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Gene transfer of dopamine-synthesizing enzymes into
the striatal neurons has led to behavioral recovery in
animal models of Parkinson’s disease (PD). We evaluated
the safety, tolerability, and potential efficacy of adeno-
associated virus (AAV) vector-mediated gene delivery of
aromatic L-amino acid decarboxylase (AADC) into the
putamen of PD patients. Six PD patients were evaluated
at baseline and at 6 months, using multiple mea-
sures, including the Unified Parkinson’s Disease Rating
Scale (UPDRS), motor state diaries, and positron emis-
sion tomography (PET) with 6-['8F]fluoro-L.-m-tyrosine
(FMT), a tracer for AADC. The short-duration response
to levodopa was measured in three patients. The pro-
cedure was well tolerated. Six months after surgery,
motor functions in the OFF-medication state improved
an average of 46% based on the UPDRS scores, with-
out apparent changes in the short-duration response to
levodopa. PET revealed a 56% increase in FMT activity,
which persisted up to 96 weeks. Our findings provide
class IV evidence regarding the safety and efficacy of
AADC gene therapy and warrant further evaluation in a
randomized, controlled, phase 2 setting.
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INTRODUCTION

Dopamine replacement has been the standard pharmacotherapy
for motor impairment in Parkinson’s disease (PD). Although
virtually all patients benefit from levodopa at an early stage of the
disease, severe loss of nigrostriatal nerve terminals in advanced PD
leads to profoundly decreased activities of dopamine-synthesizing
enzymes, including aromatic L-amino acid decarboxylase (AADC),
an essential enzyme that converts levodopa to dopamine. Failure to
respond to levodopa therapy may result from a reduction in AADC
activity, decreased dopamine storage capacity in synaptic vesicles,
postsynaptic changes in striatal output neurons, and abnormalities

of nondopaminergic neurotransmitter systems."* Systemic admin-
istration of high-dose levodopa enhances oscillations in motor
performance and complications, including hallucinations, due to
dopaminergic stimulation of the mesolimbic system.

One potential treatment for advanced PD is gene therapy
to restore striatum-selective dopamine production. In addition
to AADC, tyrosine hydroxylase, which converts L-tyrosine to
levodopa, and guanosine triphosphate cyclohydrolase I, which
catalyzes biosynthesis of the essential tyrosine hydroxylase
cofactor, tetrahydrobiopterine, are necessary for efficient synthe-
sis of dopamine.” Viral vector-mediated gene transfer of these
dopamine-synthesizing enzymes has been shown to achieve
behavioral recovery in animal PD models, with efficient trans-
duction of striatal neurons that escape degeneration.>* When
tyrosine hydroxylase and guanosine triphosphate cyclohydro-
lase I are expressed in the striatum, levodopa can be synthesized
continuously. This strategy would be useful for reducing motor
fluctuations associated with intermittent levodopa intake. Gene
transfer of AADC alone in combination with oral levodopa admin-
istration would be a safer strategy for initial clinical trials. In the
latter approach, the patients still need to take levodopa to control
motor symptoms, but excess production of dopamine could be
avoided by reducing the dose of levodopa. We assessed the safety,
tolerability, and the potential efficacy of intraputaminal infusion
of recombinant adeno-associated virus (AAV) serotype 2 vector
encoding human AADC (AAV-hAADC-2) in patients with mid-
to late-stage PD. We also examined whether the short-duration
response to levodopa, the antiparkinsonian response that parallels
the plasma levodopa levels, would change after gene therapy.”

