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Abstract. For decades the greatest goal of Parkinson’s disease (PD) research has often been distilled to the discovery of
treatments that prevent the disease or its progression. However, until recently only the latter has been realistically pur-
sued through randomized clinical trials of candidate disease-modifying therapy (DMT) conducted on individuals after they
received traditional clinical diagnosis of PD (i.e., tertiary prevention trials). Now, in light of major advances in our under-
standing of the prodromal stages of PD, as well as its genetics and biomarkers, the first secondary prevention trials for PD
are beginning. In this review, we take stock of DMT trials to date, summarize the breakthroughs that allow the identifi-
cation of cohorts at high risk of developing a traditional diagnosis of PD, and describe key design elements of secondary
prevention trials and how they depend on the prodromal stage being targeted. These elements address whom to enroll, what
interventions to test, and how to measure secondary prevention (i.e., slowed progression during the prodromal stages of
PD). Although these design strategies, along with the biological definition, subtype classification, and staging of the disease
are evolving, all are driven by continued progress in the underlying science and integrated by a broad motivated commu-
nity of stakeholders. While considerable methodological challenges remain, opportunities to move clinical trials of DMT
to earlier points in the disease process than ever before have begun to unfold, and the prospects for PD prevention are now
tangible.

Keywords: Prevention, secondary prevention, Parkinson’s disease, prodrome, disease modifying therapy, randomized clinical
trial, REM sleep behavior disorder, synuclein, LRRK2, GBA

Now is the time to start conducting clinical tri-
als for the prevention of Parkinson’s disease (PD), a
chronic multisystem progressive neurodegenerative
condition. The rising prevalence of the disease with
its substantial societal and economic burden'™ adds
to the urgency of pursuing its prevention. Although
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efforts to date have focused on modifying the dis-
ease course after its diagnosis, recent advances in
our understanding of the very early stages of PD
(i-e., preclinical and prodromal clinical) along with
the establishment of at-risk cohorts, and the discov-
ery of potential early diagnostic biomarkers for PD,
have made it feasible to design and implement tri-
als for PD prevention (which in this review refers to
the prevention of traditionally diagnosed PD unless
otherwise specified). In fact, several clinical proto-
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Table 1

Prevention medicine using the example of a dental cavity

Goal

Interventions

Primary prevention To prevent the pathophysiological

process (e.g., tooth demineralization,

and enamel followed by dentin

decay) that leads to the development

of a cavity in the first place.

o Brushing and flossing teeth twice a day,

e Eating a healthy diet with low sugary food consumption,
o Drinking fluoridated water,

e Applying topical fluoride to teeth in childhood.

To slow the rate of these
pathophysiological processes or
reduce the likelihood that they will
lead to the disease (i.e., cavities).

Secondary prevention

e Regular dental checkups for early detection of cavity
formation and to screen for the pathophysiological
process that would warrant increased or improved
brushing and flossing and dietary habits, or referral to a
dental hygienist.

Tertiary prevention To prevent complications of the

disease (i.e., of the cavity) once it has

developed.

e Dental fillings to prevent the development of an abscess,
root canal, or tooth extraction, all of which are a
consequence of an untreated, more severe dental cavity.

cols for trials of candidate PD preventatives are in the
pipeline now, with a couple of them actively recruit-
ing participants.o—8

In keeping with the circa 1735 adage of Benjamin
Franklin that, “An ounce of prevention is worth a
pound of cure”,” preventing PD would have an enor-
mous impact not only on the individual but also on
society at large via reduced burden on the population,
healthcare, government, etc. Prevention medicine, at
its simplest, promotes health and prevents disease,
and can be classified as primary, secondary, or ter-
tiary in nature, as shown in Table 1 using the example
of a dental cavity.

Given the advances in our understanding of PD
pathophysiology, prevention medicine can also be
applied to PD (Fig. 1) with:

1. primary prevention to reduce the risk of devel-
oping PD (prodromal or traditional motor PD)
in individuals without PD;

2. secondary prevention to stop or delay the devel-
opment of traditional motor PD (e.g., as defined
by current clinical diagnostic criteria for PD)
during the prodromal period of the disease,
which defined as the time between the start
of a discrete measurable pathophysiologic pro-
cess (often characterized by a-synuclein-based
biomarkers) and the traditionally diagnosable
state of PD or related neurodegenerative synu-
cleinopathy like dementia with Lewy bodies
(DLB); and,

3. tertiary prevention to slow the progression of
classical parkinsonian features and the develop-
ment of complications like motor fluctuations
and cognitive impairment in individuals with
established PD (i.e., after traditional clinical
diagnosis).

PARKINSON’S DISEASE-MODIFICATION
TRIALS TO DATE (TERTIARY
PREVENTION)

To date, clinical trials in PD have pursued tertiary
prevention through disease modification in individ-
uals with a traditional diagnosis of PD. Since 1987
there have been numerous phase 3 tertiary preven-
tion trials in PD (Fig. 1A). Most of these trials
have enrolled participants with de novo PD (usually
within 2 years of diagnosis, and not yet started on
symptomatic dopaminergic therapy). Enrolling these
participants as early as possible after diagnosis is in
keeping with the broader principle that the earlier one
intervenes with a disease-modifying therapy (DMT)
in the pathophysiology and neurodegeneration of PD
the more likely it will be effective. Intervening too
late in the disease process, as proverbially presaged
and discouraged by John Heywood through his 1546-
published English aphorism, “Don’t shut the barn
door after the horse has bolted” (as adapted from
Old English), could be one reason why no tertiary
prevention of PD has been established to date. Inter-
vening with a DMT in participants with prodromal
PD (Fig. 1B) may be more fruitful.

