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@ PERSPECTIVE

Gene therapy for Parkinson’s disease:
a decade of progress supported by
posthumous contributions from
volunteer subjects

Opver the past decade, nine separate gene therapy clinical trials for
advanced Parkinson’s disease (PD) have been launched and com-
pleted, involving the dosing of nearly 12-dozen PD volunteers
who incurred significant risks to hopefully reduce symptoms and
gain a better life. Each study attempted to directly or indirectly
correct or compensate for the dysfunction and death of dopa-
mine neurons (Bartus et al., 2014) that originate in the substantia
nigra (located in the brain stem), projecting their axon terminals
to the putamen (centrally located within each cerebrum). All
told, incalculable hours were spent planning and executing these
clinical trials, collectively costing hundreds of millions of dollars.
After all is said and done—what has been gained?

It would be understandable if one answered that question by
pointing out that treatments for PD have not improved following
these efforts, for advanced patients are left with the same choices—
and the same disappointing prognosis—they faced a decade ago.
However, as with any nascent and highly complicated endeavor,
especially one also applying highly innovative and unproven
technology, initial progress is often better measured by how much
new information has been gained to guide further efforts, rather
than how closely the ultimate goals may have been met.

One of the major impediments to gaining more information
from central nervous system (CNS) gene therapy clinical trials
is the lack of concrete information regarding what is actually
happening inside the human brain following administration of a
gene therapy vector. It is for this reason that autopsy cases from
patients enrolled in these trials are proving to be so invaluable,
providing information posthumously that would not otherwise
be obtainable. To date, only four subjects from all those enrolled
in the 9 PD gene therapy trials have died and donated their
brains for study (Bartus et al., 2011, 2015); all four cases had been
enrolled in the same neurotrophic factor gene therapy program
(AAV2-NRTN), which accounts for nearly 60% of all the gene
therapy PD subjects dosed, to date. Based on the relatively com-
mon inclusion/exclusion criteria employed by these studies, all
four of these autopsy cases were reasonably typical of the other
subjects enrolled in any of the PD gene therapy trials (for more
information, see Bartus et al., 2015). While all were diagnosed
as idiosyncratic PD at time of enrollment, the diagnosis of one
subject was later changed to multiple system atrophy-Parkinson’s
(confirmed at autopsy); the histological responses to AAV2-
NRTN in this subject, however, were indistinguishable from
those of the three PD subjects. When one considers the relatively
small number of gene therapy autopsy cases available, it is some-
what remarkable how much novel information can be extract-
ed, especially when complemented by a larger pool of control
(untreated) specimens from PD brain banks. For this reason, all
stakeholders in the gene therapy field are indebted to the patients
and their families who donate the brains of patient volunteers for
further study after active participation in the trial has ended.

Excellent safety record for PD gene therapy trials: One of the
more remarkable transformations in gene therapy over the past
decade is the recognition that viral vectors can be delivered
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safely using stereotactic surgical procedures to the brains of
patients suffering a serious, chronic neurodegenerative diseases.
Throughout the 1990s and through the first decade of the new
millennium, the safety of gene therapy—especially for CNS indi-
cations—remained the number one concern. Though that con-
cern was a key obstacle for regulatory agencies, investors and
many other stakeholders, it has since been effectively eradicated,
due largely (but not solely) to the safety results achieved in the
nine PD gene therapy trials. While the vast majority of the safe-
ty data involves clinical observations showing minimal treat-
ment-related adverse events, data from brain autopsies (albeit
small numbers) offer uniquely corroborating physical support,
showing the lack of any histological abnormalities, inflammato-
ry reactions or any other neuropathology in the target organ.

Long-term, accurately targeted, bioactive protein expression:
Arguably, some of the more important data autopsy tissue has
provided is the demonstration that long-term expression of
biologically active protein can be selectively achieved in the tar-
geted brain sites following a single viral vector injection. These
observations in human brain are not entirely surprising, given
that investigators had already shown long-term expression in
several animal studies (e.g., Bankiewicz et al., 2006), while pos-
itron emission tomography scans had also provided surrogate
evidence of long-term expression in PD subjects (Mittermeyer
et al., 2012). Nonetheless, the immunocytochemical analysis
from human PD brains provides proof-positive that gene ther-
apy is able to perform as designed and may therefore represent
an enabling technology for long-term delivery of many biolog-
ics to human brain, spinal cord and eyes.

As shown in Figure 1 (Section I, panels C and E), delivery of
the gene for the neurotrophic factor, neurturin (NRTN) pro-
duced protein expression 4 years, post-dosing. Evidence that
the protein remains biologically active is provided by the en-
hanced tyrosine hydroxylase (TH) within the region of NRTN
expression (Figure 1, Section 1, panels D and F), showing par-
tial recovery of the dopamine phenotype of these degenerating
neurons following neurotrophic factor delivery.

