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Abstract

Background—Neuroprotection for Parkinson Disease (PD) remains elusive. Biomarkers hold
the promise of removing roadblocks to therapy development. The National Institute of
Neurological Disorders and Stroke has therefore established the Parkinson’s Disease Biomarkers
Program to promote discovery of PD biomarkers for use in phase 11-111 clinical trials.

Methods—Utilizing a novel consortium design, the Parkinson’s Disease Biomarker Program is
focused on the development of clinical and laboratory-based biomarkers for PD diagnosis,
progression, and prognosis. Standardized operating procedures and pooled reference samples were
created to allow cross-project comparisons and assessment of batch effects. A web-based Data
Management Resource facilitates rapid sharing of data and biosamples across the research
community for additional biomarker projects.
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Results—Eleven consortium projects are ongoing, seven of which recruit participants and obtain
biosamples. As of October 2014, 1082 participants have enrolled (620 PD, 101 with other causes
of parkinsonism, 23 essential tremor, and 338 controls), 1040 of whom have at least one
biosample. There are 6898 total biosamples from baseline, 6, 12, and 18-month visits: 1006 DNA,
1661 RNA, 1419 whole blood, 1382 plasma, 1200 serum, and 230 cerebrospinal fluid (CSF).
Quality control analysis of plasma, serum, and CSF samples indicates almost all samples are high
quality (24 of 2812 samples exceed acceptable hemoglobin levels).

Conclusions—By making samples and data widely available, using stringent operating
procedures based upon existing standards, hypothesis testing for biomarker discovery, and
providing a resource which complements existing programs, the Parkinson’s Disease Biomarker
Program will accelerate the pace of PD biomarker research.

Keywords
Parkinsonism; disease-modifying strategies; biofluids; data management

Background

Trial design and clinical management in Parkinson disease (PD) could be greatly improved
with biomarkers. A biomarker is “a characteristic that is objectively measured and evaluated
as an indicator of normal biologic processes, pathogenic processes, or pharmacologic
response to a therapeutic intervention.” (1).

The Parkinson Disease Biomarkers Program (PDBP) is a consortium of laboratory and
clinical biomarker discovery projects funded by the National Institute of Neurological
Diseases and Stroke (NINDS, National Institutes of Health (NIH), United States). The
PDBP was developed in the context of the Harvard Biomarker Study (HBS), the Michael J.
Fox Foundation (MJFF) Parkinson’s Progression Markers Initiative (PPMI), and the MJFF
BioFIND Project. The HBS has developed a longitudinal biobank for the discovery and
replication of biomarkers. PPMI has created a biorepository for validation of markers.
BioFIND is a cross-sectional case/control collection for biomarker discovery. PDBP is
building a resource of longitudinally collected data and biosamples from well-characterized
patients with PD of different stages and duration, parkinsonism, and control participants, and
includes hypothesis-driven biomarker discovery projects. PDBP will in turn support
replication of findings from BioFIND and HBS, and provide validation candidates for PPMI.
In order to provide the necessary infrastructure, a PDBP Data Management Resource
(DMR) was established (described further below). Data and samples are already available
through the PDBP DMR and a funding announcement has been issued (see PAR-14-259 and
https://pdbp.ninds.nih.gov/jsp/biospecimens.jsp).

Here we describe the design of the longitudinal cohort, the individual projects comprising
the consortium, and the standardized biospecimen collection protocols and clinical
assessments. We also summarize the characteristics of the 1082 participants enrolled as of
October 2014, from whom 1040 unique samples have been collected and catalogued in the
DMR.
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PDBP Establishment

Consortium

Established November 2012, the PDBP seeks to identify biomarkers to improve therapeutic
development in PD. The PDBP serves both as a biomarker discovery engine and a resource
for clinical information and biospecimens. The PDBP includes 1) biomarker hypothesis
testing and collection of clinical data and biospecimens, 2) identification of novel PD
biomarkers, 3) biospecimen banking and distribution, and 4) data management through the
DMR.