Although for decades there has been ample evi-
dence that dopaminergic neuron deficits and various
motor and non-motor symptoms precede the tradi-
tional clinical diagnosis of PD by years or decades, '°
the inability to clearly define at-risk populations pre-
cluded the enrollment of earlier clinical cohorts until
recently. Similarly, tertiary prevention trials of can-
didate DMT have typically based their primary trial
outcome on imperfect but validated clinical mea-
sures of motor deficit progression (as determined
by clinicians and/or patients).!!™!8 More sensitive
motor and non-motor clinical measures of disease
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Fig. 1. Advancing prospects for prevention trials in Parkinson’s disease with new light shed onto its biology and prodromal period.
A) Since 1987 and until recently ‘disease modification’ trials were plausible only during the classical clinical period of the disease, which
begins with a traditional diagnosis based on established clinical criteria, and were designed to test for tertiary prevention. Preceding and
generally sequential development of pathophysiology, progressive dopaminergic neuron loss (not shown but reflected by signal loss on
dopamine transporter imaging), non-motor clinical features, and early motor (movement) difficulties had been known. However, they were
not sufficiently illuminated to support trials assessing prevention prior to diagnosis but after the disease process has begun (secondary
prevention), let alone before the onset of pathophysiological processes (primary prevention). Accordingly as depicted under a single
streetlamp metaphor, since 1987 (when DATATOP the first phase 3 trial of proposed DMT began enrolling) only tertiary prevention trials
had been conducted—in light of our detailed understanding of classical clinical PD and its dopaminergic deficits. B) Since 2023 growing
knowledge of who is genetically and prodromally at substantially increased risk of developing (classical clinical) PD has provided adequate
illumination to rationally design and initiate several relatively large-scale secondary prevention trials for the first time with others being
actively developed. In both prevention trial eras, trial design strategies generally favor enrolling cohorts as early as feasible as reflected
by the leftward distribution of major efficacy trials of candidate DMTs for tertiary prevention (A) and thus far for secondary prevention
(where the non-motor preclinical stage of prodromal PD is the earliest that can be practically targeted at present.) Note that the simplified
schematic timelines are based upon growing but evolving evidence for discernable periods of PD, including its prodromal and traditional
clinical periods with the former comprising several conceptually discrete but practically overlapping stages. In panel A, maroon circles
(a-h) represent completed (and ultimately negative) individual phase 3 efficacy trials of candidate DMT in PD,!'~'® whereas unlettered
blue circles approximate the number and timing of (unnamed) phase 2 efficacy trials of candidate DMT in PD. In panel B, blue circles
(i-k) represent recently initiated or imminently starting individual phase 2 trials of candidate (secondary) preventatives in PD.%*>%3 This
commonly employed prodromal vs traditional PD framework differs somewhat from a complementary and compelling integrated staging
system (ISS) based on a broader disease scope of neuronal synuclein disease (NSD),3” comprising dementia with Lewy bodies as well as
PD. This NSD-ISS has thus far restricted its biological anchors to synucleinopathic biomarkers (like CSF aSyn-SAA) and dopaminergic
deficit biomarkers (like DAT deficit neuroimaging) but maps closely to the timeline depicted here (B). *DATATOP (selegiline, vitamin
E, both) — PD, de novo.!' PELLDOPA (levodopa; https://clinicaltrials.gov/study/NCT00004733) — PD, late de novo.'> “PRECEPT (CEP-
1347; https://clinicaltrials.gov/study/NCT00040404) — PD, de novo.'3 4 ADAGIO (rasagiline; https://clinicaltrials.gov/study/NCT00256204)
— PD, de novo.'* °QE3 (Co-Q10; https://clinicaltrials.gov/study/NCT00740714) — PD, de novo.'S fSTEADY-PD 1II (isradipine;
https://clinicaltrials.gov/study/NCT02168842) — PD, de novo.'® 2SURE-PD?3 (inosine; https://clinicaltrials.gov/study/NCT02642393) — PD,
de novo.'7 "LS-1 (creatine; https://clinicaltrials.gov/study/NCT00449865) — PD, on treatment.'8 'EITRS (idebenone; ) — prodromal PD:
RBD, pre-motor.% 1Slow-SPEED (exercise; https://clinicaltrials.gov/study/NCT06193252) — prodromal PD: RBD+/-motor.® XP2P/PPMI
(multiple drugs TBN) — prodromal PD: RBD or other non-motor,+/-motor.>’ aSyn-SAA, a-synuclein-seed amplification assay; DMT,
disease-modifying therapy; NSD-ISS, Neuronal Synuclein Disease-Integrated Staging System; PD, Parkinson’s disease; RBD, REM sleep
behavior disorder; TBN, to be named.

progression before the diagnosis, not to mention
biomarkers of progression that would be needed
to gauge the efficacy of DMT before the diagno-
sis, had not yet been developed and validated. The
development of these tools and strategies for the
design of the first (secondary) prevention trials for
PD should benefit greatly from collaborative engage-
ment across a community of invested stakeholders
comprising newly mobilized advocates from at-risk
populations,'® as well as from academic, govern-
ment, industry, philanthropic, and regulatory partners
committed to preventing the disease.

