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Abstract
Background and Objectives
To report final, 36-month safety and clinical outcomes from the PD-1101 trial of NBIb-1817 (VY-
AADC01) in participants withmoderately advanced Parkinson disease (PD) andmotor fluctuations.

Methods
PD-1101 was a phase 1b, open-label, dose escalation trial of VY-AADC01, an experimental
AAV2 gene therapy encoding the human aromatic L-amino acid decarboxylase (AADC) en-
zyme. VY-AADC01 was delivered via bilateral, intraoperative MRI-guided putaminal infusions
to 3 cohorts (n = 5 participants per cohort): cohort 1, ≤7.5 × 1011 vector genomes (vg); cohort
2, ≤1.5 × 1012 vg; cohort 3, ≤4.7 × 1012 vg.

Results
No serious adverse events (SAEs) attributed to VY-AADC01 were reported. All 4 non-vector–related
SAEs (atrial fibrillation and pulmonary embolism in 1 participant and 2 events of small bowel ob-
struction in another participant) resolved. Requirements for PD medications were reduced by
21%–30% in the 2 highest dose cohorts at 36months. Standardmeasures of motor function (PD diary,
Unified Parkinson’s Disease Rating Scale III “off”-medication and “on”-medication scores), global
impressions of improvement (ClinicalGlobal Impressionof Improvement, PatientGlobal Impressionof
Improvement), and quality of life (39-itemParkinson’sDiseaseQuestionnaire) were stable or improved
comparedwith baseline at 12, 24, and 36months followingVY-AADC01 administration across cohorts.

Discussions
VY-AADC01 and the surgical administration procedure were well-tolerated and resulted in
stable or improved motor function and quality of life across cohorts, as well as reduced PD
medication requirements in cohorts 2 and 3 over 3 years.

Trial Registration Information
NCT01973543.

Classification of Evidence
This study provides Class IV evidence that, in patients with moderately advanced PD and
motor fluctuations, putaminal infusion of VY-AADC01 is well tolerated and may improve
motor function.

MORE ONLINE

Class of Evidence
Criteria for rating
therapeutic and diagnostic
studies
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Parkinson disease (PD), a progressive neurodegenerative
disorder, results in significant motor and nonmotor impair-
ments.1 Levodopa, converted to dopamine by L-amino acid
decarboxylase (AADC), is themost effective treatment for PD
motor symptoms.1,2 In PD, dopaminergic nigrostriatal neu-
rons that express AADC degenerate, resulting in progressive
loss of AADC in nigrostriatal terminals in the putamen and
reduced synthesis of dopamine from levodopa.3,4 As PD
progresses, escalating levodopa doses and adjunct medica-
tions are required tomanage increasingly disabling symptoms,
including motor fluctuations and dyskinesias.2,5

Gene therapy may provide durable, possibly lifelong, clinical
benefits in PD following a single administration.6 Previous
studies of gene therapies targeting the basal ganglia in PD
have shown promise in preclinical and early clinical studies,
but efficacy results have been mixed.6-12 NBIb-1817 (VY-
AADC01) is an experimental adeno-associated virus serotype
2 (AAV2) gene therapy encoding the human AADC
(hAADC) enzyme designed to increase dopamine production
by delivering the AADC gene directly to the putamen,2 where
transduced cells are expected to express AADC, allowing for
localized dopamine production from the prodrug levodopa.
Resulting dopamine levels are expected to depend on levo-
dopa dosing.13 Another gene therapy approach using a len-
tiviral vector encoding the 3 enzymes required for
endogenous dopamine synthesis (tyrosine hydroxylase,
cyclohydrolase 1, and AADC) is also under development.14

PD-1101 was a phase 1b, open-label, dose-escalation trial of
VY-AADC01 delivered bilaterally to the putamen in partici-
pants with moderately advanced PD and motor fluctuations.2

We report final 36-month data from PD-1101; interim safety
and efficacy results have been published.2

Methods
Standard Protocol Approvals, Registrations,
and Patient Consents
A detailed description of the methods used in PD-1101 has
been published.2 The trial protocol and participant informed
consent forms were approved by the institutional review
boards of the University of California, San Francisco [UCSF],

the University of Pittsburgh, and the US Food and Drug
Administration (FDA). The protocol was also reviewed and
approved by the Recombinant DNA Advisory Committee of
the NIH; all participants provided written informed consent
prior to trial participation. A data safety monitoring board
reviewed safety data throughout the trial. The clinicaltrials.gov
identifier is NCT01973543.

