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BACKGROUND. We report the 12-month clinical and imaging data on the effects of bilateral
delivery of the glutamic acid decarboxylase gene into the subthalamic nuclei (STN) of
advanced Parkinson’s disease (PD) patients.

METHODS. 45 PD patients were enrolled in a 6-month double-blind randomized trial of
bilateral AAV2-GAD delivery into the STN compared with sham surgery and were followed for
12 months in open-label fashion. Subjects were assessed with clinical outcome measures and
"8F-fluorodeoxyglucose (FDG) PET imaging.

RESULTS. Improvements under the blind in Unified Parkinson’s Disease Rating Scale (UPDRS)
motor scores in the AAV2-GAD group compared with the sham group continued at 12 months
[time effect: F(4,138) = 11.55, P < 0.001; group effect: F(1,35) = 5.45, P < 0.03; repeated-
measures ANOVA (RMANOVA)]. Daily duration of levodopa-induced dyskinesias significantly
declined at 12 months in the AAV2-GAD group (P = 0.03; post-hoc Bonferroni test), while

the sham group was unchanged. Analysis of all FDG PET images over 12 months revealed
significant metabolic declines (P < 0.001; statistical parametric mapping RMANOVA) in

the thalamus, striatum, and prefrontal, anterior cingulate, and orbitofrontal cortices in the
AAV2-GAD group compared with the sham group. Across all time points, changes in regional
metabolism differed for the two groups in all areas, with significant declines only in the
AAV2-GAD group (P < 0.005; post-hoc Bonferroni tests). Furthermore, baseline metabolism
in the prefrontal cortex (PFC) correlated with changes in motor UPDRS scores; the higher the
baseline PFC metabolism, the better the clinical outcome.

CONCLUSION. These findings show that clinical benefits after gene therapy with STN AAV2-
GAD in PD patients persist at 12 months.
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Introduction
The motor features of Parkinson’s disease (PD) primarily result from the loss of nigrostriatal dopaminergic
neurons, which are part of a distributed basal ganglia network. As a consequence of their loss, the dimin-
ished GABAergic input from the pallidum leaves the subthalamic nucleus (STN) disinhibited (1). Therapies
aimed at modulating STN activity can improve the motor features of PD.

Dopaminergic replacement therapies are effective for many motor impairments of PD, but over time,
a subset of patients develop increasingly severe fluctuations in levodopa benefit and suboptimal overall
control of parkinsonism (2). In these circumstances, deep brain stimulation (DBS) of the STN can be
quite effective, although its use can be associated with adverse events and requires indwelling hardware
(3). Hence, improved outcomes are desirable for therapeutic approaches targeting this brain pathway. Gene
therapy has shown promise in human therapeutic applications, with increasing evidence for its safety
and efficacy (4-6). We conducted a randomized, double-blind, sham surgery—controlled clinical trial of a
gene therapy utilizing a combination of genes for glutamic acid decarboxylase (GAD65 and GAD67), the
rate-limiting enzyme for the production of GABA, delivered via an adeno-associated-2 viral vector (AAV2)
into the bilateral STN (AAV2-GAD) (4). The therapeutic goal was a transformation of glutamatergic to
GABAergic inhibitory modulation of STN neuronal activity, thereby improving the motor features of PD.
Indeed, this trial produced promising clinical results, with improvement in both the primary outcome mea-
sure (change in motor Unified Parkinson’s Disease Rating Scale [UPDRS] scores over the 6-month blinded
study period) and several secondary outcome measures (4). Subjects in this 6-month randomized, dou-
ble-blind, sham-controlled trial were followed in an open-label fashion through 12 months, with both clin-
ical and imaging (*®F-fluorodeoxyglucose [FDG] PET) outcome measures. We now report the 12-month
clinical and imaging data from this trial.