SECONDARY PREVENTION TRIALS

As noted above, advances in our understanding
of the prodromal period of PD and the identifica-
tion of prodromal features placing people at high
risk for developing PD have provided an opportunity
to modify the course of PD earlier, and enabled the
field to design and implement secondary prevention
trials now. The MDS Research Criteria for Prodro-
mal PD were established in 2015 and updated in
2019, providing a framework to calculate an indi-
vidual’s probability of being in the prodromal period

of PD based on the presence of risk and prodro-
mal PD markers.’® Polysomnogram-proven REM
sleep Behavior Disorder (RBD), a “clearly abnor-
mal dopaminergic PET/ SPECT scan”, “subthreshold
parkinsonism”, hyposmia, and neurogenic orthostatic
hypotension are some of the markers among these
criteria with a high likelihood ratio for prodromal
PD.2 Building on the elevated PD risk conferred by
these prodromal features, PREDICT-PD, a UK-based
predominantly online study used PD epidemiological
risk factors (i.e., coffee consumer, NSAID use, head
injury, etc.) to designate risk scores of low, medium,
and high for later development of PD.2!-22 They then
validated the risk score result with the presence of
other high-risk prodromal PD features: RBD, hypos-
mia, and reduced finger tapping speed.

In addition to those clinically at risk for PD devel-
opment due to the presence of motor and non-motor
symptoms, some individuals are instead (or in addi-
tion) genetically at risk for PD. These individuals
have genetic variants associated with a risk of devel-
oping PD later in life. The most prevalent pathogenic
genetic variants are those in the LRRK?2 and the GBA
genes, which may confer a PD risk of 43% and 19%
by 80 years of age, respectively.?>-2* Other more pen-
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etrant but less prevalent genetic variants, like several
in the SNCA gene, are compelling to pursue but given
their rarity, they are more difficult and less practical
to target in early secondary prevention efforts.

In recent years, cohorts of clinically at-risk and
genetically at-risk participants have been established.
Given the high-risk nature of RBD and hyposmia,
most of the cohorts to date have included participants
with one or both of these features. The North Ameri-
can Prodromal Synucleinopathy (NAPS) Consortium
for RBD has enrolled 361 participants with RBD, and
these participants are undergoing longitudinal com-
prehensive clinical assessment.”> The Parkinson’s
Progression Markers Initiative (PPMI) is currently
enrolling a “prodromal cohort” of participants who
meet the following sequential criteria: age 60 years
or older; presence of risk factors or clinical features
related to PD: have RBD, known genetic risk vari-
ants, or “other known PD risk criteria including those
based on questionnaires in PPMI Online”; hyposmia
based on UPSIT testing; and a positive dopamine
transporter (DAT) SPECT on visual inspection.®
These participants undergo comprehensive clinical
assessments along with the collection of biological
fluids and serial neuroimaging. Participants in PPMI
may be eligible to participate in the Path to Prevention
(P2P) platform trial, a phase 2A, randomized, double-
blind, placebo-controlled study to evaluate multiple
investigational drugs in prodromal PD,?” which will
be further discussed below.

In addition to the identification and further char-
acterization of at-risk groups of participants, there
has been ongoing research into biomarkers of risk.
A recent and notable breakthrough in this area is
the discovery and validation of early measures of
PD pathophysiology centered on synucleinopathy,
like the a-synuclein (Syn) seed amplification assay
(SAA) in cerebrospinal fluid (CSF) or phosphory-
lated a-synuclein detected by immunohistochemistry
of the skin.”=3! The SAA has been studied in several
different biological fluid samples (i.e., blood (plasma
and serum), nasal secretions, and saliva) and has
shown high diagnostic sensitivity and specificity in
them for detecting PD.2?30-32

TRIAL DESIGN ELEMENTS:
PRODROMAL STAGE-DEPENDENCE

With the identification of multiple at-risk popula-
tions, candidate therapeutics, and potential outcome
measures suitable for prevention trials comes the

challenge of their collective selection in designing a
given prevention trial. In addition to their reliance on
one another, key design elements for secondary pre-
vention trials depend on the prodromal stage targeted,
and vice versa®3—as illustrated below and in Fig. 2.
The prodromal period of PD (or more broadly, of
neurodegenerative synucleinopathy) can be divided
into three largely sequential stages: preclinical, clini-
cal non-motor, and clinical early motor. (See Figs, 1B
and 2).

