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AAV8-mediated Gene Therapy Prevents Induced
Biochemical Attacks of Acute Intermittent
Porphyria and Improves Neuromotor Function
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Acute intermittent porphyria (AIP), an autosomal domi-
nant hepatic porphyria due to half-normal hydroxymeth-
ylbilane synthase (HMB-synthase) activity, is manifested
by life-threatening acute neurological attacks that are
precipitated by factors that induce heme biosynthesis.
The acute attacks are currently treated with intravenous
hemin, but a more continuous therapy is needed, par-
ticularly for patients experiencing frequent attacks. Thus,
a recombinant AAV8-based serotype vector expressing
murine HMB-synthase driven by liver-specific regulatory
elements was generated and its effectiveness to prevent
the biochemical induction of an acute attack was evalu-
ated in an AIP mouse model. Intraperitoneal administra-
tion of the adeno-associated viral (AAV) vector resulted
in a rapid and dose-dependent increase of HMB-synthase
activity that was restricted to the liver. Stable expression
of hepatic HMB-synthase was achieved and wild-type
or greater levels were sustained for 36 weeks. When
heme synthesis was periodically induced by a series of
phenobarbital injections, the treated mice did not accu-
mulate urinary &-aminolevulinic acid (ALA) or porpho-
bilinogen (PBG), indicating that the expressed enzyme
was functional in vivo and prevented induction of the
acute attack. Further, rotarod performance and footprint
analyses improved significantly. Thus, liver-directed gene
therapy provided successful long-term correction of the
hepatic metabolic abnormalities and improved neuro-
motor function in the murine model of human AlP.
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INTRODUCTION

Acute intermittent porphyria (AIP) is an autosomal dominant
inborn error of heme biosynthesis resulting from the half-normal
activity of hydroxymethylbilane synthase (HMB-synthase; EC
4.3.1.8)." Although many AIP heterozygotes are clinically latent,
manifesting patients have life-threatening acute neurological
attacks that are characterized by severe abdominal pain, hyperten-
sion, tachycardia, nausea, motor weakness, and transient psychosis.

The acute attacks are precipitated by various drugs, dieting, and
hormonal changes, all of which induce mRNA expression and
increase activity levels of hepatic 5 -aminolevulinic acid synthase
(ALAS1), the first, rate-limiting, and heme-regulated enzyme in the
heme biosynthetic pathway. When hepatic ALAS1 is induced, the
deficient HMB-synthase activity becomes rate-limiting, resulting
in the accumulation of the porphyrin precursors, d-aminolevulinic
acid (ALA) and porphobilinogen (PBG)."

To date, the pathogenesis of the acute neurological attacks
remains unclear, although liver transplantation in several AIP
patients completely stopped their recurrent life-threatening
attacks.*> Although these and other recent studies have suggested
that the porphyrin precursors are neurotoxic,®” it is notable that
the AIP (HMB-synthase deficient) mice develop a chronic periph-
eral neuropathy in the absence of ALA and PBG accumulation,?
thus supporting the hypothesis that heme deficiency in nervous
tissues is also involved in the disease pathogenesis.

Current treatment of the acute attacks involves the intravenous
administration of hemin.® Although patients generally respond
well, hemin is rapidly metabolized and its effects are transient.
In addition, patients in need of frequent infusions, particularly
women who suffer recurrent attacks with their menstrual cycles,
are at risk from side effects such as iron overload and phlebitis,
which may compromise peripheral venous access. Therefore, an
alternative therapeutic approach for AIP that is long-lasting, pre-
ventive, and safe, is desirable.

Previously, a mouse model of AIP that has ~30% of wild-type
HMB-synthase activity was generated by homologous recombina-
tion."” When the porphyrinogenic drug phenobarbital is admin-
istered to these mice, their hepatic ALASI activity is induced and
ALA and PBG accumulate in their plasma and urine. Systemic
administration of recombinant adenoviral vectors containing the
HMB-synthase complementary DNA to these mice resulted in
increased levels of hepatic HMB-synthase activity, thereby inhib-
iting the phenobarbital-induced ALA and PBG accumulation.
However, transgene expression mediated by the first-generation
adenoviral vectors rapidly diminished, presumably due to vector
shutdown associated with cytotoxic immune responses.'> Thus,
more promising vector alternatives are needed, such as the adeno-
associated viral (AAV) vectors, which are capable of supporting
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long-term transgene expression with reduced risk of immunologic
consequences.’>!

