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Abstract

Despite many clinical trials over the last three decades, the goal of demonstrating that a treatment slows the progression of
Parkinson’s disease (PD) remains elusive. Research advances have shed new insight into cellular pathways contributing to PD
pathogenesis and offer increasingly compelling therapeutic targets. Here we review recent and ongoing clinical trials employing
novel strategies toward disease modification, including those targeting alpha-synuclein and those repurposing drugs approved for
other indications. Active and passive immunotherapy approaches are being studied with the goal to modify the spread of alpha-
synuclein pathology in the brain. Classes of currently available drugs that have been proposed to have potential disease-
modifying effects for PD include calcium channel blockers, antioxidants, anti-inflammatory agents, iron-chelating agents,
glucagon-like peptide 1 agonists, and cAbl tyrosine kinase inhibitors. The mechanistic diversity of these treatments offers hope,
but to date, results from these trials have been disappointing. Nevertheless, they provide useful lessons in guiding future

therapeutic development.
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Introduction

Parkinson’s disease (PD) is a progressive multisystem neuro-
degenerative disorder that affects both dopaminergic and non-
dopaminergic systems [1-3]. Neuronal degeneration affecting
multiple brain regions leads to the slow but inexorable devel-
opment of motor and nonmotor symptoms. Based on estimates
of PD incidence, the number of cases worldwide is expected to
double by 2040 [4, 5]. With the prediction of a “Parkinson
pandemic,” there is an urgency to find treatments that can re-
duce the burden of disease.

The greatest unmet need in PD therapeutics is the identifi-
cation of treatments that can slow the progression of the disease
process. Considerable advances have been made in understand-
ing the pathobiology of PD. Both genetic and environmental
factors contribute to the development of PD, converging to
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cause mitochondrial and lysosomal dysfunction, oxidative
stress, abnormal protein aggregation, and neuroinflammation
[1, 3, 6, 7]. Despite these research advances, numerous clinical
trials well supported by preclinical and epidemiological data
have not demonstrated disease modification. These results have
raised important questions about the challenges in identifying
potential targets and in study design. Obstacles include the
clinical heterogeneity of PD, limitations of preclinical models,
and absence of biomarkers of disease progression [§]. Also,
extensive neuronal cell loss and reduction in nigrostriatal do-
pamine precedes the development of signs and symptoms that
allow for a diagnosis of PD based on current clinical criteria [9,
10]. Thus, it may be necessary to identify patients with prodro-
mal PD for research trials targeting disease modification [11,
12].

Well-described in a recent review by Lang and Espay [8],
the distinction between “neuroprotection” and “disease
modification” is also important in considering develop-
ment of new treatments. While slowing the neurodegen-
erative process by preventing neuronal cell death is the goal
of a putative neuroprotective therapy, this is inherently chal-
lenging in the absence of validated research methods to mon-
itor active neuronal loss. As such, developing treatments that
modify disease progression regardless of the mechanism may
be a more tractable target.
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Despite these challenges, there are numerous treatments in
clinical development with the goal to modify PD progression.
Based on a recent review of 145 active clinical trials of PD
drug therapeutics, 57 (39%) were considered to be trials of
disease-modifying candidates, of which 24 (42%) were phase
1 studies, 30 (53%) phase 2, and only 3 (5%) phase 3 [13].
Currently, a number of strategies are being actively pursued to
identify potential disease-modifying treatments. These ap-
proaches can be broadly grouped into those that include
targeting oc-synuclein pathology, repurposing of previously
approved drugs, and modifying disease pathways induced
by genes associated with familial causes of PD. (These cate-
gories are not mutually exclusive, as some treatments target
multiple development strategies.) In this review, we discuss
the first two areas of focus; therapeutics directed against ge-
netic subtypes of parkinsonism are reviewed elsewhere in this
volume [14]. Current clinical trials for disease modification,
including those discussed in this review, are presented in
Table 1.