1) Selecting WHOM to enroll

a) Preclinical population defined by an early PD-
specific biomarker: With the recent validation of CSF
aSyn-SAA as a prototypic diagnostic biomarker,?
it is now plausible even if not yet practical to
design an early-stage (preclinical) secondary pre-
vention trial for PD. Cross-sectional data showing
the vast majority of people with RBD to be aSyn-
SAA+indicate that this biomarker may help identify
an at-risk population prior to any clinical features.
(See Fig. 2, row la.) However, longitudinal clini-
cal and biomarker characterization of asymptomatic
aSyn-SAA+ populations are first needed for the ratio-
nal design of trials of candidate preventatives with
the potential to slow or prevent the development of
prodromal clinical features, and ultimately of clas-
sically manifest PD and related neurodegenerative
synucleinopathies.

Another practical impediment to establishing a
trial-ready cohort for secondary prevention in preclin-
ical PD based on an aSyn biomarker is the relative
invasiveness of the lumbar puncture used for the best
validated aSyn biomarker at present. However, the
prospects for developing a more accessible, periph-
eral measure for aSyn-SAA are rapidly expanding
(e.g.,inneuronal extracellular vesicles from plasma3?
or in aSyn immunoprecipitates from serum>+), and
other aSyn pathobiology measures such as phos-
phorylated forms of aSyn in skin biopsies,?! which
have been associated with RBD3%:36 as well as PD,
may provide alternative aSyn markers for cohort
enrichment in preclinical prodromal PD. Stage 1
of the recently proposed neuronal synuclein disease
integrated staging system (NSD-ISS),3” which corre-
sponds closely to the preclinical stage of prodromal
PD (Fig. 1B), was inferred based on CSF aSyn-SAA
data, yet this system similarly allows for alterna-
tive, adequately validated aSyn biomarkers to define
active disease.’”%8 Of note, while NSD-ISS con-
siders early PD pathophysiology to be anchored in
aSyn (neuronal aSyn, more specifically and by def-
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Fig. 2. Key trial design elements for secondary prevention of Parkinson’s disease (PD) and their dependence on the stage within
prodromal PD. For three key design questions several illustrative design elements are provided, including those selected for several emerging
prevention trials: *EITRS (Efficacy of Idebenone in the Treatment of iRBD Into Synucleinopathies study).® *#*Slow-SPEED-NL (Slowing
Parkinson’s Early Through Exercise Dosage study).® *##*P2P (Path-to-Prevention)?’. Note that the listed design elements are illustrative
rather than exhaustive, as is the depicted sequence of clinical stages of prodromal PD (which may alternatively include early motor features
preceding non-motor features). aSyn-SAA, a-synuclein-seed amplification assay; DAT, dopamine transporter; PD, Parkinson’s disease;

RBD, REM sleep behavior disorder; Rx, drug or other treatment.

inition), other formulations rely on mechanistically
less restrictive or more heterogeneous definitions
of PD allowing for synuclein-independent patho-
physiology. Thus, it remains plausible that novel,
aSyn-unrelated biomarkers could help define a pre-
clinical prodromal PD cohort at high risk of PD and
its prodromal features (hypothetically, for example,
a mitochondrial DNA damage marker).38

b) Genetically defined cohort: People with pro-
dromal PD who also carry a relatively common and
at least moderately penetrant pathogenic variant of
the PD-associated genes LRRK2 and GBA comprise
an attractive cohort for secondary prevention trials.
(See Fig. 2, row 1b.) Their relative homogeneity
may reduce outcome measure variability, and may
be particularly well suited to therapeutics that tar-
get the putative pathogenic mechanism conferred by
their particular gene variant. Recruitment may be
enhanced by widening access to and use of direct-to-
consumer genetic testing, identifying an expanding
pool of potential participants.3 Their motivation to
participate in prevention research may be enhanced
by their knowledge of their genetic risk and poten-

tially that of their children, and enhanced further
when their own parents or siblings have been diag-
nosed and struggled with PD.

Genetically at-risk cohorts targeted for secondary
prevention trials may be recruited from any stage
of prodromal PD, but at present most practically
from its clinical stages. PD gene carriers can be effi-
ciently screened for non-motor features (e.g., RBD
or hyposmia) or early parkinsonian motor deficits via
simple questionnaires and/or at-home testing (e.g.,
scratch and sniff tests for hyposmia, smartphone
assessments for slow gait and finger movements, rest
tremor, and asymmetry.) The anticipated advent of
non-invasive, blood-based aSyn markers (as above)
would allow for enrollment at the preclinical stage,
although such screening may exclude a substantial
portion of LRRK? variant carriers with imminent PD,
given the evidence for an alternative pathophysiology
in LRRK2 PD.?*40 Peripheral measures of LRRK2-
linked lipids or -catalyzed phosphorylation products
may eventually prove useful as alternative PD patho-
physiology markers, but these are hypothetical at
present.
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¢) RBD in pre-motor prodromal PD: Of all the
prodromal PD features, polysomnography-confirmed
RBD increases the likelihood of developing PD (or
related neurodegenerative synucleinopathy) far more
than any other.?® Its presence has been suggested
to be sufficient on its own to drive the enrichment
of an at-risk population for prevention trials.*! (See
Fig. 2, row 1c.) Indeed, the first randomized clinical
trial pursuing secondary prevention of PD or neurode-
generative synucleinopathy appears to be exclusively
enrolling RBD patients prior to motor feature onset.
The Efficacy of Idebenone in the Treatment of iRBD
into Synucleinopathies (EITRS) trial” is registered
(NCTO04534023) as a placebo-controlled, double-
blind, multi-center, phase 2 trial of idebenone (a
mitochondrial enhancer and coenzyme Q10 analog)
in polysomnogram-confirmed RBD in active recruit-
ment status since 2022. It seeks to randomize 142
participants 1 : 1 to idebenone:placebo treatment with
a primary, efficacy outcome of conversion to synucle-
inopathy (rate of diagnosis of PD, DLB, or multiple
system atrophy (MSA) over 5 years). Although the
presence of any isolated parkinsonian motor fea-
ture is an exclusionary eligibility criterion for EITRS
and thus reduces the likelihood of phenoconversion
(to PD and MSA more than DLB), it helps ensure
an earlier disease stage at enrollment and thus sup-
ports the foundational rationale for moving from
tertiary to secondary prevention trials. The study’s
long (5-year) follow-up plan, a potential advantage
of non-commercial sponsorship, at least partially
mitigates the challenge of a lower conversion rate.
Complementary clinical (motor and cognitive scales)
and biomarker (DAT neuroimaging) outcome mea-
sures will be collected serially to help gauge disease
progression.