Here, we evaluated the effectiveness of AAV-mediated gene
therapy for AIP using a recombinant AAV8-based serotype vector
encoding murine HMB-synthase (designated rAAV2/8-HMBS)
under the liver-specific transcriptional control of the human
al-microglobulin enhancer and the human al-antitrypsin pro-
moter. Intraperitoneal injection of rAAV2/8-HMBS to the AIP
mice demonstrated increased levels of hepatic HMB-synthase
activity that effectively and continuously prevented the phenobar-
bital induction of ALA and PBG for over 36 weeks.

RESULTS

rAAV2/8-HMBS-mediated expression

is dose-responsive and tissue specific

ATIP mice were intraperitoneally administered 3.8 x 10", 5.7 x
10", or 7.6 x 10" DNase-resistant particles of rAAV2/8-HMBS
and hepatic HMB-synthase levels were determined 1 week later.
Although the saline-treated AIP mice had baseline activity of
~30% of wild-type, a dose-dependent increase of hepatic HMB-
synthase activity was seen in the rAAV2/8-HMBS-treated mice
(Figure 1). The highest vector dose (7.6 x 10'"' DNase-resistant
particles) achieved HMB-synthase levels slightly greater than
mean wild-type levels (Figure 1), thus, this dose was used for all
subsequent studies.

To investigate the tissue specificity of rAAV2/8-HMBS-
mediated expression, various tissues including liver, kidney,
heart, and brain were isolated 1 week after vector administration
and evaluated for AAV vector copy number and HMB-synthase
activities. Quantitative PCR analysis detected the highest amounts
of rAAV2/8-HMBS vector DNA in the liver, with ~3.6 x 10*
copies/500 ng total DNA, followed by the kidney and heart, which
had ~1.6 x 10* and ~500 copies/500ng total DNA, respectively
(Figure 2). Not unexpectedly, negligible amounts were detected
in the brain. The HMB-synthase activity was increased ~3.5-fold
in the liver, whereas the activity in the kidney, which had con-
siderable amounts of the rAAV2/8-HMBS vector, remained at
baseline levels (Figure 2). These results indicated that expression
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Figure 1 Dose-response of hepatic HMB-synthase expression. AIP
mice were administered 3.8 x 10", 5.7 x 10", or 7.6 x 10" drp of
rAAV2/8-HMBS and the hepatic HMB-synthase activities were deter-
mined 1 week later. Black bars represent HMB-synthase activities
detected in the AIP (T1/T2) mice, whereas the white bar represents that
of saline-treated wild-type (wt/wt) mice. Data are presented as mean +
SD (n = 4). AIP, acute intermittent porphyria.
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of HMB-synthase from the rAAV2/8-HMBS vector, driven by the
al-microglobulin enhancer and al-antityrpsin promoter, was
primarily restricted to the liver.

Sustained rAAV2/8-HMBS-mediated hepatic
expression of HMB-synthase protects against
phenobarbital-induced urinary ALA and PBG
accumulation

Hepatic HMB-synthase activity was determined in the rAAV2/8-
HMBS-treated mice at 1, 2, 6, 12, 24, and 36 weeks after vector
administration. Mean hepatic HMB-synthase activity increased
to levels slightly greater than wild-type levels by 1 week and
continually increased up to 6 weeks, when it achieved maximal
mean activity of ~1.3-fold over mean wild-type levels (Figure 3).
Thereafter, stable activities within the range of wild-type mice
were maintained up to 36 weeks (Figure 3), thus indicating that
stable expression of the enzyme was attained using the rAAV?2/8-
HMBS vector.
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Figure 2 Tissue specificity of rAAV2/8-HMBS-mediated HMB-
synthase expression. Various tissues from saline- and rAAV2/8-HMBS-
treated AIP mice were assayed for HMB-synthase activity (right) and
vector copy number (left). The data presented are means + SD (n =
4). Note that vector copy number is shown on a logarithmic scale. AlP,
acute intermittent porphyria.
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Figure 3 Time course of rAAV2/8-HMBS-mediated hepatic HMB-
synthase expression. AIP mice were sacrificed 1, 2, 6, 12, 24, and 36
weeks after vector administration and the hepatic HMB-synthase activi-
ties were determined. Results are shown as mean + SD. Of note, the
HMB-synthase activity at week O represents baseline activity in the AIP
mice. The area between the broken lines represents the range of hepatic
HMB-synthase activity detected in wild-type mice (n = 5). AIP, acute
intermittent porphyria.
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Figure 4 Urinary porphyrin precursor levels following phenobarbital
injections. After collection of two baseline urine samples (days 1 and 2),
increasing doses of phenobarbital (110, 120, 125, 130mg/kg/day)
were administered to wild-type (triangles) and saline- (squares) and
rAAV2/8-HMBS-treated AIP mice (circles) for four consecutive days, as
indicated by the arrows, and the (a) ALA and (b) PBG levels were deter-
mined in 24 hour urines. Results from a representative phenobarbital
induction performed 22 weeks after vector administration are shown.
For each time-point, the means and standard deviations are presented
(n = 5). AIP, acute intermittent porphyria; ALA, d-aminolevulinic acid;
PBG, porphobilinogen.

