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Safety and tolerability of putaminal AADC

gene therapy for Parkinson disease

ABSTRACT

Background: In Parkinson disease (PD), the benefit of levodopa therapy becomes less marked over
time, perhaps because degeneration of nigrostrial neurons causes progressive loss of aromatic
L-amino acid decarboxylase (AADC), the enzyme that converts levodopa into dopamine. In a pri-
mate model of PD, intrastriatal infusion of an adeno-associated viral type 2 vector containing the
human AADC gene (AAV-hAADC) results in robust response to low-dose levodopa without the
side effects associated with higher doses. These data prompted a clinical trial.

Methods: Patients with moderately advanced PD received bilateral intraputaminal infusion of
AAV-hAADC vector. Low-dose and high-dose cohorts (5 patients in each) were studied using
standardized clinical rating scales at baseline and 6 months. PET scans using the AADC tracer
[18F]fluoro-L-m-tyrosine (FMT) were performed as a measure of gene expression.

Results: The gene therapy was well tolerated, but 1 symptomatic and 2 asymptomatic intracranial
hemorrhages followed the operative procedure. Total and motor rating scales improved in both
cohorts. Motor diaries also showed increased on-time and reduced off-time without increased
“on" time dyskinesia. At 6 months, FMT PET showed a 30% increase of putaminal uptake in the
low-dose cohort and a 75% increase in the high-dose cohort.

Conclusion: This study provides class IV evidence that bilateral intrastriatal infusion of adeno-
associated viral type 2 vector containing the human AADC gene improves mean scores on the
Unified Parkinson's Disease Rating Scale by approximately 30% in the on and off states, but the
surgical procedure may be associated with an increased risk of intracranial hemorrhage and self-
limited headache. Neurology® 2009;73:1662-1669

GLOSSARY

AADC = (-amino acid decarboxylase; AAV-hAADC = adeno-associated viral type 2 vector containing the human AADC gene;
DA = dopamine; FMT = [*8F|fluoro-L.-m-tyrosine; MPTP = 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; MSN = medium
spiny neurons; NS = not significant; PD = Parkinson disease; UPDRS = Unified Parkinson’s Disease Rating Scale.

After initial improvement with levodopa, many patients with Parkinson disease (PD) eventu-
ally require higher doses for benefit, and their condition is then often complicated by side
effects such as motor fluctuations, dyskinesias, hallucinations, and autonomic symptoms. The
reason for the waning benefit of levodopa is unknown.

Peripherally administered levodopa is decarboxylated to dopamine (DA) by L-amino acid
decarboxylase (AADC), presumably within dopaminergic terminals in the striatum. One rea-
son for the waning benefit of levodopa treatment may be that the conversion to DA is reduced
due to declining levels of AADC.! We chose a strategy to restore dopaminergic function by
delivering the AADC gene directly into nondegenerating striatal neurons (the site of DA ac-
tion) by means of an adeno-associated viral vector (AAV-hAADC), thereby eliminating the
need for the nigral neurons in DA synthesis. Potential advantages of this approach are that it
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targets the striatal regions affected by the dis-
ease and the treatment effect can be adjusted
simply by changing the levodopa dose.
Preclinical studies have shown that this treat-
ment results in robust gene expression for more
than 7 years, with restoration of the response to
levodopa therapy and widening of the therapeu-
tic window.?? These data prompted initiation of
a phase 1 (safety) study of intrastriatal infusion
of AAV-hAADC in subjects with moderately
advanced PD who had response fluctuations.
Here we report the complete results for 2 co-
horts of patients studied at 6 months, the study’s
primary endpoint. A preliminary report of the

first cohort was recently published.

METHODS Standard protocol approvals, registra-
tions, and patient consents. The protocol and consent
forms were approved by the institutional review board at the
University of California, San Francisco, and US Food and Drug
Administration. The protocol was also reviewed and approved
by the Recombinant DNA Advisory Committee of the National
Institutes of Health. A darta safety monitoring board was estab-
lished to review ongoing data from the study. All subjects re-
viewed the consent form and provided written consent. The
clinical trial identifier is NCT00229736.

