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Long-term safety and tolerability of ProSavin, a lentiviral
vector-based gene therapy for Parkinson’s disease: a dose
escalation, open-label, phase 1/2 trial
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Summary

Background Parkinson’s disease is typically treated with oral dopamine replacement therapies; however, long-term
treatment leads to motor complications and, occasionally, impulse control disorders caused by intermittent
stimulation of dopamine receptors and off-target effects, respectively. We aimed to assess the safety, tolerability, and
efficacy of bilateral, intrastriatal delivery of ProSavin, a lentiviral vector-based gene therapy aimed at restoring local
and continuous dopamine production in patients with advanced Parkinson’s disease.

Methods We undertook a phase 1/2 open-label trial with 12-month follow-up at two study sites (France and UK) to
assess the safety and efficacy of ProSavin after bilateral injection into the putamen of patients with Parkinson’s
disease. All patients were then enrolled in a separate open-label follow-up study of long-term safety. Three doses were
assessed in separate cohorts: low dose (1-9x107 transducing units [TU]); mid dose (4-0x107 TU); and high dose
(1x108 TU). Inclusion criteria were age 48—65 years, disease duration 5 years or longer, motor fluctuations, and 50%
or higher motor response to oral dopaminergic therapy. The primary endpoints of the phase 1/2 study were the
number and severity of adverse events associated with ProSavin and motor responses as assessed with Unified
Parkinson’s Disease Rating Scale (UPDRS) part III (off medication) scores, at 6 months after vector administration.
Both trials are registered at ClinicalTrials.gov, NCT00627588 and NCT01856439.

Findings 15 patients received ProSavin and were followed up (three at low dose, six mid dose, six high dose). During
the first 12 months of follow-up, 54 drug-related adverse events were reported (51 mild, three moderate). Most
common were increased on-medication dyskinesias (20 events, 11 patients) and on—off phenomena (12 events, nine
patients). No serious adverse events related to the study drug or surgical procedure were reported. A significant
improvement in mean UPDRS part III motor scores off medication was recorded in all patients at 6 months (mean
score 38 [SD 9] vs 26 [8], n=15, p=0-0001) and 12 months (38 vs 27 [8]; n=15, p=0-0001) compared with baseline.

Interpretation ProSavin was safe and well tolerated in patients with advanced Parkinson’s disease. Improvement in
motor behaviour was observed in all patients.

Funding Oxford BioMedica.

Introduction

Parkinson’s disease is a common neurodegenerative
disorder mainly characterised by motor dysfunction
resulting in bradykinesia, rigidity, tremor, gait
impairment, and postural instability. The disease has a
prevalence of around 1% in people aged 60 years,
affecting around 5 million people worldwide." Several
risk factors are associated with Parkinson’s disease
including inheritance (5-10% of patients)’ and exposure
to chemicals such as pesticides.* A crucial pathological
component is the progressive degeneration of
dopaminergic neurons in the substantia nigra pars
compacta that project axons to the striatum, where
dopamine is released. The rate of dopamine biosynthesis
is limited by three enzymes that are expressed in nigral
neurons: tyrosine hydroxylase and cyclohydrolase 1,

which facilitate the conversion of tyrosine to levodopa,
and aminoacid decarboxylase (AADC), which converts
levodopa to dopamine.**

Current therapies for Parkinson’s disease, which are
mainly based on the oral dopamine precursor levodopa,
provide excellent control of motor symptoms in the
initial stages of the disease.’” However, as the disease
progresses, levodopa therapy becomes less effective as
side-effects emerge such as on—off phenomena (when
the patient has improved mobility [on] due to levodopa
and which is then followed by sudden unpredictable
impaired mobility [off]) and dyskinesias.® Previous
studies have shown that the intermittent nature of oral
levodopa administration and subsequent irregular
stimulation of postsynaptic dopamine receptors
is at least partly responsible for these motor
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complications.’ Inappropriate dopaminergic stimulation

of the mesolimbic area by systemic intake of
dopaminergic drugs can also induce dopamine
dysregulation  syndrome and impulse control

disorders.” Thus, a therapeutic approach that provides
continuous and stable dopamine replacement, restricted
to the dopamine-depleted striatum, might provide an
effective long-term treatment without the onset of
behavioural complications.

Gene transfer technology can provide long-term
expression of therapeutic proteins in vivo. Three
therapeutic approaches using adeno-associated virus
(AAV) vectors have been evaluated in clinical trials of
Parkinson’s disease. These strategies were aimed at
neuroprotection using the neurotrophic factor neurturin;
enhanced conversion of levodopa to dopamine by gene
transfer of AADC; and modulation of basal ganglia activity
with glutamic acid decarboxylase."™ All these AAV-based
gene therapies were shown to be safe and well tolerated,
and showed some Dbenefit in clinical motor
assessments.”?"*” Gene therapy approaches using lentiviral
vectors have not previously been evaluated in clinical trials
of CNS disorders. However, these vectors have been
repeatedly shown to have low immunogenicity and an
ability to transduce neuronal cells with high efficiency and
carry a larger therapeutic cargo than AAV vectors."*™”

We have generated a tricistronic lentiviral vector
(ProSavin, Oxford BioMedica, Oxford, UK) that is based
on the equine infectious anaemia virus encoding the
rate-limiting dopamine biosynthetic enzymes tyrosine
hydroxylase, AADC, and cyclohydrolase 1. Previous
studies have shown that expression of these three
enzymes in nondopaminergic cells, such as striatal
neurons, is sufficient to enable these cells to manufacture
dopamine.” Thus, the therapeutic rationale for ProSavin
is to deliver the vector to the motor region of the striatum
(putamen) and convert striatal cells into so-called
“dopamine factories”, thereby replacing the constant
source of dopamine that is lost in Parkinson’s disease.