Results

Clinical. There was no difference (P = 0.12; Student’s ¢ test) in the UPDRS motor scores between the AAV2-
GAD (34.8 £ 6.6 [mean + SD]) and sham (38.9 * 8.8) groups at baseline (4). After receiving gene therapy,
the improved UPDRS motor scores observed during the first 6 months in the AAV2-GAD treatment group
relative to the sham group (see Figure 2 in ref. 4) were maintained at 12 months (Figure 1A), as shown by a
significant decline over time [time effect: F(4,138) = 11.55, P < 0.001] and a significant difference between
groups across all 4 postoperative time points [group effect: {1,35) = 5.45, P < 0.03; 2 x 5 repeated-mea-
sures ANOVA (RMANOVA)]. Nonetheless, the trajectories of decreases in the UPDRS motor scores were
found to be parallel for the two groups [group by time interaction: F(4,138) = 0.72, P = 0.58]. In both
groups, post-hoc comparisons further revealed that, relative to baseline, declines in the UPDRS motor
scores were significant at 1 month (P < 0.05) and persisted until 12 months (P < 0.01).

There was no difference at baseline in the answers to the UPDRS part 4 questions related to dura-
tion of levodopa-induced dyskinesias (LID) (item 32; P = 0.09; Student’s ¢ test) or duration of OFF
time (item 39; P = 0.07). Changes in duration of LID differed over time between the two groups (Fig-
ure 1B; interaction effect: P < 0.02; 2 x 5 RMANOVA), with a significant decline at 12 months relative
to baseline in the AAV2-GAD group (P = 0.03; post-hoc Bonferroni test) and no changes in the sham
group. Duration of OFF time was observed to be relatively shorter in the AAV2-GAD group compared
with the sham group at all time points, albeit nonsignificantly (data not shown; interaction effect: P =
0.12; group effect: P = 0.47; 2 x 5 RMANOVA).

Finally, we analyzed responder rates based on a number of clinical endpoints. As in the 6-month data
(4), a cutpoint of improvement by 9.0 points in the UPDRS motor scores (a 25% improvement from the aver-
age baseline score) identified a significantly greater (y*> = 5.64, P < 0.02) responder rate in the AAV2-GAD
group (10 of 16, 62.5%) than in the sham group (5 of 21, 23.8%) (Figure 1C). Seven of the eight subjects in
the AAV2-GAD group that were classified as responders at 6 months, remained responders at 12 months (in
contrast with 1 of 3 subjects in the sham group).

https://doi.org/10.1172/jci.insight.90133 2
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lism between the two groups at baseline
(P > 0.07; Student’s ¢ tests). Moreover,
in all of these areas except the striatum,
baseline metabolic activity in both groups did not differ from the metabolism measured in the same areas in a
group of age-matched healthy control subjects (P > 0.24; Student’s ¢ tests). Striatal metabolism at baseline was
significantly lower in the sham group compared to the healthy control group (P < 0.02; Student’s ¢ test).

Across all time points, changes in regional metabolism were different for the two groups in all areas
(Figure 2B; interaction effect: P < 0.005; 2 X 3 RMANOVA), with significant declines over time in the
AAV2-GAD group (P < 0.005; post-hoc Bonferroni tests) and no changes in the sham group.

Further analysis showed that there was a significant inverse correlation between baseline metab-
olism in the prefrontal cortex and the changes in UPDRS motor scores at 6 months (Figure 3A: r =
—-0.51, P < 0.05) and 12 months (Figure 3B: r = —0.71, P < 0.003) in the AAV2-GAD group but not in
the sham group at either follow-up time point (Figure 3, C and D: P = 0.12). Such correlations were
nonsignificant in both groups for all other regions at both 6 (P > 0.07) and 12 months (P > 0.19). No
other baseline regional metabolism correlated with clinical outcome.

https://doi.org/10.1172/jci.insight.90133 3
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Table 1. Brain regions with sign
and sham groups

ificant differences in changes in metabolism from baseline to 6 and 12 months between the AAV2-GAD

Brain region

AGroup AAV2-GAD < AGroup Sha
Thalamus
Caudate/putamen

Left
Right
Prefrontal cortex
BA 8/9
BA 10
Anterior cingulate/PFC
BA 24/9
BA 23
Orbitofrontal cortex
BA 47

MNI coordinates

z " Cluster extent
X y z
m
-2 -22 0 3.86 515
-14 0 14 6.06 621
18 -4 16 5.76 1,071
-26 14 40 4.64 193
28 56 8 3.69 128
6 14 30 5,55 4,324
-6 -24 36 4.29 163
-46 20 -10 4.50 330

AP < 0.001, uncorrected, SPM RMANOVA. A, changes in regional metabolism from baseline. MNI, Montreal Neurological Institute; PFC, prefrontal cortex.
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Discussion

