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Abstract

Glycogen storage disease type-la (GSD-Ia) patients deficient in glucose-6-phosphatase-a
(G6Pase-a or G6PC) manifest impaired glucose homeostasis characterized by fasting
hypoglycemia, growth retardation, hepatomegaly, nephromegaly, hyperlipidemia, hyperuricemia,
and lactic acidemia. Two efficacious recombinant adeno-associated virus pseudotype 2/8 (rAAV8)
vectors expressing human G6Pase-a have been independently developed. One is a single-stranded
vector containing a 2864-bp of the G6PC promoter/enhancer (rAAV8-GPE) and the other is a
double-stranded vector containing a shorter 382-bp minimal G6PC promoter/enhancer (rAAV8-
miGPE). To identify the best construct, a direct comparison of the rAAV8-GPE and the rAAV8-
miGPE vectors was initiated to determine the best vector to take forward into clinical trials. We
show that the rAAV8-GPE vector directed significantly higher levels of hepatic G6Pase-a
expression, achieved greater reduction in hepatic glycogen accumulation, and led to a better
toleration of fasting in GSD-la mice than the rAAV8-miGPE vector. Our results indicated that
additional control elements in the rAAV8-GPE vector outweigh the gains from the double-
stranded rAAV8-miGPE transduction efficiency, and that the rAAV8-GPE vector is the current
choice for clinical translation in human GSD-la.
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1. Introduction

Glycogen storage disease type la (GSD-Ia, or von Gierke disease, MIM232200) is an
autosomal recessive disorder caused by deficiencies in the liver/kidney/intestine-restricted
glucose-6-phosphatase-a (G6Pase-a or G6PC) that catalyzes the hydrolysis of glucose-6-
phosphate (G6P) to glucose and phosphate in the terminal rate-limiting step of
gluconeogenesis and glycogenolysis [1,2]. GSD-Ia patients manifest impaired glucose
homeostasis characterized by fasting hypoglycemia, growth retardation, hepatomegaly,
nephromegaly, hyperlipidemia, hyperuricemia, and lactic acidemia [1,2]. There is no cure
for GSD-la. Hypoglycemia can be managed using dietary therapies that enable patients to
attain near normal growth and pubertal development [3,4]. However, the longer term clinical
complications including osteoporosis, gout, renal disease, pulmonary hypertension, and
hepatocellular adenomas (HCA) that may undergo malignant transformation, and their
underlying pathological processes, remain uncorrected.

To develop a gene therapy for treating GSD-Ia, recombinant adeno-associated virus (rAAV)
vectors carrying G6Pase-a directed by a variety of different promoter/enhancer elements
have been investigated. These have included strong constitutive promoters such as the
hybrid chicken p-actin (CBA) promoter/CMV enhancer (CBA) as well as native tissue-
specific promoters including the canine G6PC gene promoter/enhancer, the 2864-bp of the
human G6PC promoter/enhancer (GPE), and the 382-bp minimal human G6PC promoter/
enhancer (miGPE) [reviewed in 5]. From these studies the rAAV8-miGPE (originally
named rAAV8-G6Pase) [6] and rAAV8-GPE [7,8] were identified as the most efficacious
vectors. Compared to the rAAV8-GPE vector, the rAAV8-CBA vector is less efficient in
directing persistent in vivo hepatic transgene expression [7]. Moreover, the rAAV8-CBA
vector also elicits elevated hepatic CD8+ lymphocyte infiltration which correlates with the
rapid decline in transgene expression and low efficacy of this vector [7]. The rAAV8-GPE
construct, developed at the National Institutes of Health (NIH), is a single-stranded rAAV8
vector that uses genomic sequences at nucleotides —2864 to +1, relative to the ATG
initiation codon at nucleotides +1-3, that contained the human G6PC promoter/enhancer [7].
In contrast, the rAAV8-miGPE construct, developed at Duke University, is a double-
stranded rAAVS vector that uses nucleotides —382 to +1 of the human G6PC minimal
promoter/enhancer) [6]. The constructs differed not only in the length of the human G6PC
promoter/enhancer but also in the single-stranded or double-stranded nature of the vectors,
imposed by the strict packaging size restrictions for rAAV vectors [9]. The double-stranded
rAAV vectors have an increased transduction efficiency [9] which arises from bypassing the
rate-limiting conversion of single-stranded to double-stranded vector genomes during
transduction [10]. However, the trade-off of the double-stranded rAAV vector is a 50%
reduction in packaging capacity compared to single-stranded rAAV vector [9] which
restricts the size of the promoter/enhancer it can carry, such as the rAAV8-miGPE vector
[6]. In short term (24-26 week) studies, both rAAV8-GPE and rAAV8-miGPE vectors
demonstrated efficacy in treating GSD-la (G6pc—/—) mice [6,7].