Targeting a-Synuclein Pathology

Progressive accumulation of o«-synuclein is now accepted to
play a principal role in PD pathogenesis. Mutations in the gene
encoding o-synuclein cause familial forms of PD [24], and
abnormal fibrillar aggregates of the protein comprise the core
of the Lewy body, the pathologic hallmark of PD [25]. In its
normal state, x-synuclein is a highly soluble protein enriched
at presynaptic terminals that is thought to regulate the release
of synaptic vesicles [26]. However, in disease states, it forms
toxic oligomers and/or aggregates that localize to the cell body
and neurites and contribute to neurodegeneration. The pro-
posed mechanisms by which «-synuclein causes toxicity are
numerous and beyond the scope of this review, but include
dysfunction of organelles including synaptic vesicles, mito-
chondria, ER and Golgi, lysosomes, autophagosomes, and
nuclei; disruption of interorganelle contacts; and dysregula-
tion of axonal transport [27, 28]. These features of «-
synuclein pathobiology present targets for various potential
therapeutic strategies, including reducing its synthesis, in-
creasing its clearance, or promoting its disaggregation [29].
Use of small interfering RNA to decrease o-synuclein expres-
sion has been explored in preclinical models [30, 31] but has not
advanced to human trials. PBT434 is a novel brain-penetrant
small-molecule inhibitor of «-synuclein aggregation. In preclin-
ical models, it prevented loss of nigral dopaminergic neurons,
reduced a-synuclein accumulation, and rescued motor perfor-
mance [32]. The drug was well tolerated in a phase 1 study [33]
and has potential for treating synucleinopathies including PD.
Other small molecules targeting o-synuclein aggregation or tox-
icity are currently in early/phase 1 clinical testing. Activation of
the c-Abl tyrosine kinase pathway has also been proposed to
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contribute to -synuclein aggregation, and inhibitors are being
studied to assess disease-modifying potential (discussed below).

In addition to cell-autonomous mechanisms of toxicity,
there is a growing body of experimental evidence to suggest
that a-synuclein can spread by cell-to-cell transmission [34].
Numerous studies using cellular and animal PD models have
demonstrated that o-synuclein aggregates can pathologically
spread to adjacent neurons, and that synthetic «-synuclein
fibrils or brain extracts containing Lewy bodies can induce
formation of new inclusions and loss of dopaminergic neu-
rons [35-38]. This model is also supported by the discovery
of host-to-graft spread of Lewy body pathology into fetal
cells transplanted into the brains of humans with PD [39,
40]. The ability of «-synuclein to form aggregates by tem-
plated misfolding and disseminate between cells has led to
the concept that a prion-like mechanism may contribute to
PD [34, 38].

Active and passive immunotherapies are currently being
pursued as therapeutic strategies to target extracellular oc-
synuclein and impede cell-to-cell transmission [41]. Results
from a first in-human, randomized phase 1 study of a novel
therapeutic (PD01A) involving immunization with a short
peptide mimicking a C-terminal epitope of human «-
synuclein were recently reported, combining four sequential
studies [15]. Subjects were initially randomized to receive
four subcutaneous immunizations at either low dose (15 pg)
or high dose (75 ng) every 4 weeks, followed for a period of
25-35 months, re-randomized to either low-dose or high-dose
booster immunization, and then re-immunized with a second
booster injection (high dose) when the antibody response was
close to baseline; 21 out of 24 subjects completed all treat-
ments. Treatment was considered safe and well tolerated, with
the majority of adverse events deemed unrelated to the study
agent (apart from local injection site reactions). Active immu-
nization induced a specific immune response as deter-
mined by serum antibody concentration. There was no
change in CSF total o-synuclein levels, although post
hoc analysis revealed a 51% decrease in CSF oligomeric
species in those who received high-dose treatment.
Although this study did not include a placebo control, it
provides safety and pharmacodynamic support for
conducting additional active immunotherapy trials.

Passive immunotherapy using antibodies that target specif-
ic epitopes of «-synuclein is currently an exciting area of
therapeutic development. Two therapies have now progressed
to phase 2 trials. PRX002/RG7935 (prasinezumab), devel-
oped by Prothena and Roche, is a humanized monoclonal
antibody that targets the C-terminus of o-synuclein. In PD
mouse models, this antibody promotes «-synuclein clearance
and reduces behavioral deficits in motor tasks [42]. In a ran-
domized, double-blind, placebo-controlled multiple ascend-
ing dose trial, prasinezumab was safe and well-tolerated with
dose-dependent increases in CSF levels, though they were
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only ~ 0.3% ofthose achieved in serum [43]. These studies led
to the design of the PASADENA trial, a phase 2 randomized
trial of 316 subjects with early PD, in which doses of up to
4500 mg were administered every 4 weeks over 52 weeks.
While results from this trial have not yet been published, re-
cently presented data indicate that the study did not meet its
primary outcome measure of a change from baseline in the
MDS-UPDRS total score (parts I-III) at week 52 [16].
However, signals of efficacy were detected in the rate of de-
cline in motor function and time to worsening of motor symp-
toms. A blinded extension phase, PASADENA Part 2, is cur-
rently ongoing.