As we reported in an earlier publication (4), PD subjects in this study receiving AAV2-GAD gene therapy
improved compared with the sham treatment group, and these benefits persisted for 12 months following
the surgical procedure, with significant improvements in UPDRS scores. Other clinical outcome measures,
including daily duration of LID and percentage of subjects achieving a clinically meaningful improvement
in UPDRS score or ON time (responder analysis), also continued to demonstrate benefit from the AAV2-
GAD treatment at 12 months. In addition, while ON time was not used as a study entry criterion, we note
that 5 of the AAV2-GAD-treated nonresponders, according to the UPDRS criteria, showed an increase in
ON time by over 2 hours, suggesting that different clinical measures may capture different aspects of clini-
cally meaningful improvements in PD subjects. Although this phase II study was not primarily powered for
efficacy, several of the findings over 1 year of follow-up, including the primary outcome measure (change in
UPDRS motor score), improved ON time, and responder analyses, provide strong support for the potential
efficacy of STN AAV2-GAD in PD.

We note that the mean level of improvement in the STN AAV2-GAD group was less than that seen
with some current therapies for advanced PD such as DBS (8), but, given the lack of active comparators
in this study and the relatively small sample size, the relative efficacy of STN AAV2-GAD will need to be
further assessed in future studies powered for efficacy. For example, the mean decrease in UPDRS motor
score and its 95% confidence interval for the AAV2-GAD group at 12 months was —8.2 *+ 3.3 (or 23.6% *
9.5% of the baseline mean), corresponding to a range of between —11.5 and —4.9 (or 33.0% to 14.1% of the
baseline); this range encompasses levels of improvement seen with other therapies. Interestingly, the sham
group also exhibited a sustained benefit in UPDRS scores, albeit less than that of the AAV2-GAD group.
‘We have recently identified a metabolic brain network relating to a sham response; moreover, expression of
this network at baseline appears to indicate subjects that are “sham susceptible” (9).

FDG PET imaging was utilized in this study to both strengthen confidence in the accuracy of the
diagnosis of idiopathic PD prior to enrolling subjects and to provide further insights into the mechanisms
underlying the effects of placing AAV2-GAD in the STN. The first goal, enhancing the certainty of a correct
diagnosis in this small phase II trial, was critical, since the therapeutic intervention was not expected to be
of benefit to individuals with atypical parkinsonism. Indeed, 11 subjects were excluded from the study on
the basis of these scan results, including 4 subjects demonstrated to have unequivocal multiple system atro-
phy (MSA) by FDG PET imaging. Prior clinical trials that utilized dopaminergic imaging (**F-fluorodopa
or dopamine transporter system imaging) have reported evidence that 10%—15% of subjects that were cate-
gorized by clinical criteria as having idiopathic PD lack findings of a dopaminergic deficit (10-12). Howev-
er, these studies may underestimate the misdiagnosis rate, since dopaminergic imaging does not distinguish
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bolism after gene therapy. (A) Representative slices displaying significant changes in glucose metabolism in the thal-

amus, caudate/putamen, prefrontal cortex (BA 8/9/10), and anterior cingulate cortex (BA 23/24) in the AAV2-GAD group (n = 16) compared with the sham

group (n = 21) after gene therapy (P

< 0.001, uncorrected; SPM RMANOVA). (Increased/decreased metabolism is indicated by red/blue.) (B) Mean metabolic

activity in these regions was plotted for the AAV2-GAD (red, n = 16) and sham (black, n = 21) groups. In all of these areas, changes in regional metabolism
were different for the two groups (interaction effect: P < 0.005; 2 x 3 RMANOVA), with significant declines over time only in the AAV2-GAD group (P <
0.005; **P < 0.01; ***P < 0.001, post-hoc Bonferroni tests relative to baseline).

idiopathic PD from atypical forms of parkinsonism. Even in this study, which enrolled advanced levodo-
pa-responsive subjects meeting strict clinical criteria, we found that approximately 20% of subjects screened
probably did not have PD based on imaging findings. Since the misdiagnosis rate might be even higher in
mildly affected parkinsonian subjects, these data suggest that future small early phase trials would be well
advised to consider utilizing an objective imaging measure such as FDG PET in the screening process.