rAAV2/8-HMBS- and saline-treated AIP mice were challenged
with intraperitoneal injections of phenobarbital at 2, 10, 22, and
34 weeks after treatment to evaluate whether the expressed HMB-
synthase enzyme prevented the biochemical induction of porphyrin
precursors. Consistent with previous studies, urinary ALA and PBG
increased markedly in the saline-treated AIP control mice, reaching
levels of six- and tenfold greater, respectively, than the mean base-
line values.'" In contrast, phenobarbital induction in the rAAV?2/8-
HMBS-treated AIP mice did not increase their urinary ALA or PBG
concentrations, which remained at levels similar to those in the wild-
type mice (Figures 4a,b). This was consistent in all four experiments
in which the mice were induced with phenobarbital.

To investigate whether the AAV8-mediated HMB-synthase
activity altered the response of hepatic ALASI expression to
phenobarbital induction, relative ALAS1 transcript levels were
determined at baseline and 9 hours after the fourth and final
phenobarbital injection (130 mg/kg) at 34 weeks after rAAV2/8-
HMBS treatment. Real-time PCR analysis showed that baseline
mean ALAS] expression levels in the saline-treated AIP mice
were approximately threefold higher than those of wild-type mice
(relative ALASI transcript levels: 47.9 and 17.8, respectively),
consistent with previous findings.'® Nine hours following the final
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Figure 5 Effect of rAAV2/8-HMBS therapy on neuromotor function.
(a) Seven month old male wild-type (wt/wt) and saline- and rAAV2/8-
HMBS-treated AIP (T1/T2) mice were evaluated for their performance
on a rotarod rotating at 16 rpm, for a maximal time of 180 seconds.
The results are expressed as means and standard deviations (n = 5).
(b) Gait patterns were analyzed in nine month old mice by footprint
analysis. Representative footprints of wild-type and saline- and rAAV2/8-
HMBS-treated AIP mice are shown. LSLs were measured and statistically
evaluated as described in the “Materials and Methods” section (n = 4-6).
AIP, acute intermittent porphyria; LSL, left stride length.

phenobarbital injection, mean hepatic ALAS1 expression levels
in the saline-treated AIP mice were markedly increased, whereas
only slight increases were detected in the wild-type mice (230
versus 26.6, respectively). Not only did AAVS8 treatment of the
AIP mice normalize baseline hepatic ALASI levels (47.9 to 11.6),
but it also decreased the phenobarbital-induced ALAS1 expres-
sion by approximately threefold (230 to 82.0).