d) Non-motor prodromal PD, with or without
motor features: Targeting the non-motor clinical
stage (RBD, hyposmia) while allowing early parkin-
sonian motor features increases the sensitivity of
quantitative motor measures to disease progression
over a shorter follow-up period and aids recruitment
by expanding eligibility. (See Fig. 2, row 1d.) This
target population seems the current ‘sweet spot’ of
prodromal PD stage selection for most secondary
prevention trials, and has been adopted by two emerg-
ing prevention trials, the ‘Slowing Parkinson’s Early
Through Exercise Dosage’ (Slow-SPEED-NL) trial®
and the P2P platform trial.*?

Slow-SPEED (in its initial Dutch version Slow-
SPEED-NL; NCT06193252%), like EITRS is
enrolling only RBD patients but in contrast allows

those with isolated parkinsonian motor features (i.e.,
short of a PD/neurodegenerative disease diagnosis),
with recruitment active as of January 2024. Although
numerous serial motor and non-motor clinical
outcome measures will be collected, the primary
outcome assessment is the feasibility of increasing
step count as an indicator of increased voluntary
physical activity (exercise) over two years. Partici-
pants will be randomized 1:1 to receive guidance
to gradually increase the volume and intensity of
their step count-based exercise either by a modest or
substantial amount relative to their personal baseline
activity per instructions provided by a motivational
Slow-SPEED-NL smartphone study app.

P2P proposes to enroll a more clinically hetero-
geneous prodromal cohort accepting RBD alone,
hyposmia alone, or both as the requisite non-motor
anchor (while allowing early motor features short
of a PD/neurodegenerative disease diagnosis) begin-
ning in early 2025. Conversely, it will more narrowly
define the cohort biologically, with eligibility requir-
ing aSyn-SAA positivity and a DAT deficit on
neuroimaging (per most recently posted protocol
information),?’ consistent with Stage 2B or higher
by the NSD-ISS.#?

The requirement of a DAT deficit to enroll in
P2P rather than allowing aSyn-SAA+/DAT- (for-
mally a Scan Without Evidence of Dopaminergic
Deficit (SWEDD) consistent with NSD-ISS Stage
2A) may reflect a difficult decision in defining a pro-
dromal cohort. While excluding SWEDDs altogether
increases the prospects for further DAT deficit during
the follow-up period, there may be a favorable inter-
mediate option to include DAT deficits that approach
but fall below the current quantitative threshold that
conservatively avoids false positives. A less stringent
cutoff may facilitate recruitment while enhancing
prospects for demonstrating efficacy with an earlier
stage population, especially if a change in DAT sig-
nal was a primary outcome in this phase 2 study. That
could better inform a decision of whether to advance
to a clinically focused phase 3 prevention trial. Such
nuanced design decisions may depend on a growing
knowledge base on the dynamic range of imaging and
other biomarkers across prodromal stages, as well as
the specific intervention and outcomes, under study,
and program or sponsor considerations.

e) Targeting the early-motor clinical stage of
prodromal PD: This can be an important alterna-
tive design strategy despite its major limitation of
approaching the point of traditional diagnosis, which
minimizes the putative benefit of moving from a stan-
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dard disease modification trial in de novo PD to
prodromal PD. (See Fig. 2, row le.) Nevertheless,
potential advantages include: 1) Maximizing the risk
and rate of phenoconversion, which may be partic-
ularly important in justifying high-risk or invasive
interventions (see below). 2) May be most efficient
when relying on a sensitive digital motor readout.
3) May be more inclusive of broader PD population
(though more exclusive of DLB) by enrolling the
significant subpopulation of PD that does not pass
through an RBD or other non-motor stage prior to
diagnosis (including a higher proportion of LRRK?2-
PD, for example).