In a recent long-term study that followed rAAV8-GPE-mediated gene transfer in G6épc—/—
mice for up to 90 weeks showed that mice expressing 3% t0128% of wild type hepatic
G6Pase-a activity maintained glucose homeostasis and showed no evidence of
hepatocellular carcinomas (HCA) [8]. The treated mice displayed normal hepatic fat storage,
normal blood metabolite and glucose tolerance profiles, reduced fasting blood insulin levels,
maintained normoglycemia over a 24-hour fast, and had no evidence of hepatic
abnormalities. The longer term efficacy of the rAAV8-miGPE vector has not been
established to determine whether additional control elements contained within the GPE are
necessary for optimal efficacy. In this study, a direct comparison of the rAAV8-GPE and the
rAAV8-miGPE vectors was initiated to determine the best vector to take forward into
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clinical trials. Our results indicated that additional control elements in the rAAV8-GPE
vector outweigh the gains from the double-stranded rAAV8-miGPE transduction efficiency,
and that the rAAV8-GPE vector is the current choice for clinical translation in human GSD-
la.

2. Materials and methods

2.1. Infusion of G6pc—/— mice with rAAV vectors

All animal studies were conducted under an animal protocol approved by the Eunice
Kennedy Shriver National Institute of Child Health and Human Development Animal Care
and Use Committee. All G6pc—/— mice were kept alive with glucose therapy [11]. The
rAAV vectors were infused into 2-week-old G6pc—/— mice via the retro-orbital sinus. Age-
matched G6pc+/+/G6pc+/— mice were used as controls. For rAAV vector-infused mice,
glucose therapy was terminated immediately after infusion.

2.2. Evaluation of the efficacy of rAAV8-GPE and rAAV8-miGPE vectors

Efficacy of gene therapy was independently assessed by both NIH and Duke University
using the same G6pc—/— mouse strain [11]. All rAAV vectors were produced at the
University of Florida Powell Gene Therapy Center Vector Core Laboratory (Gainesville,
FL). The two vectors were tittered independently by University of Florida and Duke
University. The experimental protocols described were established by mutual agreement
between the two centers and were conducted similarly at each center. All viral transductions
were performed on 2-week-old G6pc—/— mice and the efficacy evaluated at age 12 weeks.

2.3. Phosphohydrolase assays

Microsome isolation and phosphohydrolase assays were determined essentially as described
previously [11]. For phosphohydrolase assays, reaction mixtures (100 pl) contained 50 mM
cacodylate buffer, pH 6.5, 10 mM G6P and appropriate amounts of microsomal preparations
were incubated at 30 °C for 10 min. Disrupted microsomal membranes were prepared by
incubating intact membranes in 0.2% deoxycholate for 20 min at 0 °C. Non-specific
phosphatase activity was estimated by pre-incubating disrupted microsomal preparations at
pH 5 for 10 min at 37 °C, to inactivate the acid labile G6Pase-a.

2.4. Quantification of vector DNA and mRNA

Total DNA from mouse tissues was isolated using the GenElute™ Mammalian Genomic
DNA Miniprep Kits (Sigma-Aldrich, St Louis, MO) and total RNAs were isolated from
mouse tissues using the TRIzol Reagent (Invitrogen, Carlsbad, CA). The vector genome
numbers and mMRNA expression were quantified by PCR and real-time RT-PCR,
respectively in an Applied Biosystems 7300 Real-Time PCR System using Applied
Biosystems TagMan probes (Appied Biosystems, Foster City, CA). The vector genome
numbers of human G6PC gene was normalized to mouse B-actin using TagMan probe sets
Hs00609178 m1 for G6PC and Mm00607939_s1 for B-actin. Plasmid DNA corresponding
to 0.01 to 100 copies of human G6PC gene was used in a standard curve. To determine the
vector genome copy number, the Ct values of sample were compared to the standard curve.
G6PC mRNA expression was normalized to Rpl19 RNA using TagMan probe sets
Hs00609178 m1 for G6PC and Mm02601633_g1 for Rpl19.

