different [30]. For

instance, Raben et al. [30] noted that knockouts on a 129SvJ x C57BL/6 background—

backcrossed to the C57BL/6 strain — developed a more profound cardiomyopathy with

earlier onset than knockouts of the same background backcrossed to FVB.

Unfortunately, the targeted exons in these respective knockouts were different, leading to

the possibility that the targeted allele may be differentially inactivated rather than

affected by strain background. Still more confounding is a report from Kamphoven et al.

[31] indicating that the knockouts on the FVB and C57BL/6 backgrounds are

cardiomyopathic, but their data are unclear because of problems with anesthesia (and

therefore heart rate and cardiac function) and a poor delineation of which of their

reported data apply to each of the respective strain backgrounds.

In any event, variations in phenotype among the different knockout strains are

reminiscent of the variegated phenotypes among the patient population; and suggest that

despite seemingly similar genetic disruptions, other modulating factors play a role in the

clinical presentation of this disorder. In addition, new models are continually being

developed, including a number of transgenic strains on the knockout background with the
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GAA cDNA under the control of a regulatable promoter (tetracycline response element)

[32]. These models may provide a clearer understanding of the pathogenesis of Pompe

disease.

Raben and colleagues developed the knockout strain that is currently in use at a

number of institutions in the United States [28]. This strain was produced via targeted

disruption of exon 6 of the murine Gaa locus. Homozygous knockouts (hereafter Gad' )

have markedly reduced mobility and strength within 3.5 wk of age. The GAA activities

in these mice are negligible and represent less than 1% of the wild-type activity.

Observations in our laboratory showed that these activities are reduced throughout

embryonic development and remain depressed throughout the lifespan of the animal.

Decreased motor activities and grip strength were reported as indices of depressed muscle

function, as well as hepatomegaly and cardiomegaly. These mice have emerged as the

model of choice for pharmacologic and genetic therapies for GSDII in the United States.

Conditionally expressing transgenic mice on tlie Gaa '' background

Genetic engineering also facilitated the production of two unique lines of

transgenic mice that serve as experimental models of GSDII treatment modalities. Using

the tetracycline-regulatable (tet) promoter system developed by Bujard and colleagues

[33], two transgenic mouse lines were created on the Gad'' background in which the

human GAA gene is transcriptionally regulated by a tet-transactivator. Transcription of

the transactivator is (in turn) regulated by either the muscle-specific creatine-kinase

promoter or liver-specific albumin promoter, respectively. The end results are two

transgenic mouse lines that produce no murine Gaa enzyme and synthesize human GAA

exclusively in muscle or liver, respectively [32]. Furthermore, GAA expression in these

two tissues can be repressed by the presence of tetracycline or its doxycycline derivative
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(tet-off); in animals, ingestion of doxycycline chow is commonly used to deliver the drug

to target tissues.

These two strains of conditionally expressing animals provide some unique and

interesting insights into the efficacy of various potential treatment modalities. Since

GAA can reach the lysosome in trans by means of an M6P receptor-mediated secretion-

recapture pathway, therapies for GSDII have been designed to provide high levels of

circulating enzyme. Perhaps the most interesting finding from the conditionally

expressing transgenics is that human GAA, when produced in high quantities in liver, can

be both secreted from the liver and endocytosed by muscle and other tissues. Restoration

of enzymatic activity and clearance of glycogen were also reported, confirming the long-

held belief that circulating enzyme could be correctly trafficked and proteolytically

processed in deficient tissues and, in turn, lead to correction of the primary biochemical

defect.

Another potentially significant finding from these mice was that high levels of

hGAA expression in skeletal muscle did not lead to the same extent of secretion or

subsequent re-uptake in distal tissues as liver-derived expression. These results have

great significance for gene transfer strategies, in which an appropriate organ must be

selected for gene transfer and subsequent cross-correction. Raben et al. [32] observed

that high levels of expression in skeletal muscle were unable to cause transfer of enzyme

activity to the liver and other tissues; and that still-higher levels of expression were

cytotoxic in muscle cells. One critical problem with these conclusions, however, is that

they are not based on a direct comparison of transcription in muscle versus liver tissues in

these respective strains. It is unclear, in other words, whether these results are applicable
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on a transcript-to-transcript basis; or if they are unique to the particular levels of

transcription in the strains of mice reported in this work. Perhaps the most important

question that could not be addressed in these mice is whether therapeutic levels of

enzyme activity could be transferred from one muscle to another, irrespective of the

levels of activity restored to non-muscle tissues (i.e., tissues that are not directly involved

in the pathogenesis of GSDII). Nonetheless, findings reported by Raben and colleagues

suggest important issues to consider in designing preclinical or clinical treatment

strategies.

Proposed Therapeutic Strategies for GSDII

Because of the unique potential for circulating bioavailability of GAA, both genetic

and protein replacement therapies for GSDII are currently under investigation. Both of

these strategies rely on the specificity of M6P receptor-mediated import of GAA. Gene

therapy is particularly attractive under these circumstances because there is a theoretical

possibility of continuous delivery of circulating, recombinant GAA in trans after

transduction of a repository of producer cells.

Enzyme Replacement Therapies for Lysosomal Storage Disorders

Enzyme replacement therapies (ERTs) for lysosomal storage disorders (LSDs) have

been under development since the discovery of their underlying enzymatic defects - in

most cases a span of 30 to 40 years [34]. Despite the seeming uniformity of lysosomal

enzyme trafficking, the heterogeneity of disease progression and primary organ

pathogenesis among these diseases have led to unique challenges and approaches to

enzyme replacement strategies.
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Lysosomal Storage Disorders

Of the 40 known lysosomal storage diseases, Type 1 Gaucher disease, the

nonneuronopathic variant, has been the most successful target for enzyme replacement

therapy. Type 1 Gaucher disease is caused by the unchecked accumulation of a lipid

called glucocerebroside due to a deficiency of P-glucocerebrosidase. To date, over 3000

subjects have been treated with imiglucerase (either purified from placenta or a more

recent modified recombinant form). Since disease progression manifests in the nervous

system, modifications must be made to the enzyme to facilitate its entry into

macrophages, which then carry the enzyme to target tissues. Type 2 and Type 3 Gaucher

disease present more difficult problems because pathogenesis and disease progression

occur in the central nervous system, necessitating transit across the blood-brain barrier.

Human trials of ERT for Fabry disease (deficiency of a-galactosidase A) and

mucopolysaccharidosis type I (MPS I; deficiency of a-L-iduronidase) are also underway

[34].

Glycogen Storage Disease Type II

Synthetic and processing pathways for acid a-glucosidase provide a rationale for

intravenous delivery of recombinant GAA as a therapeutic modality. Enzyme

replacement therapy has been attempted by a number of groups, beginning in the early

1970s [35,36]. Early attempts used protein purified from human placenta or urine, or

bovine GAA. While those studies did not lead to long-term strategies for production of

enzyme for widespread use, they did lead to two important findings. First, exogenously

derived, intravenously delivered GAA could be taken up, in vitro, by cultured fibroblasts

and skeletal muscle cells from GAA deficient patients. Second, the delivered enzyme
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could mediate glycogen breakdown in those cells [27,37]. Reuser et al. [36] correctly

surmised that differential uptake of these variously purified GAA proteins was directly

related to the extent of phosphorylation on mannose residues. Further investigation by

the same group confirmed that there are seven glycosylation sites on the native 1 lOkDa

protein; that proteolytic processing removes at least two of these sites; and, most

importantly, that mutation or deletion of the second glycosylation site at Asn-233

prevents proper trafficking of GAA [38].

Since the cloning of human acid a-glucosidase [39,40], efforts in protein

replacement therapy have focused on recombinant protein production and delivery.

Recombinant human GAA (rhGAA) has been produced in Chinese hamster ovary (CHO)

cell lines [41,42]; and in the milk of transgenic mice [43] and transgenic rabbits [44]. In

the latter two cases, transgenic animals were engineered to secrete rhGAA from their

mammary glands. After collecting milk from these animals, the protein was separated

and purified. Kikuchi et al. reported transfer of enzyme activity and clearance of

glycogen in Japanese quail after intravenous administration of CHO-derived material

[42]. Similar results were observed in knockout mice using rhGAA derived from

transgenic mice [45] and rabbits [44]. Promising results from these initial studies are the

bases for ongoing, early-stage clinical trials [46]. Recent reports from human trials using

recombinant protein replacement therapy show some promise [47-50].

The first trial, conducted at Sophia Children's Hospital in Rotterdam, Netherlands,

included 4 infantile-onset subjects, all of whom demonstrated significant cardiac

hypertrophy before 6 mo of age [47-49]. Three reports regarding these subjects have

emerged— two from the 36-wk timepoint and one from the 72-wk timepoint. Two
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subjects were enrolled very early after birth (2.5 and 3 mo, respectively) and 2 subjects

were initiated at 7 to 8 mo of age. Twelve weekly intravenous doses of either 15 or 20

mg/kg rhGAA (depending on weight criteria) were administered; muscle biopsies were

performed to assess the extent of glycogen clearance and transfer of enzymatic activity.

After determining that all 4 subjects' enzymatic activities had increased substantially but

not to normal levels, all subjects were increased to 40 mg/kg rhGAA per wk. In

summary, all 4 subjects had significant decreases of left-ventricular mass indices at 36

wk [47,48]. After 72 wk, 1 patient had nearly complete reversal of all skeletal muscle

symptoms and reached significant developmental milestones; while the other 3 subjects

had significant clearance of glycogen (as assessed by periodic acid-Schiff base (PAS)

staining) but persistent severe vacuolization and myofibrillar destruction [49].

The second trial was designed to test CHO-derived rhGAA, and was a Phase VU,

open-label, single-dose (5 mg/kg) study with 3 infantile-onset subjects [50]. All 3

subjects were less than 5 mo old at the initiation of twice-weekly intravenous

administrations, and the primary endpoint was established as 1-yr survival with absence

of cardiomyopathy. In that study, presence of neutralizing antibodies was also assessed,

in addition to measures of left-ventricular mass and motor development. After

approximately 60 wk of therapy, left-ventricular masses for all 3 subjects were reportedly

decreased, with the most significant decrease observed in the subject who had the most

pronounced hypertrophy at study initiation. None of the 3 subjects had restoration of

enzymatic activity to normal levels, although 1 infant had activities roughly 8% of

normal. Interestingly, this subject also had glycogen clearance from skeletal muscle as

well as normal ALMS scores for motor development. Further investigation revealed that
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this infant was also the only CRIM-positive subject and the only one not to develop

neutralizing antibodies to rhGAA.

Genzyme Corporation initiated two more clinical trials in the United States [51]:

one for subjects less than 6 mo of age (Phase 11) and another for subjects between 6 and

36 mo old (Phase I/II). Both of these trials use rhGAA produced from a new CHO cell

line using new purification methods, and both are either underway or currently enrolling

patients. While no data are available from this trial yet, the material used in these

patients has been tested in 2 strains of mice— Gad'' and the liver-targeted transgenic

described above. Not surprisingly, immunocompetent, hGAA-nai've Gad'' mice

developed a fulminant immune response to intravenously delivered rhGAA [52]; none of

these mice survived beyond the seventh weekly dosing. The remaining studies were

performed in liver-specific transgenic mice that express hGAA at low levels. Mice were

treated weekly with either 20 or 100 mg/kg. The age at initiation varied from 1.5 mo to 6

mo; and the duration of treatment varied from 1 mo to 5 mo. The summary findings of

the study are as follows: 1) differential uptake of rhGAA was observed in various muscle

tissues in the following order: heart > diaphragm > other skeletal muscles; 2) higher

doses of rhGAA led to more thorough clearance of glycogen and restoration of enzymatic

activity; and 3) some relationship may exist between muscle fiber type and mannose 6-

phosphate receptor density as assessed by histological methods. Paradoxically, Raben et

al. observed that mice treated at 3.5 mo of age responded better than 1.5-mo-old treated

mice, as assessed by enzyme activity, glycogen content, and locomotor activity.

As might be expected in tolerant mice, the highest dose of rhGAA had the most

significant effect on restoration of enzymatic activity and glycogen clearance.
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Interestingly, delivery of rhGAA to these mice was initiated at 6 mo, the oldest cohort in

these studies. Despite efficacious transfer of enzymatic activity and clearance of

glycogen, Raben et al. observed persistence of autophagosomes in skeletal muscle.

These results are remarkably similar to the findings from the Dutch infantile enzyme

replacement trial [49] (in which initiation of treatment in older patients led to less

significant correction) and warrant further investigation.

Gene Therapy for GSDII

Initial Gene Therapy Studies for GSDII

The pursuit of viral and non-viral gene therapies for GSDII began in earnest after

the cloning and characterization of the human GAA gene [39,40,53]. Gene replacement

strategies offer the potential for long-term expression of a therapeutic protein after a

single administration of vector, and early studies using viral vectors as a delivery system

for GAA yielded promising results. Zaretsky et al. [54] showed effective transduction of

GAA-deficient myoblasts with a recombinant retrovirus vector. Our group and others

[55-57] constructed recombinant El-deleted adenoviral vectors carrying the human GAA

cDNA (rAd-hGAA) [58] and demonstrated their ability to direct expression of GAA both

in vitro (in deficient fibroblasts); and in vivo after a single intramuscular or

intramyocardial injection. Further studies showed that deficient fibroblasts (after

transduction with rAd-hGAA in vitro) could serve as producer cells of recombinant GAA;

that the recombinant protein could be secreted and recaptured by untransduced acceptor

cells; and that the M6P receptor mediated the recapture process [58]. When a similar

virus carrying the mouse Gaa cDNA (rAd-mGaa) was administered intravenously to

Gaa '' mice [28], secretion of the enzyme was demonstrated in vivo, (with increased

enzyme activity in both cardiac and skeletal muscle) [58]. These results showed that
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viral vectors can direct the synthesis of recombinant GAA in deficient cells. The early

onset and robust expression from recombinant adenovirus vectors established important

proof of concept; however, adenovirus-mediated gene delivery elicited host immune

responses in immunocompetent subjects (leading to transient expression of the transgene

in vivo) [59].

Non-viral gene delivery systems have been used to deliver a host of genes in vitro

and in vivo, including human GAA. Martinuik and colleagues are the primary proponents

of this strategy, and reported the successful use of a "gene gun" approach to deliver

plasmid DNA carrying the human GAA cDNA [60]. The results from that study were

somewhat promising; however, repeated dosing was required in Gaa'' mice. The need

for repeated dosing is indicative of transient expression of the transgene, a common

problem among non-viral gene delivery methods and strategies.

Concerns about recombinant adenovirus safety and persistence and the transient

nature of non-viral gene therapies have accelerated the search for alternative viral

vectors. Adeno-associated virus (AAV) has emerged as an attractive alternative to

adenovirus as a potential gene therapy vector, mainly because of its unique ability to

integrate in a site-specific manner [61,62] and to persist long term in infected cells [63-

66]. However, it has been suggested that recombinant AAV, unlike wild-type AAV, does

not target integration to a specific location [67-69].

Adeno-Associated Virus

Early studies regarding the life cycle of adeno-associated virus (AAV) and its

potential as a gene therapy vector were conducted by Bems and Muzyczka, and were

reviewed by Muzyczka [70]). AAV is a member of the Dependovirus family and

therefore requires the presence of a helper virus in order to initiate a productive viral
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infection. In the absence of helper virus, wild-type AAV is characterized by its ability to

stably integrate into terminally differentiated host cells. Kotin et al. [71] demonstrated

that the integration of the wild-type virus occurs in a site-specific manner into human

chromosome 19 ql3.3-qter; the human target sequence for AAV integration (AAVSl) was

later cloned and sequenced. The virus has a broad tropism for mammalian tissues. The

most carefully described serotype (AAV2) uses the heparan sulfate proteoglycan and

human fibroblast growth factor receptor 1 as its primary co-receptors for attachment and

entry into host cells [72,73]. AAV has not been associated with any known human

disease and does not elicit a fulminant immune response.

The AAV2 genome at once suggests its potential as a gene transfer vector. The

two, 145-nucleotide inverted terminal repeats (ITRs), located at the viral termini, are the

only cw-acting elements necessary for viral replication and latent integration. The wild-

type virus carries the genes for 3 structural proteins (VP-1, -2, and -3) that comprise the

viral capsid as well as for 4 nonstructural Rep proteins that are involved in viral

replication, transcription, and integration. These genes may be deleted from the viral

genome and replaced with therapeutic genes in order to produce recombinant virus.

Production of recombinant virus requires delivery of the wild-type AAV and helper virus

genes in trans [74].

AAV serotype 2 vectors

Recombinant AAV serotype 2 vectors have been under investigation for a number

of years [70]) and as a group constitute the most characterized parvovirus-based vector

system. Neither recombinant nor wild-type AAV2 cause any apparent pathologic effect

on their hosts, and they do not seem to elicit a strong host immune response. Long-term

expression in vivo has been reported in a variety of organs and tissues including the brain
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and spinal cord [75-77], airway epithelium and lungs [78-80], kidneys [81,82], liver [83-

85], intestines [86], and a host of muscle tissues (described in detail below). Recent

advances in our laboratory and others at the University of Florida Powell Gene Therapy

Center have made scalable production of rAAV2 vectors feasible [87-89].