Challenges in selecting WHOM to enroll:

1. Risk of excluding populations commonly under-
represented in research: Identification of at-risk
participants requires additional financial and techno-
logical resources, the lack of which may preclude
prevention trial participation in many low and middle-
income countries, and among disadvantaged groups
within wealthier nations. Investigators, funding bod-
ies, regulators, and sponsors should work to enhance
local and global representation as lack of diversity in
trials affects the generalizability and accuracy of their
results along with increasing inequity and injustice.
Thus, extra attention, effort, and cost will be required
to ensure the representation among participants.*>~#
The Global Parkinson’s Genetics Program (GP2), an
initiative of the Aligning Science Across Parkinson’s
(ASAP), is an excellent example of investing in a
global research community, inclusive of underrepre-
sented groups in PD genetics.*® In addition, global
representation in prevention trials may be aided by
innovative, decentralized, and accessible methods
such as a smartphone-based exercise app used both
for intervention implementation and outcome assess-
ment. This approach employs relatively low-cost
technology that is widely available even in many
developing countries, and its ongoing validation may
be scalable up for international, multi-lingual cohorts
of individuals at high risk of or living with PD.*’

Similarly, prevention trials should ensure propor-
tional representation of women, a group who are also
generally underrepresented in manifest PD.*84% In at-
riskindividuals with iRBD, the ratio of male:female is
comparable to that in manifest PD, in which a higher
male prevalence is well established.’® Thus, strate-
gies will be needed to recruit and enroll a greater
percentage of women with iRBD than typically
enrolled in PD studies. Unlike idiopathic disease, PD
due to a pathogenic variant of the LRRK?2 gene shows

parity of prevalence between sexes, thus setting the
goal at 1:1 for male:female enrollment in LRRK2
PD prevention trials.>!

2. Risk of causing psychosocial harm: Understand-
ably there is concern that these prevention studies in
at-risk individuals may cause psychosocial harm to
participants via learning about their elevated risk of
PD (“risk disclosure™) or the intervention that they
may receive during the trial. Risk disclosure of any
type requires careful execution by an experienced
professional. However, many at-risk individuals for
PD feel empowered and are motivated to partici-
pate in clinical research.!® Furthermore, research on
risk disclosure in a related neurodegenerative disor-
der, Alzheimer’s disease has not shown increased
psychosocial harm.>>>* Current prevention stud-
ies, like Slow-SPEED-NL and P2P are recruiting
adults who have undergone genetic testing for PD
pathogenic variants or who were previously diag-
nosed with iRBD by their physician who may explain
their increased PD risk before being recruited into
the study. Interested individuals will also generally
be engaged adults who can give informed consent to
participate in research of their choosing.

2) Selecting WHAT interventions to test

It is plausibly reasoned that what initiates a
neurodegenerative disease can also perpetuate it —
especially when neuronal degeneration is known to
be a common process that underlies progression prior
to and after traditional diagnosis. On the other hand,
there is a strong intuitive rationale and some empirical
evidence to suggest an effective DMT for (secondary)
prevention may differ markedly from an effective
DMT for slowing classical PD (tertiary prevention).
Genetically, while some pathogenic gene variants
(e.g., GBA variant L444P) can predict a higher risk of
PD and a faster rate of its clinical progression, others
(e.g., LRRK2 variant G2019S) show a dissociation of
increased risk from a slower rate of clinical decline.>
Thus these human data more directly support the
rationale for secondary prevention trials of LRRK2
kinase inhibitors, while raising concerns over efficacy
in PD trials for tertiary prevention (currently in over-
all encouraging phase 2 testing being conducted with
clinical equipoise; NCT05348785).5

Similarly, epidemiological studies of large,
prospectively followed, initially healthy cohorts
have identified several dietary, pharmacological, or
lifestyle factors (e.g., caffeine consumption, ibupro-
fen use, glucagon-like peptide-1 (GLP-1) agonist
prescription, and smoking) that predict a repro-
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ducibly reduced rate of PD diagnosis but not of
PD progression after diagnosis. For example, higher
caffeine consumption in unaffected individuals con-
sistently predicts a lower risk of PD, whereas its
use in people with PD is not a reliable predictor
of slower progression.>”>® Thus, even though caf-
feine has robust neuroprotective properties across
animal models of PD, human data provide a stronger
rationale to test it for PD prevention (primary or
secondary) than for progression after a traditional
diagnosis (tertiary).’

a) Lifestyle factors, and low-risk, repurposed treat-
ment: The stage of the prodromal PD being targeted
can also be a key determinant of intervention selec-
tion, and conversely the preventative of interest
may help determine the optimal stage(s) to tar-
get. Safety or therapeutic index is of course of
paramount importance in any trial design, but should
be given greater weight at earlier, pre-symptomatic
stages of disease. Thus, generally benign lifestyle,
dietary, and repurposed drug candidates may offer a
general advantage over new chemical entities with
which there is limited human experience, and over
more toxic, less tolerable, or more invasive treat-
ments. Thus, interventions with well-established,
relatively good safety records—like exercise, the
non-specific adenosine antagonist caffeine, and the
anti-inflammatory ibuprofen, which are all linked to
reduced PD risk—would be more appropriate than
new untested drugs for the earliest stages of pro-
dromal PD; i.e., in people who have no appreciable
disability or clinical disease and may never develop
one.