A second monoclonal antibody, BIIB054, is undergoing
clinical development by Biogen and is also in a phase 2 trial.
This antibody targets an N-terminal epitope of o-synuclein,
preferentially recognizes aggregated species of the protein,
and prevents spread in preclinical models [44]. In a phase 1
study of healthy volunteers and participants with PD, treat-
ment was safe and well-tolerated over a period of 16 weeks
[45]. A phase 2 trial (SPARK) recently achieved primary
completion with an estimated study completion date of
June 2021.

Several additional passive immunotherapy treatments are
currently being studied in phase 1 trials, including Lu-
AF82422 (Lundbeck) and MEDI-1341 (AstraZeneca). These
are listed in the clinicaltrials.gov database, but limited peer-
reviewed data are available. A phase 1 safety and tolerability
study of the monoclonal antibody ABBV-0805 (Abbvie) was
withdrawn as of June 2020.

Repurposing Drugs for Parkinson’s Disease

In light of the current understanding of PD pathogenesis, iden-
tifying treatments that directly target x-synuclein is a worthy
and critical goal. However, new drug discovery and develop-
ment is a lengthy, very expensive process with potential risk
of failure. A recent investigation estimated the median re-
search and development cost of bringing a drug to market at
approximately $1 billion and the total mean investment at $1.3
billion [46]. In addition, it can take 10 years or more to devel-
op a drug from early-phase preclinical studies through phase 3
trials. Disease modification trials for neurodegeneration are
particularly challenging because they often require patients
to be followed for multiple years.

Because of high attrition rates, increased cost, and the slow
pace of discovery associated with development of novel ther-
apeutics, drug repurposing (also called drug repositioning) is a
viable strategy to identify possible new treatments. In this
approach, existing drugs are applied to new therapeutic uses
outside its original medical indication [47]. Potential advan-
tages of drug repurposing over developing an entirely new
drug include the following: lower risk of failure due to safety
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issues; reduced time frame for development as most of the
preclinical testing and safety assessments have already been
completed; and less investment in preclinical and early-phase
costs [48]. Supported by preclinical, epidemiological, and
clinical evidence, numerous drugs have been repurposed as
putative disease-modifying agents for PD. In this section, we
review some of the classes of medication that either are being
studied actively in clinical trials or have recently completed
investigation.

Calcium Channel Blockers

Neurodegeneration in PD is determined not only by genetic
and environmental influences, but also by selective vulnera-
bility of a subset of neuronal populations, including nigral
dopaminergic neurons. The cell-autonomous mechanisms ac-
counting for these differences are not well understood.
However, neurons that rely on Ca(v)1.3 L-type calcium chan-
nels to maintain autonomous pacemaking function may be
particularly susceptible to mitochondrial oxidative stress, rais-
ing the possibility that inhibition of these channels may be
protective [49]. Isradipine, a dihydropyridine calcium channel
blocker with the highest affinity for Ca(v)1.3 channels and
approved for treatment of hypertension, indeed demonstrated
neuroprotective effects in animal models of PD [50, 51]. In
addition, epidemiologic studies have shown that use of calci-
um channel blockers of all types is associated with an overall
significantly decreased risk of PD [52].

Based on these preclinical findings, a phase 2 randomized
clinical trial was conducted to establish dose tolerability [53].
This trial identified a dose of 10 mg daily as the maximal
tolerable dose, with higher doses associated with adverse ef-
fects including peripheral edema and dizziness. Using this dose,
a large phase 3 multicenter, randomized, parallel-group, dou-
ble-blind, placebo-controlled trial to assess the effect of
isradipine on clinical progression (STEADY-PD III) was con-
ducted to assess efficacy [17]. In this study, 336 patients with
early PD not yet taking dopaminergic medications were ran-
domized to isradipine or placebo for a period of 36 months. The
primary outcome was change in the UPDRS parts I to III score
measured in the “ON” state between baseline and 36 months.
Treatment with isradipine failed to confer any benefits on clin-
ical progression, with no difference in both primary and sec-
ondary outcome measures [ 17]. Whether more potent inhibition
of calcium channels or intervention at earlier prodromal stages
of PD would alter disease progression remains unanswered.