Study procedure. Ten patients (5 men and 5 women) with a
mean age of 64 years (range, 57—71 years) were entered into the
study. Two dose cohorts (5 patients each) were evaluated. The
low-dose cohort underwent 2 infusions into each putamen con-
sisting of 50 uL of vehicle per infusion site, receiving a total dose
of 9 X 10'® vector genomes. The high-dose cohort underwent
similar infusions and received 3 X 10"" vector genomes.

Entry criteria included PD with intractable motor fluctuations
despite optimized medical treatment, Hoehn and Yahr stage III to
IV off medication, history and screening examinations showing im-
provement with dopaminergic therapy, and optimized and stable
anti-PD medication for at least 2 months before screening. Exclu-
sion criteria included atypical parkinsonism, violent dyskinesias in
the previous 6 months, prior stereotactic neurosurgery for PD,
Mini-Mental State Examination® score <26, hallucinations or delu-
sions in the 6 months before screening, major psychiatric disorder,
Geriatric Depression Scale score® of greater than 10 (or greater than
5 if on antidepressants), history of malignancy within the past 5
years (excluding basal cell carcinoma), or neutralizing antibody titer
to AAV-2 =1:1,200.

Subjects were evaluated clinically at baseline and then monthly
for 6 months postoperatively. Standardized evaluations using the
Unified Parkinson’s Disease Rating Scale (UPDRS)’ and the stand-
walk-sit test® were performed at baseline and 6 months in the off-
and on-medication states. The UPDRS is a widely used rating scale
that evaluates cognitive, functional, and motor deficits (UPDRS
part III) and medication-related complications. It was administered
in the morning in the off-state, 12 hours after the last dose of dopa-
minergic medication, and in the fully on-state, as judged by the
patient and clinician. In most cases, this occurred 1 hour after taking
the usual morning medications, but if the subject was not fully “on,”
an additional one-half or whole tablet of carbidopa/levodopa 25/
100 was administered, and the patient was evaluated when fully

“on.” Motor state diaries were obtained at baseline, at 3 months,
and 6 months postoperatively.” Subjects were trained on how to
complete motor diaries by scoring their motor status at half-hour

» o«

intervals; the possible choices were “asleep,” “off,” “on,” “on with
nontroublesome dyskinesias,” and “on with troublesome dyskine-
sias.” Subjects completed motor diaries for 3 consecutive days be-
fore the baseline, 3-month, and 6-month evaluations. For analysis,
the average time per day spent in each motor state was calculated.
The total on-time was calculated as the time spent in any on-state:
“on without dyskinesias” plus “on with nontroublesome dyskine-
sias” plus “on with troublesome dyskinesias.” To compare the
changes in antiparkinsonian medications, we calculated levodopa
equivalents in the following manner: 100 mg of levodopa was de-
fined as equivalent to 133 mg of controlled-release levodopa, 75 mg
of levodopa plus entacapone, 1 mg of pramipexole, and 5 mg of
ropinirole.!” Although no adjustment was made for treatment with
rasagiline, no patient initiated or discontinued this medication dur-
ing the 6-month observation period. The Mini-Mental State Exam-
ination and Geriatric Depression Scale were performed at the

screening visit and at the 6-month visit.

AAV vector. An expression cassette containing the human AADC
complementary DNA was cloned into an AAV-2 shuttle plasmid,
and a recombinant AAV-2 containing AADC under the control of
the cytomegalovirus promoter was generated by a triple transfection
of human embryonic kidney 293 cells.!"> AAV-hAADC was puri-
fied from clarified cell lysates by differential precipitation, double
cesium chloride ultracentrifugation, and buffer exchange. A detailed

description of AAV vector production was published previously.?