The changes in FDG PET imaging in response to AAV2-GAD may provide some insights into the
mechanisms underlying the therapy. Notably, in the AAV2-GAD treatment group, there were dramatic
declines in brain metabolism (in thalamus, striatum, anterior cingulate, and prefrontal cortex) not seen
in the sham group; these changes were far removed from the surgical site and therefore likely represent
significant functional changes related to alteration in STN activity. The decline in thalamic metabolism is
of particular note, as this was the primary observation in the treated hemispheres of patients in our prior
open-label trial of AAV2-GAD treatment (13), and declines in thalamic metabolism would be an expected
downstream effect of STN suppression. Indeed, several studies have demonstrated relative increases in
thalamic and putaminal metabolism in PD and suppression of this activity with effective symptomatic
therapies, such as levodopa and STN DBS (14, 15). The consistency of the effect over time in the thalami
of patients in our phase I study and in the current study, along with the absence of effect in the untreat-
ed hemispheres of phase I patients and control patients here, strongly indicates that decline in thalamic
metabolism is a genuine consequence of AAV2-GAD gene therapy surgery.

We also found metabolic declines in anterior cingulate and prefrontal cortices in the AAV2-GAD
group. According to a widely accepted model of basal ganglia circuitry, STN modulation (whether by
DBS or lesioning) would be expected to facilitate output of signal projections to cortical structures (16,
17). Nonetheless, decreased activity in the anterior cingulate cortex has been observed in both the rest-
ing state and during task activation following STN DBS (16, 18), perhaps through the disruption of the

insight.jci.org  https://doi.org/10.1172/jci.insight.90133 5
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Figure 3. Correlation between baseline metabolism in the prefrontal cortex (PFC) and clinical response. In the AAV2-GAD group (n = 16), an inverse cor-
relation was evident between the baseline metabolism in the PFC and the changes in Unified Parkinson’s Disease Rating Scale (UPDRS) motor scores at 6
months (A: r = -0.51, P < 0.05; Pearson’s correlation) and 12 months (B: r = -0.71, P < 0.003; Pearson’s correlation) from baseline. No correlation was seen in
the sham group (n = 21) at either 6 months (C: r = -0.35, P = 0.12; Pearson’s correlation) or 12 months (D: r = -0.04, P = 0.86; Pearson’s correlation).

anterior cingulate circuit (19). Medial prefrontal cortex also projects to the STN; perhaps by a similar
mechanism, STN AAV2-GAD treatment also results in decreased resting-state metabolism in prefron-
tal cortex. Interestingly, though levodopa improves motor function in PD, it also suppresses prefrontal
cortex activation responses (20). The correlation between baseline prefrontal cortex metabolism and the
response to the AAV2-GAD therapy (the higher the baseline metabolism, the better the response) may
reflect an enhanced benefit for patients with less cortical involvement, rather than indicating that changes
in prefrontal cortex activity underlie the motor benefit seen in this trial. In other words, though baseline
prefrontal cortex metabolism predicted UPDRS response, the change in prefrontal cortex metabolism did
not correlate with improvement (data not shown) (16, 21). These data also suggest the possibility that, in
addition to assuring an accurate diagnosis of idiopathic PD, screening FDG PET imaging could also be
utilized to select for subjects that are more likely to respond to this therapy. We note that subjects classi-
fied as responders at 12 months tended to have higher baseline prefrontal cortex metabolism (Figure 3B).
Thus, an inclusion criterion that sets a minimum standard for baseline prefrontal cortex metabolism could
be used to increase statistical power and reduce the sample size needed for a future clinical trial. Nonethe-
less, this will need to be confirmed prospectively in a larger trial powered for efficacy. Utilizing prefrontal
metabolism as a screening criteria could limit the generalizability of a future clinical trial and, based only
on our preliminary exploratory analysis, should be undertaken with caution.