RESULTS

Patient disposition and baseline characteristics

Six patients (4 men, 2 women), mean age 60 (range, 51-68) years,
were enrolled (Table 1). The mean disease duration was 10
(range, 5-18) years, and time on levodopa was 9.3 (range, 5-15)
years. The average baseline dailylevodopa and levodopa equivalent
doses were 642 and 808 mg, respectively.
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Table 1 Patients’ baseline characteristics
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Disease Time on Levodopa Levodopa
Subject Age (years) Sex duration (years) levodopa (years) dose (mg) equivalents (mg)
A-1 51 M 11 9 600 900
A-2 63 M 9 9 450 650
A-3 66 F 7 7 500 700
A-4 58 M 11 11 700 700
A-5 68 F 18 15 1,000 1,100
A-6 56 M 5 5 600 800
Mean (SD) 60 (6.5) 67% M 10 (4.5) 9.3(3.4) 642 (196) 808 (169)

Abbreviations: F, female; M, male.

Patients are listed in the order in which they received treatment. Levodopa equivalents were estimated as follows: 100mg of levodopa with a dopa-decarboxylase
inhibitor is equivalent to 0.8 mg talipexole, 1 mg pergolide, 1 mg pramipexole, and 1.5mg cabergoline.

Primary end point

The procedure was well tolerated. All patients completed all
protocol-defined visits. One patient (patient A-2) had a venous
hemorrhage in the right frontal lobe just below a burr hole that
was found on CT scan 3 days after infusion. The patient used his
left arm less frequently than his right arm for 3 weeks; this was
assumed to reflect mild frontal lobe dysfunction and resolved
completely. Mild, transient headache around the burr holes was
present for 2 days after surgery in all patients. There were no
significant laboratory test abnormalities. All patients had mildly
increased titers of anti-AAV2-neutralizing antibodies 6 months
after treatment, which tended toward baseline concentrations
thereafter (Table 2).

Clinical evaluations

The clinical results are summarized in Table 3. Intraputaminal
AAV-hAADC-2 infusion significantly improved both total and
motor scores of the unified Parkinson’s disease rating scale
(UPDRS) in the OFF state. Five of six patients showed sub-
stantial improvement in UPDRS motor ratings in the OFF state
(Figure 1). Changes in the UPDRS ON state and the percent of
ON state hours in a day were not significant. One patient with
relatively mild motor symptoms at baseline did not improve
on UPDRS (A-3 in Figure 1). However, this patient showed a
remarkable increase in mobile time as measured by the dia-
ries (28% at baseline to 58% at 6 months after gene transfer;
Figure 2). The daily dose of levodopa was unchanged in two
patients (A-2 and A-5) and reduced in three patients (A-1, A-3,
and A-5) at 6 months. Patient A-6, who had daytime sleepiness,
preferred to reduce pramipexole instead of levodopa after gene
therapy.

The last three patients underwent the levodopa test after our
institutional review board confirmed the safety of AADC gene
transfer in the first three patients. The short-duration response to
levodopa did not change significantly after gene therapy in these
three patients, though UPDRS motor scores at 6 months showed
slight improvement at 30 minutes in patient 5 and at 120 minutes
in patient 4 after levodopa intake (Figure 3). Significantly higher
peak plasma levodopa concentrations were observed in these two
patients after gene therapy.

The mini-mental state examination (MMSE) and geriatric
depression scale (GDS) scores did not change significantly.
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Table 2 Changes in neutralizing AAV2 antibody titers in sera
following gene therapy

Subject Pre 2 weeks 6 months 1 year
A-1 1:2 1:4 1:4 1:4
A-2 <1 1:32 1:4 1:2
A-3 1:32 1:64 1:64 1:32
A-4 1:32 1:32 1:256 1:64
A-5 1:4 1:32 1:32 1:32
A-6 <1 1:16 1:32 1:32

Abbreviations: AAV, adeno-associated virus.
Titers are determined by in vitro assay and represented as “1:” dilutions.