AAV-hAADC infusion. On the morning of the operation,
subjects were admitted to the neurosurgical service, and antipar-
kinsonian medications were withheld. The subjects were fitted
with a Leksell stereotactic head frame (Elekta, Norcross, GA)
using local anesthesia at the pin sites and IV sedation with mida-
zolam. The target in the postcommissural putamen was localized
using gadolinium-enhanced volumetric T1 and either T2 or in-
version recovery slab magnetic resonance (MR) acquisitions of
the brain. A surgical planning workstation (StealthStation;
Medtronic, Minneapolis, MN) was used to perform targeting
and trajectory planning. Two parallel cannulae were placed 6
mm apart in the center of the postcommissural putamen bilater-
ally, one anterior and one posterior. Trajectories to these targets
were planned so as to avoid traversing the lateral ventricle, sulci,
and cortical veins. Subjects were infused with a total volume of
200 pL over the 4 injection sites (50 uL per site) using
convection-enhanced delivery at a flow rate of 1 uL per minute.?
Customized infusion cannulae were designed to minimize po-
tential reflux up the injection tract, and a “waiting period” of 10
minutes was observed after infusion before the cannulae were
removed. Infusion was performed simultaneously through the
anterior and posterior cannulae in each putamen to minimize
operative time. Brain MRIs were performed postoperatively to
identify any surgical complications. A subsequent MR scan was

also obtained 6 months to 3 years postoperatively.

PET scanning. Subjects underwent PET scans using the AADC
tracer ['®F]fluoro-L-m-tyrosine (FMT) 1 to 10 days before surgery
and at 1 and 6 months after surgery. PET studies were performed
on a Siemens (Munich, Germany) ECAT EXACT HR+ PET
scanner in 3-dimensional acquisition mode. All subjects were stud-
ied approximately 60 to 90 minutes after an oral dose of 2.5 mg/kg
of carbidopa. Before the emission scan, a 5-minute transmission
scan was obtained for attenuation correction. Subsequently, approx-

imately 1 to 2 mCi of FMT was injected as a bolus in an antecubital
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Table 1 Demographics of subjects in the 2 dose cohorts

Disease

Subject Age,y Sex duration, y
Low-dose 1 63 [ 24
cohort

2 60 M 8

3 67 F 8

4 65 F 5

5) 60 [F 9
High-dose 6 63 M 7
cohort

7 60 [F 9

71 M 8

9 57 M 7

10 61 M 8
Meanvalue  Low-dose 63.0 20%M 13

cohort

High-dose 62.4 80% M 9.4

cohort

Both cohorts 50% M

Levodopa dose, mg Levodopa equivalent, mg*

Baseline 6 mo Baseline 6 mo
650 500 750 666"
500 500 538 500%
500 500 550 550
812 437 1,395 1,020
600 600 1,325 1,325
400 400 860 660
750 600 750 600
1,250 875 1,400 950
1,200 900 1,540 1,264
1,050 900 1,396 1,197
612 507 (p < 0.06) 910 812(p <0.34)
930 735 (p <0.16) 1,189 934 (p <0.13)
771 621 (p<0.10) 1,050 873 (p<0.14)

Comparisons were made between levodopa and levodopa equivalent doses at 6 months and baseline, and significance is

indicated in the table.

*100 mg of levodopa is equivalent to 133 mg of controlled-release levodopa, 75 mg of levodopa plus entacapone, 1 mg of

pramipexole, or 5 mg ropinirole.1°

*Subject 1 increased amantadine from 300 mg daily to 400 mg daily.

*Subject 2 started amantadine 300 mg daily.

vein, and a 90-minute dynamic acquisition sequence was obtained.
Data were quantified as previously described, yielding the term K;*

to describe tracer uptake.

Statistical analysis. Paired # tests were performed to evaluate
differences in baseline and post—gene transfer clinical outcome
measures and K, values. For the clinical outcome measurements,

a Bonferroni adjustment for multiple comparisons was used.