In summary, the 12-month open-label follow-up data from our 6-month double-blind sham surgery—con-
trolled clinical trial of STN AAV2-GAD in patients with advanced PD (4) demonstrate continued motoric
benefits of the therapy. In addition, the imaging results suggest that FDG PET may have utility as a screening
procedure for clinical trials of PD therapeutics (especially small-scale phase I and II studies) and may provide
insights into the mechanisms underlying novel therapies.

insight.jci.org  https://doi.org/10.1172/jci.insight.90133 6
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Figure 4. Trial profile.
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Methods

Subjects. As described in the report on the 6-month data, 66 subjects were screened for the trial at 7 sites,
and 45 were randomized (4). 22 were assigned to AAV2-GAD and 23 to sham surgery (Figure 4). Ten
subjects were excluded prior to imaging, and eleven subjects were excluded based upon analysis of their
initial FDG PET scan (see below) according to previously published criteria of image-based differential
diagnosis (22). An additional 8 subjects were excluded from the data analysis prior to unblinding due
to failure of drug delivery (pump failure, inaccurate targeting of STN), based upon predetermined crite-
ria. The characteristics of the remaining 37 subjects have been described in detail previously (4). There
was no significant difference in levodopa equivalent dose at baseline and 6 months for either group or
between groups (sham: baseline, 1,125.93 *+ 493.8 mg; 6 month, 1,095.23 + 499.9 mg; AAV2-GAD:
baseline, 1,149.02 £ 536.3 mg; 6 month, 1,135 £ 560.9 mg). Investigators were instructed to try to avoid

https://doi.org/10.1172/jci.insight.90133 7
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MSA Figure 5. Display of abnormal glucose metabolism (P < 0.001,
uncorrected, by SPM t test) in two representative patients using
F e | N the statistical parametric mapping single-case analysis (26).
""\ e : (Increased/decreased metabolism is indicated by red/blue.) Based
. < =ik on the automated image-based diagnosis for individual subjects
¥ - (22), one patient was classified as having idiopathic Parkinson's

‘ disease (IPD) with a likelihood of 99%, consistent with this sub-
. ject’s clinical diagnosis, and was enrolled into the study. The other

¢ % 4 ._! subject was classified as having multiple system atrophy (MSA)

) £ with a likelihood of 99%, despite a clinical diagnosis of IPD, and
' thus was excluded from the study.

z=-2 changing PD medications over the course of the year, but
doses of antiparkinsonian medications were not formally
tracked in the open-label phase of the trial.

In addition, imaging data from 22 healthy subjects (age
60.7 + 10.0 years), age matched to the trial subjects, were
selected from a historical data set and served as an additional
control group for the imaging analysis.

Study design. This was a multicenter, randomized,
double-blind, sham surgery—controlled clinical trial.
Subjects were assessed clinically at baseline and after 1,
3, 6, and 12 months. The primary outcome measure was
the difference from baseline in the OFF-state total motor
UPDRS score (part 3) over 12 months between the sham
and AAV2-GAD groups. Key secondary outcome measures included ON-state motor UPDRS score,
UPDRS Activities of Daily Living score (part 2), Brief Parkinsonism Rating Scale, UPDRS compli-
cations of therapy scale (part 4), such as daily duration of LID and of OFF time, and an extensive
neuropsychological test battery. FDG PET was done at baseline and repeated at 6 and 12 months for
all subjects. Details regarding other assessments have been previously reported (4).

FDG PET. FDG PET scanning was done at 5 participating sites. PET studies were performed in 3D
mode according to protocols described in detail elsewhere (23). Subjects underwent scanning on the PET
scanner available at each facility, except for those enrolled at the Ohio State University College of Medicine
and the University of Colorado School of Medicine, who underwent scanning at the Feinstein Institute for
Medical Research. All subjects fasted overnight prior to PET scanning and were positioned in a stereoad-
apter. To minimize repositioning errors, the settings employed in the baseline scan were also used for the
second (after 6 months) and third scans (after 12 months). A transmission scan (10 minutes) was acquired
for attenuation correction in emission scans. A CT transmission scan (<1-minute duration) was performed
just before or after the emission scan at those sites utilizing a PET/CT machine. All images had an effective
image resolution of 6 mm transversely and 8 mm axially. FDG PET images were acquired for 20 minutes
(two 10-minute frames), beginning 35 minutes after the injection of 0.071 mCi/kg (~5 mCi) FDG in a
resting state with eyes open and with minimal auditory stimulation.