Integrating vectors have the potential for insertional
mutagenesis, as observed in clinical trials using
gammaretroviral vectors to modify haematopoietic stem
cells.” Several risk factors for insertional mutagenesis
were identified in these clinical studies. These factors
included the use of gammaretroviral vectors with active
promoter regions (and their preference for insertion at
transcription start sites), the nature of the transgenes
expressed, the proliferative nature of the target cell type,
and the immunocompetence of the patients treated.” The
risk of insertional mutagenesis has been mitigated in the
design of the lentiviral vector by removal of the viral
control signals from the duplicated long terminal repeat
by using the self-inactivating vector configuration,
thereby reducing the potential for gene activation.
ProSavin has also been shown to target postmitotic
neurons and this factor is also likely to minimise the risk
of oncogenesis. Additionally the preference of lentiviral
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vectors to integrate into active genes suggests that
insertion near a proliferation or oncogene is unlikely.
The genes delivered by ProSavin do not impart a
proliferative advantage and the patients in this study are
immunocompetent. We believe, therefore, that the
weight of evidence suggests that the risk of oncogenesis
is very low. No evidence for insertional mutagenesis was
observed in supporting non-clinical studies.

In preclinical studies, surgical administration of
ProSavin to the striatum was well tolerated and led to
local dopamine production and significant behavioural
improvement in rat and non-human primate models of
Parkinson’s disease. We aimed to assess the safety,
tolerability, and efficacy of bilateral, intrastriatal delivery
of ProSavin in patients with advanced Parkinson’s
disease.

Methods
Study design and setting
We  undertook an  open-label, dose-escalation

phase 1/2 study with 12-month follow-up at two study
sites (France and UK). All patients were subsequently
enrolled into a separate open-label follow-up study to
provide long-term (up to 9 years) safety data. After that
point annual survival is assessed by follow-up phone
calls for life. The study protocols (NCT00627588 and
NCT01856439) were approved by the institutional review
board of each participating institution and complied with
the Declaration of Helsinki, current Good Clinical
Practice guidelines, and local laws and regulations. An
independent data monitoring committee consisting of a
virologist and neurologists ensured the integrity of the
trial and safety of participants. All participants provided
written informed consent before enrolment. Appropriate
ethics and regulatory approvals were received before
study initiation.

3 patients in cohort 1 given
low dose (1x) in Créteil,
France (48 months’ follow-up)

v

3 patients in cohort 2a given
mid dose (2x) in Créteil,
France (36 months’ follow-up)

4—| New delivery method

A 4

3 patients in cohort 2b given
mid dose (2x) in Créteil,
France (24 months' follow-up)

v v

3 patients in cohort 3 given
high dose (5x) in Créteil,
France (12 months’ follow-up)

3 patients in cohort 3 given
high dose (5x) in Cambridge,
UK (12 months’ follow-up)

Figure 1: Trial design
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Cohort  Age Disease  UPDRS motor Total UPDRS Levodopa
(years) duration score score equivalent daily
(years) dose (mg)
off On off On
L1 1 62 8 23 6 49 19 2547
L2 1 57 8 30 8 61 24 1329
13 1 58 16 28 1 70 35 1998
M4 2a 57 17 29 8 63 20 2164
M5 2a 56 12 30 14 58 24 1572
M6 2a 49 9 34 7 74 23 2523
M7 2b 64 9 49 19 83 31 1772
M8 2b 59 13 38 15 67 31 1088
M9 2b 57 15 46 9 68 20 1775
H10 3 48 22 37 8 59 21 1535
H11 3 58 10 35 10 71 27 1844
H12 3 61 26 52 13 91 25 1180
H13 3 63 16 49 23 90 52 1690
H14 3 57 19 52 23 94 47 699
H15 3 55 9 44 18 71 30 1593
Mean (SD) 574(43) 13-9(53) 38(93) 13(55) 71(127) 29(94) 1687(4877)

Patients are listed in the order in which they received treatment. Off=off-medication state. On=on-medication state.
L=low dose (1-9 x 10’ transducing units [TU]). M=mid dose (4-0 x 10’ TU). H=high dose (1x 10°TU).

Table 1: Baseline demographic data, by patient number

Number of events

Number of
patients

Mild

Moderate Severe

Total

Events in the first 12 months
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Nervous system disorders
On and off phenomenon
Dyskinesia
Headache
Akinesia
Balance disorder
Tremor
Brain oedema*
Speech disorder
Injury, poisoning, and procedural complications
Subdural haematomat
Investigations
Nuclear MRI brain abnormality
Nuclear MRI abnormality
Weight decreased
Weight increased
Psychiatric disorders
Anxiety
Abnormal dreams
Hallucinations
Musculoskeletal and connective tissue disorders

Musculoskeletal pain
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Participants

Patients with bilateral idiopathic Parkinson’s disease, as
defined by the diagnostic criteria from the 1999 Core
Assessment Program for Surgical Interventional
Therapies,” were enrolled in the study. Entry criteria
included: age 4865 years; disease duration of at least
5 years; Hoehn and Yahr stage 3 or 4 in the off medication
state; Unified Parkinson’s Disease Rating Scale (UPDRS)
part III (off medication) score between 20 and 60; motor
complications associated with levodopa therapy; stable
treatment regimen for at least 6 weeks before surgery;
and 50% or more improvement in UPDRS part III score
between the off and on medication states. Full criteria are
listed in the study protocol.