Trial Design and Participants
PD-1101 was a phase 1b, open-label, dose escalation trial
intended to provide Class IV evidence that, in patients with
moderately advanced PD and motor fluctuations, putaminal
infusion of VY-AADC01 is well tolerated and may improve
motor function. Participants were enrolled at 2 clinical sites
(UCSF and University of Pittsburgh Medical Center
[UPMC]) and received surgery between May 7, 2014, and
December 9, 2016. Eligible participants were 40–70 years of
age with moderately advanced PD and a history of re-
sponsiveness to dopaminergic therapy, disabling motor fluc-
tuations despite optimal medical therapy, disease duration ≥5
years, modified Hoehn & Yahr (mH&Y) stage ≥2.5 “off”-
medication, and a stable PDmedication regimen for ≥4 weeks
before screening. Full inclusion and exclusion criteria are
detailed on ClinicalTrials.gov. By cohort, for cohort 1, 5/5
participants were treated and followed at UCSF; for cohort 2,
4 participants were treated and followed at UCSF and 1 at
UPMC; and for cohort 3, 2 participants were treated and
followed at UCSF and 3 at UPMC.

VY-AADC01 Preparation, Dosing,
and Administration
VY-AADC01, a recombinant AAV2 vector carrying comple-
mentary DNA encoding the human AADC enzyme under
control of a cytomegalovirus promoter, was prepared as pre-
viously described2 in accordance with FDA good manufactur-
ing practice. VY-AADC01was delivered at escalatingmaximum
total doses across 3 trial cohorts: cohort 1 received VY-
AADC01 at a concentration of 8.3 × 1011 vector genomes
(vg)/mL and up to 450 μL per putamen for a maximum total
dose of up to 7.5 × 1011 vg; cohort 2 received the same con-
centration as cohort 1 and up to 900 μL per putamen for a total
dose of up to 1.5 × 1012 vg; in cohort 3, the concentration was
increased to 2.6 × 1012 vg/mL and the volume (up to 900 μL
per putamen)was kept identical to cohort 2 for amaximum total

Glossary
AADC = L-amino acid decarboxylase; AAV2 = adeno-associated virus serotype 2; AE = adverse event; CED = convection-
enhanced delivery; CGI-I = Clinical Global Impression–Improvement; DBS = deep brain stimulation; DVT = deep vein
thrombosis; 18F-DOPA = (18)F-fluoro-l-dihydroxyphenylalanine; FDA = Food and Drug Administration; GPi = globus
pallidus interna; hAADC = human amino acid decarboxylase; ITT = intent-to-treat; LED = levodopa equivalent dose;mH&Y =
modified Hoehn & Yahr;MR = magnetic resonance; NHP = nonhuman primate; PD = Parkinson disease; PDQ-39 = 39-item
Parkinson’s Disease Questionnaire; PGI-I = Patient Global Impression of Improvement; SAE = serious adverse event; SEM =
standard error of the mean; TEAE = treatment-emergent adverse event; UCSF = University of California, San Francisco;
UDysRS = Unified Dyskinesia Rating Scale; UPDRS = Unified Parkinson’s Disease Rating Scale; UPMC = University of
Pittsburgh Medical Center; vg = vector genome.
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dose of up to 4.7 × 1012 vg. Full details of the surgical ad-
ministration of VY-AADC01 have been published.2,12 In brief,
participants were placed under general anesthesia and posi-
tioned supine within the bore of an MRI scanner. The Clear-
Point system (ClearPoint Neuro, Inc.), which consists of an
MRI-compatible skull-mounted aiming device (SmartFrame)
and MRI-integrated software, was used to plan and guide
cannula placement. VY-AADC01 was administered via 2–3
trajectories to the putamen using SmartFlow stepped tip can-
nulae (ClearPoint Neuro, Inc.) and convection-enhanced de-
livery (CED), with a primary goal of achieving maximal
possible coverage of the postcommissural putamen, as it is the
motor region of the putamen and shows greater loss of dopa-
minergic terminals than the anterior putamen in PD.12,15

Cannula trajectories were chosen to center the cannula within
the putamen, with the tip at least 3 mm from any putaminal
borders, and to avoid direct contact with perivascular spaces.
Prior to administration, VY-AADC01 was admixed with the
contrast agent gadoteridol to allow for real-time MRI moni-
toring of infusate distribution and assessment of putamen
coverage. Gadoteridol distribution has been shown to be a
reliable predictor of vector distribution following CED of
AAV2-AADC in primates.16 The infusion technique was re-
fined over the course of the trial tomaximize putamen coverage
and mitigate “off-target” distribution.12 Participants were
monitored postoperatively in the hospital for at least 1 night.

Putamen Coverage Analysis
VY-AADC01 volumetric coverage of the putamen was de-
termined using iPlan Flow software (Brainlab AG) as pre-
viously described.2 Gadoteridol-enhanced magnetic resonance
(MR) images obtained at the end of infusion were compared
with preinfusion MR images to determine the percentage of
total putamen volume to which drug was administered. The
overlap between pre- and postinfusion MR images was used to
calculate percent coverage of each putamen, with total putamen
coverage expressed as a single value representing the average
across right and left putamen.