FDG PET scan data were transferred in Dicom format via a secure server to the central imaging coor-
dination center at the Feinstein Institute for Medical Research. All imaging analyses, including network
computations, were performed only at the Feinstein Institute for Medical Research using in-house software
(available at http://feinsteinneuroscience.org/). This program is implemented in MATLAB (The Math-
works Inc.) on a PC-based workstation. Scans were also analyzed utilizing statistical parametric mapping
(SPM5, Wellcome Trust Centre for Neuroimaging, Institute of Neurology, London, United Kingdom) for
additional image preprocessing and statistical analysis. All imaging analyses were performed blind to group
designation (i.e., AAV2-GAD versus sham).

Initial imaging analysis of baseline scans was undertaken during the screening process prior to random-
ization to confirm the diagnosis of idiopathic PD. These baseline scans were assessed in real time using an
automated differential diagnosis algorithm based upon previously identified disease-specific brain networks
for idiopathic PD (PD-related pattern), MSA, and progressive supranuclear palsy (22). For entry into the
study, the estimated probability of idiopathic PD for each subject needed to be >81%, an image-based diag-
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nostic criterion established in a prior study (22). Of the 56 subjects screened with imaging, 45 met this crite-
rion and were enrolled into the study (4). Four subjects, whose probabilities of idiopathic PD were found to
be <21% (or, alternatively, probabilities of atypical PD of >79%), were classified as MSA by the algorithm
and were thus excluded from the study. The images of one representative idiopathic PD subject and one
subject with MSA are shown in Figure 5. Moreover, 7 additional subjects whose probabilities of idiopathic
PD were between 21% and 80% were classified as indeterminate cases and were excluded as well. Imaging
results of the baseline scans were returned to the site investigators within 24 hours.

FDG PET scans were analyzed by comparing changes across 3 time points (baseline, 6 months, and 12
months) between the AAV2-GAD and sham groups, utilizing an SPM5 2 X 3 RMANOVA model. In each of the
significant areas identified, regional metabolic activity was measured and compared between groups over time.

Statistics. Two-tailed Student’s ¢ tests were used to examine the differences in baseline values of each clinical
outcome (e.g., the OFF-state motor UPDRS score) or imaging measure (regional metabolism) between the
AAV2-GAD and sham groups. Two-tailed Student’s # tests were also used to compare the differences in regional
metabolism at baseline between the AAV2-GAD or sham group and the healthy control group. Pearson’s correla-
tion coefficients were calculated to examine the relationship between baseline metabolism in each region and
the changes in UPDRS motor scores at 6 and 12 months from baseline. In both treatment groups, a secondary
post-hoc analysis was also performed for 12-month responder data. This analysis was done on the raw (i.e.,
not adjusted for baseline scores) UPDRS motor score data. We defined a clinically meaningful response as a
29.0-point improvement in UPDRS motor score, which corresponds to the mean improvement of 25% in the
initial AAV2-GAD study (24) and to a moderate-to-large clinically important difference reported in an analysis
of treatments for PD (25). Pearson’s * test was used to examine differences in the proportion of responders
based on changes in UPDRS or diary ON/OFF times between the AAV2-GAD and sham groups.

To assess longitudinal changes of the primary outcome measure, the OFF-state motor UPDRS score
was analyzed by 2-way RMANOVA over all 5 time points (baseline and 1, 3, 6, and 12 months), with treat-
ment group as the between-subjects measure and time point as the within-subject repeated measure. Post-hoc
Bonferroni tests were used to assess the changes at follow-up time points with respect to baseline. Secondary
efficacy measures were analyzed using the same method. Changes in regional metabolic activity over the
12-month period were also analyzed using 2-way RMANOVA.

For display of data in the figures, if no significant group difference was found at baseline, we subtracted
each subject’s baseline values from the values of that subject at all time points, such that only the changes
of each measure from baseline were displayed at follow-up time points.

The statistical analysis was performed with SAS 9.3 (SAS Institute). Results were considered sig-
nificant at P < 0.05.

Study approval. Study protocols and consent forms were approved by the institutional review boards of Stan-
ford University, University of Colorado, Massachusetts General Hospital, Henry Ford Health Systems - Franklin
Pointe Medical (Southfield, Michigan), University of Rochester, Wake Forest University Health Science Center,
the Ohio State University, and the Feinstein Institute for Medical Research at Northwell Health, as described
previously (4). Written consent was obtained from every patient after detailed explanation of the procedures.
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