2.5. Phenotype analyses

Blood glucose was analyzed using kits obtained from Thermo Electron (Louisville, CO).
Hepatic glycogen and triglyceride contents were measured as described previously [7,8]. To
determine hepatic triglyceride, liver tissues were homogenized in RIPA buffer (50 mM Tris
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HCI, pH 8.0, 150 mM Nacl, 1% Triton X-100, 0.5% Na-deoxycholate, and 0.1% SDS)
(Thermo Scientific, Rockford, IL), and triglycerides were measured using a kit from Sigma
Diagnostics (St Louis, MO).

Glucose tolerance testing of mice consisted of fasting for 6 hours, prior to blood sampling,
followed by intraperitoneal injection of a glucose solution at 2 mg/g body weight, and
repeated blood sampling via the tail vein for 2 hours.

2.6. Statistical analysis

3. Results

The unpaired t test was performed using the GraphPad Prism Program, version 4 (GraphPad
Software Inc., San Diego, CA). Values were considered statistically significant at p <0.05.

3.1. Hepatic G6Pase-a expression in rAAV8-GPE- or rAAV8-miGPE-treated G6pc—/— mice

Researchers at the NIH and Duke University have jointly conducted independent, parallel
studies to examine the efficacy of the rAAV8-GPE [7] and rAAV8-miGPE [6] vectors in
treating G6pc—/— mice over 12-weeks. Each vector was used at two doses, 1 x1013 viral
particles (vp)/kg (high dose) and 2 x 1012 vp/kg (low dose) with 6 mice per group, at each
center. Similar results were obtained from both centers. While hepatic G6Pase-a activity in
the transduced G6pc—/— mice represents the combined data from the two centers, other
reported data are from the NIH study. Studies have shown that the efficiency and persistence
of rAAV-mediated hepatic gene transfer are lower during early development because the
fast rate of hepatocellular proliferation associated with liver growth, which dilutes out the
number of cells effectively infected with rAAV (7,12). In this study, the rAAV vectors were
administered to 2-week-old G6pc—/— mice when hepatocellular proliferation remains high.
Consequently, hepatic G6Pase-a expression examined at age 12 weeks is significantly lower
than that seen in adult mice infused with the same vector dosage. The best time of
intervention in the human disease remains to be established.

All treated G6pc—/— mice survived to age 12 weeks with no premature deaths at either
center. In the liver of 12-week-old wild type mice, microsomal G6Pase-a activity was 203.5
+ 10.3 nmol/min/mg (n = 24). The combined data (n = 12 per treatment), determined
independently at the two centers, showed that at age 12 weeks, the high dose rAAV8-GPE
therapy reconstituted about 18% of wild type hepatic G6Pase-a activity which was 3.5-fold
more activity than rAAV8-miGPE, while the low dose rAAV8-GPE therapy produced over
3.6 times more activity than rAAV8-miGPE (Fig. 1A). The hepatic G6Pase-a activity
increased linearly with hepatic vector genome copy number, and the copy numbers in
rAAV8-GPE-treated G6pc—/— mice (n = 6) were significantly higher than the rAAV8-
miGPE-treated mice (n = 6) (Fig. 1A).

3.2. Metabolic profiles of rAAV8-GPE- or rAAV8-miGPE-treated G6pc—/— mice

All rAAV8-GPE- and rAAV8-miGPE-treated G6pc—/— mice exhibited growth curves that
paralleled their wild type littermates, albeit at lower weights (Fig. 1B). The body mass index
(BMI) values of the treated mice were indistinguishable from those of wild type mice
irrespective of the vector or dose level (Fig. 1C). All treated G6pc—/— mice had blood
glucose levels consistently lower than wild type controls, but still above the lower end of the
normal range (Fig. 1D), and none of the infused animals suffered from the frequent
hypoglycemic seizures typical of GSD-la [1,2,8].

