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A rich pipeline of therapeutic candidates is advancing for Parkinson's disease,
many of which are targeting the underlying pathophysiology of disease. Emerging
evidence grounded in novel genetics and biomarker discoveries is illuminating
the true promise of precision medicine-based therapeutic strategies for PD.
There has been a growing effort to investigate disease-modifying therapies by
designing clinical trials for genetic forms of PD - providing a clearer link to
underlying pathophysiology. Leading candidate genes based on human genetic
findings that are under active investigation in an array of basic and translational
models include SNCA, LRRK2, and GBA. Broad investigations across mechanistic
models show that these genes signal through common molecular pathways,
namely, autosomal lysosomal pathways, inflammation and mitochondrial
function. Therapeutic clinical trials to date based on genetically defined
targets have not yet achieved approvals; however, much is to be learned from
such pioneering trials. Fundamental principles of drug development that include
proof of pharmacology in target tissue are critical to have confidence in
advancing such precision-based therapies. There is a clear need for
downstream biomarkers of leading candidate therapies to demonstrate proof
of mechanism. The current regulatory landscape is poised and primed to support
translational modeling strategies for the effective advancement of PD disease-
modifying therapeutic candidates. A convergence of rich complex data that is
available, the regulatory framework of model informed drug development
(MIDD), and the new biological integrated staging frameworks when
combined are collectively setting the stage for advancing new approaches in
PD to accelerate progress. This perspective review highlights the potential of
quantitative systems pharmacology (QSP) modeling in contributing to the field
and hastening the pace of progress in advancing collaborative approaches for
urgently needed PD disease-modifying treatments.
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1 Introduction: Key scientific and
regulatory advances and enablers,
development challenges and
opportunities for precision medicine

development in PD

There has been significant advancement and momentum in
fulfilling medical unmet needs for patients with neurodegenerative
diseases. Technological and methodological innovations have
enhanced the quantitative understanding of brain physiology and
pathophysiology and the effects of therapeutic interventions.
Progress in genetics and genomics, catalyzed by the human
genome project and advances in science and technology as
applied to the nervous system have paved the way for important
discoveries with the linkage of genetic variants to the underlying
pathophysiology of neurodegenerative diseases. Moreover, there
have been tremendous regulatory innovations to accelerate the
pace of drug and vaccine approvals, as exemplified and
catapulted by the enormous medical needs ensuing from the
COVID-19 pandemic. While drug developers have worked in
record time to advance innovative vaccines, regulators around
the world have provided the appropriate paths for accelerated
emergency authorizations and ultimately approvals in the face of
a global pandemic. The pandemic served as a catalyst to reevaluate
processes that were archaic and inefficient, which paved the way for
new innovative approaches to clinical trial design and execution. In
the case of neurodegenerative diseases, scientific discoveries coupled
with regulatory advances have upended many years of unsuccessful
attempts at therapeutic intervention and have already enabled
important approvals in medicine. Recent examples of drug
approvals such as Nesinersen for Spinal muscular atrophy,
Tofersen for ALD-SOD1, Lecanemab for Alzheimer’s disease, and
Omaveloxolone for Friedreich’s ataxia are laying the groundwork
for other neurodegenerative diseases at an astonishing pace (Hoy,
2021; Saini and Chawla, 2023; van Dyck et al, 2023; Vitek
et al., 2023).

Parkinson’s (PD) is
neurodegenerative disease that affects nearly 9.5 million people
worldwide (GBD, 2016 Parkinson’s Disease Collaborators, 2018).
More than 90,000 people in the U.S. are diagnosed each year, and

Disease a debilitating progressive

prevalence is rapidly growing over the next several years
(“Estimation of the 2020 Global Population of Parkinson’s
Disease PD,”2023; Ou et al,, 2021). The burden of PD on the
lives of people affected by the disease is devastating, and
currently, approved dopaminergic medications that treat motor
symptoms are effective in improving motor symptoms yet lose
efficacy as the disease progresses. A complex array of nonmotor
symptoms are not effectively treated despite the burden they play on
the overall quality of life (Hermanowicz et al., 2019). There are two
broad categories of therapies for PD, namely, symptom-modifying
therapies (SMTs) and disease-modifying therapies (DMTs) (Sardi
et al,, 2018; Ntetsika et al.,, 2021; McFarthing et al., 2022). As the
names suggest, SMTs focus on relieving the motor symptoms of PD,
such as bradykinesia and tremors; whereas DMT's aim to slow or halt
disease progression. Although currently approved treatments can
dramatically improve the lives of people with PD in the first few
years of disease diagnosis, they do not effectively treat the disabling
nonmotor symptoms, nor do they address the underlying causes of
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the disease or the inevitable disease progression. There has been an
expanding focus on developing DMTs for PD prompted by
emerging advances in research into the underlying biology and
genetics of the disease. The 2023 clinical pipeline publication of PD
therapeutics reports that there are more than 130 clinical trials for
PD, of which 65 are investigating DMTs (McFarthing et al., 2022).
Despite the increase of focus on DMTs and advances in precision
medicine therapeutics, there are many challenges to overcome in
order to achieve approval of disease-modifying therapies.