rAAV2/8-HMBS therapy improves neuromotor
function of AIP mice

Previously, it was shown that the AIP mice develop chronic progres-
sive neuromotor impairment by 6 months of age.® Therefore, the
impact of rAAV2/8-HMBS treatment on motor coordination and
balance skills was assessed by rotarod testing at 24 weeks after vec-
tor administration, when the mice were 7 months of age. Although
the age- and sex-matched wild-type mice were able to stay on the
rotarod for an average of 160 seconds, saline-treated AIP mice aver-
aged 30 seconds (21% of mean wild-type results; Figure 5a), con-
sistent with previous studies.® The rAAV2/8-HMBS treated mice
performed significantly better (P < 0.01), averaging 93 seconds (55%
of wild-type; Figure 5a). To evaluate the gait pattern, footprint-
ing was performed at 9 months of age and left stride lengths were
measured. Consistent with previous findings, the saline-treated
AIP mice had significantly shorter mean left stride length (3.73 +
0.76 cm; mean + SD) compared to their wild-type controls (6.63 +
0.35cm) (Figure 5b). The rAAV2/8-HMBS-treated AIP mice had a
mean left stride length (5.14 + 0.86cm) that was shorter than that
of wild-type mice but significantly greater than that of the saline-
treated AIP mice (P < 0.05; Figure 5b). Thus, rAAV2/8-HMBS
therapy improved the neuromotor function of the AIP mice.

DISCUSSION

AIP is the most common and generally the most severe of the four
acute hepatic porphyrias, the others being variegate porphyria,
hereditary coproporphyria, and ALA dehydratase deficient por-
phyria.! The life-threatening acute neurological attacks in patients
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with these disorders are precipitated by factors that induce hepatic
ALAS1 and/or deplete the heme pool, resulting in the marked
accumulation of ALA and PBG."! Although the pathogenic mech-
anism underlying the acute neurological attacks remains elusive,
the fact that orthotopic liver transplantation cured patients with
ATP* and a patient with variegate porphyria® indicates that
restoration of the respective deficient enzymes in the liver alone
is therapeutically effective in preventing the acute attacks for the
acute hepatic porphyrias.

AITP is an attractive candidate for liver-targeted gene therapy,
as a relatively small number of HMB-synthase competent hepa-
tocytes may be sufficient to prevent induction of an acute attack
due to the fact that ALA and PBG are small molecules that can
diffuse across cell membranes and be metabolized by neighbor-
ing transduced cells. As AIP is an autosomal dominant disor-
der, antibodies against the transgene product will not be raised.
Importantly, overexpression of the HMB-synthase enzyme should
not be deleterious, as all subsequent enzymes in the pathway are in
excess and once hepatic heme concentrations rise, ALAS1 activity
will be reduced through the negative feedback mechanism.'

To date, several gene therapy approaches have been investi-
gated for AIP, including nonviral and first-generation adenoviral
vectors.'"!® Efforts to use nonviral vectors were unsuccessful, as
they were incapable of achieving sufficient HMB-synthase levels
due to their poor transfection efficiency in vivo.'® Although the
delivery of adenoviral vectors into AIP mice resulted in therapeu-
tic HMB-synthase levels, its expression was transient," thus mak-
ing them impractical for clinical applications. AAV vectors offer
a more promising alternative, as they are capable of maintaining
high levels of hepatic transgene expression for prolonged periods
of time, particularly when regulated by tissue-specific enhancers
and promoters.”’"" In addition, the recent discovery of novel AAV
serotypes, such as AAV8 and 9, has allowed for significantly higher
hepatic transduction efficiencies with administration of relatively
low viral dosages.**?' Compared to other viral-based gene therapy
vectors, AAV vectors have a favorable biosafety profile, because
they are less inflammatory and the wild-type virus is nonpatho-
genic as well as replication-deficient.”

The effectiveness of AAV8-mediated therapy to correct the
metabolic defect of AIP was evaluated in the HMB-synthase defi-
cient mice by administrating a recombinant AAV8-based serotype
vector encoding murine HMB-synthase. Transgene expression
was driven by the liver-specific al-microglobulin enhancer and
al-antityrpsin promoter, as this combination previously achieved
high levels of hepatic HMB-synthase activity in mice.”? The AAV
vectors were delivered to the AIP mice intraperitoneally, because
intraperitoneal and traditional tail vein injections achieved com-
parable levels of hepatic transduction with AAV8 vectors in
recent studies.”” Interestingly, intraperitoneal vector administra-
tion resulted in a tissue distribution pattern that was similar to
that typically observed for intravenous injection of AAV8 vec-
tors* (Figure 2). Although rAAV2/8-HMBS was delivered to
nonhepatic tissues, significantly increased HMB-synthase activ-
ity was detected only in the liver (Figure 2), consistent with the
use of liver-restrictive regulatory elements. Stable hepatic HMB-
synthase expression was attained 1 week after vector administra-
tion and activity within the range of wild-type levels was sustained
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for 36 weeks (Figure 3). Importantly, the rAAV2/8-HMBS-treated
mice were continuously protected from the phenobarbital-
induced acute attacks, whereas in the saline-treated AIP mice,
the urinary ALA and PBG levels—the acute attack “biochemi-
cal biomarkers”—were consistently elevated with phenobarbital
injections (Figures 4a,b). The fact that hepatic ALASI expression
levels following phenobarbital induction were considerably lower
(~65% less) in the rAAV2/8-HMBS-treated mice than those in
the saline-treated AIP mice indicated that the AAV8-mediated
HMB-synthase activity effectively reversed the metabolic block in
the liver, presumably increasing heme biosynthesis, which in turn
downregulated hepatic ALAS1 expression through the negative
feedback mechanism. Notably, the phenobarbital-induced hepatic
ALAS1 expression levels of the rAAV?2/8-treated mice were not
decreased to wild-type levels, but were approximately threefold
higher, despite the near-normal levels of HMB-synthase activ-
ity achieved in the liver. This discrepancy most likely reflects the
mosaic cell population of the AAV8-treated liver, which presum-
ably has both transduced (HMB-synthase-sufficient) and untrans-
duced (enzyme-deficient) hepatocytes.