Antioxidant and Anti-inflammatory Agents

Mitochondrial dysfunction and oxidative stress have long
been postulated to play a role in PD pathogenesis [54, 55].
The brain is uniquely susceptible to oxidative injury given its
high level of energy consumption with resulting generation of
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reactive oxygen species. Moreover, dopamine metabolism by
monoamine oxidase itself contributes to the generation of tox-
ic free radicals. Postmortem studies of PD brains demonstrate
evidence of oxidative stress, including deficiency of mito-
chondrial complex I activity, decreased levels of antioxidant
enzymes and glutathione, and higher levels of lipid peroxida-
tion products. Many genes associated with familial PD also
encode proteins that are directly involved in mitochondrial
function, including «-synuclein, parkin, PTEN-induced ki-
nase 1 (PINKI1), DJ-1, leucine-rich repeat kinase 1
(LRRK2), and vacuolar protein sorting-associated protein 35
(VPS35) [55, 56].

Despite the preponderance of scientific evidence implicat-
ing these mechanisms in PD, clinical trials targeting oxidative
stress to date have been disappointing. Completed more than
25 years ago, the Deprenyl and Tocopherol Antioxidative
Therapy of Parkinsonism study (DATATOP), the first disease
modification trial in PD, failed to show benefit for vitamin E
[57]. More recently, a large randomized trial of high doses of
coenzyme Q10 in combination with vitamin E also did not
show any effect on clinical progression [58]. Peroxisome
proliferator—activated receptor gamma (PPARY) is a ligand-
gated transcription factor that regulates redox balance, mito-
chondrial function, and inflammatory response. The PPARy
agonist pioglitazone, available as a treatment for diabetes,
reduces neuroinflammation and neurodegeneration in animal
models [59]. However, in a 44-week randomized trial, pioglit-
azone at doses of 15 mg/day and 45 mg/day was found to be
futile in modifying disease progression [60].

Although pathological studies implicate oxidative stress
mechanisms in PD, case-control studies have not demonstrat-
ed a difference between PD patients and age-matched controls
for the majority of endogenous antioxidant molecules or en-
zymes. One exception is urate, the enzymatic end product of
purine metabolism which accounts for 60% of total plasma
antioxidant activity [61]. Multiple prospective epidemiologi-
cal studies have shown that patients with higher plasma urate
concentration have a lower risk of developing PD, particularly
in men [62, 63]. In addition, higher baseline urate levels were
associated with significantly slower rates of disease progres-
sion, based on data from two large clinical studies of early PD
[64, 65]. Urate also demonstrated neuroprotective effects in
cellular and animal PD models [61].

Inosine, a nucleoside and purine precursor of urate and
available as a dietary supplement, has been studied for its po-
tential to elevate urate levels and modify PD progression. In a
phase 2 study, inosine titrated to elevate serum urate concen-
tration to a mildly (6.1-7.0 mg/dl) or moderately elevated (7.1—
8.0 mg/dl) level for up to 24 months was clinically safe and
well-tolerated [66]. Treatment also effectively raised CSF
levels of urate. A phase 3 randomized clinical trial was con-
ducted to determine whether oral inosine dosed to moderately
elevate serum urate (from <5.7 mg/dl to 7.1-8.0 mg/dl) over

2 years slows clinical decline in early PD (SURE-PD3). The
primary outcome was rate of change in the MDS-UPDRS I-111
total score at 24 months compared to baseline. However, the
study was stopped prior to its planned completion date as in-
terim analysis indicated that it would be unable to show effica-
cy based on its primary outcome measure and timeline [18].

Trials continue to examine the potential use of antioxidants
to slow disease progression. N-acetylcysteine (NAC) is a nat-
ural supplement that raises levels of the intracellular antioxi-
dant glutathione and is used as a mucolytic agent for patients
with pulmonary disease and as a treatment for acetaminophen
overdose. In a recent small single-center open-label study,
patients randomized to receive weekly infusions (50 mg/kg)
and oral doses (500 mg twice a day) of NAC for 3 months had
increased dopamine transporter (DAT) binding (mean in-
crease from 3.4 to 8.3%) compared with controls as well as
improved PD symptoms [67]. Larger-scale studies are war-
ranted to explore these results.