The relative weight of the liver to the body, one measure of liver glycogen and/or neutral fat
accumulation [1,2], was higher in all 4 treated G6pc—/— mouse groups than wild type mice,
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although the high dose rAAV8-GPE-treated mice were significantly closer to normal than
the other groups (Fig. 2A). Consistent with this, glycogen contents in rAAV8-GPE- and
rAAV8-miGPE-treated G6pc—/— mice were markedly higher than their wild type controls
(Fig. 2B) with the higher vector doses lowering glycogen better than the lower vector doses,
demonstrating that restoring higher hepatic G6Pase-a expression improves hepatomegaly.
However, comparing just high dose therapies, the rAAV8-miGPE-treated mice had 43%
more glycogen than rAAV8-GPE-treated mice. Despite the continued elevation in liver
glycogen there were no histological abnormalities observed in the liver tissue sections of any
of the rAAV-treated G6pc—/— mice at age 12 weeks (data not shown). With the exception of
rAAV8-miGPE-treated mice at low dose, hepatic triglyceride contents were not statistically
different between wild type and the other 3 groups of rAAV-treated G6pc—/— mice (Fig.
2C).

3.3 Fasting glucose and glucose tolerance profiles in rAAV8-GPE- or rAAV8-miGPE-treated
G6pc—/— mice

For wild type mice (n = 24), the mean blood glucose level before fasting was 172.2 £ 2.6
mg/dl (zero time), which decreased to 134.6 + 3.8 mg/dl after 8 hours of fast (Fig. 3A). The
fasting blood glucose profiles of high dose therapy mice (n = 6 per treatment) were
significantly better than low dose therapy mice (n = 6 per treatment), however, even at high
dose, rAAV8-GPE-treated mice sustained significantly higher glucose levels that stabilized
to wild type levels 6 hours into the fast, while rAAV8-miGPE-treated mice plateaued much
lower at 60% of wild type levels (Fig. 3A). The high dose rAAV8-GPE- and rAAVS8-
miGPE-treated mice could also sustain a 24-hour fast but fasting blood glucose levels were
significantly higher in rAAV8-GPE-treated mice than rAAV8-miGPE-treated mice (Fig.
3B). In summary, the rAAV8-GPE-treated G6pc—/— mice were closer to wild type and more
capable of tolerating fasting than the rAAV8-miGPE-treated G6pc—/— mice.

Blood glucose tolerance profiles of the treated G6pc—/— mice (n = 6 per treatment) were
monitored following an intraperitoneal glucose injection. In general, the profiles paralleled
those of the wild-type mice (Fig. 3C) with the high dose treated mice responding better than
the low dose treated mice.

The bio-distribution of the human G6PC transgene in liver, kidney, intestine, brain, testis,
and ovary in 12-week-old, high dose rAAV8-GPE-treated G6pc—/— mice was analyzed by
quantitative PCR (Table 1). In the transduced liver, vector genome copy numbers/ug DNA
was 94,440 + 7,624 (or 0.51 + 0.04 vector copies/diploid genome). In the transduced kidney
and intestine, the numbers were dramatically lower, averaging just 2.57% and 0.64%
respectively of liver copy number, showing that the rAAV8 virus did not transduce kidney
and intestine efficiently. The genome copy numbers/png DNA in the brain and testis were
even lower at 0.12% and 0.02%, respectively of liver copy number. Only background levels
of human G6PC genomes were detected in the ovary.

The rAAV8-GPE vector contains a tissue-specific promoter/enhancer element expressed
primarily in the liver, proximal tubules in the kidney, and intestine [1,2]. Quantitative real-
time RTPCR analysis of human G6PC transcripts showed a correlation between genome
copy number and gene expression (Table 1). In the liver, levels of human G6PC mRNA
relative to the Rpl19 transcript were 0.62740 + 0.04445. As expected from the genome copy
analysis, the kidney expressed only 0.03% of the liver human G6PC mRNA, and only
background levels of human G6PC mRNA were detected in the intestine, brain, testis, and
ovary.
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4. Discussion