In addition to correcting the hepatic metabolic defect, liver-
targeted AAV8 therapy in presymptomatic AIP mice improved
neuromotor function, as evidenced by their performance on the
rotarod and footprint analysis (Figures 5a,b). Although this is
encouraging, it should be noted that there is a distinct difference
between the neuropathy that occurs in the AIP mice and human
patients. In the mice, the peripheral motor neuropathy develops
chronically and progressively in the absence of ALA and PBG
accumulation,® whereas in humans, it typically occurs during
an acute attack accompanied by elevated porphyrin precursors,
and the symptoms remit once the attack resolves. The reason for
this species difference is unknown, but presumably explains why
AAVS therapy only partially improved the neuromotor function
in the AIP mice despite the metabolic abnormality in the liver
being abolished.

In summary, these studies demonstrate that treatment with
the AAVS liver-targeted vector effectively transduced hepatic cells
and provided rapid and prolonged HMB-synthase enzyme activ-
ity that continuously protected the AIP mice from the biochemi-
cal induction of acute attacks. Further, AAV8 therapy significantly
improved neuromotor function in the AIP mice. These studies not
only provide the rationale for the development of AAV8-mediated
gene therapy for AIP patients with recurrent attacks, but further
serve as a treatment model for the other hepatic porphyrias.

MATERIALS AND METHODS
AAV2/8-HMBS vector construction and production. The full-length
murine HMB-synthase complementary DNA of the housekeeping iso-
form* was subcloned into the DC-172 expression vector containing the
liver-specific al-microglobulin enhancer and al-antityrpsin promoter,
as previously described.?? The entire expression cassette was excised and
cloned into the AAV2 previral plasmid pTR-UF12 (a gift from Michael
Linden, Mount Sinai School of Medicine) and designated pTR172-HMBS.
Plasmid DNA was purified using the QIAfilter plasmid Giga kit (Qiagen,
Valencia, CA) and both inverted terminal repeat sites were confirmed by
sequence analysis, following Hgal digestion.

To produce rAAV2/8-HMBS, the pTR172-HMBS plasmid was
cotransfected into HEK 293 cells with an adenovirus helper plasmid and a
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chimeric packaging construct that had the AAV2 rep gene fused to AAVS-
derived cap genes. Following purification by column chromatography,
rAAV2/8-HMBS was titered for DNase-resistant particles using a real-
time TagMan PCR assay with primers specific to the bovine growth
hormone polyadenylation signal sequence.