RESULTS Of 12 patients who underwent screening,
2 were excluded because of elevated antibody titers to
AAV. All 10 enrolled subjects had received long-term
levodopa therapy (average 8.4 years, range 5-25
years) and were potential candidates for surgical ther-
apy for PD because of intractable motor fluctuations
that were not responsive to optimal medical therapy.
Table 1 shows baseline demographic information.
Adverse effects occurring in the study are shown in
table e-1 on the Neurology® Web site at www.neurology.
org. Asymptomatic hemorrhage, identified by postop-
erative MR, occurred in 2 subjects; 1 (subject 4) had a
small subdural/subarachnoid hemorrhage, and the
other (subject 5) had an intracerebral hemorrhage asso-
ciated with venous infarction. Subject 9 had a symp-
tomatic hemorrhagic infarct (attributed to an arterial
rupture) causing transient hemiplegia and aphasia from
which he made an almost complete recovery. In all 3
instances, the hemorrhages occurred along the trajec-
tory of the catheter but far from the infusion site, and

Neurology 73 November 17, 2009

were considered secondary to the surgical procedure.
The most common adverse events were self-limited
headache and discomfort at the surgical site, which was
short-lived. No significant adverse events were related to
the AAV-hAADC investigational product itself. Al-
though subject 1 obtained clinical benefit after treat-
ment, she elected to have deep brain stimulation of the
subthalamic nucleus 18 months after gene transfer ther-
apy because of incomplete resolution of long-standing
wearing-off symptoms.

MRIs of the brain performed immediately postoper-
atively and then 6 or more months thereafter showed
T2 and fluid-attenuated inversion recovery signal
changes along the trajectory path of the infusion cannu-
lae that did not enhance after administration of gadolin-
ium. These signal changes were most notable just
beneath the location of brain penetration and were at-
tributed to the surgical procedure. No increase in base-
line FMT signal was observed in these areas.

Results from the UPDRS are shown in figure 1. At 6
months, all subjects showed improvement in the total
UPDRS in both the off- and on-states. The mean im-
provements in the total UPDRS were 31% in the off-
state and 32% in the on-state (table 2). There were
similar improvements in the UPDRS III (motor score)
except that 1 patient did not show improvement in the

on-state (figure 1, lower right panel). The mean im-

Copyright © by AAN Enterprises, Inc. Unauthorized reproduction of this article is prohibited.



Figure 1 Total and motor UPDRS scores for individual patients at baseline and 6 months after treatment in both the on- and off-states
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UPDRS = Unified Parkinson's Disease Rating Scale.

provement in the UPDRS III was 36% in the off-state
and 28% in the on-state. Although off- and on-state
evaluations are not available for all subjects at later dates
beyond the primary (6-month) endpoint, results at 1
and 2 years postoperatively showed continuing reduc-
tions in total mean UPDRS scores for the combined
cohorts: off-state 37% (n = 5) at 1 year and 38%
(n =7) at 2 years, and on-state 32% (n = 5) at 1 year
and 22% (n = 7) at 2 years. Similar reductions in the
UPDRS motor scores were present at 1 and 2 years.
Improvements were also observed in the motor
state diaries, as demonstrated by a reduction in off-
time and an increase in on-time (figure 2). The mean
off-time was reduced by 3.1 hours (p < 0.014),
whereas total mean “on” time increased 3.3 hours
(p < 0.14). As shown in the patient diaries and as
reported by subjects, there was a gradual improve-
ment in on-time and in mobility over the 6-month
postoperative period. These improvements were not
associated with an increase in severe dyskinesia; trou-
blesome dyskinesias were reduced at 6 months (fig-
ure 2). Two patients had a transient increase in mild

Baseline

6 months

dyskinesias, but nontroublesome dyskinesias were re-
duced for the group as a whole (figure 2). Reductions
in the time required to perform the stand-walk-sit
test occurred in most patients, but this result did not
reach statistical significance (table 2).

Levels of dopaminergic medications were reduced in
8 patients (all of the 5 in the high-dose cohort and 3 of
those in the low-dose group), although the absolute dif-
ference in dosage was not significant (table 1). These
dose reductions occurred at the request of the subjects,
who often noted a prolongation of on-time or reduced
wearing-off. This is precisely what would be expected if
gene therapy increased AADC activity and thus conver-
sion of levodopa to DA. No patient required an increase
in dose. Amantadine was started in 1 subject, and the
dose was increased in another subject because of a tran-
sient increase in preexisting dyskinesias.