Other serotype vectors and differential tissue tropism

Six serotypes of adeno-associated virus were originally identified (designated

AAVl-6) [90-94], and two more were recently described [95]. Additionally, a report

from Gao et al. [96] indicates the potential for extensive variation and mutation of the

capsid region of the AAV genome within primate tissues. Of the original 6 serotypes,

AAV6 closely resembles AAVl in genotype and structure, and may not be functionally

distinct. While most data with rAAV as a gene transfer vector has been gathered using

AAV2-based vectors, recent studies showed increased transduction, particularly of

skeletal muscle, using serotypes 1 [97,98] and 5 [99]. As preferential tropism of these

varying serotypes becomes more finely characterized, advances in production of

recombinant vectors will become increasingly critical. Efforts are underway at the

University of Florida Powell Gene Therapy Center and other institutions to achieve

scalable production of various serotypes of rAAV [100-103].

Skeletal Muscle-Directed Gene Therapy with Recombinant AAV

Early demonstrations of the successful use of rAAV2 as a gene therapy vector in

muscle tissue were performed in our laboratory [64] and are the basis for a U.S. patent

(U.S. Patent Number 5,858,351). Figure 1-1 is an example of rAAV2-mediated

transduction of skeletal muscle; in this case the vector carried the gene for P-

galactosidase {figal). Xiao et al. [65] also demonstrated long-term transgene expression
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in muscle from rAAV2 vectors, perhaps mediated by integration of the recombinant

proviral genome into host cell chromosomes, although episomal persistence of rAAV2

vectors has been demonstrated in animals that do not have sequences similar to the

human integration site [99]. Efficient transduction of skeletal muscle with rAAV2

vectors has been demonstrated previously with reporter [104] and secretable therapeutic

genes, including erythropoietin [105]; VEGF [106]; factor IX [107]; and alpha-1-

antitrypsin [108]. Pruchnic et al. showed preferential rAAV2 transduction of slow twitch

skeletal muscle fibers [109], presumably due to a higher concentration on the surface of

those fibers of the heparin sulfate proteoglycan (the primary receptor for AAV2) [110].

Figure 1-1 . p-galactosidase staining of mouse tibialis anterior (skeletal muscle)

transduced by rAAV2-CMV- figal.

More recently, recombinant AAV vectors based on other serotypes have

demonstrated greater transduction efficiencies in skeletal muscle [97,98,1 11]. In

particular, nearly one log greater expression of a variety of transgenes has been shown

when they are packaged in rAAVl capsids compared to rAAV2. Similar findings were

reported with rAAV6, although this serotype has not been as widely used. Evidence from

the literature suggests that rAAV5 vectors may also lead to higher expression levels in

skeletal muscle [112], though not to the levels achievable with rAAVl. Finally, a recent
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report describing serotypes 7 and 8, isolated from non-human primates, provided data

suggesting these two serotypes may be able to mediate transduction of skeletal muscle at

levels between rAAV5 and rAAVl [95].

These newer, alternative serotype vectors are far less characterized than rAAV2.

For instance, among the 4 newer rAAV serotypes with skeletal muscle tropism (rAAVI,

5, 7, and 8, respectively), AAV5 is the only one for which the cellular receptors are

known. Hauck and Xiao recently characterized the muscle-tropic elements of the AAVl

capsid using a domain-swapping scheme [113]. Despite this, the specific receptor or

receptors that recognize or bind these muscle-tropic domains remain unknown.

Muscular dystrophies and other muscle-based gene therapies

While structural proteins are significantly more difficult to replace than soluble

proteins, the efficiency of skeletal muscle transduction with rAAV vectors has made the

treatment of a host of previously inaccessible musculoskeletal disorders feasible. Soon

after rAAV2 vectors were demonstrated to be potent in skeletal muscle tissues, several

groups began applying this vector system to a variety of different muscular dystrophies.

Becker and Duchenne muscular dystrophies are caused by mutations in the dystrophin

gene - the largest gene in the human genome. Because of its large size, the full-length

cDNA cannot be packaged into rAAV, but mini- and micro-dystrophin constructs are

under development and are being tested in the mdx mouse, a model of dystrophin-

deficient X-linked muscular dystrophy [114- 11 7]. Successful gene transfer using rAAV

vectors for limb-girdle muscular dystrophy (LGMD) has also been reported for a-, (3-, y-,

and 6-sarcoglycan genes in animal models. Two reports indicate the successful use of

rAAV encoding the human 5-sarcoglycan gene in the BI014.6 hamster [1 18, 119], and

two more indicate similar success in the TO-2 hamster, another genetic model of
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cardiomyopathy with 6-sarcoglycan deficiency [120,121]. Significant improvement was

also observed in a mouse model of 5-sarcoglycan deficiency [122]. Cordier et al.

reported rescue of a y-sarcoglycan-deficient mouse, again using the human cDNA [123].

More recently, Dressman et al. described the use of rAAV to deliver the human a- and |3-

sarcoglycan genes in knockout mice deficient in those two genes, respectively [124]. In

some of these cases, robust over-expression was associated with a strong inmiune

response and short-term transgene expression, but the mechanism by which the immune

response was elicited is not known. Possible explanations for the immune response

and/or cytotoxicity include the accumulation of immunoreactive protein aggregates or

abnormal signaling resulting from inappropriate binding to cellular factors or cytoskeletal

elements.

Molecular fate and persistence of rAAV2 genomes in muscle

Rep-de\titd viral vector genomes have not been shown to integrate site-

specifically, in contrast to their wild-type counterparts. Instead, persistence is often

mediated by the formation of episomal forms, or in some cases, random-site integrants

[125,126]. Persistence in muscle in particular is accomplished by formation of circular,

concatemerized intermediates [99], the majority of which are found to be in a head-to-tail

orientation. These episomal genome forms are fully functional templates for active

transcription and mediate long-term gene expression. Song et al. [127] later established a

role for DNA-dependent protein kinase (DNA-PK) in the conversion from linear genome

concatemers to circular episomes.

Myocardium-Directed Gene Therapy with Recombinant AAV

While a number of reports describe the use of rAAV vectors in skeletal muscle to

address clinically relevant problems, few studies have been published with regards to the
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use of these vectors in the heart. Kaplitt et al. [128] were among the first to report

transduction of the porcine heart with rAAV vectors, but the efficiency of the infection

was quite low. Maeda et al. [129,130] were more successful in vitro in cultured

cardiomyocytes. Svensson et al. [131], in a proof of principle study, demonstrated

successful expression of a reporter gene after cardiac delivery, using both direct injection

into the myocardium and intracoronary perfusion. Recently, direct delivery of rAAV

encoding recombinant vascular endothelial growth factor (rVEGF) has been used to

induce neovascularization in an ischemic mouse model [106]. Likewise, Kawada et al.

have demonstrated restoration of cardiac function in dystrophic TO-2 hamsters [120]

after direct intramural delivery of rAAV expressing 5-sarcoglycan.

Gene transfer to the myocardium has historically been challenging for a variety of

reasons, including a lack of effective gene delivery methods. These difficulties have

arisen in part because of the size of the rodent models typically used in proof-of-principle

or genetic model studies. Mice in particular present unique challenges caused by their

extremely rapid heart rates as well as the small cannulae and injectate volumes that are

necessary for intravascular delivery. Since the efficiency of viral vector delivery is

directly related to capsid binding to host cell receptors, dwell time in a particular

capillary bed greatly affects transduction efficiency. In the case of mice, coronary flow

may be too rapid for viral vectors to efficiently transverse the capillary endothelium into

myocardial tissue. Direct injection of myocardial tissue may ameliorate some of these

problems, but may present new limitations, particularly with regards to the distribution of

vector within the heart wall.
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Recent reports indicate that some of these obstacles may be overcome using

mechanical, physiologic, and/or pharmacologic interventions. Logeart and colleagues

[132] recently reviewed the relevant literature with regards to gene delivery in rodents

and tested several permutations of mechanical and pharmacological enhancements.

Likewise, the number of improvements in delivery and efficacy has dramatically

increased in the past three years [120,121,133-139]. Several groups have employed

methods that involve clamping the aortic root; others have cooled the subject to roughly

20°C; and still others have employed a combination of the two, with pharmacologic

agents added to the mix. All of the reports cite higher levels and longer duration of

transduction with recombinant adeno-associated virus vectors over adenovirus, and

almost all have used some combination of hemodynamic and pharmacologic intervention.

rAAV-Mediated Gene Therapies for Lysosomal Storage Disorders

Recombinant AAV vectors have been used to address a variety of lysosomal

storage diseases [140-146] including MPSI, MPSVn, and Fabry disease. The routes of

administration and doses of these studies have varied greatly (particularly as production

of vectors has improved) but promising results have been reported, particularly after

intrahepatic or intramuscular delivery for Fabry disease [144,146].

Phenotyping Murine Models of Skeletal and Cardiomyopathies

The advent of murine knockout and transgenic techniques has given rise to a

proliferation of mouse models of abnormal cardiovascular and musculoskeletal

physiology. Many of these engineered mice are designed to mimic human genetic

diseases. In those cases, useful mouse models of human disease are characterized by a

measurable, distinct phenotype and their similarity to human pathophysiology. As a

result, much emphasis has been placed in recent years on phenotypic analysis of various



30

mouse muscle groups. The goals of many of these techniques are to 1) accurately

describe of the actual physiologic state of the animal in question and 2) to provide a

rationale for comparison to human subjects. Desirable methods of phenotypic analysis

should provide sensitivity, to detect small changes or differences in function, and

scalability, in order to correlate measured function from the mouse to known human

parameters.

Skeletal Muscle Phenotyping

Isometric force mechanics

Physiologists observed as early as the 17* century that muscles contract in response

to stimulus from a nerve. As technology, instrumentation, and data recording methods

became more sophisticated, it has become possible to attempt more precise studies of

muscle physiology. One early observation was the relationship between force generation

in muscle tissues in response to electrical stimulus. The concept of muscle fiber

recruitment was introduced, which states that the number of active muscle fibers

increases in response to the frequency of the external stimulus. In the case of isometric

muscle contraction, this relationship is known as the force-frequency relationship, or

FFR. Increases in stimulation frequency lead to concomitant increases in force up to a

critical frequency, called the tetanic frequency, after which no further increases in force

can occur [147]. The intrinsic tetanic contractile force of the muscle is determined by the

contraction speed of the muscle. Using various in vitro systems, it is possible to

determine the intrinsic contractile characteristics of a muscle by measuring its FFR. If

collected properly, these data can also provide information with regards to the contractile

speed of a muscle, also known as time to peak tetanus (TPT). Likewise, the rate of

relaxation of the muscle can also be measured (V2RT) [148]. These indices give an
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indication of the calcium-handling capacity of the muscle, another physiologic index of

muscle function.

Histopathology

Other useful methods for phenotyping murine skeletal muscle include a variety of

histopathological techniques. Cryostat sections of frozen tissues are the most commonly

stained specimens, and an array of stains and methods can be employed to detect specific

elements of skeletal muscle structure or physiological status. Tissue morphology can be

assessed using toluidine blue, hematoxylin and eosin, Masson's trichrome, or

immunostaining with specific antibodies against any number of subcellular organelles.

Fiber typing can be performed using either a pH-based staining method or a specific set

of antibodies developed by Schiaffino [149] and others, and distributed by several

suppliers. Storage diseases, such as GSDII, are detected with periodic acid/Schiff base

(PAS; stains carbohydrates), Alcian blue (mucopolysaccharides), and Sudan black B and

Oil red O (lipids). A number of enzymatic assays can also be performed, indicating the

subcellular localization and biochemical status of the mitochondria, lysosomes, and

endoplasmic reticulum.

Cardiac Phenotyping

Electrophysiology (EP) and electrocardiogram (ECG)

Clinical electrocardiography has been used to diagnose and describe myocardial

disease since the early 20th century. The use of bioelectrical signals in mice has been

used more frequently in the context of the central nervous system

(electroencephalography), however, early studies using electrocardiograms (ECG) from

mice were performed as early as 1968 [150]. With the development of faster

microprocessors and digital data collection, sampling rates are now available in a
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frequency range that exceeds the normal heart rate of the mouse. Likewise, more careful

investigations of appropriate anesthetic cocktails and regimes now enable the

preservation of contractility and heart rate in anesthetized mice [151,152].

Perhaps the most important advances in recent years have been the development of

more sensitive data acquisition methods and more effective software tools for analyzing

data. Chu et a/. [153] have developed a system for measurement of ECG in conscious

mice and have coupled this system with software that can detect small changes in

intervals and heart rate variability. Berul et al. [154,155] have made significant

contributions to instrumentation with the development of an octopolar, intracardiac ECG

recording catheter. They have also developed a sophisticated electrophysiologic (EP)

protocol for mice that enables very sensitive localization and analysis of conductance

phenotypes within the intact, in situ mouse heart.

Echocardiography and magnetic resonance imaging (MRI)

As with electrocardiography, the use of echocardiography has expanded with

improvements in technology and data acquisition. The first description of its use with

mice was reported as recently as 1993; however, in the intervening years improvements

in equipment, particular smaller and higher frequency probes, have led to a large number

of manuscripts describing the use of echocardiograms (hereafter "echos") to assess a

variety of murine cardiac parameters, including fractional shortening, ventricular septal

thickness, left-ventricular (LV) internal dimension, LV posterior wall thickness, and

derived LV mass [156]. As in humans, the same instrumentation has also been expanded

to study rodent vascular function (i.e., flow), although this application has not been the

focus of our interest.
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Hemodynamics and contractility

Kiichi Sagawa and colleagues first used ventricular pressure-volume relationships

as a window into myocardial function in the late 1960s and early 1970s [157]. The

definitive text in this area of research was published in 1988 [158]. Ventricular volumes

and pressures are recorded simultaneously using a catheter that contains a set of

conductance electrodes and a wheatstone bridge-based micromanometer. With this data

in hand, one can plot the left-ventricular (LV) pressure (ordinate) against volume

(abscissa), as seen in Figure 1-2, which is taken from an isolated canine heart preparation.

The curve has 4 distinct phases, which correspond to the phases of the cardiac cycle.

Phase 1 is called isovolumic contraction, during which the LV generates substantial

increases in pressure. At the end of Phase 1, the ventricular pressure (LVP) finally

exceeds the aortic pressure (AoP), leading to the opening of the aortic valve and ejection

from the ventricle. Phase 2 corresponds to LV ejection, which is commonly called

systole. When the LV has ejected most of its volume, the pressure in the ventricle begins

to fall, and the aortic valve closes. In order to fill again, the heart must relax and return to

its resting state; Phase 3 corresponds to isovolumic relaxation. When the heart has

completely relaxed, the pressure in the ventricle drops below the pressure in the left

atrium (LAP), and the mitral valve opens, filling the ventricle with blood. Filling is

referred to as diastole, and is represented by Phase 4 in the figure above. Thus, by

traversing the pressure-volume curve counterclockwise, the heart completes a single

cardiac cycle. Stroke volume (SV) is the ejected volume during a single cardiac cycle; in

Figure 1-2 SV = 12 units (40 - 28), and stroke work (SW) is the area bounded by the

pressure-volume curve. SW represents the total energy transferred to the blood during

contraction of the ventricle.



34

100 -,

X

~I T"
28 40

Volunw

Figure 1-2. Left-ventricular pressure-volume curve

Manipulations of the load experienced by the ventricle lead to changes in the

pressure-volume curve and provide insights into the inotropic (contractile) state of the

heart. Changes in loading conditions (preload and afterload) will very clearly change the

position of the end-systolic pressure-volume points; however, the locations of these

points are constrained under constant contractile states. In other words, varying the

return of blood to the heart, for example, will change the end-systolic pressure and

volume, but for a given heart in a constant contractile state, the pressures and volumes are

predetermined. The relationship between end-systolic pressures and volumes in a single

heart under varying load conditions can be plotted as a single line, called the end-systolic

pressure-volume relationship (ESPVR). The slope of this line varies with changes in the

contractility of the heart, and is therefore referred to as the end-systolic elastance (Ees).

Until recently, the techniques and many of the principles outlined above were

unavailable and infeasible in small rodents. In 1998, Georgakopoulos et al. [151]

published the first report using a pressure-conductance catheter in mice and demonstrated

striking fidelity in cardiac mechanics between mice and various other species, including

humans. Since 1998, several advances have been made in catheter design and data

analysis techniques [159-161], and an acceleration of publications using pressure-volume
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relationships in mice has been observed. Of particular interest have been a few papers

describing the contractile dysfunction of popular knockout mouse models of familial

hypertrophic cardiomyopathy [162-164]. These reports have provided insight into which

indices may provide some discemable phenotype in myopathic mouse hearts. In

particular, Georgakopoulos et al. [165] have shown profound differences in the end-

systolic pressure-volume relationship (ESPVR) in a mouse model of familial

hypertrophic cardiomyopathy.

Summary

Glycogen storage disease type n (GSDII) is a cardioskeletal myopathy for which a

genetic model has been created; recombinant enzyme replacement therapy has been

developed; and gene therapy vectors are being tested. Recombinant viral vectors are

promising tools to address this problem, and adeno-associated virus vectors have

emerged as real candidates for GSDII and a host of other muscle disorders.

The application of gene therapeutics to genetic diseases will require extensive

testing in animal models. While larger animal models can determine the toxicity of

therapeutic modalities, genetically engineered mice are currently the gold standard for

assessing phenotypic correction. Development of phenotypic methods has been rapid and

dramatic, and assays for cardiac and skeletal muscles will continue to become more and

more sensitive and specific.



CHAPTER 2

PHENOTYPIC CHARACTERIZATION OF A MURINE MODEL OF GLYCOGEN
STORAGE DISEASE TYPE H, POMPE DISEASE

With the advent of transgenic technology, genetically engineered mice have

become the system of choice for modeling the phenotypic progression of human diseases.