Procedures

The ProSavin vector was produced by a triple transient
transfection of HEK293T cells as previously
described.” The vector was purified and concentrated by
anion exchange chromatography and hollow fibre
ultrafiltration. A schematic of the ProSavin genome is
shown in the appendix.

Three dose levels of ProSavin were assessed in four
patient cohorts: dose level one (low dose,
1-9x107 transducing units [TU]; cohort 1); dose level two
(mid dose, 4-0x107 TU; cohorts 2a and 2b); and dose
level three (high dose, 1x108 TU; cohort 3). A modified
delivery method was introduced for cohorts 2b and 3 to
increase the rate of delivery and enhance the distribution
of the vector (methods in the appendix). All patients were
given ProSavin bilaterally into the striatum under general
anaesthesia. The vector was administered vertically from
the dorsal surface of the brain and targeted to the
sensorimotor part of the striatum. The putaminal targets
were identified and localised with the Leksell stereotactic
frame (G frame, Elekta, Stockholm, Sweden) and MRI
guidance (T1 3D MRpage, 1-5 T, Siemens, Miinchen,
Germany) using neuronavigation technology (Stealth
station, Medtronic, Minneapolis, MN, USA).

The primary endpoints of the study were the number
and severity of adverse events associated with ProSavin
administration and motor responses as assessed with
UPDRS part III (off medication) scores, at 6 months
after vector administration. Patients were clinically
evaluated at screening, weekly during the first month
after treatment, and then at 1, 2, 3, 6, 9, and 12 months.
Safety data are shown up to February, 2013. Thereafter
assessments will be done twice a year for 3 years, then
annually for 7 years, and after that point annual survival
is assessed by follow-up phone calls for life. Adverse
events were assessed at every visit; all events were
recorded, including those reported spontaneously on
general questioning and those observed directly by the
investigators. Efficacy assessment including UPDRS
parts I, I, and III (in the off and on medication states),
UPDRS part IV, Rush dyskinesia rating scale
(RDRS),* and quality of life (using the Parkinson’s
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Disease Questionnaire, PDQ-39) were assessed at
baseline and at 1, 3, 6, and 12 months (and yearly
thereafter in the open-label follow-up). UPDRS off-
medication assessments were done in the practically
defined off state after overnight drug withdrawal. UPDRS
on-medication assessments were done 1 h after a dose of
levodopa that was tailored for each patient at baseline
and the same dose used at each assessment.
Neuropsychological tests were completed before surgery
and at 6 and 12 months. Individual doses of dopaminergic
drug were unchanged throughout the study unless
alterations were needed in response to adverse events.
Doses were assessed at every visit and expressed as
levodopa equivalent daily dose (LEDD).

Each patient had two PET scans on the same day, in the
defined off-medication state, using the radioligands
18F-levodopa and 11C-raclopride. PET imaging was done
in all patients (except for three patients in cohort 3,
because of the unavailability of appropriate PET imaging
at that clinical site), before surgery and 6 months after
ProSavin administration. All PET scans were done with a
high-resolution tomograph (ECAT EXACT HR+, CTI-
Siemens, Knoxville, TN, USA). Cortical excitability and
reflex recordings were studied before ProSavin
administration and at 6 and 12 months after
administration. All recordings were done while the
patient was in the off-medication state.

Serum samples were prepared from blood samples
from each patient before surgery and 2 weeks, 4 weeks,
and 3, 6, and 12 months after treatment. Antibody
responses against ProSavin components were measured
with semiquantitative ELISA. Biodistribution of ProSavin
to blood cells was assessed by analysis of DNA extracted
from buffy coat samples with a real-time PCR-based
(quantitative PCR) assay. Vector shedding was assessed
by analysis of RNA extracted from urine.

Statistical analysis
Data management and statistics were done by Quanticate
(Hitchin, UK) and serious adverse events were registered
and reported by Parexel International (Harrow, UK).
Adverse events were tabulated and rated for severity
(mild, moderate, and serious) and their relation to the
study intervention. UPDRS scores were analysed by
Wilcoxon paired test at 6 and 12 months. Changes in 11C-
raclopride binding potential and !8F-levodopa uptake
between baseline and 6 months were analysed by
Friedman ANOVA. Dose effects in PET were analysed by
Kruskal Wallis.

Both trials are registered at ClinicalTrials.gov,
NCT00627588 and NCT01856439 (EudraCT numbers
2007-001109-26 and 2009-017253-35).

Role of the funding source

The study sponsor had responsibility for the trial design,
manufacture and supply of drug, data collection, and
clinical monitoring. The data were analysed by
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patients
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Table 2: Drug-related adverse events

Two-dimensional “C-raclopride PET

FLAIR MRI sequences X
Baseline

(B}

Caudate

nucleus \
PostCom

Colour scale

6 months

Figure 2: PET and MRI studies

(A) Two-dimensional FLAIR MRI sequences done 1 month after surgery, showing increased signal within the
postcommissural (PostCom) putamen corresponding to motor putamen injection sites (lower arrow), and no
signal change in the non-injected caudate nucleus (upper arrow). (B, C) Binding potential parametric maps from
C-raclopride PET scans of patient 11 (cohort 3) done at baseline (B) and 6 months after ProSavin injection (C)
within the putamen. Note a decrease in a binding potential index only in the left and right postcommissural
putamen area (B, lower arrow), compared with no binding potential change on either side of the non-injected

caudate nucleus (B, upper arrow).