NINDS established the PDBP based on the vision that biomarker discovery and replication
was needed to improve the efficiency and outcome of therapeutic clinical trials. Funding
opportunity announcements (see RFA-NS-12-010, and RFA-NS-12-011) solicited
applications, which underwent peer review. NINDS Advisory Council input then led to
selection of projects based on scientific merit (as judged in review) and uniqueness of the
project (either scientifically or in terms of the cohort recruited, or both) and considered in
the space of existing efforts. The NINDS invested approximately $5M per year in the PDBP;
three projects (under the U18 mechanism) are three years; the others are five years, allowing
longitudinal follow-up for clinical cohorts. Milestones (go-no-go decision points) are used
by NINDS to maximize scientific progress and compliance with rapid sharing.

There are several key differences between PDBP and other programs. PPMI’s goal is
validation of biomarker discovery projects and participants must not be on anti-PD
medications at the time of enrollment. BioFIND is a cross-sectional study for the
characterization and collection of samples for biomarkers discovery from participants with
resting-tremor predominant PD and controls. BioFIND does not have hypothesis testing
included as a core component of its activities. However, hypothesis-based discovery
projects, funded separately, are expected to utilize the collected samples and associated data.
PDBP fills the gap in between these two and complements both by including longitudinal
collection and by creating a resource for replication of early discoveries made in BioFIND.
PDBP is agnostic regarding the use of DaTScan’s for enrollment, resting tremor
predominance, and treatment status, and thus represents the typical participant for a future
clinical trial. Additionally, each funded PDBP project pursues a biomarkers discovery
project.

model

PDBP uses a novel consortium model that is self-assembled and self-managed (with NINDS
input). The 11 projects comprising the PDBP consortium were independently peer-reviewed.
However, PDBP investigators engage in collaborative activities spanning the entire
consortium. For example, the consortium is in the process of identifying biochemical
markers that will be tested consortium-wide and has performed genome-wide genotyping of
samples. There are standardized operating procedures for biospecimen collection and
clinical assessments. Participating projects interact at least monthly through a steering
committee call and at an annual meeting. Data is shared immediately within the consortium;
it is also shared rapidly once a requesting investigator has requested and received approval
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for controlled access (following the database for Genotypes and Phenotypes (dbGaP)
example). The data and sample request process are further discussed below.

Clinical standards and Biospecimen Collection

Standardized clinical and biospecimen collection procedures are used for all participants.
Inclusion/exclusion criteria include the ability to sign an informed consent (or have consent
signed by an appropriate surrogate) and diagnosis of a neurodegenerative disorder (patient)
or no evidence of a clinically significant neurological disorder (control). Each participant is
evaluated for these and other criteria that in the case of PD participants allows for a broad
spectrum of disease severity and duration. Additional inclusion/exclusion criteria are
contained in Supplemental Table 1.

Assessments were chosen based on both NINDS Common Data Elements and overlap with
BioFIND and PPMI. All 7 recruiting sites collect whole blood, plasma/serum, and RNA (6
of the sites collect these biofluids every 6 months, 1 site collects this material annually for a
total of 2 visits); CSF is collected annually at 5 sites. Each biospecimen collection follows
the PDBP protocol, which intentionally mirrors the Alzheimer’s Disease Neuroimaging
Initiative (ADNI), BioFIND and PPMI protocols. NINDS staff performs site visits to ensure
protocol compliance. Collected biosamples are sent to the NINDS Repository (Coriell
Laboratories), undergo quality control, and are cataloged.

Data management overview

The NINDS and NIH Center for Information Technology (CIT) developed the PDBP DMR
under a contract mechanism using both existing tools developed for NINDS-associated
projects (including the Federal Interagency Traumatic Brain Injury Research Informatics
System (FITBIR)) and novel tools. The DMR is a web-based system that allows receipt,
management, and rapid sharing of clinical and laboratory data compliant with federal
sharing mandates. The DMR generates unique, anonymous identifiers (Global Unique
Identifiers, GUIDs), which are assigned to individual participants for clinical data in the
DMR and associated biospecimens. All data from the standard clinical assessments are
either entered into the DMR in real time or within 2 weeks of participant visits. The data
then undergoes quality control measures (typically over 2—4 days) and is available
immediately thereafter.