Since the primary genetic defect in glycogen storage disorder type n (GSDU) results in

absent or diminished biochemical activity of GAA, it is important to first demonstrate

that the enzyme activity is indeed lacking in the knockout mouse strain, Gad'~. A survey

of GAA activities in various tissue beds was performed as part of the initial

characterization of the mouse model. Aberrant accumulation of glycogen is another

important facet of the disease. Histological staining for glycogen reveals dramatic

increases of glycogen content in histological sections from knockout mice. Likewise,

immunohistochemistry provides another method for detection of GAA in normal controls

or successfully treated knockouts. Thus, biochemical activity and histological staining

provide two methods of assessment for disease severity and progression in the knockout

strain.

Measurement of skeletal muscle contractility in Gaa~ mice provides a third and

more quantitative understanding of the phenotype of this knockout strain, as well as an

index for functional improvement following a biochemical, pharmacological, or genetic

intervention. The physiologic studies that we have undertaken offer precise quantitative

assessment of mechanical force related to simulation frequency in the skeletal muscles.

In concert with biochemical and histological assessments of knockout and treated mice.

36
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these measures provide an insight into the true functional, clinical effect of proposed

therapies and treatment modalities.

Finally, hemodynamic assessment of Gaa'' mice provides yet another critical

method with which one can assess the utility of these animals as models of Pompe

disease as opposed to other forms of GSDII without cardiac involvement. The presence

or absence of certain phenotypic traits, in concert with complete absence of enzymatic

activity, may provide insights into either critical differences between human and mouse

physiology or point to genetic and physiologic modifiers that may affect the course and

progression of both human and murine GSDII.

In order to assess the efficacy of any therapeutic strategy in our knockout mouse

model, it was first essential to establish the characteristic phenotype of our strain. All

animal procedures described in this study were performed under the guidelines and

oversight of the University of Florida Institutional Animal Care and Use Committee

(lACUC). Likewise, it should be noted that all recombinant viral and other genetic

materials were registered and used in accordance with regulations of the Biosafety

Division of the University of Florida Environmental Health and Safety Office.

As was mentioned in Chapter 1, Gad' mice were originally developed and

characterized by Raben and colleagues at the National Institutes of Health. Some of our

characterization work recapitulated their efforts, particularly with regards to the enzyme

activity measures. However, it was essential for our laboratory to duplicate their efforts

in order to ensure that we would be able to perform these experiments in subsequent

treated cohorts. Table 2-1 provides a summary of our combined findings with regards to

enzyme activities in various tissues. For most of our studies, the tissues for investigation
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included samples from heart, liver, and skeletal muscle from positive control (129X1 x

C57BL/6 hybrid) and Gaa'' mice. Enzymatic assays were performed on tissue

homogenates to determine the aggregate GAA activities of mice from these strains.

Histochemical staining was also performed in order to provide a measure of glycogen

content in respective tissues.

Table 2-1. Acid a-glucosidase activities in tissue samples from Gaa knockout (Gaa' )

and wild-type control mice.

Gaa~'~ Wild-type

Heart 2.55 ±0.30 33.91 ± 1.06

Liver 17.71 1.52 187.14124.82

Skeletal muscle 3.27 1 0. 15 39.74 1 0.58

Brain 0.6210.04 57.014.5

Our data did not always exactly recapitulate the findings of Raben et al. (1998), in

terms of raw numbers. In those cases, our results are listed in Table 2-1. Despite slight

differences in raw numbers, however, we found the same dramatic differences in enzyme

activity levels between wild-type and controls as reported in their work.

Methods and Materials

Enzymatic Activity Assays for Acid a-Glucosidase

Active GAA cleaves a- 1,4 and a- 1,6 linkages of carbohydrate chains. 4-methyl-

umbelliferyl a-D-glucoside (4-MUG) is a chemical substrate for GAA cleavage that,

when cleaved, yields a fluorescent product, 4-methylumbelliferone (4-MU). Cultured

cells and excised tissues are can both be assayed for GAA activity using this substrate

and reporter system. Cell lysates or excised tissues are thoroughly homogenized in 100

\xL sterile water, then centrifuged for 2 min at 5000 rpm, in order to separate crude cell

debris. The supernatant is then assayed for GAA activity. Twenty |iL of each sample

lysate is added to one well of a 96-well plate suitable for fluorescent light detection.
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The substrate for the reaction is 2.2 mM 4-MUG. A stock solution of 75 mM 4-

MUG is prepared by adding 988 |iL dimethyl sulfoxide (DMSO) to a bulk container of

25 mg 4-MUG (Sigma-Aldrich, St. Louis, MO). For a single well, 1.6 \iL 75 mM 4-

MUG is diluted in 38.4 |iL 200 mM sodium acetate (pH 3.6), yielding a total substrate

mix of 40 |iL per well. Sodium acetate is necessary not only to dilute the 4-MUG but

more importantly to provide the acidic environment necessary for GAA activity. After

mixing the diluted sample and substrate, the 96-well plate is wrapped in Parafilm and

incubated at 37°C for 1 h. Standards of 4-MU (Sigma-Aldrich, St. Louis, MO) are also

prepared. A stock of 1 mM 4-MU is prepared by adding 9.9 mg 4-MU to 50 mL sterile

water. Subsequent standards are made from dilutions of this stock 4-MU. A typical

dilution series yields standards that are 6.25, 12.5, 25, 50, and 100 |J,M 4-MU,

respectively. The GAA reaction is stopped after one hour of incubation with 200 \iL 0.5

M sodium carbonate (pH 10.7), which not only abolishes the acidic environment

necessary for GAA activity, but also provides the alkaline environment required for 4-

MU to fluoresce. Twenty |iL of each of the dilution series of 4-MU standards are then

added to individual wells of the dish, along with 40 [iL sodium acetate and 200 fxL

sodium carbonate. The plate is then read in a fluorimeter with a filter set that generates

360 nm excitation and 460 nm emission detection wavelengths. During the course of this

study, two different fluorimeters have been used, the latter of which is a FLxSOO

microplate fluorescence reader (Bio-Tek Instruments, Winooski, VT). Using the

standards included in this protocol, it is possible to calculate a standard curve (linear

regression line) with 4-MU as the abscissa and relative fluorescence units (RFU) as the

ordinate. All linear regressions for this study were generated using Microsoft Excel
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(Microsoft, Redmond, WA). The data collected are then reported as nmol 4-MU/h, since

the experimental protocol is designed to measure the amount of 4-MU that is liberated

after one hour of incubation. However, this assay as described does not account for

variations in the homogenization process and therefore protein content of the assay

samples. Therefore, a protein assay must also be performed in order to normalize the

reported activities to the amount of input total protein.

Two different protein assays have been used during the course of this study. Both

have been based on Bio-Rad protein assay kits (Bio-Rad, Hercules, CA), and both assays

are based on the Bradford dye-binding procedure. The assays use the binding properties

of Coomassie Brilliant Blue G-250 dye and the assays result in increasingly intense blue

coloration of solutions with increasing amounts of total protein. The latter kit (which

produces much more consistent and linear results) is the Bio-Rad DC Protein Assay Kit.

Microtiter plates are prepared with duplicates of diluted samples from homogenized

tissues or cells. Standards are also prepared from a stock of bovine serum albumin (BSA)

of known concentration. Originally, samples were prepared in 50 |a.L total volume per

well; with the DC Protein Assay Kit only 5 |xL were required. Standards are prepared at

concentrations ranging from 0 to 5 |ig of BSA, also in 50 |J,L. To each sample or

standard well, 150 |iL of Bio-Rad reagent are added, for a total volume of 200 |J.L. The

reaction proceeds for 5 min, after which the entire microtiter plate is read at either 620

nm wavelength (previously) or 750 nm (DC Protein Assay Kit). Using the results from

the two assays, one can then express the GAA activities of samples as nmol 4-MU

released/h/mg total protein; for the purposes of these studies, this will be abbreviated as

nmol/h/mg.
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Histochemical Staining

Periodic acid-Schiff base (PAS) staining of tissue sections selectively stains

glycogen with a pinkish tone. More intense staining is indicative of higher glycogen

content; tissues in which glycogen is absent do not stain at all. Tissues for PAS staining

were stored in 10% formalin and delivered to the Diagnostic Referral Laboratory (DRL)

of the University of Florida for paraffin embedding, sectioning, and staining.

In Vitro Force-Frequency Measurements

A picture of the in vitro contractile assessment system is shown in Figure 2-1. In

vitro contractile measurements were performed in collaboration with R. Andrew Shanely,

Ph.D., and Scott K. Powers, Ed.D., Ph.D. as described previously [148,166]. Briefly, the

mouse is anesthetized with a sub-lethal dose of sodium pentobarbital. After reaching a

surgical plane of anesthesia, the diaphragm and/or soleus muscles are surgically excised

and placed in a dissecting chamber containing Krebs-Henseleit solution equilibrated with

a 95% O2/ 5% CO2 gas mixture. For contractile measurements, a diaphragm muscle strip,

including the tendinous attachments at the central tendon and rib cage are dissected from

the right ventral costal region. This diaphragm strip and the left (or right) soleus muscle

are then independently suspended vertically between two lightweight plexiglass clamps

connected to force transducers (Grass Instruments, Model FT03) in two separate jacketed

tissue baths. Transducer output is amplified and differentiated by operational amplifiers

and undergoes AID conversion for analysis using a computer-based data acquisition

system (Polyview, Grass Instruments). Each of the dual-jacketed tissue baths contain

Krebs-Henseleit solution equilibrated with a 95% O2/ 5% COigas (bath -37 ± 0.5°C, pH

~ 7.4 ±0.05, osmolality ~ 290 mOsm).
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In vitro contractile measurements begin with determination of the muscle's optimal

length (Lo) for isometric tetanic tension development. The muscle field is stimulated

(modified Grass Instruments S48) along the entire length of the muscle strip with

platinum electrodes (120 V). Muscle length is progressively increased until maximal

isometric twitch tension is obtained. Once the highest twitch force is achieved, all

contractile properties are measured isometrically at Lo. Maximal twitch tension is

determined from a series of single twitches and the following isometric characteristics

can be determined: time to peak tension (TPT), half-relaxation time ('/2RT), and

maximum rate of tension development (+dP/dt). The force-frequency relationship is

examined using previously described methods. At the end of each study, the muscle strip

length is measured, and the tissue is carefully dissected, blotted dry, and weighed. The

muscle cross-sectional area (CSA) is estimated using the equation CSA (cm ) = [muscle

strip mass (g) / fiber length Lo (cm) x 1 .056 (g/cm^)], where 1 .056 g/cm'' is the assumed

density of muscle. The calculated CSA is used to normalize tension, expressed as N/cm .

Figure 2-1. Contractile function measurement apparatus. A. Wide view of the bath, in

which the entire water-jacketed bath, gas source, force transducer, and

stimulating electrodes can be seen. B. Close-up view of the muscle tissue

suspended between the Plexiglas clamps and the platinum electrodes.
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Data Analysis

Data were collected using analog-to-digital conversion and stored directly as digital

information. All data are expressed as means ± standard error. Significance was

ascertained for certain indices using student's t-test.

Results

Gaa' mice lack GAA enzymatic activity, resulting in aberrant glycogen

accumulation

As demonstrated by Raben et al. [28] and Table 2-1 above, Gad ' mice lack

enzymatic activity. Glycogen accumulation begins prenatally in tissues of deficient mice,

and increases with time. Positive PAS staining is observed in a variety of tissues, leading

to a variety of pathologies. Qualitatively, Gad ' develop severe skeletal muscle

deficiencies, leading to curvature of the spine (kyphosis) and splayed hindlimbs (Figure

2-2). These findings led to the adoption of this mouse strain as a possible model of the

human disorder.

Figure 2-2. Qualitative functional phenotype of Gad ~ mice. Severe skeletal muscle

weakness leads to an inability to support the animal's weight on the hindlimbs.

More recent characterizations in our laboratory have been marked by lower overall

values for enzymatic activities but the same general relationship (Table 2-2). The reasons
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for these lower values are not known, but could be explained by lot-to-lot variability in

the substrate or product and the use of a new fluorometric instrument.

Table 2-2. Acid a-glucosidase activities for specific wild-type and Gaa'' hindlimb

skeletal muscle tissues. SOL = soleus, GAST = gastrocnemius, TA = tibialis

anterior, EDL = extensor digitorum longus, and QUAD = quadriceps femoris.

SOL GAST TA EDL QUAD
Wild-type 5.23 ±0.45 5.91 ±0.73 12.21 ±0.72 31.06 ±3.66 5.53 ±0.21

(range) 4.69-6.47 5.16-7.58 10.5- 14.01 22.6-37.35 5.04-6.05

Gaa'' 0.39 ±0.07 0.43 ±0.19 0.26 ±0.06 0.64 ±0.11 0.06 ±0.03

(range) 0.16-0.62 0.08- 1.17 0.24-0.42 0.42-0.94 0.03-0.08

We have also characterized the enzymatic activities in the heart, forelimb, and other

muscles of interest (Table 2-3). These tissues also yielded lower values than we had

initially observed, but were comparable to findings in later publications by Raben and her

group at the National Institutes of Health.

Table 2-3. Acid a-glucosidase activities for wild-type and Gaa '' various cardiac,

smooth, and skeletal muscle tissues. HRT = heart, DIA = diaphragm, TRI =

triceps, TNG = tongue, and BLD = bladder.

HRT DIA TRI TNG BLD
Wild-type 9.30 ± 1.20 4.95 ±0.56 6.59 ±0.30 8.47 ±0.70 20.46 ±3.15

(range) 7.51 - 12.83 3.29-5.83 5.89-7.24 7.01 - 10.37 12.2-26.57

Gaa'' 0.42 ±0.24 0.17 ±0.02 0.18 ±0.02 0.37 ±0.05 0.64 ±0.06
(range) 0.03- 1.10 0.11 -0.23 0.11 -0.22 0.20-0.49 0.48-0.86

Gaa '' mice have diminished skeletal muscle contractile properties

In addition to general lethargy and wasting over time, we tested for specific

decrements in skeletal muscle contractile properties. Force-frequency analysis was

performed for Gad'' mice over a range of ages, for both the soleus, a slow-twitch postural

muscle, and the diaphragm, a mixed population of slow- and fast-twitch muscle fibers.

Isometric force-frequency relationships in response to increasing stimulation frequencies

are shown in Figure 2-3 for the soleus and in Figure 2-4 for diaphragm muscle strips. We

observed an age-dependent decrease in force generation, a result that was expected.
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Figure 2-3. Force-frequency assessment of soleus (postural skeletal muscles) from

129X1 X C57BL/6 (wild-type control) and Gad'' mice. Force measurements

were recorded at each stimulation frequency and then averaged for each

group. Each data point represents at least 6 soleus muscles.
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Figure 2-4. Force-frequency assessment of diaphragm muscle strips from 6-mo-old

129X1 X C57BL/6 (wild-type control) and Gad'' mice. Force measurements

were recorded at each stimulation frequency and then averaged for each

group. Each data point represents at least 4 diaphragm strips.
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Discussion

Characterization of animal models is a common requirement for genetic

intervention studies. While the enzymatic defects of GSDII models are similar to their

human counterparts, functional characterizations have yielded some interesting

variations. The results reported here indicate that Gaa' mice have some important

functional deficiencies. Intracellular glycogen accumulation is a critical pathology that

has been duplicated in this model. Likewise, destruction of myofibrillar networks was

also observed. The precise causal pathway of myofibrillar degradation was not

elucidated, but this process is not well understood in the patient population either. As a

model of human disease, however, this pathology is relevant and similar to the clinical

condition.

Impaired muscle function has important quality of life ramifications among

juvenile and adult Pompe patients. Gad'' mice have similar deficiencies in their ability to

carry out normal murine activities. In particular, their mobility diminishes over time, and

their postural muscle network fails to support their spinal column. Our studies also

indicate that Gaa' mice have difficulties standing on their hindlimbs, an important trait

with regards to their ability to feed and drink in standard rodent housing. These

qualitative measures indicate that Gaa '' mice experience similar general malaise and

decreasing quality of life as the patient population.

Force assessments of isolated muscle samples confirm the observations of whole

animal behavior. Our force-frequency assessments indicate that Gad'' have an age-

dependent decrement in their ability to contract. The specific causal pathway is unknown

for these decreased measures; however, it is clear that the animal model experiences
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similar decreases in muscle function to affected humans. These deficiencies may be

directly caused by enlargement of the lysosomal compartment; lysosomal rupture and

release of degradative enzymes; disruption of cellular metabolic pathways; programmed

cell death (apoptosis) in response to altered cellular conditions; or an interplay between

these and other factors and agents. Despite the multitude of candidate effectors, however,

the functional ramifications are clear and quantifiable. These qualitative and quantitative

findings of a real pathology in Gad'' mice provide a basis for their use as a system in

which to evaluate the feasibility of genetic interventions for GSDII, including genetic

therapy using recombinant viral vectors.



CHAPTER 3

FUNCTIONAL CONSEQUENCES OF INTRAVENOUS RECOMBINANT ENZYME
REPLACEMENT THERAPY

Intravenous delivery of recombinant enzymes has been pursued for a number of

lysosomal storage diseases in order to address the primary enzymatic deficiencies that

cause these diseases. As mentioned in Chapter 1, the unique biosynthetic and trafficking

pathways for lysosomal enzymes provide a rationale for recombinant enzyme

replacement therapy (ERT). In collaboration first with Novazyme Pharmaceuticals and

later with Genzyme Corporation, we have sought to characterize the efficacy of ERT in

Gad'' mice. Our primary outcome measures were enzymatic activity and soleus

contractile function.