Quanticate (Hitchin, UK) as described. The formal
clinical study report was written by Quanticate (Hitchin,
UK). Authors from the sponsor were involved in drafting
this Article on the basis of the data and analysis from
Quanticate. The corresponding author had full access to
all the data in the study and had final responsibility for
the decision to submit for publication.

Results

Between Jan 14, 2008, and Aug 8, 2011, 17 patients were
enrolled in the study; two patients (both men) withdrew
before receiving treatment (both screening failures; the
first due to an intercurrent illness and the second due to
a failure to meet the inclusion criteria of 50%
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improvement in UPDRS part III). The remaining
15 patients received ProSavin and were followed up
according to the protocol (figure 1). Three patients were
included at dose level one, six patients at dose level two,
and six patients at dose level three. Table 1 shows baseline
patient characteristics. Data are presented for all
15 patients beyond the primary study endpoint of
6 months: three patients at 48 months, six at 36 months,
nine at 24 months, and 15 at 12 months of follow up.

All patients were ambulatory within 24 h of surgery
and were discharged from hospital after a further
7-9 days. Adverse events were reported in all patients,
with most (170 of 246 events in 48 months) judged to be
unrelated to ProSavin (appendix). Eight serious adverse

Baseline 6 months 12 months 24 months 36 months 48 months
Off state
L1 23 12 (-48%) 13 (-43%) 16 (-30%) 20 (-13%) 19 (-17%)
2 30 26 (<13%) 27 (-10%) 30 (0%) 35 (17%) 32 (7%)
13 28 20 (-29%) 19 (-32%) 20 (-29%) 21 (-25%) 22 (-21%)
M4 29 21 (-28%) 24 (-17%) 30 (3%) 26 (-10%) NA
M5 30 24 (-20%) 26 (<13%) 19 (-37%) 24 (-20%) NA
M6 34 16 (-53%) 15 (-56%) 18 (-47%) 16 (-53%) NA
M7 49 34 (-31%) 39 (-20%) 44 (-10%) NA NA
M8 38 24 (-37%) 32 (-16%) 39 (3%) NA NA
M9 46 18 (-61%) 24 (-48%) 22 (-52%) NA NA
H10 37 26 (-30%) 17 (-54%) NA NA NA
H11 35 24 (-31%) 27 (-23%) NA NA NA
H12 52 46 (-12%) 39 (-25%) NA NA NA
H13 49 29 (-41%) 33(-33%) NA NA NA
H14 52 33 (-37%) 38 (-27%) NA NA NA
H15 44 32 (-27%) 26 (-41%) NA NA NA
Mean 384 257(-33%)  26:6(-31%)  NA NA NA
SD 928 812 813 NA NA NA
On state
L1 6 7 (17%) 6 (0%) 7 (17%) 14 (133%) 10 (67%)
L2 8 10 (25%) 11 (38%) 11 (38%) 19 (138%) 19 (138%)
13 11 7 (-36%) 7 (-36%) 10 (-9%) 15 (36%) 12 (9%)
M4 8 7 (-13%) 8 (0%) 10 (25%) 10 (25%) NA
M5 14 4(0%) 14 (0%) 13 (-7%) 16 (14%) NA
M6 7 7(0%) 6 (-14%) 9 (29%) 7(0%) NA
M7 19 15 (-21%) 15 (-21%) 17 (-11%) NA NA
M8 15 13 (-13%) 15 (0%) 12 (-20%) NA NA
M9 9 5 (-44%) 5 (-44%) 8 (-11%) NA NA
H10 8 8 (0%) 8 (0%) NA NA NA
H11 10 8 (-20%) 9 (-10%) NA NA NA
H12 13 11 (-15%) 9 (-31%) NA NA NA
H13 23 16 (-30%) 21 (-9%) NA NA NA
H14 23 24 (4%) 33 (43%) NA NA NA
H15 18 20 (11%) 15 (-17%) NA NA NA
Mean 12:8 11-5 (-9%) 121 (-7%) NA NA NA
SD 5-50 529 7-07 NA NA NA
Data are scores (change, as a percentage). UPDRS=Unified Parkinson’s Disease Rating Scale. NA=data not available.
Table 3: UPDRS part Il scores in on and off states for each patient, by timepoint

1142

events (right inguinal hernia, large vessel vasculitis,
disabling on-medication dyskinesia, fall due to
dyskinesia, aspiration pneumonia, uncontrolled diabetes,
deep brain stimulation surgery for two patients) occurred,
but all were unrelated to the study drug. During the first
12 months of follow-up 54 drug-related adverse events
were reported (table 2), and of these 51 were mild and
three moderate. The most common drug-related adverse
events were increased on-medication dyskinesias
(20 events, 11 patients) and on—off phenomena (12 events,
nine patients). Increased dyskinesias resolved with a
reduction in the patients’ oral dopaminergic medication.
The safety profile across all dose cohorts was similar with
the exception that early increases in on-medication
dyskinesias were more consistently observed in the
highest dose group. In this group, all six patients had an
increase in on-medication dyskinesias by 6 weeks after
surgery, whereas only one of three patients from the low
dose group and three of six patients from the mid dose
group had a similar change. During long-term follow-up
(12-48 months) of the nine patients from cohorts 1,
2a, and 2b, we noted 22 adverse events that were related
to ProSavin (table 2), of which the most common were
on—off phenomena and dyskinesias (eight events, five
patients, for both events). No deaths or new neurological
deficits were reported in any patients during either the
planned 1 year course of the study or in the extended
follow-up to date.