Statins have also been explored as potential disease modi-
fiers of PD. Inhibitors of 3-hydroxy-3-methylglutaryl coen-
zyme A (HMG-coA) reductase, statins are widely pre-
scribed as cholesterol-lowering agents. They also have
multiple biochemical actions independent of cholesterol,
including anti-inflammatory effects [68]. In PD models,
they have been proposed to exert neuroprotective effects
through an anti-inflammatory response, improving motor
function and attenuating increase in inflammatory cyto-
kines [69, 70]. Simvastatin is effective in crossing the
blood-brain barrier and is currently being studied in a
phase 2 randomized, placebo-controlled futility trial.
Unfortunately, recently announced results indicated futili-
ty for slowing progression of PD, and thus do not warrant
further development of simvastatin for this indication [19].

Iron-Chelating Agents

Excessive iron deposition in the substantia nigra of patients
with PD has been demonstrated by postmortem analysis and
iron-sensitive high-field MRI imaging [71]. Iron leads to in-
creased production of reactive oxygen species and may induce
ferroptosis, an iron-dependent mechanism independent of oth-
er cell death pathways [72]. Deferiprone is an iron-chelating
agent approved for the treatment of iron overload in hemato-
logic conditions such as thalassemia major and is able to pen-
etrate the blood-brain barrier. In cell culture and MPTP mouse
models of PD, treatment with deferiprone reduced oxidative
stress and improved motor symptoms while raising striatal
dopamine [73]. A small pilot study using a randomized
delayed-start paradigm in patients with early PD suggested
that early treatment with deferiprone reduced iron deposits
in the substantia nigra and improved motor function [73]. In
another randomized, double-blind, placebo-controlled study,
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treatment with deferiprone for 6 months was well tolerated
and reduced iron content in specific brain regions [74].

These findings have prompted additional larger efficacy
trials. One dose-ranging study randomized 140 patients with
early PD on a stable dose of dopaminergic therapy to placebo
or a range of deferiprone doses from 600 to 2400 mg daily
(SKY). The phase 2 trial used the change in the motor sub-
scale (part III) of the MDS-UPDRS as the primary outcome
measure. The study was completed as of September 2019 and
results are pending. A second phase 2 trial of 372 early un-
treated PD patients is ongoing, comparing treatment with
deferiprone 30 mg/kg/day with placebo (FAIR PARK II).
Using a primary outcome of change in total MDS-UPDRS
between baseline and 36 weeks, this trial is active but not
recruiting with an estimated study completion date of April
2021. The results from these studies will be helpful in guiding
future investigations of iron chelation as a therapeutic strategy
for PD.

Glucagon-Like Peptide 1 Agonists

There is increasing interest in a potential role for glucagon-
like peptide 1 (GLP-1) agonists in the treatment of neuro-
degenerative diseases including PD. GLP-1 acts to regulate
glucose homeostasis and facilitate insulin signaling. As
such, compounds that activate the GLP-1 receptor, includ-
ing GLP-1 analogs and inhibitors of dipeptidyl peptidase 4
(DPP-1V), are used in the treatment of type 2 diabetes
mellitus. In the brain, GLP-1 signaling has been proposed
to influence myriad processes that affect neuronal survival
[75]. Insulin resistance has also been implicated as a con-
tributor to neurodegeneration [76]. A large retrospective
cohort study reported an increased risk of subsequent PD
following type 2 diabetes [77], although other studies have
shown positive, no, or negative associations [78—82] and no
study has linked GLP-1 or DPP-IV levels or activity to PD
risk or progression.

Endogenous GLP-1 is rapidly degraded by DPP-IV into
inactive metabolites. However, a naturally occurring GLP-1
agonist that is resistant to DPP-IV cleavage, exendin-4, has
been used in preclinical and clinical studies [83]. In animal
models of PD, exenatide, a synthetic form of exendin-4,
prevented microglial-mediated conversion of astrocytes in-
to an Al neurotoxic phenotype, protecting against loss of
dopaminergic neurons and reducing behavioral deficits
[84]. Other neuroprotective mechanisms have also been
proposed, including beneficial effects on mitochondrial
function, synaptic plasticity, neurogenesis, and enhancing
the actions of brain-derived neurotrophic factor [75].