Table 3 Clinical outcomes of six patients

Baseline 6 months P value
UPDRS Total OFF 53(12.4) 38(10.1) 0.049*
UPDRS Total ON 15(7.2) 107 (2.9) 0.262
UPDRS Part III (Motor) OFF 253(9.4) 13.7(6.0) 0.024*
UPDRS Part III (Motor) ON 5.2 (4.6) 1.8 (1.5) 0.120
Percent day spent in mobile state 48.8 (12.9) 55.4 (14.8) 0.348
Daily levodopa equivalents dose, mg 808 (169) 707 (233) 0.097

Abbreviations: OFF, off-medication state; ON, on-medication state; UPDRS,
Unified Parkinson’s Disease Rating Scale.

Data are presented as means (SD). The UPDRS scores in each patient did not
change during the 2 months of the screening period.

*P < 0.05.

PET analysis

PET imaging revealed increased 6-["*F]fluoro-L-m-tyrosine
(FMT), a tracer for AADC, activity 4 weeks postoperatively, which
persisted at 6-month evaluation (Figure 4). The mean increase in
FMT uptake from baseline in the combined (right and left) puta-
men at 24 weeks was 56%. Two patients (A-1 and A-2) who had
PET scans 96 weeks after surgery showed persistently increased
FMT uptake. In these two patients, motor performance in the
OFF state also maintained its improvement at 96 weeks.

DISCUSSION

Extensive preclinical studies on both rodent and nonhuman pri-
mate models of PD have shown that AAV vectors can express
exogenous genes for a long time in the brain target areas without
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Figure 1 Changes in UPDRS scores. Absolute changes in scores from
baseline to 6 months for individual patients. OFF, off-medication state;
ON, on-medication state; UPDRS, Unified Parkinson’s Disease Rating
Scale.

significant toxicity.***%* Recently, three phase I clinical trials of
gene therapy for advanced PD demonstrated that AAV vector-
mediated gene delivery into the subthalamic nucleus or putamen
was safe and tolerable.!”** In this study, the safety of the AAV vec-
tors for clinical use in the human brain was confirmed. Although
one patient developed a venous hemorrhage in the subcortical
white matter along the trajectory, it is well known that cerebral
bleeding occasionally occurs in association with surgical proce-
dures for deep brain stimulation in which electrodes are inserted
into the basal ganglia through the frontal lobe white matter.'*'®
PET imaging in this patient showed that putaminal AADC expres-
sion was not affected by the subcortical venous hemorrhage and
persisted up to 96 weeks. Thus, the venous hemorrhage was prob-
ably due to the surgical procedure and not gene transduction.
Although the present trial was a small, open-label study, and
the nonblinded, uncontrolled analysis limits the interpretation,
the initial efficacy outcomes are encouraging. Our patients showed
improved motor performance in the OFF state. Levodopa has a
relatively short plasma half-life (60-90 minutes), and antiparkin-
sonian effects observed after levodopa administration have gener-
ally been recognized as short- and long-duration responses. The
short-duration response roughly parallels the plasma levodopa
concentrations and is thought to be closely linked to dyskinesia,
whereas the long-duration response builds up over weeks and
improves trough (worst) motor performance in the OFF state.”
Because the pattern of the short-duration response to levodopa
did not change after gene therapy in our patients, the beneficial
effect on the OFF state appears to be attributed to augmentation
of the long-term response to levodopa.'® In the preclinical studies
with animal models of PD, AAV vectors mainly transduced
medium spiny neurons that have dopamine receptors, and extra-
cellular dopamine was increased in the striatum after administra-
tion of levodopa.>'” The mechanism underlying the long-duration
response is not sufficiently understood, and future study is neces-
sary to determine how nonphysiologic production of dopamine
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Figure 2 Evaluation of patients’ diaries and daily doses of levodopa
equivalents. For each 30-minute interval throughout the day, the
patients recorded whether they were mobile (ON), immobile (OFF),
or asleep. They also recorded the time with troublesome dyskinesias
(Dyskinesia). The graph shows the percentage of hours in a day spent in
each condition at baseline and at 6 months. The numbers on the bars
indicate the mean daily doses of levodopa equivalents (mg). OFF, off-
medication state; ON, on-medication state.