There is an extraordinarily high rate of failures in clinical trials of
DMTs across neurodegenerative diseases, including PD (Mortberg
etal., 2022). Challenges are multifactorial and span a range of issues
including 1) the poor translatability of preclinical and animal
models in predicting drug efficacy for neurodegenerative diseases
(Dawson et al,, 2018), 2) the long duration of time from disease onset
to manifestation of clinical symptoms in humans to objectively
measure disease progression in trials (McGhee et al, 2016;
Cummings, 2017), 3) the profound neurodegeneration that is
present at the time of clinical diagnosis (Jellinger, 2009) and 4)
the fact that CNS disorders are localized to a body compartment that
is not readily accessible for obtaining tissue or biofluid samples poses
a hurdle for successful noninvasive measurement of target
engagement in humans. Such examples pose barriers for
implementation of precision medicine in humans that are quite
distinct from conditions such as cardiovascular, oncology and
immunology that have paved the way for successful drug
approvals over the past decades. Transformation is taking place
given that 2023 was a year of landmark approvals of neurology
products with 9 approvals, second only to oncology indications.
Several of the neurology approvals were of disease modifying
therapeutics in disorders with unprecedented treatments (e.g.,
Frierdrichs ataxia) (Mullard, 2024).

There is growing evidence that early intervention holds the most
promise for disease modification and an urgent need to advance
trials targeting prevention. A recent study reported the negative
results of drug trials in neurodegenerative diseases over the past
2 decades (Mortberg et al., 2022). A systematic evaluation of clinical
trial registration data was conducted to analyze the characteristics of
trials in four major neurodegenerative diseases (AD, PD, ALS, and
FID). Of the 3,238 neurodegenerative disease clinical trials
only 2.7%
symptomatic individuals. A total of only sixteen novel targets

evaluated, of trials were investigated in pre-
tested in drug trials were based on genetically supported
therapeutic hypotheses, thus representing only a small, non-
increasing fraction of trials. Moreover, the mean lag from genetic
association to first trial was 13 years. The authors concluded that
additional investment in well-powered, well-controlled trials at
earlier disease stages may be needed to realize targets that hold
potential for disease modification and prevention. New initiatives
targeting gene based therapeutics, biological staging of disease and
target populations prior to onset of clinical symptoms are emerging
at a rapid pace in neurodegenerative diseases including in PD
(Crotty et al,, 2022; Foltynie et al, 2023)with strong support
from the broader community including at risk individuals
(Keavney et al, 2023). Enabling early detection diagnostic
biomarkers are critical to support the earlier initiation of disease
modifying therapy, and the development of these early biomarkers
rests on longitudinal studies that enable the discovery and utility of
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these markers with the aid of artificial intelligence and systems
biology methodologies.

In PD, a diversity of factors have been proposed to contribute to
the challenges in the success of DMTs, such as heterogeneity of
clinical and pathologic endophenotypes, unpredictable placebo
responses, long duration of trials, and challenges in translation of
animal models (Espay et al., 2020; Devos et al., 2021). One of the
many contributing factors is the lack of validated biomarkers for
quantifying disease progression in disease-modifying trials.
Moreover, in a review of about 121 trials in neurodegenerative
diseases, less than half reported the use of central biomarkers, and a
little more than half of trials included at least one target occupancy/
activation biomarker (Vissers et al., 2021). However, there is reason
for optimism in this area given the rapid progress being made in the
development of biomarkers as drug development tools for
Neurodegenerative diseases (Marks et al., 2021; Qi et al, 2023)
and in PD specifically. Recent progress in biomarkers for PD has
advanced with the identification of disease hallmark signatures that
were previously only detected at autopsy to confirm pathologic
diagnosis. Alpha-synuclein, the key protein of Lewy Bodies, can now
be assessed with exquisitely high specificity and sensitivity in vivo
nearly a decade prior to the onset of clinical symptoms (Siderowf
et al, 2023). Additional new biomarkers that are assessed by
neuroimaging and biofluid methodologies are also advancing at a
rapid rate. The concept of multimodal biomarkers is also taking hold
as a key to success in identifying the onset and trajectories of
heterogeneous complex diseases (Carter et al., 2023).