18F-DOPA PET to Assess AADC Activity
The distribution and change in AADC activity at 6 months
postadministration was a secondary outcome. (18)F-fluoro-L-
dihydroxyphenylalanine (18F-DOPA) PET scans were acquired
at baseline prior to administration of VY-AADC01 and 5–6
months postadministration as previously described.2 On each
occasion, participants were given oral carbidopa (2.5 mg/kg;
200 mg maximum dose) 60–90 minutes prior to 18F-DOPA
administration, and acquisition frames were captured 65–75
minutes later for subsequent analysis. The striatum (putamen)
to occipital cortex standardized uptake ratio (SOR-1) was cal-
culated for the right and left putamen, with the 2 values averaged
to provide a single value. The 5- to 6-month postadministration
value was expressed as percent change from baseline.

Safety and Clinical Outcomes
The primary outcome measure was the safety and tolerability
of AADC gene transfer (Class IV evidence) as assessed by

frequency of adverse events (AEs) and serious AEs (SAEs)
and their relationship to VY-AADC01 or the trial procedure.
Secondary outcome measures included changes from baseline
in PD medications measured as daily levodopa equivalent
dose (LED)17,18 andmotor function as assessed by PD diary19

good “on” time (defined as the sum of “on” time with no
dyskinesia and “on” time with nontroublesome dyskinesia)
and “off” time, Unified Dyskinesia Rating Scale (UDysRS)
total scores, Unified Parkinson’s Disease Rating Scale Part III
(UPDRS III) “off”-medication and “on”-medication scores,
and mH&Y scale “off”-medication scores. Changes to PD
medications were made at the discretion of the investigator.
Patient Global Impression of Improvement (PGI-I) and
Clinical Global Impression of Improvement (CGI-I) were
assessed throughout follow-up. Changes in quality of life were
assessed using the 39-item Parkinson’s Disease Questionnaire
(PDQ-39). The “off” medication state was defined as ≥12
hours after stopping PD medications; the “on” medication
state was defined as 30–120 minutes after taking the first daily
dose of PD medications when participants and investigators
both agreed that benefits of PD medications had occurred. If
the participant was not fully “on” as judged by the participant
and investigator, an additional ½ to 1 carbidopa/levodopa
25/100 mg tablet was administered.

Statistical Analysis
A sample size of up to 20 participants was chosen to provide
preliminary evidence of safety and potential efficacy; this esti-
mate was not based on statistical power calculations. Primary
and secondary outcome measures were analyzed using de-
scriptive methods. Postsurgical mean absolute changes from
baseline or percent changes from baseline were summarized by
cohort. Safety analyses were based on the safety population,
which included all participants who initiated any trial pro-
cedure, starting from the beginning of preinfusion anesthesia.
The intent-to-treat (ITT) population included all enrolled
participants who had efficacy assessment data at baseline and at
≥1 postsurgical visit. The ITT population was used for analyses
of vector coverage of the putamen, AADC expression, and
clinical efficacy. PD diary data were normalized to a 16-hour
waking day. Vector coverage of the putamen and changes from
baseline in AADC expression and clinical outcomes are
reported as mean ± SEM. One participant in cohort 1 un-
derwent bilateral globus pallidus interna (GPi) deep brain
stimulation (DBS) placement 34 months after VY-AADC01.
The indication for DBS was gradual worsening of PD motor
symptoms including rest tremor, dyskinesias, and wearing off.
All these features preceded participation in this trial and were
considered consistent with typical PD progression. In this
participant, 36-month assessments were performed with DBS
stimulation “on.” A sensitivity analysis of 36-month outcomes
in cohort 1 excluding this participant’s data was conducted.

Data Availability
NBIb-1817 (VY-AADC01) is an investigational product that
has not yet been approved for any indication; we do not plan
to share the study data or related documents at this time.
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Results
Baseline Characteristics
The ITT and safety populations included 15 participants (5
participants in each cohort; Figure 1). Demographic and
baseline characteristics were generally similar across cohorts
and consistent with moderately advanced PD (Table 1). At
baseline, the UPDRS III “on”-medication score was lower in
cohort 1; in cohort 3, the UDysRS total score and PDQ-39
summary index score were higher than the other cohorts.
Cohort 3 included 2 participants with mH&Y stage 4 “off”
medication and 3 participants with mH&Y stage 3 “off” med-
ication, whereas all participants in cohorts 1 and 2 were stage 3.