Dopamine neurons are already severely degenerated in the PD
subjects enrolled in gene therapy trials: Perhaps the most strik-
ing (and possibly surprising), contribution of autopsy tissue
from PD gene therapy trials is the revelation for how much neu-
rodegeneration has already occurred in the dopamine neurons
at the time patients are enrolled. Figure 1 (Section 1, panels D
and F) shows virtually no TH staining is seen outside the region
of NRTN-transgene expression in these autopsy cases (panels
C and E). Scores of histology sections evaluated throughout
the putamen of all four cases showed similar paucity of TH.
In other words, except for areas where NRTN expression from
gene therapy restored some modest signal, no evidence for this
key dopamine phenotypic marker remained in the putamen of
any of the 4 patients. While the number of cases is small, based
on similar inclusion/exclusion criteria, these patients likely are
representative of the majority of others enrolled in all the trials.
Reinforcing that latter point, the paucity of TH staining in the
AAV2-NRTN cases is consistent with data from a broad sur-
vey of autopsied brains from PD brain banks (Kordower et al.,
2013). This analysis showed that a marked decline in TH immu-
nohistochemical staining occurs in the putamen very soon after
diagnosis (Figure 1, Section III, panels A-H) with the lack of
TH appearing very similar to that seen in the AAV-NRTN
cases. Importantly, the brain bank samples found virtually no
TH signal remaining in the putamen after 5-years, post-diagno-
sis. Because patients with < 5 years post-diagnosis are typically
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AAV2- NRTN Treated Subjects
Disease Duration ~11 years

Untreated Subjects

Disease Duration: 1 to 15 years

Figure 1 Immunohistochemical data from Parkinson’s
disease (PD) autopsy cases.

I) Upper left-hand section: C and E show NRTN-staining in
the targeted putamen of two brains from subjects previously

given AAV2-NRTN; D and F show tyrosine staining in same
area (adapted from Bartus et al., 2011, 2015). II) Lower left-
hand section: Dopamine neuron cell bodies in the substantia
nigra compacta from 4 AAV2-NRTN cases. Note a complete
lack of any NRTN-positive neurons in the 1.5 and 3months,
post-dosing autopsy cases panels A and B. While an increase
in the number of NRTN-positive neurons was seen following
4 years of continuous NRTN expression (arrows in panels
C and D), this still only represented < 5% of all remaining
dopamine neurons (adapted from Bartus et al., 2015). III)
Upper right-hand section: Tyrosine hydroxylase staining in
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V) the putamen of an age-matched control and a series of PD
cases at varying times, post-diagnosis (i.e., B-H: 1-15 years),
reflecting stark loss of dopamine activity in the terminals of
the degenerating dopamine neurons soon after initial diag-
nosis (From Kordower et al., 2013). IV) Lower right-hand
section: Tyrosine hydroxylase staining in the substantia nigra
dopamine neuronal cell bodies of an age-matched control and

excluded from gene therapy protocols, these two autopsy studies
offer mutually corroborating evidence for the advanced stage of
degeneration of all subjects enrolled in past trials.

Similarly severe degeneration in the cell bodies of these same
dopamine neurons (which originate in the substantia nigra and
project to the putamen) is also revealed in an analysis of the
autopsy tissue from gene therapy PD patients. Figure 1 (Section
II panels A and B) shows that very few dopamine neuronal cell
bodies remain in the patients enrolled into the AAV-NRTN trial
and that those neurons remaining are dysfunctional, showing
little evidence for the ability to transport NRTN-protein ex-
pressed in the terminal area (putamen) to the substantial nigra,
even after four years of continuous NRTN expression (Figure
1, Section II, panels C and D). Studies in animal models of PD,
with similar NRTN expression, have consistently shown several
areas of dense NRTN-positive neurons in the substantia nigra,
due to the topographic distribution of dopamine neurons in the
substantia nigra and their axonal projections to the putamen.
The lack of a more robust NRTN signal in the autopsy cases
provides compelling evidence that axonal transport deficits in
the remaining neurons are far more severe than what has been
modeled in PD animal studies.

Once again, data from the survey of autopsied brains from
PD brain banks (Kordower et al., 2013) offer independent cor-
roboration for the significant loss of substantia nigra dopamine
neurons in this population of PD patients. The survey shows
that between 1 to 4 years after diagnosis, a marked loss of dopa-
mine neurons rapidly occurs (Figure 1, Section IV, panels A-G).
After 4 to 5 years, the loss reaches an asymptote, leaving a small,
residual number of neurons that survive for years. Collectively,
these results predict that the majority of PD subjects enrolled
into gene therapy trials likely show similarly substantial loss of
dopamine neurons (e.g., Figure 1, Section II, panels A and B)
and lack of TH activity in the terminals of the putamen.

Preliminary clinical results confirm predictions from autopsy
tissue: earlier intervention may be essential: Can past clinical
data be used to empirically support the hypothesis (based on
the autopsy tissue) that the stage of degeneration in patients
enrolled in gene therapy trials may be too far advanced to be
responsive to treatment? To further test this idea, we performed

a series of PD cases at varying times, post-diagnosis (i.e., D-G:
1-14 years), reflecting early loss of substantial numbers do-
pamine neurons with a few years after initial diagnosis (from
Kordower et al., 2013).

exploratory analyses using scores on the primary endpoint
(Unified Parkinson’s Disease Rating Scale; UPDRS, motor-off)
from two separate double-blind, controlled phase 2 PD AAV2-
NRTN data bases, as described below.