Neuropsychological ~measurements showed no
significant changes compared with baseline after
12 months in any of the modalities tested (data not
shown). MRI scans done at 4 weeks and 3, 6, and
12 months after surgery showed no evidence of
abnormalities, such as haemorrhage or oedema, at the
injection sites. Expected signal changes around the entry
point and along the needle trajectory were observed and
confirmed the correct placement of the vector in the
striatum (figure 2).

Immunological analyses showed no detectable
antibody responses against any of the ProSavin transgene
products in any patients. Low-level antibody responses
against the VSV-G envelope protein were detected in four
of the six patients from cohort 3, at 3 or 6 months after
treatment; antibodies to p26 protein (part of the gag
protein that makes up the viral particle) were observed in
three of these four patients at the same timepoints. MRI
showed no corresponding inflammatory responses.
ProSavin RNA (vector particles) and DNA sequences
(cell-associated vector) were not detected in most blood
and urine samples and there was no indication of
consistent vector RNA or DNA presence (appendix).

UPDRS part III (off medication) motor scores were
significantly reduced compared with baseline at 6 months
(mean score 38 vs 26, n=15, p=0-0001) and 12 months
(38 vs 27; n=15, p=0-0001) in all 15 patients. No significant
difference was seen between the different dose cohorts
(all p>0-05; table 3, figure 3). Long-term follow-up
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showed continued improvement in UPDRS part III (off
medication) motor scores compared with baseline in six
of nine patients at 24 months, five of six patients at
36 months, and two of three patients at 48 months
(table 3). No significant improvement in UPDRS part III
(on medication) motor scores were observed at any time
in any group (table 3). Two patients (M7 and M8) received
deep brain stimulation at 27 and 28 months after
ProSavin administration, respectively. As such, efficacy
analysis was not done on these patients after the
24 month assessment.

Mean total UPDRS (off medication) motor scores were
significantly reduced at 6 months versus baseline (52 vs
71; n=15, p=0-0001) and at 12 months versus baseline
(54 vs 71; n=15, p=0-0001) in the total patient population
(table 4). Significant improvements were also observed in
total UPDRS (on medication) scores at 6 months versus
baseline (22 vs 29; n=15, p=0-0006) and at 12 months
versus baseline (24 vs 29; n=15, p=0-002; table 4).

Analysis of the UPDRS part I scores showed a
significant decrease in mean on-medication scores
between baseline and 6 months in the total patient
population (1-6 vs 0-3; n=15, p=0-02; appendix). A
significant decrease in mean scores at baseline and
6 months was also noted in the UPDRS part II
assessments (off state: 21 vs 17; n=15, p=0-02; on state:
4.2 vs 2-2; n=15, p=0-02; appendix). UPDRS part IV
scores were improved relative to baseline in ten of
15 patients at 6 months and 11 of 15 patients at 12 months
(appendix) with a significant reduction in mean score
between baseline and 12 months (10 vs 8; n=15, p=0-03;
appendix). No differences in mean RDRS scores were
recorded between baseline and 6 or 12 months (data not
shown). Analysis of PDQ-39 scores showed a significant
improvement in mean scores between baseline and
6 months (33-3 vs 27-9; n=14, p=0-04; appendix), but not
at 12 months (p=0-9). Patient diary data suggested a shift
in the mean time spent in the off-medication (complete
or partial) to on-medication state (without dyskinesias or
with non-troublesome dyskinesias) in 13 of 15 patients.
There was no overall difference between the different
dose cohorts with respect to this finding (appendix).

11 of 15 patients at 6 and 12 months needed a reduction
in LEDD compared with baseline (table 5). Of the four
patients at 12 months who did not need a decrease in
LEDD, three showed no change and one had a small
increase in LEDD compared with baseline. The need for
LEDD reduction was most evident in the highest dose
group (cohort 3), in which all six patients had an increase
in on-medication dyskinesias at 6 weeks after ProSavin
administration, whereas in the low or mid dose cohorts,
four of nine patients had an increase in on-medication
dyskinesias by the same timepoint.

PET imaging results showed that 18F-levodopa Ki
values at baseline were similar across all 12 patients
analysed. There was no significant overall difference
between baseline and 6 months in 18F-levodopa Ki values
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Figure 3: Mean change in UPDRS Il (off medication) motor score relative to baseline at 12 months
Bars show SE. UPDRS=Unified Parkinson'’s Disease Rating Scale. *Significant decrease at 12 months compared with
baseline (p=0-0001).

for the patient population (appendix). Baseline !1C-
raclopride binding potentials were similar across all
patients analysed. A significant dose effect (p=0-02) of
putaminal binding potential change between baseline
and 6 months was observed, with mean changes of
5-33% in the low dose cohort, =9-57% in the mid dose
cohort, and —10-07% in the high dose cohort. In the total
population, the change in binding potential at 6 months
relative to baseline was significantly higher in the target
putamen region compared with the control uninjected
caudate nucleus region (p=0-03; figure 2). Patients
receiving the highest ProSavin dose (cohort 3) had a
significant change in binding potential relative to
baseline in the putaminal subregions (anterior putamen,
p=0-046; and posterior putamen, p=0-027; appendix).
Neurophysiological investigation showed restoration of
intracortical motor inhibitory control at rest and
increased motor cortical output during voluntary
movement (p=0-0062 and p=0-0137, respectively;
appendix). These results support an improvement of
motor control after ProSavin, likely to reduce motor
disturbances at rest and assist movement execution.