Experimental Design and Rationale

To assess the bioavailability and uptake of GAA activity, we dosed Gad'' mice

with 60 mg/kg of recombinant human acid a-glucosidase (rhGAA) from three different

preparation methods. Doses were delivered intravenously in order to mimic the delivery

route for patients. Data were collected for 5-7 animals per group, with placebo-treated

Gaa '~ and wild-type control groups. This study was conducted in a blinded fashion until

the collation of data at the end of all experimental procedures.

Methods and Materials

Animal Procedures and Intravenous Delivery

Preparations of recombinant human acid a-glucosidase (rhGAA) were provided by

Novazyme Pharmaceuticals or Genzyme Corporation. Several different preparations

48
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were provided over the course of two years; only one study is reported here. CHO-

derived material which had a 45% binding capacity to the M6P receptor was labeled

"BI". A similar CHO-derived batch that was processed by Novazyme Pharmaceuticals

was labeled "HP" and had 100% binding efficiency to the M6P receptor. A third

preparation of material, labeled "GZ", was prepared by Genzyme Corporation and had

20% binding capacity to the M6P receptor. The vehicle used for these preparations was

comprised of mannitol, polysorbate 80, sodium phosphate dibasic heptahydrate, and

sodium phosphate monobasic monohydrate. The protein and/or vehicle were supplied

frozen in glass vials, which removed from the freezer and placed in an ice bath until

thawed. The protein was administered within 2 h of thawing.

All animal procedures were performed in accordance with the guidelines of the

University of Florida Institutional Animal Care and Use Committee. Mice were

anesthetized via intraperitoneal (IP) delivery of avertin (2,2,2-tribromoethanol). Avertin

is prepared as a 1.2% solution and used at a dose of 0.2 mlVlO g bodyweight. Avertin

stock solution consists of 25 g 2,2,2-tribromoethanol (Sigma-Aldrich, St. Louis, MO) in

15.5 mL tert-amy\ alcohol (2-methyl-2-butanol). The solution is mixed greater than 12 h

in a dark bottle at room temperature. A working solution consisting of 0.5 mL Avertin

stock in 39.5 mL 0.9% saline is mixed and filter sterilized, for a final working

concentration of 20 mg/mL. It can then be stored at 4°C and used for up to 1 wk [167].

Intravenous access was provided by removal of fur from the neck area, followed by

preparation with iodine. A small incision was made in the skin to provide access to the

internal jugular vein, and rhGAA was injected directly into the venous bloodstream. The
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incision was closed and analgesics were delivered subcutaneously. The dosing schedule

was timed to match the half-life of rhGAA— mice were dosed once per wk.

Assessment of Skeletal Muscle Function

After reaching a surgical plane of anesthesia, soleus muscles were surgically

excised and placed in a cooled dissecting chamber containing Krebs-Henseleit solution,

equilibrated with a 95%02/ 5%C02gas mixture. The intact muscles were then vertically

suspended between two lightweight Plexiglas clamps connected to force transducers

(Model FT03, Grass Instruments, West Warwick, RI) in a water-jacketed tissue bath

containing Krebs-Henseleit solution equilibrated with a 95%02/ 5%C02gas (bath -37 ±

O-S^C, pH ~ 7.4 ±0.05, osmolality ~ 290 mOsm). Transducer outputs were amplified and

differentiated by operational amplifiers and underwent A/D conversion for analysis using

a computer based data acquisition system (Polyview, Grass Instruments).

In vitro contractile measurements began with empirical determination of the

muscle's optimal length (Lq) for isometric tetanic tension development. The muscle was

field-stimulated using a stimulator (Model S48, Grass Instruments) along its entire length

with platinum electrodes. Muscle length was progressively increased until maximal

isometric twitch tension was obtained. Once the highest twitch force was achieved, all

contractile properties were measured isometrically at Lq. The force-frequency

relationship was examined using previously described methods [168].

Results

Expression and Enzymatic Activity in Gaa '' Mice After Intravenous Delivery of

rhGAA

We first examined the enzymatic activity in muscles from rhGAA-treated Gaa''

mice. Uptake of active rhGAA was observed in the hearts, livers, and skeletal muscles of
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treated mice, and in all cases uptake was more significant with delivery of the Bl

preparation than with the HP and GZ preparations, as shown in Figure 3-1

.
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Figure 3-1. Enzymatic activities after intravenous delivery of rhGAA. Purified rhGAA
(60mg/kg) was delivered intravenously once per week for 2 wk. Three

different preparations were administered: Bl, HP, and GZ. All of the

preparations resulted in supra-normal levels of activity in the (A) heart, (B)

liver, and (C) skeletal muscle.

Restoration of Skeletal Muscle Contractile Force in Gaa ' Mice After Intravenous

Delivery of rhGAA

We tested the contractile properties of soleus muscles of treated Gaa ' mice using

isometric force-frequency relationships as in Chapter 2. Gaa' ' mice exhibit an age-

dependent impairment of skeletal muscle function. To test the effect of restoration of

GAA activity on contractile dysfunction in Gaa " mice, isometric force generation was

tested at the end of 2 wk of treatment (Figure 3-2). Despite restoration of high levels of

enzymatic activity, we did not observe a full restoration of contractile function.

Surprisingly, there was also no measurable difference in soleus FFR among mice from
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the three different treatment groups; we expected that the Bl preparation would lead to

improvements in function compared to the HP and (in particular) the GZ preparation.

However, all of the treated mice did perform better than the untreated Gaa ", indicating

this dose may have some limited therapeutic benefit.
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Figure 3-2. Isometric force-frequency relationships in soleus muscles of Gaa' ' mice after

intravenous delivery of rhGAA. Note that despite high levels of enzyme

activity, full restoration of contractile function remained elusive at this dose.

Discussion

Pompe disease is caused by a deficiency ofGAA in all tissues, but is manifested

primarily as cardiac and skeletal muscle weakness. We have long believed that

restoration of enzymatic activity held the potential to reverse disease progression and lead

to functional recovery. However, in treated Gaa '~
mice, we did not observe a return to

fully normal function, suggesting that damage to the muscle (as part of the pathogenesis

of GSDII) may be irreversible.

The results from our ERT study were equivocal in some sense because of the

unanticipated result that the highest levels of phosphorylation and in vitro M6P receptor

binding (HP) did not lead to the most significant transfer of activity to various tissues.

Similarly, we did not expect to see such similar functional characteristics given the
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seemingly broad range of activities in the heart, skeletal muscle, and liver. The causes of

these results warrant further investigation, but several possibilities exist.

Highly phosphorylated rhGAA may have been preferentially bound and processed

by various tissues, and as a result may have been turned over faster than the other two

preparations. Since the final sacrifice and tissue processing occurred 1 wk after the last

dosing, it is possible that higher levels of uptake and transfer of activity may have

occurred but were not present at the sacrifice date. More careful study and exposition of

the pharmacodynamics of the various rhGAA preparations would indicate whether this

does actually occur. This result would also explain the confounding result that vastly

different levels of enzymatic activity led to very similar restoration of muscle function. If

the pharmacologic effect of early uptake of rhGAA led to significant clearance of

glycogen, early turnover of the protein may still be accompanied by improvements in

function— assuming that re-accumulation of glycogen and resumption of pathogenesis

was slower than the beneficial effects of glycogen clearance. Future studies will

investigate these possibilities more carefully.



CHAPTER 4

SKELETAL MUSCLE-DIRECTED RECOMBINANT ADENO-ASSOCIATED VIRUS
MEDIATED GENE THERAPY FOR GSDH

Because of the transient expression of vector-delivered transgenes i?i vivo after

recombinant adenoviral and non-viral vector delivery, we have constructed recombinant

adeno-associated viral (rAAV) vectors that express human and mouse GAA (rAAV-

hGAA and vAAV-mGaa, respectively). Adeno-associated virus (AAV) has gained

widespread attention in recent years as a potential vector for recombinant gene transfer in

humans [169]. AAV is a nonpathogenic, single-stranded DNA-containing human

parvovirus that requires helper viruses, such as adenovirus or herpesvirus, or other factors

in order to replicate. Recombinant AAV vectors contain none of the wild-type viral

genes and retain only the characteristic inverted terminal repeats (ITRs), the only cis-

acting sequences required for recombinant viral replication. Early studies in our

laboratory and others [65,66,104,105] demonstrated that intramuscularly delivered

rAAV2 is able to direct sustained expression of reporter and therapeutic genes.

We report here the successful use of rAAV2 vectors to direct the synthesis of both

human and murine GAA in vitro and in vivo, resulting in restoration of enzymatic activity

and skeletal muscle contractility. We also extend our studies to include rAAV I and

demonstrate broad and substantial skeletal muscle tropism for this serotype compared to

rAAV2, as demonstrated by nearly one log greater expression in treated skeletal muscles

of various fiber types.

54
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Methods and Materials

Molecular Cloning of rAAV Vectors Carrying the Human and Murine GAA Genes

The human and murine GAA cDNAs (hGAA and mGaa), respectively, were

constructed as described previously [55]. The full-length cDNAs were placed under the

transcriptional control of the cytomegalovirus (CMV) immediate early promoter in the

mammalian expression plasmid pCI (Clontech, Palo Alto, CA), yielding pCI-/zGAA and

pCI-mGaa. The expression cassettes were then cloned into p43.2, a plasmid containing

both of the AAV inverted terminal repeats (ITRs). The human plasmid, p43.2-/iGAA,

was generated via EcoRi -Xbal, and p43.2-mGaa was similarly cloned via Spel-Munl.

A control recombinant AAV vector plasmid (pAAV-/%a/) carrying the Escherichia coli

P-galactosidase gene under the transcriptional control of the CMV promoter has been

described previously [64].

To confirm the enzymatic activity of recombinant GAA produced from p43.2-

hOAA and p43.2-mGaa, rAAV vector plasmids were transfected into COS-1 cells, and

GAA activity was measured 72 h after transfection, as described below. An 8- to 10-fold

increase in activity was observed after transfection with p43.2-hGAA or p43.2-mGaa,

compared to untransfected cells or cells transfected with pAAY-^gal (data not shown).

DNA sequences for the two rAAV-GAA plasmids were confirmed by the Johns Hopkins

University DNA Analysis Facility using an automated sequencing protocol. Infectious

rAAW-hGAA, xAW-mGaa, and vAAW-figal vectors were packaged and titered as

described previously [74,87]. The current packaging protocol yields AAV particles that

have a ratio of DNA-containing to infectious particle ratio of < 100. High-titer stocks (up

to lO" infectious units (iu)/mL) were fully characterized by SDS/PAGE and silver stain,
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infectious center assay, particle count, and electron microscopy, rAAV l-mGaa vectors

were produced and isolated using similar techniques.

Cell Lines and In Vitro and In Vivo Viral Transduction

Cultured cells were maintained in 5% CO2 at 37°C. GAA-deficient fibroblasts

isolated from an infant with GSDII (GM04912) were obtained from the NIGMS Mutant

Cell Repository (Camden, NJ). Normal human skeletal muscle cells were obtained from

Clonetics Corporation (Walkersville, MD).

GM04912 cells were cultured in 24-well plates at a density of 10^ in growth

medium (GM; 20% [vol/vol] fetal calf serum (FCS) in DMEM). In vitro transduction

with rAAV2 was performed in Opti-MEM, and after viral adsorption, cells were cultured

in 2% FCS in DMEM. Normal and deficient human myoblasts were seeded in 24-well

plates at a density of 2 x 10'*cells/cm^ and cultured to confluence in GM. Once the cells

reached confluence, differentiation medium (DM; 2% [vol/vol] horse serum in DMEM)

was substituted to induce myoblast fusion and myotube formation. After 14 d of

incubation in DM, myotubes were transduced with purified rAAV2 vectors in Opti-

MEM. DM was reintroduced after viral adsorption. All media and sera were purchased

from Life Technologies (Gaithersburg, MD).

All animal procedures were performed in accordance with the guidelines of the

University of Florida Institutional Animal Care and Use Committee. Delivery of

recombinant viral vectors to mouse skeletal muscle has been previously described.

Balb/c mice were anesthetized with inhaled methoxyflurane, and lO'iu of rAAY2-hGAA

or rAA\2-j3gal were injected into the tibialis anterior muscle after minimal exposure of

the muscle via a single incision. For intramuscular vAAVl-mGaa experiments, rAAV2-
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mGaa (10^ iu) was injected into the quadriceps muscle of Gad'' mice using minimal

exposure; mice were then sutured as described before. Control mice of the same genetic

background (129X1 x C57BL/6) were injected with identical volumes of sterile saline.

Assays of GAA Activity and Glycogen Content

Enzymatic activity assays for GAA were performed as described previously:

Transduced tissue culture cells were harvested and lysed in a commercial lysis buffer

(Analytic Luminescence Lab). Alternatively, harvested muscle tissues were

homogenized in sterile water, then subjected to 3 freeze-thaw cycles. Lysates were

centrifuged, and clarified supematants were assayed for GAA activity by measuring the

cleavage of the synthetic substrate 4-methylumbelliferyl-a-D-glucoside (Sigma 1VI9766,

Sigma-Aldrich, St. Louis, MO) after incubation for 1 h at 37°C. Successful cleavage

yielded a product that emits at 448 nm when excited at 360 nm, as measured with an

FLxSOO microplate fluorescence reader (Bio-Tek Instruments, Winooski, VT) at 460 nm.

Protein concentration was measured using the Bio-Rad DC Protein Assay Kit (Bio-Rad,

Hercules, CA), with bovine serum albumin as a standard. Data are represented as

nanomoles of substrate cleaved in one hour per milligram of total protein in the lysate

(nmol/h/mg). Glycogen concentration was assessed by measuring the amount of glucose

released from tissue homogenates after treatment with amyloglucosidase as described

previously [57].

Immunocytochemistry

For immunofluorescence microscopy, cells on coverslips were fixed with 50%

methanol/50% acetone (vol/vol) at -20°C for 15 min. Samples were blocked with 50%

FBS / 50% PBS (vol/vol) for 1 h at room temperature, then incubated for 1 h at 25°C
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with a previously described rabbit-derived anti-hGAA antiserum, diluted 1:1000 in

phosphate-buffered saline (PBS) with 50% FCS and 0.01% NaNs. Cells were washed in

PBS 3 times and incubated for 1 h at 25°C with fluorescein isothiocyanate-conjugated

goat anti-rabbit antibody. The slips were again washed 3 times, mounted with an

aqueous/dry-mounting medium (Biomeda, Foster City, CA) and examined with

fluorescence microscopy. For localization of human GAA in the lysosomal

compartment, transduced cells were fixed and probed simultaneously with a mouse

monoclonal antibody recognizing human lysosome-associated membrane protein 1

(LAMP-1) and rabbit anti-human acid a-glucosidase antiserum. Cells were incubated

with tetramethyl rhodamine-conjugated goat anti-mouse IgG and fluorescein-conjugated

goat anti-rabbit IgG.

Perchloric Acid Extraction and 'H-NMR Spectroscopy

Mice were fasted overnight to lower background glycogen to minimal levels. Upon

sacrifice, samples were prepared by rapid freezing in liquid nitrogen and pulverization

into a fine powder. Liquid nitrogen was evaporated and the powder was transferred to a

15 mL polypropylene tube containing 3 mL 7% (vol/vol) perchloric acid in 50 mM

NaH2P04 The sample was vortexed repeatedly and centrifuged at 4°C and 4,000 rpm for

15 min. The supernatant was transferred to a new tube and neutralized to pH 7.0 with 5

M potassium hydroxide, leading to precipitate formation. The precipitate was removed

by centrifugation; the supernatant was transferred to a new tube, and paramagnetic metals

and excess salts were removed by incubation with pre-washed Chelex beads at a 1:8 ratio

for 20 min at 4°C. The mixture was filtered through a 0.22 /im filter and lyophilized

overnight. Samples were resuspended in D2O for spectroscopy.
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Proton nuclear magnetic resonance (^H-NMR) measurements were performed using

a Bruker Avance 500 spectrometer with an 1 1.75 T Magnex. Spectra were collected

under unsaturated conditions at 25°C and pH 7.0 (TR = 5 s, sweep width = 6.666 kHz,

pulse width = 5.5 ^sec, number of averages = 256, number of points = 40,000).

Integrated areas and chemical shifts were referenced to the total creatine peak (3.0 ppm)

for each sample.

Assessment of Skeletal Muscle Function

Direct intramuscular injections of rAAVl-mGaa (2 x 10^ iu) or lactated Ringer's

were performed in the soleus muscle of Gaa'~ mice. After 6 wk, the mechanical function

of the muscles was assessed. Gad'~ and 129X1 x C57BL/6 controls were anesthetized

via intraperitoneal (IP) injection of sodium pentobarbital. After reaching a surgical plane

of anesthesia, the soleus muscles are surgically excised and placed in a cooled dissecting

chamber containing Krebs-Henseleit solution, equilibrated with a 95% O2/ 5% CO2 gas

mixture. The intact muscles are then vertically suspended between 2 lightweight

Plexiglas clamps connected to force transducers (Model FT03, Grass Instruments, West

Warwick, RI) in a water-jacketed tissue bath containing Krebs-Henseleit solution

equilibrated with a 95% 02/5% CO2 gas (bath -37 ± 0.5°C, pH ~ 7.4 ± 0.05, osmolality

~ 290 mOsm). Transducer outputs are amplified and differentiated by operational

amplifiers and undergo A/D conversion for analysis using a computer-based data

acquisition system (Polyview, Grass Instruments).