Data on previously existing cohorts have also been added to the PDBP DMR in order to
streamline the data request process for PD studies. To date, four legacy studies have been
added including the National Brain and Tissue Resource for Parkinson’s Disease and
Related Disorders, HBS, University of Washington Udall Center, and University of
Pennsylvania Udall Center. In total, this legacy data consists of 11 clinical assessments on
over 1700 unique participants, and is also available to approved requesters.

Access to the clinical data and biospecimens

The DMR query tool allows approved users to review data and request biospecimens,
including all clinical elements as well as quality control results from biospecimens banked at
the NINDS Repository. The PDBP Data Access Committee reviews requests for data access
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to ensure subject privacy and non-tertiary re-distribution, along with other requirements. The
Biospecimen Review Access Committee (BRAC) reviews all requests for biospecimens
(submitted via an NIH X01 (PAR-14-340)) using the following criteria: 1) the
appropriateness of the sample for accomplishing the scientific goals, 2) statistical power/
analysis plans and 3) overlap with existing projects. If approved, the NINDS Repository is
directed to ship the requested samples. A further description of the activities and members of
the BRAC are listed at https://pdbp.ninds.nih.gov/jsp/brac.jsp. In order to ensure sharing of
results, the recipient is blinded to clinical status until raw data are returned to the DMR.

Laboratory testing

Results

Quality control measures applied to collected biosamples are documented in DMR and
include 1) micro-satellite “barcoding”, 2) gender checks of extracted DNA and RNA, 3)
hemoglobin level measurement in the plasma, serum, and CSF, and 4) assessment of
turbidity in plasma and serum (as an indication of dietary fat).

Pooled aliquots for plasma, serum, and CSF have been developed to provide standards to
compare measures across different assays and/or across different sites or projects. The
NINDS Repository provides 3 different reference sample pools of each biofluid to
investigators. These pooled samples are included with all shipments and expected to be
included in analyses with resultant data also submitted to the DMR prior to unblinding of
data.

Genetic characterization of DNA samples has been performed using the NeuroX array (3)
This array provides a cost-effective method for screening 16,000 GWAS derived or GWAS
related variants across a number of neurological disorders including Alzheimer’s Disease,
Frontotemporal Degeneration (FTD), Multiple System Atrophy (MSA), myasthenia gravis,
Charcot Marie Tooth, Progressive Supranuclear Palsy (PSP), Amyotrophic Lateral Sclerosis,
and PD. The NeuroX array also includes 7,485 rare sequenced based variants for the
diseases listed above resulting in 242,901 variants (3). The NeuroX array has been used in a
replication cohort of 5,353 PD cases and 5,551 controls (4) to validate 24 risk loci for PD as
well as for genotyping the PPMI cohort. The NeuroX has also been used in a replication
study for FTD (2,154 FTD cases, 1372 controls) (5) to validate genome wide association
variants. It is expected that the NeuroX data from the PDBP cohort, available now, will
further enrich the value of this collection.

Description of individual projects

Perelman School of Medicine, University of Pennsylvania—The goal of this
project is to discover and develop blood-based PD biomarkers for diagnosis and
prognostication. Unbiased screens evaluate thousands of proteins simultaneously, using both
multiplex immunoassays and aptamer-based platforms, to discover new PD biomarkers.
Investigators will also move two previously nominated biomarkers -- epidermal growth
factor as a correlate of cognition in PD (6), and Apolipoprotein Al as a correlate of
dopaminergic system integrity (7) -- forward in a pipeline towards clinical translation.
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University of Texas Southwestern Medical Center

Clinical Project: Researchers will determine the suitability of an instrumented gait and
balance device (APDM Mobility Lab) (8) for assessing PD severity and progression. The
investigators have found that two of the tests from this system discriminated PD participants
from controls and correlated with disease severity in the PD group (9). Participants will be
followed longitudinally to evaluate the correlation between clinical disease progression and
change in gait and balance parameters.