Safety Outcomes
VY-AADC01 and the surgical procedure were well-tolerated
over the 3-year trial. A total of 4 SAEs were reported in 2
participants, all of which resolved and were assessed by the
investigator as not related to VY-AADC01. As previously
reported,2 1 participant experienced a pulmonary embolism
and subsequent atrial fibrillation due to deep vein thrombosis
(DVT). The investigator assessed the DVT as unrelated to
VY-AADC01. The DVT was considered likely attributable to
immobilization during surgery. Intraoperative sequential leg
compression for DVT prophylaxis was used during sub-
sequent surgical procedures, and no other AEs of thrombo-
embolic events occurred during the trial. Another participant
experienced 2 SAEs of small bowel obstruction, which oc-
curred 6 days apart, 29 months after VY-AADC01 adminis-
tration. A summary of SAEs and treatment-emergent AEs
(TEAEs) occurring in >2 participants is reported in Table 2.
Most events were either grade 1 or grade 2 (97%) in severity
and considered unrelated to VY-AADC01 (91%). The most
common TEAE was headache in the immediate postoperative
period, which affected 11 participants (73%) overall. Dyski-
nesia was reported in 4 participants (27%) and was consid-
ered probably related to treatment in all 4 participants. Each

participant was carefully monitored for the development of
worsening dyskinesias (including runaway dyskinesias) but in
all cases, dyskinesias were transient and resolved with dose
reduction of PD medications or the addition of amantadine.
No participants discontinued evaluations following adminis-
tration of VY-AADC01 due to AEs.

VY-AADC01Coverageof thePutamenandAADC
Activity Changes
As previously reported,2 VY-AADC01 coverage of the total
putamen was 21% ± 1%, 34%± 2%, and 42% ± 3% in cohorts 1,
2, and 3, respectively. Coverage of the preferentially-targeted
postcommissural putamen was 20% ± 6%, 39% ± 5%, and 53%
± 5%, respectively (Figure 2A). Changes in AADC enzyme
activity as measured by 18F-DOPA PET 5–6 months after VY-
AADC01 administration followed a dose-dependent pattern,
with increases of 13% ± 7%, 56% ± 13%, and 79% ± 15% in
cohorts 1, 2, and 3, respectively (Figure 2A). Increases from
baseline in AADC enzyme activity as measured by 18F-DOPA
PET and total putamen coverage were positively correlated.2

Changes in PD Medication Requirements
Daily PD medication requirements as measured by LED were
decreased from baseline in cohorts 2 and 3 throughout the trial
(Figure 2B). At end of trial (36 months after VY-AADC01
administration), mean changes from baseline in LED of −322 ±
124 mg/day (21% decrease) and −441 ± 73 mg/day (30%
decrease) were documented in cohorts 2 and 3, respectively. In
cohort 1, LED remained stable at 12 and 24 months, but then
increased by 343 ± 406mg/day (23% increase) above baseline at
36 months; excluding data from the participant who underwent
DBS resulted in an increase of 531 ± 465 mg/day from baseline.

Changes in Motor Function, Global
Impressions, and Quality of Life
All other clinical outcomes were stable or improved
compared with baseline in the “on”-medication and “off”-

Figure 1 Participant Flow Diagram for the PD-1101 Trial

PD-1101 was a phase 1b, open-label, dose escalation trial of
VY-AADC01 in participants with moderately advanced Par-
kinson disease. Of the 2 participants excluded from enroll-
ment, 1 participant had an elevated anti-AAV2 antibody titer
and the other participant had a modified Hoehn & Yahr
score below the inclusion criteria. Participants were
screened for eligibility within 60 days of VY-AADC01 admin-
istration and followed for 36months after administration. All
participants were included in analyses.

Neurology.org/N Neurology | Volume 98, Number 1 | January 4, 2022 e43

http://neurology.org/n


medication states across all 3 cohorts throughout this 36-
month trial. Excluding data from the participant who
underwent DBS had a minimal effect on the reported
results.

PD diary data are shown in Figure 3. Improvements in PD
diary good “on” time were reported in cohorts 1 and 2 at all
annual follow-up assessments, with increases from baseline at
the final 36-month follow-up of 2.1 ± 0.6 and 2.2 ± 1.7 hours,
respectively. In cohort 3 there was an improvement in good
“on” time at 12 months (1.5 ± 0.5 hours) that returned to
baseline at both 24 months (0.3 ± 1.2 hours) and 36 months
(0.3 ± 0.7 hours). PD diary “on” time with troublesome
dyskinesia and UDysRS total score remained relatively stable
and comparable to baseline over the 36-month trial in each of
the 3 cohorts. At 36 months, changes from baseline in PD
diary “on” time with troublesome dyskinesia and UDysRS
total score in cohorts 1, 2, and 3, respectively, were −0.4 ± 0.3
hours and −2.4 ± 3.7 points, −0.3 ± 1.3 hours and 4.4 ± 2.5
points, and −0.1 ± 0.6 hours and 4.0 ± 5.0 points. Improve-
ments in PD diary “off” time were similar to those observed
for good “on” time throughout the trial. Specifically, im-
provements in “off” time were reported in cohorts 1 and 2 at
12 months (−1.4 ± 0.9 hours and −2.3 ± 0.6 hours, re-
spectively) that were maintained through the final 36-month
follow-up (−1.7 ± 0.8 hours and −1.9 ± 0.5 hours, re-
spectively). An improvement in “off” time was reported in
cohort 3 at 12 months (−0.5 ± 0.8 hours) that was maintained
at 24 months (−0.4 ± 0.7 hours) but returned to baseline at 36
months (−0.2 ± 0.9 hours).