in the striatal neurons could enhance the response. It has been
reported that the sustained long-duration response to levodopa is
greater in patients treated with higher single doses of levodopa.'®
Thus, it is likely that increased dopamine in the putamen after
gene transfer may enhance the stable long-duration response.
Motor fluctuations in PD are associated with increased response
to levodopa with a deeper trough in motor performance, rather
than shortening of the response. Improving trough or OFF state
motor function by augmenting the long-term response would
likely reduce motor fluctuation.'® Two of three patients in whom
the short-duration response to levodopa was studied showed
increased peak plasma levodopa concentrations after gene therapy.
This finding may simply reflect variable absorbance of levodopa,
and it remains to be elucidated whether changes in gastrointesti-
nal absorption could be related to better motor performance in
the OFF state.”

Activities and levels of AADC mRNA and protein are pro-
foundly reduced in advanced PD,? but there are still several types of
AADC-containing cells in the striatum, such as serotonin neurons,
intrinsic dopamine neurons, AADC-containing “D” neurons, and
glial cells.® These cells may act as a local source of dopamine.
However, dopamine produced in nondopamine cells may not be
taken up into dopamine cells and stored in synaptic vesicles, as
dopamine transporter and vesicular monoamine transporter 2 are
also reduced in advanced PD. The functional efficacy of dopamine
produced from exogenous levodopa in these cells may be limited,
at least in primates.>® Striatal output neurons, main targets in
AADC gene therapy, play a principal role in dopamine modula-
tion of motor function in the basal ganglia. Dopamine synthesized
in the striatal neurons themselves may more easily stimulate both
synaptic and extrasynaptic receptors.
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Figure 3 Short-duration response to levodopa. Comparison of short-duration response to levodopa before (blue) and after gene therapy (brown)
in three patients (A-4, A-5, and A-6). Patients took 100 mg of levodopa with 25 mg benserazide orally after 20 hours without dopaminergic medica-
tion. Values represent means and SE of three trials. Upper panels: plasma levodopa levels; lower panels: Unified Parkinson’s Disease Rating Scale motor

scores. *P < 0.05.

Results of a similar phase I protocol were reported recently for
the 10 patients treated with AAV-hAADC-2 (ref. 10). That study
used the same vector preparations as this study. The subjects were
divided into two groups that received the same or one-third dose
of the vector used in this study, respectively. Although the present
patients had slightly milder initial symptoms, the patients treated
with the same dose of vector in the two studies showed similar
improvement in the OFF state and putaminal FMT uptake on PET.
These findings provide independent confirmation of the safety,
tolerability, and potential efficacy of AADC gene therapy. Future
studies focusing on optimal vector dosing and defining the rela-
tionship between vector dose and clinical effects are necessary.”!

In conclusion, these data indicate that AAV vector-mediated
gene transfer of AADC is safe and may benefit advanced PD
patients.

MATERIALS AND METHODS

Study design. The protocol and consent forms were approved by the insti-
tutional review board. The protocol was also reviewed by the committee of
the Ministry of Health, Labour and Welfare of Japan. A data safety moni-
toring board reviewed the ongoing study. All subjects reviewed the consent
form and provided their written, informed consent.

This 24-week, phase I, open-label study was primarily designed to
evaluate the safety and tolerability of intraputaminal AAV-hAADC-2
infusion in idiopathic PD. Patients were evaluated preoperatively and
monthly postoperatively for 6 months, using multiple measures, including
the UPDRS, motor state diaries, the MMSE, the short form of the GDS,
and laboratory tests. The UPDRS was done in the practically defined OFF
state 12 hours after withdrawal of all antiparkinsonian medications, and
in the ON state 1 hour after administration of the usual morning dose of
medication. Motor scores for the UPDRS can range from 0 to 56, with
higher scores indicating poorer function. Using diaries that separated
the day into half-hour segments, the patients recorded their mobility
during the 4 days before admission and for another 4 days at 6 months
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Figure 4 FMT-PET images. Axial images at the level of the putamen
are shown before and 24 weeks after gene therapy for all six patients.
Increased FMT uptake persisted until 96 weeks in two patients. The 4-week
images are not shown because they are similar to the 24-week images.
FMT, 6-['®F]fluoro-L.-m-tyrosine; PET, positron emission tomography.