Laboratory-based Project: This project aims to identify a serum biomarker useful for
tracking disease progression. Antibody biomarkers will be identified using a high-
throughput screening approach with a combinatorial peptoid library using samples from
PDBP, Alzheimer’s disease (AD), and cognitively normal participants.

Johns Hopkins University School of Medicine—This program is identifying
biomarkers for both PD and PD dementia. In addition to the standard PDBP clinical
assessments, participants undergo an 80-minute cognitive testing battery annually. Outcomes
from this test battery are combined with informant information to determine the participants’
cognitive diagnosis. With support from other sources, researchers are using a mass
spectrometry approach to compare differences between PD and controls in the concentration
of post-translationally modified proteins in the CSF and to determine if these proteins also
serve as markers for development and/or progression of PD dementia.

Penn State Milton S. Hershey Medical Center—This team is investigating whether
multimodal magnetic resonance imaging (MRI) techniques in combination with fluid-based
iron protein profiles serve as /in vivo markers for diagnosing PD and predicting progression.
Diffusion tensor imaging (DTI) and R2* MRI measures have been promoted as biomarker(s)
for PD-related pathology in nigrostriatal pathways, but fall short by the lack of
understanding of their clinical implications and biological/pathological underpinnings. The
imaging modalities in this project address these concerns and will determine whether these
specific images and iron related proteins are potential PD markers.

Harvard Medical School, Brigham and Women’s Hospital—This team focuses on
transcriptional markers. To discover PD-linked transcripts, the team is developing a high-
resolution encyclopedia of a//non-coding and protein-coding transcribed elements in
dopamine neurons. Cell type-specific, ultra deep RNA-sequencing techniques are being
applied /n situto dopamine neurons of human postmortem brains from controls and
individuals with Parkinson’s neuropathology. Transcripts linked to earliest disease processes
are evaluated for translation into markers accessible in blood or CSF. A private-public
partnership with the PDBP will also allow all US investigators to search and access the
substantial HBS biobank (established in 2003 and funded by the Harvard NeuroDiscovery
Center) through the PDBP web site.

University of Florida College of Medicine—This team is focused on developing

innovative and non-invasive techniques to understand differences in the pathophysiology and
structural degeneration of the brain at baseline and following one year of progression across
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different movement disorders. The focus is on motor task-based functional MRI using a
reliable motor task, and diffusion MRI using novel analytic methods (10, 11). The goal is to
develop unique candidate markers of progression in PD (in comparison to other movement
disorders). The study is enrolling individuals with PD, other parkinsonisms, essential tremor,
and controls.

University of Washington School of Medicine—In collaboration with the University
of Miami and Somalogics, these researchers will study three types of biomarkers: proteins,
aptamers, and RNAs (coding and non-coding). Mass spectrometry and immunoassay
techniques will be used to evaluate differences in the post-translational protein modifications
between individuals with PD and controls in both CSF and plasma. Aptamer and RNA
sequencing technologies will be used to evaluate differences in RNA species, CSF, and
plasma between individuals with PD and controls.

Columbia University Mailman School of Public Health—This project will develop
statistical methods to determine multimodal imaging biomarkers for PD that are more
accurate and robust than single modality markers and that deepen our understanding of PD
neuropathophysiology. The project uses data from MRI, neuromelanin MRI, DTI, and
resting-state functional MRI. Separately, the investigators will consider electronic medical
records from a massive patient database arising from a large integrated healthcare system.
The goal is to identify clinical risk factors for early stage PD and use these to develop a
clinical risk score for use in future studies.

Columbia University School of Medicine—This project’s focus is on the role of
glucorebrosidase (GBA) mutations and glucocerebrosidase enzymatic (GCase) activity in
PD. PD risk in GBA heterozygotes was estimated by obtaining family history information
from participants with Gaucher disease both in the USA and in Israel (12). The investigators
will now determine whether GCase activity is a marker for PD generally by measuring
GCase activity in blood spots from PD cases and controls without GBA mutations, and PD
cases and controls who carry GBA mutations (13).