UPDRS III “off”-medication scores improved from baseline in
all cohorts at all annual follow-up assessments (Figure 4A).
Improvements in cohorts 1, 2, and 3 at 12 months were
maintained through 36 months, with changes from baseline of
−19.0 ± 3.9 points, −12.2 ± 3.3 points, and −10.2 ± 4.6 points,
respectively, at the final 36-month follow-up. Improvements
in UPDRS III “on”-medication scores were observed in co-
horts 2 and 3 at 12 months, which persisted at the final 36-
month follow-up (−7.8 ± 1.6 points and −3.8 ± 1.5 points,
respectively; Figure 4B). The UPDRS III “on”-medication
score in cohort 1 remained low and comparable to baseline at
all annual follow-up assessments.

Improvement in mH&Y stage (“off” medication) at the final
36-month follow-up assessment was observed in 14/15 par-
ticipants, and 1 participant in cohort 3 had no change. In
cohort 1, of 5 participants with mH&Y stage 3 at baseline, 4
participants improved to stage 2 and 1 participant improved
to stage 2.5 at 36 months. All 5 participants in cohort 2 im-
proved from mH&Y stage 3 at baseline to stage 2 at 36
months. In cohort 3, of 3 participants with mH&Y stage 3 and
2 participants with stage 4 at baseline, 3 participants improved
to stage 2 and 1 participant improved to stage 2.5.

CGI-I scale scores indicated improvement from baseline in all
15 participants. At 36 months, clinicians rated 1 participant as
“very much improved,” 11 participants as “much improved,”
and 3 participants as “minimally improved.” PGI-I scale score
results were similar and indicated improvement from baseline
in 12 of 15 participants at 36 months, with 1 participant “very

Table 1 Demographics and Baseline Characteristics

Cohort 1, up to 7.5 × 1011 vg
(n = 5)

Cohort 2, up to 1.5 × 1012 vg
(n = 5)

Cohort 3, up to 4.7 × 1012 vg
(n = 5)

Age, y 57.2 (7.2) 58.0 (8.9) 56.8 (4.3)

Sex, F/M 1/4 0/5 1/4

Time from PD diagnosis, y 10.0 (4.6) 10.3 (1.6) 8.8 (3.6)

mH&Y stage, n per stage Stage 3: 5 Stage 3: 5 Stage 3: 3; stage 4: 2

UDysRS total score 19.2 (13.5) 17.2 (12.2) 30.2 (8.7)

UPDRS III “off”-medication score 37.2 (5.9) 35.8 (7.6) 38.2 (9.7)

UPDRS III “on”-medication score 7.6 (5.1) 17.0 (3.8) 16.0 (3.1)

PD diary “off” time, normalized h 4.9 (1.7) 4.3 (1.3) 4.7 (1.2)

PD diary good “on” time,a normalized hours 10.5 (2.1) 10.6 (1.8) 10.3 (1.6)

PDQ-39 summary index score 18.2 (10.2) 16.6 (12.7) 30.2 (8.4)

LED, mg/d 1,467.5 (615.0) 1,507 (678.4) 1,477 (428.7)

CGI-S, n per category Moderately ill: 5 Moderately ill: 5 Moderately ill: 4; markedly ill: 1

Abbreviations: CGI-S = Clinical Global Impression–Severity; LED = levodopa equivalent dose;mH&Y =modifiedHoehn&Yahr; PD = Parkinson disease; PDQ-39
= 39-item Parkinson’s Disease Questionnaire; UDysRS = Unified Dyskinesia Rating Scale; UPDRS = Unified Parkinson’s Disease Rating Scale; vg = vector
genome.
Data are shown as mean (SD) unless specified.
a Good “on” time is the sum of “on” time with no dyskinesia and “on” time with nontroublesome dyskinesia.
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much improved,” 10 participants “much improved,” and 1
participant “minimally improved.” Three of 15 participants
reported being “minimally worse.”