While low-risk and repurposed interventions may
be particularly appropriate for preclinical prodro-
mal PD (when such studies become practical), they
are at present practically best suited to non-motor
prodromal PD states like RBD, hyposmia, and/or
other non-motor prodromal features. (See Fig. 2,
row 2a.) And indeed, the two therapies currently in
the first actively enrolling randomized control trials
for secondary prevention are widely available with
the nutritional supplement idebenone in the EITRS
trial NCT04534023,” and titrated exercise guided via
an interactive, smartphone-based app in the Slow-
SPEED-NL trial NCT06193252.8 As noted above,
Slow-SPEED-NL but not EITRS allows early motor
as well as non-motor prodromal features, which will
aid recruitment and enrich RBD for those at greater
risk of PD versus DLB, and for better or worse
shifts the cohort to a slightly more advanced disease
state.

While these interventions target general oxida-
tive and cellular stress pathways, other repurposable
agents may credibly target the products of major PD
genes and thus may be considered more compelling
candidate preventatives. For example, ambroxol
an over-the-counter mucolytic has been found to
increase CSF levels of GCase (the GBA1l gene
product) in PD,> and is being pursued for tertiary
prevention in people with GBA or idiopathic PD in a
phase 3 RCT (NCT05778617). Given its long, favor-
able safety record® ambroxol may also be well suited
forasecondary prevention study in GBA+at-risk indi-
viduals with a positive aSyn-SAA even before any
clinical features arise, as well as in those with RBD
and/or hyposmia (i.e., a non-motor prodromal popu-
lation).

Alternatively, PD gene-directed repurposed
agents may act against neurotoxicity mediated
by aSyn (encoded by SNCA), the core presump-
tive pathogenic pathway of PD. Albuterol, a
beta-adrenergic receptor agonist commonly and
chronically used for reactive airway disorders, has
been found to reduce expression of aSyn, to confer
neuroprotection in preclinical studies,%! and to be
linked to reduced risk of PD in epidemiological
studies, though not in all of them (and with resid-
ual controversy over role of prominent candidate
confounding factors).®1:62  Similarly, preclinical
evidence®® has suggested that the potential neuro-
protective effects of caffeine and other more specific
adenosine A receptor antagonists in PD may reflect
attenuated aSyn neurotoxicity, further supporting its
consideration as a low-risk candidate preventative in
early (e.g., aSyn-SAA+ preclinical, or non-motor)
prodromal PD. With additional encouraging results
of GLP-1 agonism as a repurposable anti-diabetic
drug class in a recent phase 2 tertiary prevention
trial of lixisenatide for PD,%* this approach may
also be worthwhile pursuing for secondary preven-
tion depending in part on anticipated upcoming
results of ongoing phase 3 testing with exenatide
in PD.%

b) Moderate-high risk agents: The increasingly
realistic opportunity to intervene earlier in PD patho-
physiology, combined with the disappointments to
date of phase 3 tertiary prevention trials for PD,
is garnering hope and associated investment from
commercial, philanthropic, and public stakehold-
ers. Recent scientific advances together with a
receptive regulatory environment and a newly pro-
mulgated classification and staging frameworks for
PD/synucleinopathy37-6%-67 are encouraging indus-
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try programs to shift consideration for DMT for PD
toward earlier prevention studies.

In an effort to facilitate this shift, the Michael J Fox
Foundation’s PPMI, which has increasingly focused
on characterizing biomarkers as well as clinical fea-
tures of PD’s prodromal period, has developed the
P2P platform trial initiative.?”-*? P2P is inviting com-
mercial therapeutic companies to conduct secondary
prevention trials of their proprietary candidate ther-
apeutics, and has announced its expectation that by
early 2025 P2P participants with non-motor prodro-
mal PD (with or without early motor features) will
be randomized to receive the first of these as yet
undisclosed treatments or placebo.

The effort to expedite industry pursuit of sec-
ondary prevention as spearheaded by PPMI/P2P will
generally encourage the testing of new chemical
entities (novel small molecules targeting pathogenic
aSyn, GBA, LRRK2, inflammatory, etc. path-
ways) or biologics (e.g., aSyn-targeted antibodies,
immunomodulating decoy receptors, mRNA vac-
cines, neurotrophic factors, etc.). The limited safety
experience with these moderate-to-high risk agents
warrants particular caution when administering them
to a healthy population even if these participants are
at substantial risk of developing a neurodegenera-
tive synucleinopathy. (See Fig. 2, row 2b.) Thus such
compounds at present are better suited to testing in
the clinical phases of prodromal PD or NSD.

¢) Invasive, high-risk interventions: More invasive
novel experimental therapies (e.g., intracerebral infu-
sion of cellular therapy or of viral vectors for gene
therapy) for secondary prevention at present may be
warranted only in those with the highest risk of devel-
oping NSD such as PD (in the early motor clinical
stage of prodromal disease), and on the verge of sub-
stantial progressive disability. (See Fig. 2, row 2c.)