Pacific Northwest National Laboratory (PNNL)—This project is developing biofluid
protein-based assays for Lewy body load by focusing on proteins, their post-translational
modifications, and isoforms that are associated with Lewy bodies. By analyzing substantia
nigratissue the investigators have discovered 33 proteins that differ in abundance patterns
between cases with high densities of Lewy bodies and matching controls. A CSF biofluid
assay using ultra-sensitive mass spectrometry based on selected reaction monitoring (14) is
currently being used to measure the abundances of 33 protein panel and determine whether
they reflect the presence of Lewy bodies in the substantia nigra.

University of Alabama at Birmingham (UAB)—This team is determining whether the
proteins inside microvesicles (“exosomes”) derived from both urine and serum have
prognostic and/or diagnostic potential for PD. The team has recently discovered that these
exosomes contain proteins linked to PD such as LRRK2. In their analysis, LRRK2 levels are
being measured directly along with hundreds of other proteins using a high-throughput mass
spectrometry approach.
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Data overview

The PDBP has enrolled 1082 individuals, including 620 with PD, 101 with parkinsonism (46
PSP, 36 MSA, 19 parkinsonism with currently undetermined diagnosis), 23 with essential
tremor, and 338 controls (72% of planned enroliment) as of 10/21/2014 (enroliment ends
8/31/2015). Table 2 summarizes demographic and clinical measures recorded in the DMR
and compares their mean values across groups. Note that sites added to the consortium
subsequent to its launch might not perform every assessment; therefore, the number of
participants (N) varies depending on the measure analyzed.

Demographic data

Individuals with PD and other types of parkinsonism are older than controls and more likely
to be male. Total years of education also differ between the three groups, with individuals
with PD having greater years of education than individuals with parkinsonism and controls.
We anticipate balancing these demographic variables between PD and controls by the end of
enrollment.

Clinical Data

Individuals with parkinsonism were generally more impaired in their motor, cognitive, and
psychiatric function than those with PD, who in turn were more impaired than controls. This
trend was observed in the MDS-UPDRS, Montreal Cognitive Assessment, depression
symptomatology and Hamilton Anxiety scales. Individuals with PD were more impaired
than those with parkinsonism and controls on the University of Pennsylvania Smell Test and
Epworth Sleepiness Scale.

The PD cohort generally suffers from mild-to-moderate disease. The average disease
duration is approximately 7 years, and participants have a relatively low total MDS-UPDRS
(Table 2), MDS-UPDRS |1l (mean 26.19, standard deviation 13.79) and Hoehn and Yahr
(mean 2.023, standard deviation 0.69).

Biospecimen Data

PDBP biorepository biospecimens as of 10/21/2014 are summarized in Figure 1. The
biorepository includes 6898 samples from baseline, 6 month, 12 month, and 18 month visits.
The full collection will include longitudinal samples from baseline to 36 months’ follow-up,
with some participants followed for up to 60 months. A detailed schedule of measures for
each clinical visit can be found on the PDBP website (see the Required Forms list).

Because elevated hemoglobin levels indicate erythrocyte lysis, we measured hemoglobin
from biofluids. Samples with hemoglobin >200ng/mL were considered unacceptable
(although not discarded). Overall, quality control analysis of plasma, serum, and CSF
samples indicates only 24 of 2812 samples exceed acceptable hemoglobin levels.

At the baseline visit, only 0.3% (n=2) of 702 plasma samples and 0.2% (n=1) of 611 serum

samples had hemoglobin concentrations >200ng/mL. Another 63.8% (n=448) of plasma and
76.8% (n=469) of serum samples demonstrated hemoglobin concentrations between 30 and

200 ng/mL, and the remaining 35.9% (n=252) of plasma and 23.1% (n=141) of serum
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samples demonstrated hemoglobin concentrations below the level of detection (<30 ng/mL).
At the 6-month and 12-month visits, no plasma or serum samples had concentrations >200
ng/mL, and the percentages for the lower tiers were similar to those at baseline. There were
statistically significant, but not clinically significant, differences (determined via one-way
ANOVA) in mean hemoglobin concentration between some sites at baseline (p<0.01) and 6
months (p<0.01) for plasma, but only at baseline (p<0.01) for serum. There were no
significant differences for plasma or serum at 12 months.