In cohort 1, quality of life as assessed by the PDQ-39 summary
index score remained stable and comparable to baseline at all
annual follow-up assessments (Figure 5). PDQ-39 summary
index scores were improved in cohort 2 throughout the trial,
and in cohort 3, were improved at 12 and 24 months but were
returning toward baseline at 36 months.

Classification of Evidence
This trial provides Class IV evidence that VY-AADC01 and
the associated surgical delivery procedure were well-tolerated
in a population 40–70 years of age with moderately advanced
PD, and that in the 2 higher-dose cohorts (at total doses of up
to 1.5 × 1012 vg and 4.7 × 1012 vg), stable or improved clinical
outcomes were observed along with reduced PD medication
requirements for at least 3 years.

Discussion
The final 3-year results from the PD-1101 trial demonstrate
that VY-AADC01 and the surgical delivery procedure were

well-tolerated with no vector-related SAEs reported. The
safety and tolerability of VY-AADC01 was observed with in-
fusion volumes that were several-fold higher than those in
previous AADC gene therapy trials in PD.5,20 The most
common TEAEs were mostly transient, including dyskinesias,
which resolved with PD medication dose reductions or ad-
dition of amantadine.

All cohorts showed stability or improvement in motor func-
tion, global impressions of change, and quality of life
throughout the 3 years. In cohorts 2 and 3, the stability or
improvement in outcomes was observed with reduced LED,
which may indicate an increased responsiveness to thera-
peutic levodopa after treatment with VY-AADC01 as pre-
viously reported from the levodopa infusion substudy of this
trial.21 Indications of improved motor function following VY-
AADC01 were observed across multiple endpoints. Specifi-
cally, PD diary good “on” and “off” times improved
throughout the trial in cohorts 1 and 2, whereas cohort 3
improved at month 12 before returning to baseline at month
36. UPDRS III “off”-medication and “on”-medication scores
also improved from baseline in all cohorts at all annual follow-
up assessments, except for the “on”-medication score in co-
hort 1, which remained low and comparable to baseline
throughout the trial (note that the UPDRS III mean “on”-
medication score in cohort 1 was 7.6 ± 2.3 at baseline).
Similarly, improvement in mH&Y stage (“off”medication) at
the final 3-year follow-up assessment was observed in 14/15
participants, and 1 participant in cohort 3 remained stable.
Importantly, PD diary “on” time with troublesome dyskinesia
and UDysRS total score remained relatively stable and com-
parable to baseline in each of the 3 cohorts, indicating a lack of
increased dyskinesia over the 3-year trial. The clinician- and
participant-rated global impressions of change (CGI-I and
PGI-I) scores indicated improvement in 100% and 80% of
participants, respectively, and quality of life as assessed by the
PDQ-39 summary index score indicated improvement in
cohort 2 and stability in cohort 1 throughout the trial, with a
transient benefit in cohort 3 that returned toward baseline at
the final assessment. Collectively, these results suggest that
VY-AADC01 may provide clinical and functional benefits in
moderately advanced PD. Potential clinical and functional
benefits should be considered in the context of the study
design, which was phase 1b, open label, and intended to
provide Class IV evidence that putaminal infusion of VY-
AADC01 is well tolerated in patients with moderately ad-
vanced PD and motor fluctuations and may improve motor
function and did not include a control group. A sham
surgery–controlled trial will be needed to demonstrate robust
efficacy of VY-AADC01.

The durability of motor function stability or improvement
throughout the 3-year trial, with concurrent LED reduction in
cohorts 2 and 3, suggests that a single infusion of VY-
AADC01 may have been associated with a persistent increase
in putaminal AADC enzyme activity.22 Consistent with PD-
1101, persistent increases in AADC enzyme activity have been

Table 2 Number of Participants With Any Serious
Adverse Event and Treatment-Emergent Adverse
Events That Occurred in >2 Participants by
MedDRA Preferred Term

Cohort 1
(n = 5)

Cohort 2
(n = 5)

Cohort 3
(n = 5)

Total
(n = 15)

Any serious adverse
event

0 1a 1b 2

Any adverse event 5 5 5 15

Headache 5 3 3 11

Hypoesthesia 3 1 3 7

Musculoskeletal pain 3 0 2 5

Dyskinesia 2 1 1 4

Incision site pain 2 1 1 4

Back pain 2 2 0 4

Constipation 1 2 0 3

Fatigue 0 1 2 3

Upper respiratory
tract infection

2 0 1 3

Pain in extremity 1 1 1 3

Depression 2 1 0 3

Abbreviation: MedDRA = Medical Dictionary for Regulatory Activities.
a This participant experienced 2 serious adverse events (atrial fibrillation
and pulmonary embolism).
b This participant experienced 2 serious adverse events (2 small bowel ob-
structions occurring 6 days apart).
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described in a previous phase 1 clinical trial of AAV2-hAADC
that reported a dose-dependent increase in AADC activity in
the putamen that was maintained through 4 years of follow-
up,22 and in a preclinical nonhuman primate (NHP) study,
which demonstrated that treatment with AAV2-hAADC re-
stored enzyme activity to normal levels and enhanced be-
havioral responses to levodopa through 8 years of follow-up.23

The primary cellular source of the persistently increased
AADC activity in the NHP putamen was found to be medium
spiny neurons,23 which do not degenerate in PD.13 AADC
expression in these cells may provide an alternate path for

dopamine production to supplement the loss from the
nigrostriatal neurons that degenerate in PD.