Discussion

We report the results of a clinical trial describing the first-
in-man use of a lentiviral-based gene therapy vector for a
chronic neurodegenerative disorder of the CNS (panel).
In view of the novelty of this approach the safety findings
were of paramount importance and the favourable safety
profile observed is highly encouraging. In terms of
efficacy, a significant improvement in motor function was
shown up to 12 months in all patients. Long-term
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Baseline 6 months 12 months 24 months 36 months 48 months

Off state

L1 49 30 30 37 44 43
L2 61 45 59 62 73 65
L3 70 41 43 38 42 49
M4 63 50 52 69 59 NA
M5 58 54 53 30 47 NA
M6 74 54 44 58 53 NA
M7 83 67 69 84 NA NA
M8 67 46 58 67 NA NA
M9 68 44 54 51 NA NA
H10 59 54 49 NA NA NA
H11 71 58 65 NA NA NA
H12 91 84 73 NA NA NA
H13 90 47 53 NA NA NA
H14 94 63 64 NA NA NA
H15 71 44 39 NA NA NA
Mean (SD) 713(1273) 521(1229) 537(1125) NA NA NA
On state

L1 19 13 14 15 23 22
L2 24 19 28 26 38 42
L3 35 15 18 17 22 27
M4 20 17 17 28 21 NA
M5 24 24 22 19 28 NA
M6 23 25 22 26 25 NA
M7 31 29 26 39 NA NA
M8 31 27 29 22 NA NA
M9 20 18 16 20 NA NA
H10 21 18 21 NA NA NA
Hi1 27 22 25 NA NA NA
H12 25 24 21 NA NA NA
H13 52 27 34 NA NA NA
H14 47 33 41 NA NA NA
H15 30 25 22 NA NA NA
Mean (SD) 28:6(9-41)  224(541) 237(6:89) NA NA NA

UPDRS=Unified Parkinson’s Disease Rating Scale. NA=data not available.
Table 4: Total UPDRS score in on and off states for each patient, by timepoint

follow-up data showed long-term tolerability and evidence
of clinical benefit for up to 4 years after treatment. Long-
term motor efficacy is consistent with the results of
preclinical efficacy studies® and the fact that lentiviral
vectors mediate sustained transgene expression through
integration of the vector genome into the host cell.* These
data are encouraging in view of the expected disease
progression of a 3—4 point increase in UPDRS part III (off
medication) motor score per year.”* Although the efficacy
findings show promise, the magnitude of effects are
within the placebo range reported in other clinical trials
for Parkinson’s disease using surgical techniques,*" and
must be interpreted with caution.

Although dose effects are difficult to assess in small
sample populations, there are indications that the highest
dose evaluated in this study provided the greatest level of
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dopaminergic activity. Specifically, patients in the highest
dose cohort had a consistent requirement for a reduction
in dopaminergic medication, the highest mean
improvement in UPDRS part III (off medication) motor
scores relative to baseline, and a significant change in
11C-raclopride binding potential. Interestingly, although
the PET data are based on a small sample set, the
magnitude of effects, in terms of change in 11C-raclopride
binding potential, is similar to that previously reported in
patients with Parkinson’s disease before and after
levodopa challenge.”

The antibody responses observed in four patients at
the highest dose were consistent with preclinical studies
in which anti-VSV-G responses were seen in rats and
non-human primates (unpublished data). The timing of
the antibody responses (3 and 6 months after ProSavin
administration) suggests that transgene expression is
unlikely to be affected since vector integration and
initiation of expression is thought to be at a maximum
by 1 month after administration.” Similar to preclinical
studies vector antibody responses did not give rise to any
inflammatory response in patients as assessed by
sequential brain MRI or any deterioration in their
clinical state.

Most adverse events observed in this study were
associated with stereotactic brain surgery or Parkinson’s
disease, and none were thought to be clinically significant
or unexpected. In previous studies investigating
dopaminergic cell transplants, off-medication graft-
induced dyskinesias (a form of disabling dyskinesia that
persists after levodopa is stopped) were observed in some
patients.”” In the present study, no patients developed
off-medication dyskinesias, whereas on-medication
dyskinesias were common and were reversed by a
reduction in the oral dopaminergic intake. This pattern
is as expected for delivery of an efficacious dopaminergic
therapy.” The increased occurrence of on-medication
dyskinesias in the highest dose group might correlate
with the fact that this group has the highest dopaminergic
delivery to the striatum from ProSavin, as noted in non-
human primate models of Parkinson’s disease.*

Although the mechanism of action of ProSavin has not
been fully elucidated, one hypothesis is that dopamine
manufactured by ProSavin in the striatal neurons
diffuses into the extracellular environment and
stimulates postsynaptic dopamine receptors in an
autocrine or paracrine fashion, thus restoring the normal
dopaminergic signalling pathway. This mechanistic
model is supported by preclinical non-human primate
studies using ProSavin that show a restoration of the
extracellular dopamine tone in the striatum and
normalisation of signalling within the basal ganglia
networks.” Similarly, indirect measurement of dopamine
release in this study using 11C-raclopride PET scanning
suggests a partial restoration of striatal dopamine tone in
a dose-related fashion. The lack of an effect in
18F-levodopa uptake after ProSavin administration is
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probably a consequence of the unavailability of the
cellular machinery in the transduced striatal neurons to
store and accumulate radiolabelled dopamine.