In vitro contractile measurements begin with empirical determination of the

muscle's optimal length (Lo) for isometric tetanic tension development. The muscle is

field-stimulated using a stimulator (Model S48, Grass Instruments) along its entire length

with platinum electrodes. Muscle length is progressively increased until maximal
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isometric twitch tension is obtained. Once the highest twitch force is achieved, all

contractile properties are measured isometrically at Lq. The force-frequency relationship

is examined using previously described methods [168].

Results

Expression and Enzymatic Activity in GSDII cells After In Vitro Transduction With

rAAW2-hGAA

We first examined the expression of recombinant human GAA in deficient

fibroblasts and myotubes from patients with GSDII. Deficient fibroblasts have no GAA

activity, whereas deficient myotubes retain 50-80% of the GAA activity of normal human

myotubes. Fourteen days after rAAV2-hGAA transduction, GAA activity in deficient

fibroblasts reached 30% of normal with a multiplicity of infection (moi) of 10, whereas

GAA activities of 150% normal were observed at an moi of 100 (Figure 4-lA). In

deficient myotubes transduced with rAAW2-hGAA at an moi of 10, a 10-fold increase

(360.0 ± 122.9 V. 32.0 ± 5.3 nmol/h/mg) in enzymatic activity was observed 2 wk after

transduction (Figure 4-lB). These data indicate that rAAV2-/zGi4A is capable of

restoring GAA activity in deficient cells in vitro in a dose-dependent manner.

To confirm that recombinant human GAA was being properly expressed and

localized intracellularly, we probed for vector-derived human GAA protein in transduced,

deficient cells. Immunofluorescent staining of human deficient fibroblasts transduced

with rAAY2-hGAA (Figure 4-lC) showed that the protein is correctly targeted to the

cytoplasm with a lysosomal distribution pattern. We confirmed lysosomal targeting of

GAA by testing for co-localization of GAA and LAMP-1, a specific marker for mature

lysosomes. As shown in Figure 4-lC, positive staining for human GAA (green; left

panel) was coincident with the LAMP-1 staining (red; middle panel), indicating that
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GAA protein expressed from vAAVl-hGAA is indeed transported to lysosomes; a

digitally merged representation demonstrates co-localization in yellow (Figure 4-lC,

right panel).

A. B.

Figure 4-1. In vitro expression and lysosomal targeting ofGAA in cells from GSDII

patients. (A) Fibroblasts of GSDII patients were transduced with rAAV2-

hGAA or rAAV2-y%<:// and harvested after 3, 7, or 14 d. Bar graph = mean ±

SEM ofGAA activities from triplicate cultures. (B) GSDII myoblasts were

harvested after 3, 7, or 14 d after infection with xKA\2-hGAA. Bar graph =

mean ± SEM ofGAA activities from triplicate cultures. (C) Fibroblasts from

a GSDII patient incubated with an anti-hGAA antibody and a FITC-

conjugated secondary antibody 8 d after infection with vAAMl-hGAA (green).

The same cells were also incubated with an anti-LAMP-1 antibody and a

rhodamine-conjugated secondary antibody (red). Digitally merged

FITC/rhodamine image shows co-localization in yellow (confirming sorting of

human GAA to the lysosomal compartment). Bar = 25 (xm.

Stable, Long-Term Expression of Human or Mouse GAA in Mouse Muscle After In

Vivo Delivery of rAAV2 Vectors

To examine the efficiency and stability of rAAV2-mediated expression of GAA,

we tested the vectors in vivo by injecting lO'^ iu of rAAV2-/7G.4^ into the tibialis anterior

(TA) muscles of Balb/c mice. GAA expression was then assessed at 1 wk, 4 wk, 1 0 wk,

and 6 mo after treatment (Figure 4-2). We found that GAA enzymatic activity was
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increased over 150% in the TA muscles at 1 wk (168.1 ± 16.0 nmol/h/mg treated v. 62.0

±3.1 control), and this level of activity was maintained or increased over 6 mo, with the

highest activities observed at the latest timepoint (397.9 ± 1 13.3 nmol/h/mg). The control

group, which was injected with xAAWl-figal, showed no change in GAA enzymatic

activity over the same period. These data demonstrate that the rAAV2 is capable of

expressing GAA efficiently, and that the expression is stable for up to 6 mo after a single

intramuscular injection.
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Figure 4-2. Expression of recombinant human GAA in Balb/c mice after transduction

with rAAV2-/iGAA. Adult mice were treated with 10^ iu of rAAV2-/iGAA in

the tibialis anterior muscle, muscle tissues were isolated at the time points

indicated, and assayed for GAA activity. Bar graph represents mean ± SEM
GAA activity in 5 animals (wk 1 and 4) or 4 animals (wk 10 and 24).

To provide further assurance that the observed enzymatic activities were not caused

by increased basal production in the Balb/c strain, we treated knockout mice {Gad' ) with

rAAVl-mGaa. These mice have little or no residual GAA activity and have been shown

to recapitulate many of the pathologic manifestations observed in human GSDU patients.

Twelve weeks after intramuscular delivery of 10^ iu of rAAVl-mOaa, we observed
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normal levels ofGAA enzyme activity in the knockout mice (32.6 ± 14.7 nmol/h/mg), as

compared to 129X1 x C57BL/6 control mice (39.7 + 1.0 nmol/h/mg) (Figure 4-3).

50

12 weeks after intramuscular delivery

Figure 4-3. rAAV2-/wGafl-mediated transduction of skeletal muscle in Gad ' mice.

Adult Gad ' mice were treated with 1
0^ iu of vAAVl-mGaa in the quadriceps

femoris muscle. 1 29X 1 x C5 7BL/6 controls and untreated Gaa' ' mice were

sham-injected with sterile saline. Muscle tissues were isolated at 12 wk after

treatment and assayed for GAA activity. Bar graph represents mean ± SEM
GAA activity for 5 mice in each group.

Preservation of Skeletal Muscle Contractile Force in Knockout Mice After Direct

Intramuscular Delivery of rAX\2-mGaa

We tested the contractile properties of soleus muscles of knockout and wild-type

hybrid mice, using isometric force-frequency relationships as an index of contractile

flinction. Gad ' mice exhibit an age-dependent impairment of skeletal muscle function

(Figure 4-4, open squares), as evidenced by their decreased maximal tetanic force (16.71

+ 1.52 N/cm ) at higher stimulation frequencies compared to the matched control strain

(20.86 ± 1.88 N/ cm"^; filled circles). This impairment is observed as early as 3 mo of age

(Fig. 4) and progressively worsens over the lifespan of the animal.
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Figure 4-4. Force-frequency relationships of intact soleus muscles after direct

intramuscular delivery of rkkVl-niGaa. 2 x lO'' iu of rkkWl-mGaa were

directly delivered to the soleus muscles of 2-mo-old Gad'~ mice (n = 3).

Muscles were isolated 6 wk after treatment, tested for isometric force

generation, and compared to untreated 129X1 x C57BL/6 (wild-type) (n = 6)

and Gad'' mice (n = 5), respectively.

To test the effect of restoration of GAA activity on contractile dysfunction in Gad''

mice, we injected 2 x 10^ iu of rAAY2-mGaa directly into the soleus muscles of 6-wk-

olds. Isometric force generation was tested 6 wk later, at 3 mo of age (Figure 4-4, filled

triangles). At the maximal stimulation frequency (200 Hz), treated Gaa '' mice had

intermediate contractile force (18.03 ± 2.05 N/ cm^) relative to untreated Gaa '' and wild-

type controls. Similar relationships in isometric tension were observed between wild-

type, treated, and untreated Gad'' mice from 80 to 150 Hz, indicating some amelioration

of the muscle function deficit over a range of physiologically relevant forces.

Treatment of Gaa '' Mice With rAAVl-zwGaa Leading to Rapid Overexpression of

GAA and Glycogen Clearance

Since rAAV2-mediated gene replacement led to wild-type levels of GAA

enzymatic activity, we tested the ability AAV serotype 1 vectors to restore GAA activity

as well. We injected 4 x 10'° total particles (as assessed by dot-blot analysis) of rAAVl-

mGaa directly into the tibialis anterior (TA) muscles of 2-mo-old Gad'' mice (n = 4), and
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the mice were sacrificed 2 wk later. TA muscles were harvested, pooled, and

homogenized. GAA activities (Figure 4-5, left panel) in treated Gaa" tissues (461.5

nmol/h/mg) were nearly eight times wild-type (65 nmol/h/mg). Glycogen contents ofTA

muscles from untreated and treated GAA mice were 1.756 and 0.0219 ^mol glucose/mg

protein, respectively, compared to 0. 1 28 |imol glucose/mg protein for wild-type mice.

Proton nuclear magnetic resonance ('H-NMR) spectra of perchloric acid extracts from

the same treated and untreated tissues showed a pronounced glycogen peak for Gaa
"

mice and complete amelioration of glycogen accumulation in rAAW \-mGaa treated mice.

Taken together, these findings indicate a dramatic reversal of glycogen accumulation

after transduction with rAAV l-mGaa.

Figure 4-5. rAAV 1 -wGaa-mediated transduction of tibialis anterior in Gaa " mice. (A)

4 X lO'*^ particles of rAAWl-mGaa were directly delivered to the tibialis

anterior muscles of 2-mo-old Gaa" mice (n = 4). Muscles were harvested,

pooled, and homogenized 2 wk after treatment and compared to untreated

129X1 X C57BL/6 (wild-type) and Gaa ' mice, respectively. (B) In vitro

glycogen content determination for the same muscle homogenates. (C)

Stacked ' H-NMR spectra from the same homogenates after perchloric acid

extraction. Glycogen peaks are observed at 5.4 ppm.

Treatment of Various Skeletal Muscles with rAAVl-mGaa Leads to Overexpression

of GAA in Gaa ' M ice

We decided to test rAAVl vectors carrying the mGaa cDNA in Gaa ' to determine

whether rAAV 1 vectors have a preference for certain skeletal muscle groups. Figure 4-6
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illustrates the lack of a clear preference among the three tested tissues. As in Figure 4-5,

transduction with rAAVl vectors led mGaa expression that was several-fold greater than

wild-type in the soleus, tibialis anterior, and quadriceps muscles. In the cases of the

soleus and quadriceps, we were able to test 2 different doses, and a dose-dependent

relationship was clearly observed.
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Figure 4-6. rAAVl -wG<7a-mediated transduction of various skeletal muscles in Gaa
"

mice. Muscles were directly injected with 4x ]0'*'or4x lO" particles of

xAAW-mGaa. Muscles were harvested and homogenized 2-4 wk after

treatment and compared to untreated 129X1 x C57BL/6 (wild-type) and Gaa
'

mice, respectively. (A) Soleus. (B) Tibialis anterior. (C) Quadriceps femoris.

We noted that detection ofGAA activity appears to be in some ways related to the

size of the muscle tested. Because our assays are performed on total muscle

homogenates, it is possible that positive transduction may be diluted in larger tissues

(such as the quadriceps femoris) due to a smaller number of transduced fibers relative to

the total volume of the bulk tissue. In other words, since the dose in these cases has been

delivered on a particle-to-particle basis rather than a particle-to-tissue mass basis, the

potency of viral transduction may not be fully appreciated in larger tissues since the

number of transducing units delivered to those tissues was smaller on a per gram (g"')
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basis. Nevertheless, these results confirm the potency of rAAVl vectors in muscle

tissues that either predominantly slow- or fast-twitch.

Discussion

Pompe disease is caused by a deficiency of GAA in all tissues, but is manifested

primarily as cardiac and skeletal muscle weakness. Recently, several murine knockout

models of GSDII have been developed [29], all of which mimic, according to one index

or another, the myopathic phenotype associated with GSDII. The Gad'~ mouse used in

these studies accumulates lysosomal glycogen and suffers from generalized skeletal

myopathy, manifested in part in decreased locomotor activity. Our objective was to

achieve sustained restoration of GAA activity from direct intramuscular delivery to

cardiac or skeletal muscle. Additionally, we sought to test the ability of vector-derived

GAA to restore contractile function in deficient muscle tissue.

We constructed recombinant adeno-associated viruses that encode the full-length

human and mouse GAA cDNAs and tested their ability to restore GAA activity in vitro in

GAA-deficient fibroblasts and myotubes. Previous work in our laboratory and others had

demonstrated the efficient transduction of these tissues with adenoviral vectors and

indicated the utility of these cells as an in vitro system to evaluate potential therapies [55-

57]. In this report, high-level expression of recombinant human GAA was achieved in

both GAA-deficient fibroblasts and myotubes transduced in vitro with vAAY2-hGAA,

demonstrating that the human GAA cDNA is capable of directing synthesis of functional

GAA protein in the context of rAAV2.

In vivo experiments confirmed that rAAV2-hGAA and xAAMl-mGaa were able to

direct long-term enzymatic activity in treated mice. Stable expression of recombinant

human GAA was observed for up to 6 mo after a single intramuscular injection of
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rAAV2-/iGA4. In treated Gad'' animals, near-normal levels of mouse GAA activity

were observed in skeletal muscle 12 wk after administration of 10^ iu (~10'^

genomes/kg); concomitant improvement of muscle contractile function was observed in

the higher frequency (i.e., clinically relevant) stimulation range. These results are

consistent with previous observations of efficient skeletal muscle transduction with

rAAV2 vectors, as demonstrated with reporter and therapeutic genes [105,107-109], as

well as with genes for muscle contractile apparatus proteins [118], and another lysosomal

storage disease, mucopolysaccharidosis Vn.

The clinical heterogeneity of GSDII suggests that potential therapies must address

the primary enzymatic deficiency in both skeletal and cardiac muscle. Numerous reports

have indicated that circulating recombinant GAA, either purified protein or viral vector-

derived, might serve as an effective method of delivery of GAA to muscle tissue. Several

groups, including our own, have sought to take advantage of cell surface mannose 6-

phosphate receptors to mediate the transport of circulating enzyme to the lysosomal

compartments of individual cells. Studies with intravenous delivery of recombinant

human GAA protein have indicated that this strategy may be beneficial in Gad'' mice

and human subjects [48,50]. Ongoing investigation will determine whether clinically

relevant circulating enzyme concentrations can be sustained, particularly given the

potential for neutralizing antibody responses to intravenously administered recombinant

enzyme replacement therapy.

Recent data, from Gaa''~ transgenic mice that express human GAA in a conditional,

muscle-specific manner, indicate that several-fold overexpression of human GAA was

required in order to achieve systemic restoration of GAA activity in non-muscle tissues.
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Given these data, the near-normal enzymatic activity observed after intramuscular

delivery of rAAW2-mGaa (Figure 4-3A) is not likely to provide sufficient circulating

concentrations of GAA for systemic correction; in fact, no change in enzymatic activity

was observed in the liver, heart, or uninjected (distal) skeletal muscles with the enzymatic

activities reported here (data not shown). By contrast, GAA activities after intramuscular

delivery of rAAVl-mGaa resulted in nearly eight times wild-type enzyme activity levels

(Figure 4-5), with concomitant clearance of glycogen from the injected tissue. Because

of the relative size of the tibialis anterior muscle, we did not seek, in this study, to

substantially increase circulating concentrations of recombinant GAA secreted from

muscle. However, these data suggest that a larger, well-perfused muscle may be capable

of serving as a production site for systemic therapy for GSDII. Further studies are

underway to address this question.

We should note that the metrics used to analyze phenotypic correction of GSDII in

both mice and humans are an area of active development in our laboratory and others.

One potentially clinically important outcome is the co-localization of both active GAA

enzyme and the clearance of lysosomal glycogen. To date, clinical trials with both

intravenously delivered CHO- and transgenic rabbit milk-derived human GAA have led

to variable increases GAA enzymatic activity in skeletal and cardiac muscle, with

achieved developmental milestones and reductions in cardiac mass. However, despite

these promising observations, reductions in total tissue glycogen content have been

reported in only one patient among the seven patients studied in 2 separate trials. As

shown in Figure 4-5, we have recently begun to employ magnetic resonance imaging and

spectroscopy techniques in an effort to better understand the dynamics of glycogen
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clearance in vector-treated Gaa'' mice. The initial observations suggest that this

technique will be very useful in longitudinal studies of treated mice. In addition to

glycogen content, important morphological characteristics of skeletal muscle will also be

evaluated in future studies.

The use of rAAVl serotype vectors will only expand in the coming months and

years as their efficacy is evaluated in a host of tissue targets. Pruchnic et al. [109]

believed that rAAV2 serotype vectors (while effective in many muscle tissues) had a

preference for slow-twitch skeletal muscle compared to fast-twitch. We have not directly

evaluated this possibility for rAAVl vectors, but indirectly provide evidence that fiber-

type tropism may not be a factor in rAAVl transduction. We are certain that future

studies will further investigate this question. When they are discovered, the identification

of skeletal muscle receptors for rAAVl may greatly assist in determining the muscle-type

tropisms of rAAVl (if any exist).

We have described the use of recombinant adeno-associated virus vectors to correct

the primary enzymatic defect in GSDII. These data suggest that adeno-associated virus-

mediated gene transfer represents a feasible and potentially powerful strategy for the

delivery of gene products to specific myopathic tissue. Given the short half-life of GAA

in vivo (~ 7 d), gene therapy vectors with capabilities for both high-level and long-term,

persistent transgene expression will be required.