The success of gene transfer was monitored objectively
using FMT PET imaging. Figure 3 shows the median in-
crease in the FMT uptake (K;) values in the putamen (av-
eraged over right and left hemispheres) at 1 month and 6
months after gene transfer according to the dose received.

Neurology 73 November 17, 2009 1665
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Table 2 Summary of outcomes

Off medications

On medications

Baseline 6 mo % Change

Total UPDRS

Low-dose cohort 69.6 49.6 -28

High-dose cohort 62.4 413 =28

Combined cohorts 66 45.5 -31
UPDRS Il

Low-dose cohort 40.5 26.6 =38

High-dose cohort 36.6 23.1 =57/

Both cohorts 38.6 24.6 -36
Stand-walk-sit test

Low-dose cohort 36.6 17.6 -51

High-dose cohort 23.7 37.3 +57

Both cohorts 30.7 27.5 -10

There are 5 patients in each cohort.
*Bonferroni adjustment applied.

p Value® Baseline 6 mo % Change p Value®
0.04 326 21.8 -33 0.024
0.001 29.7 20.5 -31 0.08
0.0008 31.2 212 -32 0.004
0.004 15.8 11.4 -22 NS
0.0014 15.1 10.9 -28 NS
0.0016 15.5 11.2 -28 NS

NS 251 14.4 -42 NS

NS 16.6 15.2 -8 NS

NS 20.8 14.8 -28 NS

*The longer time spent in the off-state stand-walk-sit test in the high-dose cohort after gene therapy related to an unex-
pectedly poor performance in a single subject; if this subject is excluded, the high-dose cohort improvement is 26%.
UPDRS = Unified Parkinson's Disease Rating Scale; NS = not significant.

As shown, the average increase was higher in the high-dose
cohort (75% vs 30%), consistent with higher levels of
AADC expression in the high-dose cohort.

Cognitive and behavioral screens were stable over the
course of the study. The mean Mini-Mental State Exami-
nation score was 29.6 at baseline and 29.1 at 6 months
(not significant [NS]). The mean Geriatric Depression

Scale was 2.3 at baseline and 1.5 at 6 months (NS).

Patient titers to AAV were measured at the screening
visit and at 2 weeks, 6 months, and 12 months postop-
eratively. Complete data were available for 6 subjects.
Modest increases in titers (2- to 8-fold) were seen in 4
subjects, which peaked at the 2-week visit in 3 subjects
and at the 6-month visit in 1 subject. One subject had
no increase in antibody titers, and another had a prom-
inent increase at 6 months. The baseline and postoper-

Figure 2 Time spent in different motor states at baseline and at 3 and 6 months postoperatively
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Figure 3 Plot showing change in FMT uptake of
both putamens (mean + SEM) over
time for each cohort
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These improvements were significant for both the low-dose
(1 month, p = 0.02; 6 months, p = 0.009) and high-dose (1
month, p = 0.007; 6 months, p = 0.004) cohorts. FMT =
[*8F]fluoro-L-m-tyrosine.

ative titers did not correlate with clinical outcome or
with other changes in clinical state.

DISCUSSION We found that AAV-hAADC ther-
apy was safe and well tolerated in 2 dose cohorts,
although adverse effects did occur and may have been
related to the method of vector administration. Al-
though symptomatic or asymptomatic intracranial
hemorrhages occur with deep brain stimulation, they
seemed to occur more commonly with our infusion
procedure. Intracranial hemorrhage is a well-
described risk of stereotactic craniotomy. In a series
of 481 lead implantations, there was a 3.3% risk of
asymptomatic hemorrhage in microelectrode-guided
deep brain stimulation surgery and a 0.6% risk of
permanent neurologic injury from hematoma.’® In our
study, factors that might have increased this risk include
surgical technique, catheter design, infusion time, or
other aspects of the infusion protocol itself; it is also
possible that the incidence of hemorrhage was increased
by chance. The independent data safety monitoring
board did not identify any specific factors related to the
surgical procedure or the infusion catheter design that
might have been associated with the hemorrhage events.
Given that hemorrhages occurred at a distance from the
site of the infusion, we doubt that the infusion itself was
directly responsible.