The clinical effects of exenatide on PD have been studied
thus far in two clinical trials. In an initial single-blind proof-of-
concept trial, 44 patients with moderate-stage PD were treated
with either subcutaneous exenatide (10 mcg twice daily) or
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placebo for 12 months. Apparent benefits were reported to
persist in motor and cognitive function at 14 months, despite
patients being off exenatide during a 2-month washout period
[85]. A subsequent double-blind, placebo-controlled trial of
60 patients with earlier stage disease (mean duration 6.4 years)
was conducted, using 2 mg subcutaneous exenatide once
weekly for 48 weeks as the active treatment arm. The primary
outcome measure, change in MDS-UPDRS motor subscale
(part 3) score at 60 weeks (following 12 weeks off treatment),
demonstrated modest but statistically significant improvement
in motor symptoms in the treated group, though scores were
actually worse in the exenatide group at 60 weeks due at least
in part to baseline differences despite randomization [20].
Treatment was well-tolerated except for mild weight gain. It
is noteworthy that while exenatide is proposed to have a pu-
tative neuroprotective effect, the apparent early benefits noted
in this trial, which were fully manifest by 12 weeks of treat-
ment, raise the possibility of the drug having symptomatic
benefit, further complicating interpretation of the results.
Despite their limitations, these studies are encouraging and
warrant further investigation that addresses questions about
study design, stage of disease, and dosing.

Multiple randomized, double-blind, placebo-controlled
studies of GLP-1 agonists are currently ongoing, including a
multicenter trial of a novel pegylated form of exenatide
(NLYO1) in untreated patients with early PD, a multicenter
study of sustained-release exenatide in early PD patients
(PT320), and several single-center trials of patients on dopa-
minergic therapy. Other GLP-1 agonists that are under active
investigation include lixisenatide and liraglutide. Taken to-
gether, these studies should provide valuable insights into
whether activation of GLP-1 mediated pathways can modify
PD progression.

c-Abl Tyrosine Kinase Inhibitors

c-Abl is a member of the Abl family of non-receptor tyrosine
kinases with diverse biological functions [86]. In the central
nervous system, it plays an important role in regulating syn-
apse formation, neurite outgrowth, and neurogenesis.
Notably, c-Abl is activated in an age-dependent manner,
and increased levels of activated c-Abl are present in the
substantia nigra and striatum of PD postmortem brains and
in toxin-based and transgenic mouse models. Notably, ab-
errant activation of c-Abl also contributes to accumulation
of toxic «-synuclein species [87].

Nilotinib is a small-molecule inhibitor of c-Abl tyrosine
kinase that is approved for the treatment of chronic myeloge-
nous leukemia. In the MPTP model of PD, administration of
nilotinib reduced c-Abl activation and prevented loss of dopa-
mine neurons and behavioral deficits [88]. An initial open-
label pilot study of 12 patients with advanced PD showed mild
improvements in motor and cognitive function at 24 weeks of
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treatment, although the observed improvements were reversed
by 36 weeks [89]. This study generated considerable excite-
ment, but interpretation was limited by the small size, the
absence of a control arm, and the confound of monoamine
oxidase-B inhibitor withdrawal potentially accounting for
the highlighted biomarker change of increased CSF levels of
the dopamine metabolite homovanillic acid [90].

Since that time, two additional randomized phase 2 clinical
trials have been conducted comparing nilotinib at doses of
150 mg and 300 mg daily with placebo to determine safety
and tolerability. A single-center study of 75 patients was re-
ported to show increased levels of dopamine metabolites in
the CSF of patients treated with one of four doses of nilotinib.
No significant differences were observed in motor and
nonmotor outcomes between the groups, although the study
was not powered to assess efficacy. Although the total number
of adverse events was similar, there was a higher number of
serious adverse events in patients treated with nilotinib, in-
cluding four cardiovascular events [22]. However, a multicen-
ter trial (NILO-PD) with similar study design yielded conflict-
ing results. Although it also did not test efficacy, nilotinib was
found to have poor CNS penetration and did not change do-
pamine metabolites [21].

The conflicting results bring into question whether future
trials of nilotinib are to be pursued. However, they do not rule
out the possibility that other inhibitors of the c-Abl pathway
may be more effective. A phase 2 study is currently recruiting
patients with early PD not yet on symptomatic treatment for
randomization to two doses of an experimental Abl inhibitor
K0706 compared to placebo (PROSEEK). The study will en-
roll 504 patients and the primary outcome measure will be the
change in MDS-UPDRS parts 2 and 3 after 40 weeks of treat-
ment. The estimated study completion date is 2021.