Previous gene therapy studies using the mouse model of GSD-la have shown that two
human G6Pase-a-expressing rAAV vectors, rAAV8-GPE [7,8] and rAAV8-miGPE [6],
show promise treating murine GSD-la. The rAAV8-GPE and rAAV8-miGPE vectors
differed in the promoter/enhancer with the rAAV8-GPE vector driven by 2864-bp of the
human G6PC promoter/enhancer and the rAAV8-miGPE vector driven by a shorter 382-bp
of the minimal G6PC promoter/enhancer. The two constructs also differed in the single-
stranded or double-stranded nature of the vectors. To select a gene therapy vector for a first
human clinical trial of GSD-la, we set out to compare the in vivo efficacy of hepatic
G6Pase-a gene delivery in G6pc—/— mice using these two vectors. Despite the enhanced
transduction efficiency of double-stranded rAAV vectors [9], the packaging constraint limits
the size of the promoter/enhancer elements. In the rAAV8-GPE vector the more complete
promoter/enhancer elements outweigh the lower single-stranded rAAV transduction
efficiency, the construct being more efficacious in correcting all endpoints important to the
treatment of murine GSD-la. The rAAV8-GPE vector directed significantly higher levels of
hepatic G6Pase-a expression, achieved greater reduction in hepatic glycogen accumulation,
and led to a better toleration of fasting than the rAAV8-miGPE-treated G6pc—/— mice. In
summary, the differences in the promoter/enhancer elements used in directing G6Pase-a
expression are key factors. In this regard, additional regulatory elements contained within
nucleotides —2864 to —383 of the G6PC 5’ flanking region are critical for optimal G6PC
expression in vivo in rAAV-mediated gene transfer for GSD-la.

One of the most significant chronic risks in GSD-la is HCA, that develops in 70-80% of
GSD-I patients over 25 year-old [1,2,13,14]. In 10% of GSD-la patients, HCA undergoes
malignant transformation to hepatocellular carcinoma [1,2,14,15]. We have recently shown
that the rAAV8-GPE-mediated gene transfer restoring more than 3% of wild type hepatic
G6Pase-a activity in G6pc—/— mice corrects hepatic G6Pase-a deficiency and prevents
HCA formation for up to 90 weeks [8]. Renal disease is another long-term complication in
GSD-la [1,2]. Correction of renal disease in GSD-I has been less extensively studied. The
rAAV8-GPE vector contains a tissue-specific promoter/enhancer element expressed
primarily in the liver, proximal tubules in the kidney, and intestine. Analysis of the vector
genome copy numbers/juig DNA in rAAV8-GPE-treated G6pc—/— mice showed that the
G6PC transgene was delivered primarily to the liver. Different AAV serotypes exhibit
different tropisms, due to the distribution of capsid-specific receptors on target cells [16].
Zincarelli et al. [17] compared the tropism of AAV serotypes 1-9, introduced via tail vein
injection in mice, by following the distribution and kinetics of a recombinant luciferase
gene. They found that for liver expression, rAAV8 and rAAV9 were best, but rAAV9 was
more efficient in transducing the kidney. Luo et al. [18] compared the efficacy of AAV
serotypes 2, 7-9 for hepatic and renal transduction in G6pc—/— mice. In agreement with
Zincarelli et al. [17], they showed that rAAV8-miGPE and rAAV9-miGPE were the most
efficacious for liver transduction. However, both rAAV9-miGPE and rAAV8-miGPE
vectors achieved similar low levels of biochemical correction in the kidney [18]. The
rAAV8-GPE vector also delivers little or no transgene to the kidney [7], like rAAV8-miGPE
[6,18]. As expected, the 12-week-old rAAV8-GPE- and rAAV8-miGPE-infused G6pc—/—
mice continued manifesting nephromegaly (data not shown). We have shown that the
rAAV8-GPE infused mice expressing 3% to 128% of wild type hepatic G6Pase-a manifest
nephromegaly [8]. However, mice expressing higher hepatic G6Pase-a activity had lower
kidney weights, suggesting good metabolic control reduced nephromegaly [8]. In normal
kidneys, the G6PC gene is expressed primarily in the proximal tubular epithelial cells [19],
suggesting that the systemic delivery is probably a suboptimal route for renaltranduction. A
successful renal tubular epithelial cell transduction has been obtained with an AAV2 vector
using a catheter-based renal artery delivery system [20], and this approach warrants further
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investigation. More study of kidney transduction and renal tissue targeting through capsid
modifications are also warranted.