The levels of putamen coverage achieved in cohorts 2 and 3 of
PD-1101 (34% and 42%, respectively) exceeded putamen
coverage in cohort 1 (21%). A similar pattern was observed
for AADC activity as measured by 18F-DOPA PET (56% and
79% increases in cohorts 2 and 3, respectively, vs an increase
of 13% in cohort 1). Unlike PD-1101, prior AAV2-hAADC
clinical trials likely did not achieve putamen coverage above
;10%.12 In the prior phase 1 clinical trial of AAV2-hAADC,

Figure 3 PD Diary “Off” Time and “On” Times at Baseline and Months 12, 24, and 36

Data shown are mean hours normalized to a 16-
hour waking day. Change from baseline (CFB) at
36 months is reported to the right of each panel.
PD diary “off” time and good “on” time (sum of
“on” time with no dyskinesia and “on” time with
nontroublesome dyskinesia [NTD]) were stable
or improved from baseline throughout the trial.
In a sensitivity analysis that excluded the partic-
ipant in cohort 1 who underwent deep brain
stimulation, “off” time and good “on” time (mean
± SEM) atmonth 36 were 3.4 ± 1.5 hours and 12.3
± 1.6 hours, respectively. TD = troublesome
dyskinesia.

Figure 2 AADC Enzyme Activity, VY-AADC01 Putaminal Coverage, and LED Change From Baseline by Cohort in PD-1101

(A) Coverage and L-amino acid decarboxylase
(AADC) enzyme activity data shown are mean
percent coverage (total putamen coverage and
posterior putamen coverage) and percent AADC
increase from baseline. Error bars represent
SEM. Change from baseline in AADC enzyme
activity was measured using 18F-DOPA PET 5–6
months after VY-AADC01 administration. The
change in AADC enzyme activity as measured by
18F-DOPA PET correlated with total putamen
coverage. (B) Levodopa equivalent dose (LED)
changes from baseline at months 12, 24, and 36
are shown as mean change in mg/day ± SEM.
Daily PD medication requirements were de-
creased from baseline in cohorts 2 and 3
throughout the trial. A sensitivity analysis that
excluded the participant in cohort 1 who un-
derwent deep brain stimulation resulted in a
mean ± SEM change from baseline of 531 ± 465
mg/day at month 36.
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despite modest early clinical benefit and persistent en-
hancement of AADC activity, durable clinical efficacy (>12
months) was not observed.5,22 The potential benefit of
achieving sufficient coverage and AADC activity enhance-
ment in PD-1101 was evident across multiple clinical as-
sessments and outcomes indicating an improvement from
baseline that was generally greater in cohorts 2 and 3 com-
pared with cohort 1, including LED reduction, UPDRS III
“on”-medication score, and PDQ-39 summary index. How-
ever, we did not observe a clear dose response between
cohorts 2 and 3. The lack of an evident dose response be-
tween the 2 higher-dose cohorts may be attributable to the
small number of participants, variability of baseline charac-
teristics (i.e., cohort 3 had higher baseline mH&Y, UDysRS,
and PDQ-39 scale scores, indicating greater overall PD se-
verity than cohort 2), or the possibility of a “ceiling effect,”
whereby exceeding the dose required for response does not
provide a greater magnitude of benefit.

Prior to PD-1101, the abovementioned open-label, phase 1
clinical trial investigated the effects of AAV2-hAADC gene
therapy administered to the putamen in PD and followed
participants for 4 years.5,22 That trial confirmed the safety and
tolerability of the AAV2-hAADC vector delivered to the
putamen using CED, and reported that treatment persistently
increased AADC enzyme activity throughout the follow-up
period.22 However, no reductions in LED were observed, and
benefits to motor function (total UPDRS “on”-medication
and “off”-medication scores) were present for the first 12
months before deteriorating thereafter.22 Another trial of 6
months duration that included participants with PD in Japan
investigated the effects of AAV2-hAADC administered to the
putamen and reported a favorable safety/tolerability profile,
increase of AADC enzyme activity, modest improvements in
motor function, and no reduction in LED.20 Although these
trials used a different surgical approach than PD-1101, the low
infusion volumes (100 μL per putamen), total vector doses