Several clinical trials of AAV-based vectors and different
approaches have been done in patients with Parkinson’s
disease. These studies support the safety of a gene-based
therapy approach for the treatment of neurological
disorders. Promising efficacy results obtained in these
phase 1 clinical trials®* were disappointing in the
subsequent randomised phase 2 studies, in which fairly
mild or no benefit over placebo was recorded.”” For this
reason, the delivery of ProSavin must be optimised
before the necessary phase 2 studies. Further clinical
optimisation studies will also provide additional long-
term safety data before phase 2 evaluation.

In summary, the data from these early phase clinical
trials provide preliminary evidence for the safety and
potential clinical benefit of ProSavin as a long-term
treatment for Parkinson’s disease. Additionally, we have
adopted an iterative process in this trial to try to optimise
delivery and use of this vector in patients with Parkinson’s
disease, and only when we have an optimum mode and
dose of delivery will we proceed to a more definitive
double-blind placebo controlled trial.
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Baseline 6 months 12 months 24 months 36 months

48 months

L1 2547
L2 1329
13 1998
M4 2164
M5 1572
M6 2523
M7 1772
M8 1088
M9 1775
H10 1535
H11 1844

2257 2382
1319 1103
1448 750
2164 1025
1572 1572

2507
1019
1149
1229
1238 1238
2257 2257 1548 1615
1923 2023 2305 NA
1088 1088 910 NA
1525 1400 1400 NA
1260 1260 NA NA
1549 1615 NA NA
H12 1180 1030 1130 NA NA
H13 1690 1391 1391 NA NA
H14 699 633 699 NA NA
H15 1593 1530 1468 NA NA
Mean (SD) 1687-2 1529-6 1410-8 NA NA
(487-74) (447-99) (482.94)

2507
1582
1732
1487

NA=data not available.

3102
1582
2499
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

Table 5: Levodopa equivalent daily dose (mg) for each patient, by timepoint

Panel: Research in context

Systematic review

We searched PubMed for articles without date or language
restrictions up to Sept 17, 2013. We used the full-text search
terms “lentiviral vector” AND “Parkinson’s disease” AND
“clinical trials”. We also searched PubMed for reports

including the search terms “brain delivery”, “tyrosine
hydroxylase”, “aromatic amino acid decarboxylase”, and
“cyclohydrolase 1”. We found no reports of clinical trials using
lentiviral vectors for the treatment of Parkinson’s disease

other than that described here.

Interpretation

This Article is the first report of the use of lentiviral vectors in
clinical trials for Parkinson'’s disease. Furthermore, this is the
first report of a clinical trial using in-vivo administration of
lentiviral vectors in man in any disease indication.

References

1 de Lau LM, Breteler MM. Epidemiology of Parkinson’s disease.
Lancet Neurol 2006; 5: 525-35.

2 Schapira AH. Etiology and pathogenesis of Parkinson disease.
Neurol Clin 2009; 27: 583-603.

3 Di Monte DA. The environment and Parkinson’s disease: is the
nigrostriatal system preferentially targeted by neurotoxins?

Lancet Neurol 2003; 2: 531-38.

4 Hadjiconstantinou M, Neff NH. Enhancing aromatic L-amino acid
decarboxylase activity: implications for L-dopa treatment in
Parkinson’s disease. CNS Neurosci Ther 2008; 14: 340-51.

5  Daubner SC, Le T, Wang S. Tyrosine hydroxylase and regulation of
dopamine synthesis. Arch Biochem Biophys 2011; 508: 1-12.

6  Shen Y, Muramatsu SI, Ikeguchi K, et al. Triple transduction with
adeno-associated virus vectors expressing tyrosine hydroxylase,
aromatic-L-amino-acid decarboxylase, and GTP cyclohydrolase I for
gene therapy of Parkinson’s disease. Hum Gene Ther 2000; 11: 1509-19.

7 Cotzias GC, Papavasiliou PS, Gellene R. L-dopa in Parkinson’s
syndrome. N Engl | Med 1969; 281: 272.

1145




Articles

1146

10

11

12

13

14

15

16

17

18

19

20

21

Prashanth LK, Fox S, Meissner WG. L-dopa-induced
dyskinesia-clinical presentation, genetics, and treatment.

Int Rev Neurobiol 2011; 98: 31-54.

Olanow CW, Obeso JA, Stocchi F. Continuous dopamine-receptor
treatment of Parkinson’s disease: scientific rationale and clinical
implications. Lancet Neurol 2006; 5: 677-87.

Wu K, Politis M, Piccini P. Parkinson disease and impulse control
disorders: a review of clinical features, pathophysiology and
management. Postgrad Med J 2009; 85: 590-96.

Muramatsu S, Fujimoto K, Kato S, et al. A phase I study of aromatic
L-amino acid decarboxylase gene therapy for Parkinson’s disease.
Mol Ther 2010; 18: 1731-35.