Minimizing the induction of host immune responses is a critical consideration for any
human gene therapy trial. In general, the AAV capsid proteins are poor activators of the
innate and adaptive immune responses, but the encoded transgene product could represent a
more substantial immune challenge [21]. While our studies showed minimal immune
reactivity to our vectors [7,8], mouse and canine models are not always predictive of the
immune reactivity in primates. [22-24]. Healthy human subjects do carry AAV capsid-
specific CD8+ T cell populations that can expand upon rAAV-mediated gene transfer. There
are a variety of strategies to overcome humoral immunity to the AAV capsids that can be
considered [21], and many clinical trials using a new therapy may pre-screen participants for
existing AAV capsid serotype reactivity and will opt for some level of immunosuppression
therapy during primary virus exposure, for increased safety. In conclusion, the rAAV8-GPE
vector that shows high efficacy in treating murine GSD-la, averts fasting hypoglycemia,
prevents HCA development is a promising candidate for clinical trials in human GSD-la.
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Abbreviations

GSD-la glycogen storage disease type la

G6Pase glucose-6-phosphatase

G6P glucose-6-phosphate

HCA hepatocellular adenoma

AAV adeno-associated virus

GPE G6PC promoter/enhancer
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GPE-low |
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Biochemical analyses in 12-week-old wild type and rAAV8-treated G6pc—/— mice. (A)
Hepatic microsomal G6Pase-a activity and its relationship to vector genome copy numbers.
(B) Growth curve. (C) BMI values. (D) Blood glucose levels. GPE-high, high dose rAAV8-
GPE-treated (O); miGPE-high, high dose rAAV8-miGPE-treated (@); GPE-low, low dose
rAAV8-GPE-treated (O); miGPE-low, low dose rAAV8-miGPE-treated (.) G6pc—/— mice;
(+/+), wild type (*) mice. Hepatic G6Pase activity represents the combined data from the
two centers (n = 12 per treatment) and the other data are from the NIH (n = 6 per treatment).
Data are mean £ SEM. *P < 0.05.
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Phenotypic analyses in 12-week-old wild type and rAAV8-treated G6pc—/— mice. (A) Liver
weight. (B) Hepatic glycogen contents. (C) Hepatic triglyceride contents. GPE-high (n = 6),
high dose rAAV8-GPE-treated; miGPE-high (n = 6), high dose rAAV8-miGPE-treated,;
GPE-low (n = 6), low dose rAAV8-GPE-treated; miGPE-low (n = 6), low dose rAAV8-
miGPE-treated G6pc—/— mice; (+/+), wild type mice. Data are mean + SEM. *P < 0.05.
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Fasting blood glucose and glucose tolerance profiles in 12-week-old wild type and rAAV8-
treated G6pc—/— mice. (A) Fasting blood glucose profiles. (B) Blood glucose levels
following a 24-hour fast. (C) Glucose tolerance profiles. GPE-high (n = 6), high dose
rAAV8-GPE-treated (O); miGPE-high (n = 6), high dose rAAV8-miGPE-treated (@®); GPE-
low (n = 6), low dose rAAV8-GPE-treated (J); miGPE-low (n = 6), low dose rAAV8-
miGPE-treated (.) G6pc—/— mice; (+/+), wild type mice (n = 24) (v). Data are mean + SEM.

*P <0.05, **P < 0.005.
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Table 1
Human G6PC genome distribution and mRNA expression in 12-week-old high dose rAAV-GPE-treated G6pc
—/— mice
Human G6PC Human G6PC mRNA
Tissue Copy number/ug relative to Rpl 19 mRNA
genomic DNA x 10°
Wild type tissues, no transgene (n = 6) 8+2 8+1
Liver, -/~/rAAV8-GPE (n = 6) 94,440 + 7,624 (100) 62740 + 4445 (100)
Kidney, ~/~/fAAV8-GPE (n = 6) 2,429 + 626 (2.57) 22+5 (0.033)
Intestine, —/~/rAAV8-GPE (n = 6) 601 + 124 (0.64) 9+1
Brain, —/~/rAAVS-GPE (n = 6) 121 + 23 (0.12) 8+1
Testis, -/-IrAAV8-GPE (n = 6) 25+8(0.02) 9+1
Ovary, =/-IrAAV8-GPE (n = 6) 7+2 9+1

Data are means + SEM. The values of wild type tissues, which contain no transgene, were the mean + SEM of liver, kidney, intestine, brain, testis,

and ovary. Numbers in parentheses are % of liver value.
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