Discussion

In this review, we provide an update on recent and current
disease modification trials, focusing on those that target oc-
synuclein as well as those that repurpose currently available
therapies. The plethora of active clinical studies offers promise
in finding treatments beyond currently available symptomatic
therapy.

Nevertheless, caveats exist with both of these developmen-
tal strategies. PD is associated with complex pathophysiologic
changes, many of which predate onset of clinical motor symp-
toms by years or decades. Abnormal aggregation of -
synuclein is thought to play a pivotal role early in the disease
process, triggering other processes such as oxidative stress,
mitochondrial dysfunction, autophagy, and neuroinflamma-
tion. Thus, even at the earliest stages of symptomatic PD,
the underlying pathogenic cascade may be too far advanced

for a-synuclein-directed therapies to meaningfully modify
disease progression.

In contrast, some treatments that are repurposed for PD
may target mechanisms that are less specific to the disease
process. The theoretical advantage of this approach is poten-
tial savings in cost and time for drug development. In reality,
however, some of these theoretical benefits may be difficult to
achieve. For example, the time exigencies and efficiencies
characteristic of pharmaceutical industry programs are not
easily replicated in non-commercial development, as multiple
grant cycles typically add years onto transitions from phase 2
to phase 3 studies when relying on foundation and govern-
ment funding. For example, 3.5 years passed between the
completion date of a successful phase 2 trial of inosine
(December 2012) [66, 91] and the start date of the resulting
phase 3 trial (June 2016) [18] despite uninterrupted
investigator-driven efforts for a prompt transition (MAS, un-
published observations). Similarly, a safety profile established
at a given dose and duration for an approved therapeutic indi-
cation may not be sufficient without additional preclinical and
clinical safety data to support a new indication for long-term
disease modification in PD.

In considering the current studies reviewed here, it is im-
portant to evaluate them in the context of prior studies. The
“failure” to identify any disease-modifying therapies to date is
sobering. Despite compelling preclinical data and thoughtful
study design, long, costly trials have not yielded any clearly
positive results. Nevertheless, these studies provide useful les-
sons in guiding future research. (A detailed discussion of clin-
ical trial design is beyond the scope of this review but has been
thoughtfully considered elsewhere [92-94].)

Lessons Learned for Target Selection

While strong preclinical evidence from cell-based and animal
models remains critical to effective therapeutic development,
this has thus far not been sufficient to lead to effective treat-
ments. Nevertheless, recent trials with disappointing results
provide useful lessons in guiding further development. One
step forward is the use of human epidemiological data to pro-
vide additional support for target selection. For example, de-
spite the lack of efficacy for isradipine in the STEADY-PD III
trial, the lower risk of PD associated with calcium channel
blocker use identifies this treatment as a worthy target [17,
52]. Identification of serum urate as a clinical biomarker as-
sociated with slower disease progression provides an even
stronger example of using epidemiology to motivate target
development [64, 65]. Although inosine did not have a
disease-modifying effect [18], this approach nonetheless
strengthens the motivation to move potential targets through
the clinical pipeline.

Trials targeting o-synuclein highlight the use of genetics to
guide development of new therapeutics. A central role for o
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synuclein in PD pathogenesis was initially discovered based
on identification of gene mutations causing familial PD.
Extensive research has since increased understanding of
a-synuclein trafficking and aggregation, leading to the
identification of new druggable targets and immunological
approaches. PD genetics are also likely to provide the
groundwork for the next phase of disease modification tri-
als [14].

In addition, recent trials have established the importance of
including measures to demonstrate that the drug is able to
penetrate the central nervous system at pharmacologically
meaningful levels and to engage the target of interest. As
examples, the demonstration that active immunotherapy
against «-synuclein may influence CSF oligomeric species
[15] and that antibodies used in passive immunotherapy trials
are detected in CSF [43] provides important justification that
further development may yield positive results. Considerable
advances have been made to measure different forms of «-
synuclein in biofluids and peripheral tissues [95] and to image
a-synuclein neuropathology in living humans [96]. Indeed,
the Michael J. Fox Foundation recently awarded several large
grants in pursuit of an x-synuclein imaging tracer [97]. When
and if these biomarkers are available, they may greatly im-
prove assessment of target engagement and potentially pro-
vide a complementary and ultimately surrogate measure of
efficacy for disease modification.