Figure 4 Changes From Baseline in UPDRS III Scores

(A) “Off” medication. (B) “On” medication. Data
shown are mean change in points ± SEM. Unified
Parkinson’s Disease Rating Scale (UPDRS) III “off”-
medication scores improved in all cohorts
throughout the trial, and “on”-medication scores
improved in cohorts 2 and 3 throughout the trial.
A sensitivity analysis that excluded the partici-
pant in cohort 1 who underwent deep brain
stimulation resulted in a mean ± SEM change
from baseline of −17.3 ± 4.5 points (“off” medi-
cation) and 0.8 ± 2.4 points (“on” medication) at
month 36.

Figure 5 Changes From Baseline in PDQ-39 Summary Index Score at Months 12, 24, and 36

Data shown are mean change in points ± SEM. Quality of life (39-item
Parkinson’s Disease Questionnaire [PDQ-39]) scores were improved
throughout the trial in cohort 2, and at months 12 and 24 in cohort 3. A
sensitivity analysis that excluded the participant in cohort 1 who un-
derwent deep brain stimulation resulted in a mean ± SEM change from
baseline of −0.6 ± 4.6 points at month 36.
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(up to 3 × 1011 vg), and target coverage (<10%) likely played
a role in the limited efficacy reported.12 Neither trial was
equipped tomonitor infusate distribution during the infusions
to assess target coverage and off-target spread. In contrast,
PD-1101 employed innovative techniques, specifically, real-
time MRI-monitored infusions, stepped tip cannula design,
and progressive cannula advancement during infusion, to
achieve greater infusion volumes and target tissue coverage
than previous AAV2-hAADC trials.12 Other gene therapy
trials in PD assessed the effects of neurotrophic factors or
other enzymes (for a comprehensive review, see Richardson
et al.12). Although methodologic differences between these
prior trials and PD-1101 preclude direct comparison, few of
the prior trials reported long-term (>12 months) clinical
benefit with reduced LED.

DBS is a standard therapy used to improve motor symptoms
in advanced PD when these are no longer adequately man-
aged with medication.24 Long-term follow-up of participants
with PD who received GPi or subthalamic nucleus DBS
reported stable improvements in the primary outcome of
UPDRS III scores in the “on” stimulation/“off” medication
state with associated reductions in LED over 36 months.24

These results appear similar to PD-1101 in that benefits to
motor function were observed concurrent with reduced LED
through 3 years of follow-up.

PD-1101 did not include a control group and its primary
objective was to assess the safety and tolerability of AADC
gene therapy. Although there are limited data on the natural
progression of motor impairment in moderately advanced PD
to help contextualize the observed effects of VY-AADC01 on
motor function in the current trial, long-term extension
studies of therapies designed for use in moderately advanced
PD can provide insight into the expected progression in such
participants under medical management. For example, a long-
term extension study of levodopa-carbidopa intestinal gel repor-
ted initial improvements over the first year of treatment in PD
diary “off” time and good “on” time (;4 hours each) that were
maintained over ;3 years of follow-up.25 However, UPDRS
(total and part III on medication) and PDQ-39 scores worsened
even as LED remained constant or increased throughout follow-
up. Similarly, long-term studies (CLEOPATRA-PD and PRE-
FER) of rotigotine, a dopamine receptor agonist administered via
a transdermal delivery system, reported initial improvement in
UPDRS II and III scores during a 5- to 7-week dose titration
period in participants with advanced PD that then steadily de-
clined over the subsequent 3-year maintenance period and LED
increased ;40%–100%.26 These findings, combined with wors-
eningmH&Y stage scores, suggest continuing disease progression
over the course of both studies despite continuedmedical therapy.
In PD-1101, stability or improvements in clinician- and
participant-reported outcomeswere observed, alongwith reduced
LED in the 2 higher-dose cohorts, over a similar 3-year period.
Although these PD-1101 results suggest potential long-term
clinical benefit following a single administration of VY-AADC01,
a sham surgery controlled trial will be needed to provide a robust

assessment of treatment efficacy given the placebo effects ob-
served in previous drug and surgical trials in PD.7,27

The PD-1101 trial supports the long-term safety and potential
durability of VY-AADC01 clinical effects following a single
administration. No vector-related SAEs were reported and
clinical outcomes of motor function and quality of life were
stable or improved throughout the 3-year trial duration in a PD
population that would otherwise be expected to decline over
this time period. PD-1101, along with a companion IV ad-
ministered levodopa response substudy21 and a second, on-
going open-label phase 1b trial (PD-1102, NCT03065192),28

suggest that AAV2-hAADC gene therapy may confer mean-
ingful benefits to patients with PD.
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