Our results regarding efficacy (improvement in
both the off- and on-state UPDRS scores and in mo-
tor diaries) must be regarded as preliminary given the
open-label design and small number of subjects. Sim-
ilar degrees of improvement, eventually attributed to

a placebo effect, were described in an open-label
study of infused glial cell-derived neurotrophic fac-
tor in 5 subjects with advanced PD.'

There have been 2 other phase 1 studies using gene
therapy for PD. In one, glutamic acid decarboxylase de-
livered by AAV-2 was injected unilaterally into the sub-
thalamic nucleus in 12 subjects. At 6 months, the
authors reported a 28% reduction in the total UPDRS
in the off-state and 26% reduction in the on-state.”” In
the AAV-Neurturin study, 12 subjects underwent bilat-
eral intraputaminal injections.'¢ In this study, the mean
off-state motor score at 6 months was reduced by
31.8% (p < 0.001), but there was no significant im-
provement in on-state motor score (W.J. Marks, per-
sonal communication, 2008). This contrasts with our
findings in which, at 6 months, total UPDRS was re-
duced by 31% (p < 0.01) in the off-state and 32%
( < 0.01) in the on-state, and UPDRS III was reduced
by 36% (p < 0.001) and 28% (NS).

One interpretation of the improvement in the off-
medication state is that AADC treatment allows for
improved conversion of endogenous levodopa in the
remaining dopaminergic nigrostriatal axons. This in-
terpretation is consistent with findings in nonhuman
primates.'” An additional mechanism that might ex-
plain improvement in the off-state is increased en-
dogenous levodopa production secondary to
sprouting of surviving dopaminergic neurons. This
phenomenon has been observed in 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP)—treated
monkeys undergoing neural implant surgery and
may be due to increased glial reaction at the site of
the implant'® or, as in the present instance, to gene
transfer.’ One additional explanation might be of a
prolongation of the long-duration effect of levodopa.
The improvement in the on-medication state may
relate to more reliable conversion of peripherally ad-
ministered levodopa by AADC, which after gene
therapy is present at increased levels in the putamen.
The lesser improvement in the on-state than in the
off-state presumably reflects the lesser room for im-
provement when patients are already showing a
good—but nevertheless incomplete—response to
pharmacotherapy.

Phase 1 studies are often limited by the placebo ef-
fect. A particular feature of our study was the use of
PET imaging to monitor the success and stability of
gene transfer over time.? Unlike other gene therapy
studies for PD, our imaging technique provided direct
evidence of gene expression in the target area by using a
specific tracer for the gene product (AADC) consistent
with results from preclinical studies.>'” In addition, we
observed higher signal in the high-dose group than in
the low-dose group. Such a dose-response relationship
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in the imaging findings makes a placebo-associated clin-
ical effect less likely, but does not exclude it.

Animal studies support the rationale for this ap-
proach. They show that the neurotropic vector
(AAV-2), when infused into the striatum, mainly tar-
gets the striatal medium spiny neurons (MSN),
which in turn express AADC.232° After systemic ad-
ministration of levodopa, the neutral amino acid
transporter is likely responsible for its entry into
MSN.2° Although the mechanism of release has not
been fully characterized, MSN then release DA as
shown in microdialysis experiments in parkinsonian
rodents treated with levodopa.?®

Our approach, using intraputaminal gene transfer of
the enzyme that converts levodopa to DA, differs from
those previously reported because it replaces a principal
enzyme that becomes deficient as a result of degenera-
tion of nigrostrial neurons and because it allows the
magnitude of the effect of gene therapy to be adjusted
by altering the dose of exogenous levodopa. In our
study, improvement occurred in several clinical mea-
sures. Further studies using a placebo group will be im-
portant to establish the safety of this treatment and to
determine whether any benefit is due to AAV-hAADC.
In addition, higher-dose therapy may also be consid-
ered, because a marked reduction in levodopa dose re-
quirements was observed in parkinsonian nonhuman
primates® but not in our patients.
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