Christine CW, Starr PA, Larson PS, et al. Safety and tolerability of
putaminal AADC gene therapy for Parkinson disease. Neurology
2009; 73: 1662—69.

Marks W] Jr, Ostrem JL, Verhagen L, et al. Safety and tolerability of
intraputaminal delivery of CERE-120 (adeno-associated virus
serotype 2-neurturin) to patients with idiopathic Parkinson’s
disease: an open-label, phase I trial. Lancet Neurol 2008; 7: 400-08.
Eberling JL, Jagust W], Christine CW, et al. Results from a phase I
safety trial of hAADC gene therapy for Parkinson disease. Neurology
2008; 70: 1980-83.

Kaplitt MG, Feigin A, Tang C, et al. Safety and tolerability of gene
therapy with an adeno-associated virus (AAV) borne GAD gene for
Parkinson’s disease: an open label, phase I trial. Lancet 2007;

369: 2097-105.

Marks W] Jr, Bartus RT, Siffert J, et al. Gene delivery of
AAV2-neurturin for Parkinson’s disease: a double-blind,
randomised, controlled trial. Lancet Neurol 2010; 9: 1164-72.
LeWitt PA, Rezai AR, Leehy MA, et al. AAV2-GAD gene therapy for
advanced Parkinson’s disease: a double-blind, sham-surgery
controlled, randomised trial. Lancet Neurol 2011; 10: 309-19.
Mitrophanous K, Yoon S, Rohll ], et al. Stable gene transfer to the
nervous system using a non-primate lentiviral vector. Gene Ther
1999; 6: 1808-18.

Wong LF, Goodhead L, Prat C, Mitrophanous KA, Kingsman SM,
Mazarakis ND. Lentivirus-mediated gene transfer to the central
nervous system: therapeutic and research applications.

Hum Gene Ther 2006; 17: 1-9.

Kordower JH, Bloch J, Ma SY, et al. Lentiviral gene transfer to the
nonhuman primate brain. Exp Neurol 1999; 160: 1-16.

Kordower JH, Emborg ME, Bloch J, et al. Neurodegeneration
prevented by lentiviral vector delivery of GDNF in primate models
of Parkinson’s disease. Science 2000; 290: 767-73.

22

23

24

25

26

27

29

30

31

32

33

Azzouz M, Martin-Rendon E, Barber RD, et al. Multicistronic
lentiviral vector-mediated striatal gene transfer of aromatic L-amino
acid decarboxylase, tyrosine hydroxylase, and GTP cyclohydrolase I
induces sustained transgene expression, dopamine production, and
functional improvement in a rat model of Parkinson’s disease.

J Neurosci 2002; 22: 10302-12.

Mukherjee S, Thrasher AJ. Gene therapy for PIDs: progress, pitfalls
and prospects. Gene 2013; 525: 174-81.

Jarraya B, Boulet S, Ralph GS, et al. Dopamine gene therapy for
Parkinson’s disease in a nonhuman primate without associated
dyskinesia. Sci Transl Med 2009; 1: 2ra4.

Defer GL, Widner H, Marie RM, Remy P, Levivier M. Core
assessment program for surgical interventional therapies in
Parkinson’s disease (CAPSIT-PD). Mov Disord 1999; 14: 572-84.
Goetz CG, Stebbins GT, Shale HM, et al. Utility of an objective
dyskinesia rating scale for Parkinson’s disease: inter- and intrarater
reliability assessment. Mov Disord 1994; 9: 390-94.

Olanow CW, Goetz CG, Kordower JH, et al. A double-blind
controlled trial of bilateral fetal nigral transplantation in Parkinson’s
disease. Ann Neurol 2003; 54: 403-14.

Eggers C, Pedrosa DJ, Kahraman D, et al. Parkinson subtypes
progress differently in clinical course and imaging pattern.

PLoS One 2012; 7: e46813.

Pavese N, Evans AH, Tai YF, et al. Clinical correlates of
levodopa-induced dopamine release in Parkinson disease: a PET
study. Neurology 2006; 67: 1612-17.

Bienemann AS, Martin-Rendon E, Cosgrave AS, et al. Long-term
replacement of a mutated nonfunctional CNS gene: reversal of
hypothalamic diabetes insipidus using an EIAV-based lentiviral
vector expressing arginine vasopressin. Mol Ther 2003; 7: 588-96.
Lane EL, Bjorklund A, Dunnett SB, Winkler C. Neural grafting in
Parkinson’s disease unraveling the mechanisms underlying
graft-induced dyskinesia. Prog Brain Res 2010; 184: 295-309.

Freed CR, Greene PE, Breeze RE, et al. Transplantation of
embryonic dopamine neurons for severe Parkinson’s disease.

N Engl | Med 2001; 344: 710-19.

Limousin P, Pollak P, Pfefen JP, Tournier-Gervason CL, Dubuis R,
Perret JE. Acute administration of levodopa-benserazide and
tolcapone, a COMT inhibitor, Parkinson’s disease.

Clin Neuropharmacol 1995; 18: 258-65.

www.thelancet.com Vol 383 March 29, 2014



	Long-term safety and tolerability of ProSavin, a lentiviral vector-based gene therapy for Parkinson’s disease: a dose escalation, open-label, phase 1/2 trial
	Introduction
	Methods
	Study design and setting
	Participants
	Procedures
	Statistical analysis
	Role of the funding source

	Results
	Discussion
	Acknowledgments
	References