Other recent trials have similarly demonstrated efficacy in
penetrating the CNS and engaging the putative target. Use of
inosine to elevate serum urate results in increased CSF levels
[66], and deferiprone was shown to reduce brain iron deposi-
tion [73, 74]. While these findings are not necessarily predic-
tors of disease modification, they may be prerequisites and
highlight the progress in study design compared to early trials,
which did not include measures of target engagement. The
recently completed multicenter nilotinib trial further demon-
strates the importance of these measures as the low level of
CNS drug penetration may provide a pharmacodynamic ex-
planation for the lack of benefit [21].

Lessons Learned for Trial Design

Steps to improve clinical trial design, including subject selec-
tion and outcome measurement, will also enhance the likeli-
hood of success in future disease modification trials. To im-
prove subject selection, DAT imaging is now being used as an
enrichment biomarker for clinical trials targeting early PD
[98]. Previous trials in which enrollment was based on clinical
diagnosis alone included subjects who had “scans without
evidence of dopaminergic deficit” (SWEDD). Subjects in this
group, which may comprise up to 10-15% in some early PD
cohorts, may either not have PD or have very slow progres-
sion [99-101], and are difficult even for movement disorder
specialists to distinguish clinically from those with abnormal
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DAT scans [102]. Exclusion of patients without evidence of
dopamine deficiency may enrich clinical trial populations for
subjects who are likely to progress clinically and improve
statistical power. SURE-PD3 was the first randomized clinical
trial to include DAT imaging as an eligibility criterion, and
this is now included in subject screening in numerous trials.

Given concerns that patients with early symptomatic PD
already demonstrate measurable dopaminergic cell loss, there
is now considerable interest in identifying patients with pro-
dromal PD [103-105]. Research criteria for prodromal PD
have been proposed [11, 12], raising prospects of using po-
tential disease-modifying therapies prior to the development
of motor symptoms. Alternatively, identification of individ-
uals who carry genetic forms of PD can enrich clinical trials
for those with the very earliest stage of disease ([14]).

Progress has also been made in the refinement of rating
scales to measure PD symptoms. Change over time in the
MDS-UPDRS is now routinely used as the primary outcome
measure for PD disease modification trials. Compared to the
original UPDRS, this scale allows for differentiation between
relatively milder impairments encountered in early stages of
PD and more broadly assesses both nonmotor and motor fea-
tures of the disease, as reported by patients as well as clini-
cians [106]. Although now widely utilized, the MDS-UPDRS
was not accepted as a clinical outcome until recent years.
Indeed, STEADY-PD III was the first interventional trial in
a de novo population to systematically evaluate the MDS-
UPDRS [107].

Improvement in detecting progression of motor symptoms
may also enhance clinical trials in the future. Digital bio-
markers are being explored as measures of motor function that
will allow for more frequent or continuous, patient-centered
monitoring than the usual study visit-based clinical assess-
ments [108, 109]. AT-HOME PD is an observational study
to assess long-term clinical outcomes in PD patients who par-
ticipated in the STEADY-PD III and SURE-PD3 clinical trials
(NCT03538262). Recruiting patients with early, untreated
PD, the WATCH-PD study (NCT03681015) is designed to
compare information collected from wearable sensory and
mobile devices with traditional clinical assessments and rating
scales. These approaches may refine the ability to detect
smaller clinical changes early in the disease process.

The clinical heterogeneity of PD has also been postulated
to contribute to the lack of demonstrated benefit in disease
modification trials. Another lesson learned may be the use of
specific subpopulations who are most likely to benefit from a
specific therapy. In the SURE-PD3 study, only those subjects
with a baseline serum urate below the population mean and
most likely to respond were included. A similar approach is
now being used in studies targeting genetic forms of PD.

The results from recent trials, while disappointing in the
short term, offer promise for the future. The need to identify
disease-modifying therapies remains as great as ever, perhaps
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even more critical now given the growing burden of PD.
Indeed, these studies, even those that are “negative,” should
not be viewed as failures but as steps toward this goal.
Advances in developing new biomarkers to monitor disease
progression and target engagement and identifying prodromal
or at-risk populations, guided by lessons learned from current
studies, will hopefully pave the way for more successful trials
in the future.
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