Among the 214 CSF samples assessed at the baseline visit, 9.8% (n=21) showed hemoglobin
concentrations >200ng/mL. Another 15.4% (n=33) demonstrated hemoglobin concentrations
between 30 and 200ng/mL, and the remaining 74.8% (n=160) had undetectable hemoglobin
levels (<30ng/mL). At the 12-month visit, only 16 CSF samples have been collected; none
exceeded hemoglobin concentrations of 200 ng/mL.

Discussion

The NINDS PDBP combines hypothesis-driven research, creation of a research resource, a
novel collaborative consortium, and a flexible data management system. It has achieved 72%
of target recruitment in less than 2 years. Quality control measures of plasma, serum, and
CSF hemoglobin underscore the standardization of biospecimen collection and handling.
The resource is further enhanced by NeuroX array-based genotyping.

The unique consortium arrangement of PDBP incorporates many of the strengths of a multi-
site project while allowing for the flexibility and speed of investigator-initiated research. The
individual sites are able to proceed with specific investigations, thereby capitalizing on each

researcher’s unique line of research. Concurrently, the DMR and biorepository are available

to researchers outside the PDBP consortium, further increasing the value of the cohort.

We previously noted that the PDBP complements other PD biomarker initiatives. The PDBP
is a US-based longitudinal initiative comprising of PD patients of all stages, individuals with
parkinsonism and controls. The PPMI is an international cohort that comprises PD
individuals at early stages of the disease followed longitudinally, and also includes a control
group. The BioFIND cohort is cross sectional and enrolls individuals in the mid-to-late
stages of PD but is significantly smaller (~200 vs. ~1500 individuals). The HBS is a
longitudinal case-control study of more than 700 patients with early-stage PD, >600
individuals with impaired memory, and >700 controls without neurologic disease. In the
HBS, high-quality biosamples and high-resolution clinical phenotypes are tracked over a
five-year period (15, 16). Importantly, while PDBP, HBS, and BioFIND provide samples for
early-stage biomarker discovery, PPMI is aimed at replication of biomarker findings that
have been observed in initial discovery studies. Together, PPMI, PDBP, HBS and BIOFIND
provide the research community with access to samples across the spectrum of PD. This
resource infrastructure allows new markers to be discovered and replicated within an
accelerated time frame. The ability to assess a marker in multiple, large, well-characterized,
independent patient populations should facilitate separating the “wheat from the chaff” and
aid the development of replicable, robust and clinically useful biomarkers.
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In addition to the four biorepository efforts aimed at biomarker development in PD
described above, there are several other large biomarker efforts in neurodegenerative
diseases that share samples and/or data widely. The Genetic Epidemiology of Parkinson’s
Disease (GEO-PD) consortium comprises more than 60 sites in more than 30 countries on 6
continents, with a focus on PD genetics. ADNI follows individuals with AD and mild
cognitive impairment (MCI), as well as control individuals, with the goal of developing
imaging and biochemical biomarkers for AD. ADNI also features cohort-wide procedures
and data are widely shared through a web-based download site; ADNI protocols have been
widely adapted to PDBP, PPMI and BioFIND, in order to allow future analyses across
projects.

The advent of large-scale efforts for biospecimen and data sharing is a relatively new
development in the field of neurodegenerative disease research. We anticipate that much will
be learned over the next decade about how best to design these efforts, which are emerging
from government-funded, foundation-funded, and private-public-partnership-funded sources.
Our hope is that PDBP will contribute to the widespread availability of well-characterized
biospecimens for early-stage PD biomarker development, accelerating diagnostic and
therapeutic discovery for the growing number of individuals suffering from PD worldwide.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Number of unique samples available in the NINDS bioropository as of 10/21/2014
DNA is collected once, primarily at the baseline visit but in some cases at the 6 or 12 month

visit RNA is drawn at least once on almost every participant and repeatedly for some
participants. About two-thirds of the participants have baseline whole blood, serum and
plasma available and about one quarter of the participants have baseline CSF available. As
participants return for longitudinal assessments, there will be increased availability of

biofluids from those visits.
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