24 weeks

after admission. They were trained to rate their condition as sleeping,
immobile, mobile without troublesome dyskinesias, or mobile with
troublesome dyskinesias. The total number of hours spent in each of these
categories was calculated, and the differences between the baseline and
the 6-month scores were compared between the groups.

The short-duration response to levodopa was evaluated in three
patients (patients 4-6) at baseline and 6 months after gene transfer; they
took 100mg of levodopa orally with 25mg benserazide after 20 hours
without dopaminergic medication. Motor symptoms based on UPDRS
motor (part III) and plasma levodopa concentrations were assessed at
baseline and 30 minutes, 1, 2, 3, and 4 hours after levodopa intake.

Patients. The main entry criteria were: age 45-75 years; diagnosis of

moderate to advanced PD, defined as Hoehn and Yahr Stage IV and
UPDRS in the practically defined OFF condition of at least 20; at least

www.moleculartherapy.org vol. 18 no. 9 sep. 2010
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5 years of levodopa therapy; a minimum 8-point improvement in the
UPDRS motor score after levodopa intake; and motor complications not
satisfactorily controlled with medical therapy. The main exclusion criteria
were atypical parkinsonism, dementia (MMSE score <20), and previous
neurosurgical treatment for PD.

Vector and stereotaxic infusion. The vector used in this trial was a recom-
binant AAV2 with an expression cassette consisting of a human cyto-
megalovirus immediate-early promoter, followed by the human growth
hormone first intron, complementary DNA of human AADC, and simian
virus 40 polyadenylation signal sequence.** Clinical grade AAV-hAADC-2
was manufactured by Avigen (Alameda, CA) and provided by Genzyme
(Boston, MA). The patients received AAV-hAADC-2 via bilateral intrapu-
taminal infusions. Two target points were determined in the putamen that
were sufficiently separated from each other in dorsolateral directions and
identified on a magnetic resonance image. One burr hole was trepanned
in each side of the cranial bone, through which the vector was injected
into the two target points via the two-track insertion route. The vector-
containing solution was prepared to a concentration of 1.5 x 10'* vector
genome/ml, and 50l per point of the solution were injected at 1 ul/min;
each patient received 3 x 10" vector genome of AAV-hAADC-2.

Neutralizing antibody titers against AAV2 were determined by
measuring [-galactosidase activities in HEK293 cells transduced with
5 x 10° vector genome/cell of AAV2 vectors expressing B-galactosidase in
various dilutions of sera.?

PET. The AADC expression level in the putamen was assessed on PET
imaging with FMT 6 days before surgery and 1 and 6 months after gene
transfer. All patients stopped dopaminergic medications 18 hours before
PET and took 2.5 mg/kg of carbidopa orally 1 hour before FMT injection.
Subsequently, 0.12mCi/kg of FMT in saline were infused into an antecu-
bital vein, and a 90-minute dynamic acquisition sequence was obtained. The
PET and magnetic resonance imaging data were co-registered with a fusion
processing program (Syntegra; Philips, Amsterdam, The Netherlands)
to produce the fusion images. Radioactivities within volumes of interest
drawn in the putamen and occipital lobe were calculated between 80 and
90 minutes after tracer injection. A change in putaminal FMT uptake from
baseline to 24 weeks was assessed using the putaminal-occipital ratio of
radioactivities.

Statistical analysis. Values at baseline and 6 months after gene trans-
fer were compared using Student’s t-test (paired analyses). A two-sided
P value <0.05 was taken to indicate significant differences. Two-way
analysis of variance with Bonferroni correction of P values was used for
the short-duration response to levodopa.
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