We anticipate that direct delivery of rAAV vectors will have broad applicability for

the delivery of a variety of recombinant gene products to myopathic tissue and for the

treatment of many inherited forms of skeletal and cardiac myopathy. Our results indicate

that a variety of transduction of efficiencies may exist among rAAV serotypes when
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delivered to skeletal muscle tissues. We believe that these differences may be exploited

in the future to provide appropriate levels of transduction for specific applications. Using

specific serotypes; in specific skeletal muscles; and tailored injection volumes and carrier

vehicles, it may be possible to rationally design gene therapy delivery and dosing

regimens based on the target organs and the desired level of gene expression.



CHAPTER 5

CROSS-CORRECTION AFTER RECOMBINANT ADENO-ASSOCIATED VIRUS
DELIVERY TO SKELETAL MUSCLE

The promising results acquired with rAAVl-wiGaa dehvery to skeletal muscles

prompted us to attempt to use skeletal muscle as a platform for systemic cross-correction.

As mentioned in Chapter I, we are attempting to transduce a defined muscle bed with

rAAVl vectors with the expectation that the injected tissue will overexpress active GAA;

and we further anticipate that this overexpression will lead to secretion of GAA,

providing a circulating pool of enzyme that can bind to cell-surface mannose 6-phosphate

receptors (M6PRs) of other tissues and be trafficked to the lysosomal compartment.

To this end, we treated Gad'' mice with two doses of rAAVl carrying genes

encoding GAA. In the first pilot experiment, mice were treated with 4 x lO'" and 4 x lO"

particles of rAAVl-mGaa to establish the potential for cross-correction. Following this

study, we initiated a second study in which mice were treated with 7.5 x lO" particles of

rAAVl -/zGA4, carrying the human GAA gene. The rationale for the second study was

two-fold: to use a higher dose in an attempt to make an incremental improvement

compared to the first study; and to test the human transgene in an animal model in

anticipation of initiation of a preclinical protocol. Additionally, a subset of animals was

neonatally tolerized via subcutaneous injection of recombinant human GAA (rhGAA) in

an effort to blunt or prevent an immune response to the human GAA gene product.

72
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Methods and Materials

Molecular Cloning of rAAV Vectors Carrying the Human and Murine GAA Genes

The human and murine GAA cDNAs (hGAA and mGaa), respectively, were

constructed as described previously with a modification of the human GAA cDNA

described by Schleissing [170]. In that case, the 5' untranslated region (5' UTR) was

removed from the hGAA gene, yielding a 2.8 kb cassette renamed hGAA2.8. Dr.

Schleissing characterized the enzymatic activities of these truncations in vitro and in vivo

and validated their identity and potency. Viral vectors based on these transgenes were

produced as described in the preceding chapter.

In Vivo Viral Transduction

All animal procedures were performed in accordance with the guidelines of the

University of Florida Institutional Animal Care and Use Committee. Delivery of

recombinant viral vectors to mouse skeletal muscle has been previously described. Gad''

mice were anesthetized with inhaled methoxyflurane, and 4 x 10'° or 4 x lO' ' particles

vAAWl-mGaa (Study 1) or 7.5 x lO" particles rAAW l-hGAA2.8 (Study 2) were directly

injected into the quadriceps femoris muscles— injected doses were divided equally

between both quadriceps in order to accommodate the injectate volume. Animals were

bled weekly to facilitate enzyme-linked immunosorbent assay (ELISA) for development

of serum antibodies against human GAA.

Assays of GAA Activity

Enzymatic activity assays for GAA were performed as described previously:

Harvested muscle tissues were homogenized in sterile water using Lysing Matrix D

(Qbiogene, Carisbad, CA) in a FastPrep FP120 (Qbiogene), centrifuged, and clarified

supematants were assayed for GAA activity by measuring the cleavage of the synthetic
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substrate 4-methylumbelliferyl-a-D-glucoside (Sigma M9766, Sigma-Aldrich, St. Louis,

MO; 75 mM in DMSO) after incubation for 1 ii at 37°C, as described in the previous

chapter. Fluorescence was measured using a FLxSOO microplate fluorescence reader

(Bio-Tek Instruments, Winooski, VT), and protein concentration was determined using

the Bio-Rad DC Protein Assay Kit (Bio-Rad, Hercules, CA), with bovine serum albumin

as a standard. Data are again represented as nanomoles of substrate cleaved in one hour

per milligram of total protein in the lysate (nmol/h/mg).

Assessment of Skeletal Muscle Function

Ten weeks after delivery of rAAVl -/iGAA2.S, the isometric force-frequency

relationships of the soleus muscles were assessed. Six-month-old Gad'~ and age-matched

129X1 X C57BL/6 controls were tested as described in previous chapters.

Assessment of Immune Response to hGAA

Serum samples were obtained weekly via tail vein bleeds of anesthetized animals.

Whole blood was collected in Microtainer tubes (Becton Dickinson, Franklin Lakes, NJ),

spun at 5500 rpm for 10 min, and serum was removed and stored at -20°C. Microtiter

plates were coated overnight at 4°C with 200 piL of 0.5 mg/mL human GAA in 0.1 M

NaHCOs (pH 8.2). Wells were washed 3 times with 300 ^L of PBS/Tween 20; blocked

with blocking reagent (300 |iL of 10% fetal bovine serum (FBS)) for 2 h at room

temperature; then washed once more prior to adding samples and standards. Serum

samples were diluted 1:80 in blocking reagent and added to the wells in a total volume of

100 nL. Serial dilutions of rabbit-anti-human GAA antibody (from 1:500 to 1:5 x 10^)

were used to generate a standard curve. Samples and standards were incubated for 1 h at

room temperature. Washing was repeated and 100 nL of sheep anti-mouse IgG-HRP-
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linked antibody (Amersham Pharamcia Biotech, Piscataway, NJ; diluted 1:10,000) was

added to sample wells and 100 ^LL of donkey anti-rabbit-IgG-HRP-linked antibody (also

diluted 1: 10,000) was added to standard wells for 30 min at room temperature. After

incubation, wells were washed again and 100 |iL of tetramethyl benzidine (Sigma-

Aldrich, St Louis, MO) was added to wells for 1-3 min. The reaction was stopped with

100 nL of 1 N H2SO4 and absorbance was measured at 450 nm. A standard curve was

generated using absorbance units and dilution of the rabbit anti-human GAA antibody.

Absorbance values of samples were converted to 1/dilution to obtain a positive

correlation between the reported units and absorbance readings.

Histological Assessment of Glycogen Clearance

Segments of treated and untreated diaphragm were also fixed overnight in 2%

glutaraldehyde in PBS, embedded in epon, sectioned, and stained with periodic acid-

Schiff (PAS) by standard methods.

Results

Study 1: Evidence of Cross-Correction of Distal Tissues with rAAVl-mGoa Delivery

to Quadriceps Femoris in Gaa''' Mice

Mice treated with 4 x lO'" or 4 x lO" particles of rAAVl-mGaa were sacrificed

and tested for enzymatic activities in injected and distal tissues. The results are shown in

Table 5-1, and are expressed in terms of percent of wild-type activity. The activities in

injected tissues (quadriceps femoris) are shown in Figure 4-6C, and correspond to

approximately IX and lOX wild-type activity, respectively. As stated in Chapter 4, these

activities are higher than measured with any attempted dose of rAAV2.
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Table 5-1. Percent of wild-type acid a-glucosidase activities in various Gad'' tissues

after quadriceps femoris delivery of rAAV \-mGaa.

4 X lO'" particles 4 x lO" particles

Heart 2.54 ±0.19% 10.58 ±4.71%

Liver 1.60 ±0.21% 2.47 ±0.21%

Soleus 1.93 ± 1.33% 6.03 ± 6.81%

Diaphragm 1 .70 ± 0.2 1% 2.72 ± 0.53%

Tibialis anterior 1.78 ± 0.59% 13.51 ± 0.75%

Gastrocnemius 2.49 ± 0.46% 70.91 ±31.89%

These data indicate some transfer of GAA activity from transduced tissues to distal

tissues and are the first demonstration of potential cross-correction after intramuscular

delivery of rAAV carrying a gene encoding for acid a-glucosidase. However, positive

results were not observed at the lower dose and were not uniformly observed at the

higher dose.

Varied Enzymatic Activities in Injected and Distal Muscles after High-Dose

Delivery of rAAVl-hGAA to Quadriceps Femoris

We decided to further investigate the potential for muscle-directed cross-correction

using a higher dose of rAAVl. We also decided to use vectors carrying the human GAA

cDNA in the hopes that the data would confirm our initial result and provide important

data for the initiation of a preclinical safety and efficacy study. Finally, we used a model

of neonatal tolerance developed in our laboratory by Kerry Cresawn to try to ameliorate

potential immune responses to human GAA. We tolerized 9 neonatal (1-d-old) Gad'~

mice with single subcutaneous bolus injections of purified recombinant human GAA

(rhGAA). Ten additional, naive Gad'' mice were included in the study and were not

tolerized. Mice in both groups were treated with 7.5 x lO" particles of rAAVl-/iGA42.S

between 75 and 90 d of age; doses were administered intramuscularly into the quadriceps

femoris.
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The biochemical results of this study are summarized in Tables 5-2 and 5-3, and

indicate a variegated response to both gene delivery and neonatal tolerization. In

summary, none of the treated Gad'' mice responded with unequivocal cross-correction.

In particular animals with high levels of GAA activity in some tissues were not

recapitulated in other tissues, and the results did not align along any particular pattern —

anatomic, metabolic, or otherwise. Likewise, subjects with the highest levels of GAA

activity in the injected tissue (quadriceps femoris) did not uniformly have higher levels of

enzymatic activity in distal muscle tissues.

Table 5-2. Acid a-glucosidase activities in Gad' hindlimb tissues after quadriceps

femoris delivery of rAAVl-ZiGAA.

SOL OAST TA EDL QUAD
Wild-type 5.23 ±0.45 5.91 ±0.73 12.21 ±0.72 31.06 ±3.66 5.53 ±0.21

4.69-6.47 5.16-7.58 10.5- 14.01 22.6-37.35 5.04-6.05

Gad'' 0.39 ±0.07 0.43 ±0.19 0.26 ±0.06 0.64 ±0.11 0.06 ± 0.03

0.16-0.62 0.08- 1.17 0.24-0.42 0.42-0.94 0.03-0.08

Naive 0.41 ±0.04 0.57 ±0.18 0.37 ±0.07 2.40 ±0.91 3.83 ±2.31

0.34-0.52 0.15- 1.34 0.22-0.63 0.79-6.17 0.02- 14.92

Tolerized 0.47 ±0.07 0.53 ±0.19 1.96 ±1.31 3.26 ±0.61 24.94 ±12.9

0.32-0.87 0.16- 1.27 0.31 -8.47 1.64-5.36 0.18-99.84

Table 5-3. Acid a-glucosidase activities in Gaa '' various cardiac, smooth, and skeletal

muscle tissues after quadriceps femoris delivery of rAAVl-ZiGAA.

HRT DIA TRI TNG BLD
Wild-type 9.30 ± 1.20 4.95 ±0.56 6.59 ±0.30 8.47 ±0.70 20.46 ±3.15

7.51 - 12.83 3.29-5.83 5.89-7.24 7.01 - 10.37 12.2-26.57

Gad'' 0.42 ±0.24 0.17 ±0.02 0.18 ±0.02 0.37 ±0.05 0.64 ±0.06

0.03- 1.10 0.11 -0.23 0.11 -0.22 0.20-0.49 0.48-0.86

Naive 0.13 ±0.03 0.16 ±0.03 0.22 ±0.03 0.28 ±0.02 0.54 ±0.07
0.06-0.20 0.06-0.27 0.11 -0.35 0.18-0.33 0.41 -0.84

Tolerized 0.27 ±0.09 0.14 ±0.03 0.22 ±0.03 0.30 ±0.03 0.99 ±0.52
0.03-0.58 0.09-0.27 0.15-0.33 0.22-0.42 0.33-4.13
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Partial Preservation of Soleus Contractile Force in Gaa'' Mice after High-Dose

Delivery of rAAVl-hGAA to Quadriceps Femoris

We tested the effect of rAAW l-hGAA delivery to the quadriceps on contractile

dysfunction in Gad' mouse soleus muscles. Isometric force-frequency relationships

(FFR) were tested at the 10-wk timepoint. At stimulation frequencies from 80 to 200 Hz,

both groups of treated Gad'' mice displayed intermediate contractile forces relative to

age-matched, untreated Gad'' and wild-type controls. No differences were observed

between naive and tolerized, rAAVl -treated mice. Differences between tolerized mice

and Gad'' were significant at 150 and 200 Hz stimulation frequencies, and significant

differences were recorded between naive and Gad'' mice between 80 and 200 Hz (p <

0.05 in all cases).
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Figure 5-1. Force-frequency relationships of intact soleus muscles after intramuscular

delivery of rAAWl-hGAA to the quadriceps femoris. 7.5 x lO'' particles of

rAAVl-hGAA2.8 were injected in the quadriceps femoris muscles of naive

and tolerized Gaa '' mice. Muscles were isolated 10 wk after treatment, tested

for isometric force generation, and compared to age-matched, wild-type

(129X1 X C57BL/6) and Gad' mice, respectively.
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High-Dose rAAVl-ZiGAA Treatment Leads to a Rapid Immune Response to the

GAA Transgene

Because the Gaa' mice used in these studies do not synthesize either mouse Gaa or

human GAA protein, we tested whether or not rAAVl-^GAA treated mice would mount

an immune response to human GAA. We tested two groups of animals: naive Gaa'

mice and neonatally tolerized Gad' mice. Serial serum samples were collected weekly

beginning the week of vector delivery, and enzyme-linked immunosorbent assays

(ELISAs) were performed to measure the amount of anti-hGAA antibody present in

treated mouse serum. Figure 5-2 shows anti-hGAA antibody titers from naive mice;

Figure 5-3 represents antibody levels in neonatally tolerized mice; and Figure 5-4 shows

(for comparison) the average anti-hGAA antibody titers for the two groups.

Figure 5-2. Naive anti-hGAA antibody titers. Serial bleedings were performed weekly,

and antibody titers were measured at the end of the study.
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gure 5-3. Tolerized anti-hGAA antibody titers. Neonatal Gad'' mice were tolerized

using rhGAA prior to rAAV l-hGAA delivery. Serial bleedings were
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Figure 5-4. Average anti-hGAA antibody titers for naive and tolerized groups.

Data represent means ± SEM for each timepoint.
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As expected, anti-hGAA antibody titers from naive mice (Figure 5-2) were detected

very early after rAAVl delivery; rose rapidly in the first 2-4 wk after transduction; and

remained extremely high throughout the course of the study. Unfortunately, similar

results were observed in neonatally tolerized mice (Figure 5-3). Based on prior

experience from our laboratory (K.Cresawn, data not shown), we expected neonatal

tolerance to protect treated animals from mounting an immune response to the human

transgene. In 2 out of 9 animals we did observe a depressed antibody response as we had

hoped (TOL 3 and TOL 8). However, these lower titers did not correspond to higher

levels of cross-correction or activity in treated quadriceps muscles. As seen in Figure 5-

4, the average anti-hGAA antibody titers for the two groups were remarkably similar and

followed the same general timecourse.

Discussion

The two studies described in this chapter were designed to test the ability of vector-

mediated overexpression of hOAA in null-animal skeletal muscles to systemically correct

the enzymatic deficiency and related pathogenesis. The first study was intended to

establish a reference point for cross-correction with rAAVl vectors. The second study

sought to build upon the experience from the first and to establish the efficacy of rAAVl

carrying the human GAA cDNA. Raben et al. [32] reported that several-fold

overexpression of human GAA was required in order to achieve systemic restoration of

GAA activity in non-muscle tissues. We believed that rAAVl -mediated overexpression

might be able to provide enough circulating material to lead to uptake of hGAA in distal

tissues.

Mice treated with 4 x lO"^ or 4 x lO" particles of rAAVl-mGaa had restored

enzymatic activity and some evidence of cross-correction. The data in this case were
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highly variable and in some cases merely suggestive. However, there were enough

instances of potential correction to justify further investigation. As we noted in the

previous chapter, the levels of expression were lower than in the tibialis anterior. We

attributed this to the mass effect of quadriceps muscle compared to tibialis; we believed

that a higher dose of vector in the quadriceps (with perhaps more spread) might lead to

similar specific activities. On a per gram basis, transduction of the quadriceps might be

similar to tibialis.

The second study did not provide consistent data to support or discount this

hypothesis. Unfortunately, the experimental design may have also confounded our

efforts. We changed not only the dose of vector but also the transgene. We have no

evidence to suggest that mouse Gaa protein is less immunogenic that human GAA in null

mice, but our results could have been affected by the difference in gene product or the

immune response to it. Furthermore, we have no data (and none exists in the literature at

this point) to indicate whether or not rAAVl vectors have increased tropism for dendritic

cells (compared to rAAV2 vectors). It is possible that a limiting dose of rAAVl exists

for murine skeletal muscle, above which transduction of dendritic and other

immunomodulatory cells becomes a factor in long-term expression.

The early, robust, and persistent immune response to rAAVl -derived hGAA was

not wholly unanticipated, but did lead to new questions regarding the stability of

transduction. Using a tolerized mouse model, we sought to account for this possibility.

Unfortunately, the levels of expression after rAAVl delivery were high enough to break

the immune tolerance; alternatively, the animals may not have been effectively tolerized

in the first place. This is not to say that the tolerization dose of immunogen was
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inappropriate, either temporally or in concentration, but vector delivery component of the

study occurred well after the tolerization event. This circumstance arose because of

delays in production of purified rAAW l-hGAA and may be an important variable to

consider in the design of future studies using neonatal tolerization.