Animal studies. Animal procedures were reviewed and approved by the
Mount Sinai Institutional Animal Care and Use Committee. The T1/T2
AIP mouse model was obtained from Urs Meyer, University of Basel,
Switzerland, and housed in a barrier facility at the Mount Sinai School
of Medicine. These mice are hypomorphic compound heterozygotes; the
T1 HMB-synthase allele contains a neomycin gene with a bidirectional
phosphoglycerate kinase promoter in exon 1 and the T2 allele has an
alternative splice acceptor site in intron 1. Male T1/T2 mice (35-45 days
old) were intraperitoneally injected with 0.15ml of saline solution, with
or without rAAV2/8-HMBS. Urines (24 hour) were collected in metabolic
cages. Phenobarbital induction was performed as previously described;'
however, the dose was increased to 110, 120, 125, 130 mg/kg/day for four
consecutive days. For rotarod analysis, T1/T2 mice were trained for 3 days
(two trials per day, 60 seconds maximum per trial) and tested on the forth
day, at a rotation speed of 16 rpm (two trials per day, 180 seconds maxi-
mum) at 7 months of age. Footprint analysis was performed at 9 months
of age, as previously described."” Analysis of variance was employed for
statistical evaluation. Mice were killed at the indicated times by overdose
injections of avertin and perfused with phosphate-buffered saline. Tissues
from various organs were harvested and snap frozen in liquid nitrogen
until use.

HMB-synthase enzyme and porphyrin precursor assays. Tissues were
weighed and three volumes/weight of chilled reporter lysis buffer (Promega,
Valencia, WI) was added. Homogenization was performed on ice, using a
glass homogenizer fitted with a pestle, at a speed of 145 rpm. The sam-
ples were centrifuged at 4°C at 15,000 until the supernatants were clear.
HMB-synthase enzyme assays were performed as previously described*
and protein concentrations were measured using the DC protein assay
kit, according to the manufacturer’s instructions (Bio-Rad, Hercules, CA).
One unit of enzymatic activity was defined as that amount of enzyme con-
suming 1 umol of PBG per hour. Urinary ALA and PBG levels were deter-
mined using the ALA/PBG column kit (Bio-Rad), whereas creatinine was
measured using a colorimetric assay based on the picric acid method.”

DNA extraction and quantitation of AAV vector DNA. Total (genomic
and plasmid) DNA was extracted from tissues of rAAV2/8-HMBS-treated
AIP mice using the Puregene DNA kit (Qiagen). For each sample, 500 ng of
total DNA was subjected to TagMan real-time PCR using primers that spe-
cifically annealed to sequences of the murine HMB-synthase complemen-
tary DNA (forward primer: 5-CGCCACCATGTCCGGTAA-3’, reverse
primer: 5-AGCATCGCCACCACAGTGT-3") and a 6-FAM-TAMRA
labeled probe (5-CGGCCACAACCGCGGAAGAA-3"). PCR conditions
used were 50 °C for 2 minutes, 95°C for 10 minutes, 40 cycles of 95°C for
15 seconds, 60 °C for 1 minute, and vector copy numbers were quantitated
with an ABI Prism 7900 sequence detection system. Absolute AAV vector
copy number was determined based on a standard curve made with ten-
fold serial dilutions ranging from 10 to 107 copies of the AAV vector spiked
into 500 ng of wild-type C57/BI6 tissue genomic DNA. Experiments were
performed in triplicates.

RNA extraction and hepatic ALAS1 expression analysis. Total RNA was
extracted from livers using TRIzol Reagent (Invitrogen, Carlsbad, CA),
treated with DNasel, and purified by phenol/chloroform extraction.
One microgram of total RNA was reverse transcribed with AffinityScript
Reverse Transcriptase (Stratagene, La Jolla, CA), using an oligo(dT)
primer. Real-time PCR was performed using the SYBR Green method and
the following thermocycling conditions: 95°C for 10 minutes, 40 cycles
of 95°C for 15 seconds, 55°C for 15 seconds, 72°C for 30 seconds, 72°C
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for 10 minutes. Transcript levels were quantitated with an ABI Prism 7900
sequence detection system. Relative ALAS1 transcript levels were deter-
mined (forward primer: 5-GGATACATTGCCAGCACGAGTTTG-3,
reverse primer: 5-AGCGTCCATTAGCATCTGCCTCAG-3’) by the com-
parative C_method, using murine B-actin (forward primer: 5-AGGTG
ACAGCATTGCTTCTG-3, reverse primer: 5-CTGGAGCAGTTTGACG
ACAC-3'), a-tubulin (forward primer: 5-TGCCTTTGTGCACTGGTAT
G-3/, reverse primer: 5'-CTGGAGCAGTTTGACGACAC-3"), and ribo-
somal protein S11 (forward primer: 5-CGTGACGAAGATGAAGATG
C-3’, reverse primer: 5-GCACATTGAATCGCACAGTC-3’) as internal
controls.
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