The first analysis used the data base from a recent phase2b
trail that failed to show a significant effect on the primary
endpoint (UPDRS, motor-off) (Olanow et al., 2015). For the
exploratory test, we segregated the patients’ UPDRS scores
and plotted them based on the number of years each patient
had previously been diagnosed. We asked the question, is the
duration of disease related to any improvement on the prima-
ry endpoint? As shown in Figure 2A, subjects diagnosed < 5
years earlier from dosing showed evidence suggesting possible
benefit from AAV2-NRTN (though this exploratory analysis is
not sufficiently powered to conduct analytic statistics). Impor-
tantly, subjects dosed 10" years earlier showed no evidence of
any benefit (Olanow et al., 2015). A paired #-test (not corrected
for multiple comparisons, nor presented for analytic purposes
but merely to add perspective) suggests a possible difference
in change from baseline between treated patients diagnosed <
5 years versus 10" years. Both outcomes are entirely consistent
with predictions based on the autopsy results.

As a further test of the hypothesis, we next selected the data
from an earlier PD Phase 2a AAV2-NRTN trial, which had
shown that subjects who remained blinded longer than 12mo
(the evaluation period for the primary endpoint) performed
significantly better than controls on the primary measure (UP-
DRS, motor-off) (Figure 2B; Marks et al., 2010; Bartus et al.,
2013). In this case, we asked a corollary question: how much of
the benefit observed in these patients was contributed by scores
from subjects with < 5 years, post-diagnosis, versus scores from
patients with 10" years, post-diagnosis? As shown in Figure 2C,
patients whose disease had progressed for 10" years contribut-
ed nothing to the significant effect previously reported. While
only 3 subjects in that trial were diagnosed < 5 years earlier, all
showed very robust responses to treatment, clearly contribut-
ing to the difference in groups observed. Because none of the
earlier diagnoses patients happened to be randomized to the
sham group, no control comparison is possible. Nonetheless,
the results of this exploratory analysis are once again consistent
with predictions of the autopsy data. In other words, too many
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Figure 2 Changes from baseline in Unified Parkinson’s
Disease Rating Scale (UPDRS), Part 3 (motor) in the
practically-defined off state.

(A) Data from recent phase 2b AAV2-NRTN controlled trial,

showing strong trend toward more improvement in earli-
er-diagnosed subgroup of patients (i.e., < 5 years, post-diag-
nosis), relative to those diagnosed further back in time. Note
especially little change in baseline from subjects diagnosed
10" years in either treatment or control group, with more ap-
parent improvement in earlier-diagnosed subjects compared
to later diagnosed subjects (from Olanow et al., 2015). The P
value is post-hoc, not corrected for possible multiple compar-

isons and should not be taken literally; it is not intended for
analytic purposes but provided to add perspective. (B) Data
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C from initial Phase 2a AAV-NRTN controlled trial, wherein
secondary analysis of subset of subjects who remained blind-
ed beyond 12 months, showed significant effect on primary
endpoint (UPDRS, motor off); dashed box portion of graph
(from Marks et al., 2010). Those data were then used to com-
pile graph and analysis shown in panel C. (C) Change from
baseline in UPDRS for all (3 only) subjects < 5 years post-di-
agnosis and all subjects 10" years post-diagnosis, showing that
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subjects enrolled in gene therapy trials may be too far advanced
to show significant benefit from existing treatments.

As a final exercise, the data from the two separate, random-
ized, double-blind phase 2 trials were pooled in an effort to
increase the numbers of subjects and therefore provide a more
statistically reliable estimate of the impact disease duration on
the ability to improve clinical symptoms. While clearly explor-
atory in nature, and again not sufficiently powered, these data
nonetheless suggest that duration of disease is a variable that
should be given far more consideration in future protocol de-
sign. It may be worrisome that according to public disclosures
regarding inclusion/exclusion criteria (e.g., Clinical Trials.gov),
the ongoing gene therapy and protein infusion studies for PD
continue to specifically exclude subjects diagnosed < 5 years
earlier (i.e., the subjects more likely to benefit from treatment),
while also continuing to include subjects diagnosed 10 or even
many more years earlier (i.e., those least likely to benefit).
Indeed, the preliminary evidence for PD presented in this per-
spective is consistent with an emerging theme involving a wide
variety of neurodegenerative diseases, ranging from Alzheimer’s
to monogenic childhood diseases like Batten disease, Angelman
syndrome and Rett syndrome.
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none of the treatment effect seen in panel B was contributed
by the subjects with 10" years, post-diagnosis. (D) Data from
panel A and panel C pooled to provide more statistically reli-
able perspective of possible impact of years, post-diagnosis in
ability to improve PD clinical symptoms.
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