3) Selecting HOW to measure ‘prevention’

How to quantify prevention remains a major if not
the greatest challenge in the design of PD prevention
trials. While diagnosis of PD (or related neurode-
generative synucleinopathy) seems simplest, relying
on phenoconversion can be limited practically (given
the long follow-up periods required) and concep-
tually (given shifting definitions of PD). Preceding
phenoconversion are a series of potentially informa-
tive, even if not yet definitive, biomarker and clinical
metrics of PD progression (Fig. 2, rows 3a-d). Most
of these are actively under investigation with their
selection in early secondary prevention trials highly
dependent on the prodromal stage being targeted.

a) Quantitative biomarker of prodromal disease
state: A practical early prodromal stage outcome
measure may have to await a quantitative, as well
as a more accessible (e.g., blood-based), aSyn-SAA
(or alternative biomarker of PD pathophysiology), as
little is currently known about the natural history of
aSyn-SAA+people in the preclinical stage of pro-
dromal PD, including what proportion will develop
clinical features and how long it will take. Never-
theless, the rapid pace of progress in aSyn-SAA
related methods, suggests that it may not be long
before quantitative®®% and blood-based??-3* assays
are available. (Fig. 2, row 3a.)

b) Composite prodromal load: Although all three
highlighted RCTs pursuing secondary prevention of
PD track non-motor and motor outcomes among
secondary analyses, Slow-SPEED-NL has a major
focus on developing an aggregate prodromal bur-
den score from a wide range of serial standardized
assessments of anxiety, depression, cognition, dysau-
tonomia (including heart rate variability, orthostatic
blood pressure changes), RBD, sleep, and olfaction.®
(See Fig. 2, row 3b.) An integration of prodromal
features allows for the possibility of assessing pro-
gression more holistically as the accrual of clinical
deficits beyond the cognitive and motor hallmarks of
the two main neurodegenerative synucleinopathies,
DLB and PD, respectively.

¢) DAT Neuroimaging: In contrast to the currently
validated utility of aSyn-SAA as a dichotomous diag-
nostic marker of PD, dopamine transporter (DAT)
neuroimaging also has demonstrated value as a
state biomarker of PD that reflects nigrostriatal neu-
ron integrity and allows tracking of progression in
PD—particularly in the immediate ‘de novo’ period
following a traditional PD diagnosis, but likely also
in the mid to late prodromal period.”®”! Despite the
challenges of expense and participant burden of serial
nuclear medicine testing, DAT neuroimaging remains
a valuable marker. Its use in early-phase secondary
prevention trials may allow smaller or shorter pilot
studies guiding decisions on advancing to larger tri-
als with more meaningful but ‘noisier’ clinical or
patient-reported primary outcomes, as reflected in
its inclusion as a repeated measure in the designs
adopted by the EITRS and P2P trials (See Fig. 2,
row 3c.)

d) Motor and cognitive measures: As motor
deficits and cognitive decline are the clinical hall-
marks of PD and DLB, quantitative measures of
movement and memory are key outcomes in the
later stages of prodromal PD or NSD. (See Fig. 2,
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row 3d.) These measures include long-established
scales for parkinsonism (e.g., MDS-UPDRS, with
patient- and clinician-reported components) and cog-
nitive impairment (e.g., ADAS-Cog). In addition, a
wide range of emerging quantitative digital options
collect parallel data via apps on ubiquitous smart-
phones or home computers, various wearables (e.g.,
smartwatches), or invisibles (e.g., radio wave-based,
passive home monitoring).”>73 These tech-fostered
metrics offer potentially more sensitive and frequent
assessments in a more natural environment, and thus
may prove more effective than the traditional self-
or clinician-administered surveys and tests for moni-
toring progression in the clinical stages of prodromal
PD. EITRS, Slow-SPEED-NL, and P2P designs have
all adopted multiple scales to cover these outcomes.

e) Phenoconversion: A traditional diagnosis of
PD or another neurodegenerative synucleinopathy is
currently the definitive endpoint for a secondary pre-
vention trial enrolling people with prodromal PD, and
may represent the gold standard for a registration or
phase 3 trial until validation of a biomarker or clin-
ical measure of prodromal PD progression occurs.
However, prevention trials using phenoconversion as
the primary outcome measure may be prohibitively
long (or large), particularly for commercial devel-
opment programs, even if targeting a late prodromal
period (e.g., clinical early motor) with enrichment for
a DAT deficit on neuroimaging. Moreover, determin-
ing phenoconversion (e.g., clinically diagnosing PD)
is inherently subjective and may vary considerably
between clinician investigators, even when employ-
ing specific diagnostic criteria.

Nevertheless, secondary prevention RCTs adopt-
ing phenoconversion as their primary outcome
have recently been planned (e.g., with 732 RBD
participants to be followed over 3 years in the
SAHZJU_RBD study, registered but apparently
delayed; NCT05611372)7* or initiated (e.g., with 142
participants with RBD to be followed over 5 years
in the EITRS study, which is actively recruiting per
NCT04534023)7 (See Figure 2, row 3e.)

CONCLUSION

The time has come to begin conducting rigor-
ous secondary prevention trials in prodromal PD,
while pursuing improved prevention trial designs.
Advances in our understanding of the prodromal
period of PD along with the establishment of at-risk
cohorts and the recent validation of a synucleinopa-

thy biomarker have led the way to the design and
implementation of the first trials for the (secondary)
prevention of PD.
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