Variable enzymatic activities were observed in the injected tissues, despite

substantial immune responses in all treated animals. This result suggests that a variety of

individual responses occurred among individual subjects. In some cases, early, robust

expression may have been accompanied by equally robust immune responses.

We have employed the use of knockout mice in attempt to achieve homogeneous

responses to gene transfer interventions. However, our mice (as well as humans and

other species) have a heterogeneous (in this case hybrid) genetic background.

Polymorphisms and differential expression of any number of modifier genes between

129X1 and C57BL/6 mice could account for some of the observed variability. Since

individual mice could have varying contributions from these two strains, we cannot rule

out genetic contributions to differences in immune response or transgene stability.

Despite variable enzymatic activities in injected tissues and distal tissues; robust

immune responses in naive and tolerized mice; and no evidence of substantial, long-term

correction in the soleus, we measured a significant difference in isometric force-

frequency relationships, particularly with regards to maximal force generation. These

results were surprising (given the preponderance of other data) for two reasons: the forces

measured in treated mice contradict the enzymatic activity data, and the data are

remarkably similar for naive and tolerized mice. Taken in concert with the enzymatic

activity and immune response data, the functional data suggest that low levels of cross-
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correction may have been achieved. This correction may have occurred because of a

transient transfer of active enzyme that was subsequently cleared; a continuous uptake of

enzymatic activity that is below the levels of detection; or some other modulatory effect

that is systemic in nature but not detectable at the myocyte level. This may include

effects on circulating cell types and inhibition or stimulation of signaling pathways within

myocytes or in other cell types. We speculate that pathophysiology in GSDII myocytes

is related to not only glycogen content and storage but also substantial regulation of cell

signaling. It may be the case that amelioration of signaling defects will impart functional

correction without substantial glycogen clearance. This may also explain the variegation

of phenotypes observed in human GSDII subjects with similar or identical genetic defects

and/or enzymatic activities.

We have described the use of recombinant adeno-associated virus serotype 1

(rAAVl) vectors to correct the primary enzymatic defect in GSDII. Our data confirm the

skeletal muscle tropism for rAAVl and indicate that (in some cases) transfer of material

from transduced tissue to distal, affected tissues may be possible. We also report, for the

first time, a substantial immune response to rAAVl transgenes, and show that this

response may be fairly robust, despite efforts to tolerize mice prior to gene delivery.



CHAPTER 6

RECOMBINANT ADENO-ASSOCIATED VIRUS-MEDIATED GENE THERAPY
FOR MYOCARDIAL DISEASE IN GSDH

Genetic interventions for myocardial disorders could reverse or prevent a host of

conditions that are currently serious public health and health care delivery challenges.

While gene therapeutics have been under development for nearly a decade, few have

resulted in expression levels or persistence that can be qualified as successful or

therapeutic. Nevertheless, recombinant adeno-associated virus vectors have been

demonstrated to transduce cardiac tissue and persist within the myocardium, and we

describe their application to GSDH.

Experimental Design and Rationale

The studies outlined in this chapter encompass a number of different strategies to

address gene delivery and restoration of myocardial GAA enzymatic activity. As noted

in Chapter 1, these strategies can include delivery of a correct copy of the GAA gene in

cis or delivery of active GAA enzyme in tram. We have employed rAAV vectors to

attempt both strategies. We have delivered rAAV vectors directly to the myocardium of

Gad'' mice via direct injection into the ventricular wall in order to directly transduce the

heart. In parallel and in contrast, we have also delivered rAAV vectors intramuscularly

to the quadriceps femoris, as described in the previous chapter, in the hopes that

overexpression in the quadriceps will provide secreted, circulating GAA; this circulating

pool can then be endocytosed by cardiac and other tissues.

85
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Methods and Materials

All animal procedures were performed in accordance with the guidelines of the

University of Florida Institutional Animal Care and Use Committee (lACUC).

Intramyocardial Injections

To facilitate direct injection into cardiac muscle, adult Gaa~ and control mice were

anesthetized with an intraperitoneal (IP) injection of a ketamine/xylazine (lOOmg/kg

ketamine; I5mg/kg xylazine) cocktail. Animals were placed in a supine position in a

sterile surgical field. The trachea was exposed and a 22G catheter was introduced to

facilitate ventilation using an SAR-830AP rodent ventilator (CWE, Ardmore, PA). The

animal was ventilated at 1 10 breaths/min with a tidal volume of 0.2 cc/min. A left

thoracotomy was performed, and the ribs were retracted to give full visualization of the

left ventricle. Injections of 10 to 50 |aL were carried out with a 29-gauge insulin syringe.

The ribs and skin were closed, and the animal was weaned from the ventilator. All

animals were monitored overnight for pain or distress and for 1 wk or longer for infection

or other complications.

In Vitro Cardiomyocyte Transduction with rAAVl

The preparation of neonatal cardiomyocytes takes two days. The first day is

divided into two main activities: 1) media and plate preparation; and 2) dissection, cell

isolation, and plating. The second day consists of fibroblast growth arrest and senescent

cell culture. All procedures are performed in a sterile tissue culture hood using sterile

technique.

Media and plate preparation

First, collagenase (0.1% w/v) is dissolved in lOX trypsin (100 mg/100 mL) in a

37°C water bath, and passed through a filter flask. Plating media consisting of 10% fetal
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bovine serum (FBS) and 5% horse serum (HS) is prepared in base media with penicilUn-

streptomycin supplement, and then filtered into 500 mL or 1 L flask. The base medium

consists of Dulbecco's modified Eagle's medium (DMEM) and medium M199 in a 4:

1

ratio. Culture media is prepared with 5% HS in base media with penicillin-streptomycin

supplement, and then filtered into 500 mL flask.

Collagen-coated plates are prepared by covering plates (or wells) with collagen,

allowing them to rest for 5-10 min, and then aspirating the collagen. Plates are then air-

dried for 1 h, followed by rinsing with sterile PBS and aspirating.

Dissection, cell isolation, and plating

Neonatal rats (no more than 1 d old) are anesthetized with 20 uL Nembutol

(sodium pentobarbital) per rat and rinsed with 80-90% ethanol. Rats are decapitated with

sterile scissors and a midline incision is made from the top of the sternum to the

abdomen. Pressure is applied to the sides of the chest cavity, causing the heart to

protrude from the thoracic space. The heart is removed with sterile forceps and rinsed in

cold PBS in a 50 mL conical tube.

After collecting 5-7 hearts, the PBS is aspirated and the hearts are poured into the

lid of a 10 cm dish. The hearts are blotted to remove excess PBS and transferred to the

10 cm dish. Using two sterile scalpels, the hearts are minced in the dish while being kept

somewhat moist with small amounts of PBS. The minced hearts are transferred to a 50

mL conical tube on ice and covered with a small amount of cold PBS until another batch

of 5-7 hearts can be similarly processed.

Once all of the hearts have been collected they are transferred to a new 50 mL

conical tube with 10 mL of warmed trypsin/coUagenase. The tube is vortexed and shaken

vigorously and placed in a 37°C water bath. The tube is vortexed and shaken every 10
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min for 30 min. The contents are permitted to settle and the supernatant is gently

aspirated and collected in a new 50 mL conical tube, leaving the pellet. The pellet is

processed with another 10 mL warmed trypsin/collagenase and incubated, vortexed, and

shaken (as before) for another 30 min. These steps are repeated until no pellet remains.

One mL of FBS is added to the supernatant; the contents are pipetted up and down and

then spun at 1250 rpm for 5 min. The supernatant is gently aspirated and discarded,

leaving both "fluffy" and "dark" layers of pelleted material. This processed pellet is

resuspended in 1-2 mL of FBS and kept in the water bath until all of the pellets from the

trypsin/collagenase step have been processed.

Resuspended pellets are pooled in 30 mL of plating media (consisting of 10% FBS

and 5% HS) and plated in T225 flask. The flask is incubated in a 37''C tissue culture

incubator for 50 min. The flask is rocked back and forth lightly and then stood on end.

Media are collected and placed into a new 50 mL conical tube. The flask is rinsed lightly

with 10 mL fresh plating media and collected again. Collected media are filtered through

a cell filter into new 50 mL conical tube and spun at 1250 rpm for 5 min. The resulting

pellet is resuspended into an appropriate volume of plating media, pipetted up and down,

and then aliquoted into the PBS-rinsed, collagen-coated plates, wells, or slides.

Fibroblast growth arrest

Plating media (10% FBS and 5% HS) and PBS are warmed in a 37°C water bath.

Media are aspirated from the plated cells and then the cells are washed vigorously 3 times

with PBS. Mitomycin C (50 uL) is added to 5 mL plating media and added to the cells

for 3-3.5 h (while incubated in tissue culture incubator). After incubation, the cells are

washed 3-4 times with PBS
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Senescent cell culture

Culture media (5% HS) is added to the cells and they are returned to the tissue

culture incubator. The cells ordinarily start to contract after 2-3 d and should remain

viable for 2-3 wk.

Results

Intramyocardial Delivery of rAAV

After intramyocardial injections (lO'* iu rAAW-mGaa) in Gaa " mice we observed

similar levels of expression as in skeletal muscle (Figure 6-1, left panel), demonstrating

that recombinant murine GAA expression can be directed by rAAW-mGaa in both

skeletal and cardiac muscle in Gaa " mice.

6 weeks after intramyocardial delivery 4 weeks after intramyocardial delivery

Figure 6-1 . Restoration ofGAA activity after intramyocardial injection of rAAV2 and

rAAVl. (A) lO'' infectious units of xAAMl-mGaa were directly injected into

the left-ventricular free wall of Gaa~ ~ mice. (B) 10'^ particles rAAV 1-/7G^^

were delivered. Animals were sacrificed either 4 or 6 wk after injection. Data

are plotted as means and standard error. Yellow = Gaa' ", green = treated

animals, blue = wild-type.

In a small cohort, we also tested the ability of rAAW-hGAA to direct myocardial

synthesis of GAA. Surprisingly, we saw very a little difference between rAAVl-

mediated and rAAV2-mediated expression, in contrast to our previous findings in skeletal

muscle.
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In Vitro Transduction of Rat Cardiomyocytes with rAAVl, 2, and 5
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Figure 6-2. In vitro transduction of neonatal rat cardiomyocytes with three serotypes of

rAAW-pgal Neonatal rat cardiomyocytes were infected with increasing

MOls of rAAVl, 2, and 5, respectively, and incubated for 4 wk.

Intramuscular Delivery oirXXW-hGAA and Cross-Correction of the Myocardium

We injected the quadricepsfemoris muscles of Gad ' mice in an attempt to

generate a pool of circulating rhGAA. In a pilot study, we injected 4 x lO" particles of

xKAVl-hGAA directly into the quadriceps. Six weeks after intramuscular injection, we

measured the enzymatic activity not only in the quadriceps but also several other tissues,

including the heart. Enzymatic activities in the heart reached 10% of normal, indicating

some transfer of material from the quadriceps to the myocardium (Table 5-1).

Discussion

Our data indicate that xkAMl-mGaa delivery to the myocardium of Gaa " mice

effectively restores GAA enzymatic activity, and is among the first examples of rAAV-

mediated delivery of a therapeutic gene to the myocardium. Svensson et al. described

both direct intramyocardial delivery and intracoronary perftjsion as potential methods for

efficient rAAV delivery to the myocardium using P-galactosidase as a reporter [131].

Recently, direct delivery ofrAAV encoding recombinant vascular endothelial growth
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factor (rVEGF) has been used to induce neovascularization in an ischemic mouse model.

Likewise, Kawada et al. have demonstrated restoration of cardiac function in dystrophic

mice after direct intramural delivery ofrAAV expressing 6-sarcoglycan [ 1 20, 1 2 1 ] .
The

present work represents the first attempt to use adeno-associated virus vectors to address

a metabolic cardiomyopathy.

gaa'
Quadriceps femoris rAAV1

Intramyocardial rAAV2

Intramyocardial rAAVI

Wild-type

Figure 6-3. Current status of rAAV-mediated gene therapy for myocardial disease in

GSDll. Data are reported from treated Gaa " mice and wild-type controls,

and indicate GAA enzymatic activity after cross-correction (quadriceps

femoris delivery) and direct rAAV2 and rAAV 1 delivery to the myocardium,

respectively.

We have also demonstrated that rAAV \-hGAA delivery to the myocardium can

effectively restore GAA enzymatic activity. We note that our results were not of the

same scale as in skeletal muscle vis a vis rAAV2. We also note that the delivered

transgene in this case was also different, and may account for the difference in

expression. Future work, employing more effective delivery methods, will provide a

better understanding of the potential for rAAVI -mediated transduction of the heart.

Finally, cross-correction of the heart after delivery to other organs remains a real

and achievable goal. Our preliminary work in skeletal muscle shows some potential.

Other work in our laboratory may lead to more effective transduction of the liver— with

even higher levels of enzymatic transfer.



CHAPTER 7

RECOMBINANT ADENO-ASSOCIATED VIRUS DELIVERY TO THE MURINE
DIAPHRAGM

Mouse models of human disease provide invaluable opportunities to evaluate the

potential efficacy of candidate therapies. Gene therapy strategies in particular have

benefited enormously from the profusion of knockout and transgenic mice that

recapitulate the genetic and pathophysiologic features of human diseases. Congenital

myopathies, including the muscular dystrophies, have been widely investigated as targets

for gene therapy interventions, and the diaphragm is often cited as one of the important

target organs for functional correction [171].

The mouse diaphragm presents unique challenges in terms of delivery of

therapeutic agents due to its small size and thickness, which preclude direct injection into

the muscle. Intravenous or intra-arterial delivery of vectors may be effective alternatives

and are currently under investigation [172,173]; however, isolation of blood vessels that

specifically perfuse the diaphragm is also difficult in the mouse. Systemic delivery of

vectors may eventually require the application of capsid-based targeting methods that

have recently been reported [174-180].

As stated in Chapter 1, recombinant adeno-associated virus is a single-stranded

DNA-containing, non-pathogenic human parvovirus that is being widely investigated as a

therapeutic vector for a host of muscle disorders [64,66,70,104]. Six serotypes of the

virus (AAVl-6) were originally described, and two more have recently been identified in

rhesus macaques [95]. Using helper plasmids expressing various combinations of the

92
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AAV2 rep and AAVl, 2, and 5 cap genes, respectively, our group and others have

demonstrated efficient cross-packaging of AAV2 genomes into particles containing the

AAVl, 2, or 5 capsid proteins [100,101,103,181]. The various serotype vectors have

demonstrated distinct tropisms for different tissue types in vivo, due in part to their

putative cell surface receptors. Although several reports have indicated that rAAVl

vectors efficiently transduce skeletal muscle in general [97,98,1 1 1,1 13], no study to date

has reported which of the serotypes, if any, might transduce the diaphragm in particular.

The aim of this study is to provide a safe, effective, and uniform method for

delivery of recombinant adeno-associated virus vectors to the mouse diaphragm in order

to evaluate their potential as therapeutic agents. We evaluate the ability of rAAV

serotypes 1, 2, and 5 to transduce the mouse diaphragm. We further describe the

application of a gel-based delivery method and demonstrate its utility for delivery of

rAAVl, 2, and 5 to the mouse diaphragm. Our results are the first to demonstrate

efficient, uniform expression of a transgene in the murine diaphragm using rAAV

vectors. Finally, we assess the utility of this method using a mouse model {Gad' ) of

glycogen storage disease type El (GSDEl) [28], an autosomal recessive disorder that is

characterized by respiratory insufficiency secondary to diaphragmatic weakness in

affected juveniles [10]. We believe the method we describe may have broad applicability

for delivery of gene therapy vectors not only to the diaphragm but perhaps to other

tissues as well.

Methods and Materials

Packaging and Purification of Recombinant AAVl, 2, and 5 vectors

The recombinant AAV2 plasmids pAAY-/3gal [64] and p43.2-GAA [98] have been

described previously. Recombinant AAV vectors were generated, purified, and titered at
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the University of Florida Powell Gene Therapy Center Vector Core Lab as previously

described [101]. Recombinant AAV particles based on serotypes 1, 2, and 5 were

produced using pAAV-/^gal, whereas only rAAVl particles (rAAVl-GA4) were

packaged with p43.2-GAA.

Vector-Vehicle Preparation

A sterile, bacteriostatic, water-soluble, glycerin-based gel was used as a vehicle for

vector application to the diaphragm (K-Y® Sterile, Johnson & Johnson Medical,

Arlington, TX). Individual doses of virus were diluted in sterile phosphate buffered

saline (PBS) for a total volume of 10}xL and then added to 150 |iL of gel in a 2 mL

microcentrifuge tube. The virus-vehicle suspension was vortexed for 1 min and then

centrifuged for 1 min at maximum speed. Free virus was diluted in sterile PBS for a total

volume of 50 \xh.

In Vivo Delivery

All animal studies were performed in accordance with the guidelines of the

University of Florida Institutional Animal Care and Use Committee. Adult 129X1 x

C57BL76 (wild-type) or Gaa'' mice [28] were anesthetized using 2% isoflurane and

restrained supine on a warmed operating surface. In a sterile field, after reaching a

surgical plane of anesthesia, a midline incision was made through the skin extending

from the xyphoid process to the suprapubic region. An incision was made through the

abdominal wall following the linea alba. The abdominal walls were retracted laterally

and the intestines were displaced to the left side of the animal and covered with sterile

gauze soaked in warm saline. The gall bladder was carefully separated from the rib cage,

and the liver was carefully retracted from the diaphragm using sterile cotton swabs.
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While lifting the xyphoid, free vims or virus mixed with vehicle were applied

directly to the abdominal surface of the diaphragm. Free virus was applied using a pipet.

To facilitate application of the gel to the diaphragm, a 22 G needle was used to puncture

the bottom of the microcentrifuge tube and a plunger from a 3 cc syringe was used to

force the gel through the hole and onto the diaphragm surface (Figure 7-1 ). in some

cases, a cotton-tipped applicator was used to ensure even spread over the entire

diaphragm. After 5 min the intestines were returned to their original position, the

abdominal muscles were sutured, and the skin was finally closed. Subcutaneous

ampicillin (20-100 mg/kg) and buprenorphine (0. 1 mg/kg) were administered prior to

removing the animal from anesthesia.

Figure 7-1. Gel-based delivery preparation. (A) rAAV vectors are mixed in a 2 mL
microcentrifiige tube and then centrifuged briefly. (B) The tube is punctured

using a 22G needle, creating an aperture through which the virus-gel

suspension can be propelled. (C) A plunger from a standard 3cc syringe is

used to push the vector from the tube, enabling its application to the

diaphragmatic surface. The oblique, bottom surface of the microcentrifiige

tube is used to distribute the vector-gel suspension evenly on the surface.

Assays of p-galactosidase and GAA Enzymatic Activity

Six weeks after the surgical procedure and gene delivery, tissue lysates were

assayed for enzyme activity using the Galacto-Star chemiluminescent reporter gene assay

system (Tropix Inc., Bedford, MA). Protein concentrations for tissue lysates were

determined using the Bio-Rad DC Protein Assay Kit (Bio-Rad, Hercules, CA). For

tAAVX-GAA treated animals, enzymatic activity assays for GAA were performed 6 wk
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after vector delivery as described previously [98]. Tissue homogenates were assayed for

GAA activity by measuring the cleavage of the synthetic substrate 4-methylumbelliferyl-

a-D-glucoside (Sigma M9766, Sigma-Aldrich, St. Louis, MO) after incubation for 1 h at

37°C. Successful cleavage yielded a fluorescent product that emits at 448 nm, as

measured with an FLx800 microplate fluorescence reader (Bio-Tek Instruments,

Winooski, VT). Protein concentration was measured as described above. Data are

represented as nanomoles of substrate cleaved in one hour per milligram of total protein

in the lysate (nmol/h/mg).

Histological Assessment of Glycogen Clearance

Segments of treated and untreated diaphragm were also fixed overnight in 2%

glutaraldehyde in PBS, embedded in epon, sectioned, and stained with periodic acid-

Schiff (PAS) by standard methods.

Biodistribution of Vector Genomes

Tissues were removed using sterile instruments and snap-frozen in liquid nitrogen.

Total cellular DNA was extracted from tissue homogenates using a QIAGEN DNeasy kit

per the manufacturer's instructions (QIAGEN, Valencia, CA). Nested PGR reactions

were performed as follows: 1.5 |ig total DNA was used as a template for the initial PGR

amplification using the sense primer 5'-AGGTGGCGTAATAGGGAAGA-3' and reverse

primer 5'-GGGGTCTCTCGAGGTAGCGAA-3', yielding a 1486-bp product. The PGR

product was purified using the QIAGEN MinElute PGR purification kit per the

manufacturer's instructions, followed by PGR amplification using the sense primer 5'-

GGGTGATGGTGGTGGGTTGGAG-3' and reverse primer 5'-

TGGAGGTTGAGAGGTAGTGT-3', resulting in a final product of 333 bp. All reactions
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were performed under the following conditions: hot start denaturation at 94°C for 5 min,

followed by 30 cycles of denaturation at 94°C for 1 min, annealing at 62°C for 1 min, and

extension at 72°C for 2 min. Products were electrophoresed analyzed using a 2% agarose

gel.

Results

Efficiency of Transduction Using Gel-Based Delivery of rAAV In Vivo

We investigated the efficiency of rAAV delivery using the gel-based method

compared to free virus delivery using p-galactosidase as a reporter gene (Figure 7-2A).

Direct particle-to-particle comparisons of histochemistry from free virus-treated animals

(left column) versus gel-based delivery (right column) indicate an increased efficiency of

transduction for all serotypes using the latter method. Quantitative analysis of tissue

lysates from these animals using the Galacto-Star enzymatic assay for P-galactosidase

confirms these results (Figure 7-2B). Activities for subjects treated with gel-vector

suspensions had higher activities for all 3 serotypes.

Varying Tropisms of rAAV Serotypes 1, 2, and 5 for Diaphragm In Vivo

The results from Figures 7-2A and 7-2B also indicate a distinct gradient of tropism

for mouse diaphragm among the 3 tested serotypes. Qualitatively, rAAVl vectors led to

the most intense staining in both the free virus and gel-based conditions. Differences

between rAAV2 and rAAV5 were hard to distinguish in the free virus case due to the low

levels of transduction for both vectors, but the gel-mediated subjects demonstrated a clear

preference for rAAV2 compared to rAAV5. These results are further verified in Figure

7-2B, which indicates higher levels of enzyme activity for rAAV2-gel suspensions

compared to rAAV5. Taken together, the results of histochemical staining and enzymatic

activity indicate 1) a substantial increase in viral transduction using a physical delivery
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system and 2) a clearly enhanced mouse diaphragm tropism for rAAVl , and a potentially

important difference between rAAV2 and rAAV5.

FREE GEL
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14000

12000

3 6000

4000

2000

Control Free Gel Free Gel Free Gel

AAV1 AAV2 AAV5

Figure 7-2. Free virus and gel-based delivery of xKJW-jjgal vectors based on AAV
serotypes 1, 2, and 5. Adult wild-type mice (129XlxC57BL/6) were treated

with lO' ' particles of rAAW-f^gal, with virus either directly applied to the

diaphragm or applied using the gel-based method. (A) Histochemical (X-gal)

stained diaphragm segments from treated animals. Each row corresponds to

the respective serotype (AAVl, 2, and 5, respectively) and columns represent

application of free virus (left) or virus-gel suspension (right) respectively. (B)

Quantitative assay of P-galactosidase activity from the same animals. The bar

graph represents mean ± SEM (i-galactosidase activity for 3 mice in each

group.

Biochemical Correction of Diaphragms of Gaa ' Mice with Gel-Based Delivery of

rAAVl -(7/14

Having demonstrated increased transduction of the mouse diaphragm using the gel-

based method, we assessed the ability of this method to restore enzymatic activity in a

mouse model of glycogen storage disease type II (GSDIl; MIM 232300), a lysosomal

glycogen storage disease caused by a lack or deficiency of the lysosomal enzyme, acid a-
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glucosidase (GAA; EC 3.2. 1 .20). The mouse model of this disease stores glycogen in all

tissues, with significant pathologies in the heart and skeletal muscle [6]. We have

previously characterized the use ofrAAV vectors to restore enzymatic and functional

activity in skeletal and cardiac muscle in these mice [98]. Coupled with our new findings

using a gel-based delivery method, we hypothesized that gel-based delivery ofrAAV 1-

GAA would be able to restore GAA activity in Gaa" diaphragms and, in tum, reverse

lysosomal glycogen accumulation.

Figure 7-3. rAAVl-/?GY4y4-mediated transduction of diaphragms Gaa" mice. (A) Adult

Gaa " mice were treated with lO' ' particles of rAAW \-hGAA in the quadriceps

muscle. Wild-type (wt) and untreated Gaa~ " (mock) mice were used as

controls. Muscle tissues were isolated at 6 wk after treatment and assayed for

GAA activity. The bar graph represents mean ± SEM GAA activity for 3

mice in each group. (B) Representative sections of sections from free vector

(left) and gel-based vector treated (right) Gaa~ ~ mouse diaphragms, stained for

glycogen using periodic acid-Schiff s reagent. Glycogen containing vacuoles

and regions acquire a pink stain using this technique.

Using rAAVl-G^^ vectors, we found increases in diaphragmatic transduction in

Gaa ' mice similar to those seen in control mice with p-galactosidase vector. GAA

enzymatic activities were restored to 50% of wild-type with free vector, and were fiirther

increased to 120% of normal levels using a vector-gel suspension (Figure 7-3A). These

activities had a profound effect in glycogen storage, as assessed by periodic acid-Schiff s

reagent (PAS) staining (Figure 7-3B). Dark pink vacuoles are observed in free vector
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treated diaphragms from Gaa' mice compared to a near-complete reversal of glycogen

accumulation from diaphragms of gel-treated mice.

Biodistribution of rAAV Genomes After Gel-Based Delivery

Since a secondary advantage of physical delivery systems may be the ability to

restrict viral spread, we also sought to determine which tissues endocytosed our viral

vectors after gel-based delivery. We collected and homogenized various tissues from

rAAVl-y9ga/-gel treated mice and extracted total cellular DNA. Using a nested PGR

technique, we amplified a portion of the P-galactosidase gene from vector genomes

(Figure 7-4). As expected, vector genomes could be detected in treated diaphragms. We

could not detect vector genomes in any other tissue examined, including sections of the

peritoneal wall and liver adjacent to the diaphragm.

r 2 "S '~ SP ^

g =

Figure 7-4. Biodistribution of rAAVl vector genomes after gel-based delivery. Nested

PGR was used to amplify AAV genomes carrying the P-galactosidase gene

after isolating tissues from gel-based rAAW-figal treated mice. Total cellular

DNA was extracted and AAV genomes were amplified using primers specific

for the Pgal transgene. The expected product is 333 bp, and the positive

control is the vector plasmid that was used to package the rAAV particles.
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Discussion

Transduction events for recombinant adeno-associated viruses can be separated into

five general stages: 1) binding and entry (endocytosis), 2) endosomal processing and

escape, 3) transcytosis, 4) nuclear import and uncoating, and 5) genome conversion,

including second-strand synthesis (or alternatively self-complementation) followed by

genome concatemerization and/or integration into the host chromosome. We have sought

in this report to enhance the first step of this process using a physical method to prolong

viral dwell time — we expect to increase the efficiency of transduction by providing

longer viral particle exposure times to receptors on target tissues.

Carrier molecules and delivery agents have been used extensively for gene therapy

applications, particularly for non-viral gene delivery. With regards to viral vectors,

recombinant adenoviruses have been used in concert with a variety of agents in order to

increase or prolong bioavailability, thereby enhancing the efficiency of delivery. March

and colleagues [182] reported the use of poloxamer 407, a hydrogel which exhibits

potentially useful, thermo-reversible gelation, enabling formulation at low temperature

with subsequent hardening to a robust gel at room and physiologic temperatures. They

demonstrated increased transduction of vascular smooth muscle cells in vitro, with

similar findings reported in vivo by Van Belle et al. [183]. Unfortunately, poloxamers

have recently been shown to have adverse effects on adeno-associated virus stability

[184]. Likewise, thixotropic solutions have also shown promise for enhancing

adenovirus-mediated transduction of airway epithelia [185]. Several other promising

agents have also been effectively used with adenovirus vectors, including beta-

cyclodextrins, surfactants, and collagen or gelatin-based matrices.
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While extensive testing of potential adenovirus formulations has been reported, few

similar studies are extant for adeno-associated viruses. Most of the available literature

describes formulations that increase stability for storage or purification, but few reports

address the need for augmented physical delivery of viral particles in vivo. We have
9

previously described the use of microsphere-conjugated rAAV for systemic delivery of

viral vectors [186]. In that study, we were able to achieve high-efficiency transduction of

cells in targeted tissue beds by increasing vector dwell time. Similarly, a number of

groups are currently developing capsid-modified rAAV vectors to target specific vascular

beds upon systemic delivery. To date, however, we are unaware of other examples of

physical delivery agents or methods to improve rAAV delivery to tissue surfaces, such as

skin, blood vessel adventitia, or diaphragm. The method that we describe has been

specifically applied to the diaphragm, but we anticipate that this formulation or similar

ones will have broad utility for a variety of tissues, both for preclinical proof-of-principle

studies and perhaps for eventual clinical applications.

Previous studies of gene transfer to the diaphragm in rodents have been attempted

via delivery of non-viral or adenoviral gene transfer vectors. Liu et al. recently described

a method for systemic delivery of plasmid DNA carrying the full-length dystrophin gene

with subsequent targeting to the diaphragm in mdx mice [173], a mouse strain with X-

linked muscular dystrophy that mimics the diaphragmatic degeneration observed in

Duchenne muscular dystrophy [187]. In that study, which used no carrier molecules,

plasmid DNA was delivered intravenously via tail vein followed by transient (8-second)

occlusion of the vena cava at the level of the diaphragm. High levels of gene expression

were measured in diaphragm homogenates the next day and for 180 d [173], implicating
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dwell time as potentially the most significant determinant of successful gene transfer to

the diaphragm with naked DNA. Two reports [188,189], by Petrof, Yang, and

colleagues, also indicated successful direct injection of recombinant adenoviruses

carrying a mini-dystrophin gene to the diaphragms of mdx mice. Both studies

demonstrated high levels of expression focally, presumably due to the delivery method.

Transient gene expression, caused by vector-related, dose-dependent inflammation, made

assessment of the uniformity of gene expression difficult, but even with focal expression

the authors observed measurable improvements in contractile function. More recently,

Sakamoto et al. have developed an mdx strain that is transgenic for a micro-dystrophin

construct [116], which is within the packaging capacity of rAAV. We are hopeful that

the combination of the micro-dystrophin transgene and gel-based delivery of rAAV will

soon lead to uniform phenotypic correction in diaphragms of mdx mice.

Comparisons of rAAV serotype tropisms for skeletal muscle have already been

reported [97,98,1 1 1,1 13]. Several recombinant AAV vectors based on alternative

serotypes have demonstrated greater transduction efficiencies in skeletal muscle than

serotype 2. In particular, several reports have shown nearly one log greater expression of

a variety of transgenes when packaged in rAAVl capsids compared to rAAV2. Similar

findings have been reported with rAAV6, although this serotype has not been as widely

used. We note that the eight-fold over-expression of GAA in Gaa-deficient diaphragms

after delivery of free rAAVl-GAA compared to serotype 2 (Figure 7-2B, AAVl-Free v.

AAV2-Free) is nearly identical to our prior observations after direct intramuscular

administration of the same 2 vectors in tibialis anterior muscles of Gad' mice [98],

indicating a conserved rAAVl tropism for skeletal muscle.
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CHAPTER 8

CONCLUSIONS AND FUTURE DIRECTIONS

The application of biotherapeutics to clinical problems is the logical extension of

the last 40 years of biomedical research. From the development of recombinant DNA to

the large-scale manufacture of biological agents, new strategies to address disease are

under continuous development and improvement.

Lysosomal storage disorders present unique challenges for new classes of

biotherapeutics. A dedicated cell-surface and intracellular receptor; unique organelle

biogenesis and maturation; and a diverse cargo of cellular debris and byproducts, all in an

acidic environment give rise to a biological milieu that is distinct from any other

compartment, yet exists in the context of a complete organism. Coupled with the

variegated tissues and organs of pathogenesis, these disorders will present uniform

opportunities as a group and unique challenges as individual syndromes.

Glycogen storage disease type n is a classic lysosomal storage disorder and is an

excellent target for a host of potential therapies. Recombinant protein therapeutics are in

clinical trials and show some promise although the results of the trials are not yet

available. However, despite their similarity in glycosylation and site of action, these

agents have not had the same potency as some of their counterparts for other lysosomal

diseases. Issues related to immune response, dosing regimens and routes, differential

uptake in various tissues, and manufacturing capacity continue to present concerns,

though current efforts are attempting to address each of these challenges.
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Gene therapies, and recombinant adeno-associated viral gene therapy in particular,

continue to provide hope for a correct alternative. The data from this study indicates that

rAAVl vectors have broad tropism for skeletal muscle; that these vectors can restore

enzymatic activity to affected tissues and clear glycogen; and that this restoration may

lead to functional preservation and/or recovery in muscle tissues. We have demonstrated,

in several studies, the skeletal muscle tropism of rAAVl vectors and have shown the

ability of physical delivery methods to augment the already substantial transduction

efficiency of rAAVl in the diaphragm.

Preclinical, rAAV gene therapy studies for GSDII will need to address some of the

new questions posed by our work. These questions are several-fold:

• Is overexpression of GAA cytotoxic, as suggested by Raben and

potentially observed in our high-dose rAAVl study?

• Is the age of treatment critical, as proposed by Reuser in the first enzyme
replacement trials? Is muscle damage in GSDII reversible, and/or should therapy

include stimulation of muscle regeneration (either pharmacologically or

otherwise)?

• Do rAAVl vectors infect dendritic cells or modulate immune responses

differently than rAAV2 or other serotype vectors? Does the route of

administration (intramuscular v. other modalities) substantially alter the immune
response to rAAV-mediated transgenes?

• Are there combinations or modifications of current technologies that can

enhance rAAV-mediated therapy for GSDII including tissue-specific or

regulatable promoters; epitope-targeted or primate-derived rAAV vectors; or

combinations of pharmacologic agents and gene therapy vectors?

Our laboratory and others are currently addressing these questions and others. The

work of Kerry Cresawn in our laboratory will be critical to understanding the immune

response in rAAV-mediated therapies and strategies for blunting that response. Her work

will also provide a second platform for cross-correction with new vectors to transduce the
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liver. Despite these remaining questions, gene therapy for GSDII is poised (for the first

time) to enter precHnical toxicity testing. We are hopeful that the results of those trials

will provide a justification for human trials and a viable therapeutic modality for GSDII

patients.
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