Biomarkers are powerful tools to enable confidence in decision-
making along the drug development lifecycle for diverse
applications,  including  diagnosis,
pharmacodynamic  response, and

patient  stratification,
surrogates of efficacy.
Importantly, the rate of drug approvals across diseases is known
to increase when biomarkers are utilized in trials (Gromova et al.,
2020). The use of pharmacodynamic biomarkers to demonstrate
target engagement in early clinical development is key to assuring
proof of pharmacology in target tissue. The concept of three pillars
of drug development was outlined by industry leaders more than a
decade ago, where the roadmap requires demonstrating target
engagement as essential before advancing new candidates to
subsequent stages (Morgan et al., 2012). Demonstration of proof
of concept is challenging in drugs that target nervous system
disorders due to the need to show target engagement of drugs
that cross the blood-brain barrier and show dose-responsive signals
that can be measured in a central compartment. Mechanistic studies
can be applied in translational models in ways that address the valley
of death, and such studies clearly enhance confidence in dose
selection and confidence in mechanism in unique ways. A review
of the reported rate of mechanistic and physiological response
biomarkers across neurodegenerative disease trials of DMTs
showed that only 54% of trials used mechanistic (target
occupancy or activation) biomarkers to demonstrate target
engagement in humans (Vissers et al, 2021). Thus, there is a
need to improve proof of mechanism and target engagement for
all PD, particularly DMTs that are in the pipeline for PD.

There has been significant progress in Parkinson’s disease, with
the identification of genetically defined targets, advancement of
biomarkers of the disease, and, more recently, new efforts to
outline the biological staging framework of the disease. The
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current understanding of the pathophysiology of PD has evolved
significantly based on advances in human molecular genetics. Such
findings are now elucidating specific molecularly defined therapeutic
targets for intervention and common pathways amongst distinct
candidate genes (Sardi et al., 2018). These advances are now leading
to refining the traditional syndromic definition of PD to enable
precision medicine therapeutic strategies (Schneider et al., 2020).
The rapid evolution of clinical trials targeting known risk genes has
evolved this past decade with key targets that focus on LRKK2, GBA,
and synuclein (SNCA) (Merchant et al., 2019; Senkevich et al., 2021;
Jasutkar et al., 2022; Magalhdes and Lashuel, 2022; Taymans et al.,
2023). Leading clinical trials have not been successful to date; yet,
there is much to learn from these pioneering studies (Lang et al.,
2022; Pagano et al,, 2022; Giladi et al., 2023).

With the discovery of genetically defined targets for Parkinson’s
disease, biomarker research, and advancements in translational
modeling strategies, we have a unique opportunity to optimize
and de-risk the translation of candidates to the clinic by
outlining the path for successful clinical proof of concept. By
bringing together improved mechanistic disease knowledge and
link to genetics, novel biomarkers, advanced modeling tools and
frameworks, and innovative regulatory advances and pathways, we
hold the unique opportunity as a community to set an accelerated
pace towards an approved therapy for Parkinson’s. In this
perspective, we outline this call to action for public and private
entities and patients for a roadmap to success in collaboratively
advancing disease-modifying therapies for PD.

2 Review of the genetic bases and
associated pathways of PD and
implications for biomarker
development and disease stratification

Genetics and pathways. The etiology of PD is complex and
multifactorial with contributions that include environmental

exposures, polygenic inheritance, environment
interactions. Genetic forms of PD that are monogenic in nature
are relatively rare overall (Klein et al., 2018). LRKK2, GBA, and

SNCA have been key genes of focus including their role as novel

and gene

therapeutic candidates for disease modification. Human molecular
genetics are paving the way with Genome-wide association studies
(GWAS) identifying several gene mutations that confer a risk of
developing PD (Billingsley et al., 2023; Rizig et al., 2023). Risk-
associated genes may have different cellular roles, ranging from
energy production to protein degradation. Some common risk-
associated genes include LRRK2, PARK7, PINK1, PRKN, SNCA,
and GBA, as described in (Blauwendraat et al., 2020). Such genetic
findings represent a unique window into the underlying
pathophysiology of disease-causing mutations in specific target
genes. Many reviews have been published that represent
compilation of the genetics of PD (e.g., Singleton; Greenamyre,
Alcalay) and this is out of scope for this current perspective review.
However, it is striking to see the rapid progress in defining
downstream signaling pathways that are linked to specific
candidate genes. Furthermore, emerging data demonstrate that
distinct candidate target genes can signal through common
molecular pathways (Navarro et al, 2021; Kaiser et al, 2023;
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Gialluisi et al., 2021; Bandres-Ciga et al., 2020; Vollstedt et al., 2023).
Key mechanisms that are shared amongst distinct candidate genes
include autosomal lysosomal function, mitochondrial integrity and
function as well as inflammatory signaling pathways (Sardi et al.,
2018; Senkevich and Gan-Or, 2020; Gao et al., 2022; Mufoz-
Delgado et al., 2023).

The concept of precision medicine based strategies for PD
originated soon after the discovery of the link to LRKK2 gene
responsible for genetic PD as defined by PARKS8 locus. Nearly
20 years later, a long journey of research led by academics and
industry has been actively pursuing therapies based on a toxic gain
of function hypothesis for LRRK2. Despite a large diversity of model
systems and translational research approaches aimed at
understanding the fundamental biology, at present, the field is
still aiming to define key questions that are key to address. In
advancing successful therapies based on inhibition of LRKK2, key
questions remain. Examples include the need to gain an
understanding of why distinct LRKK2 mutations lead to
pathology that differs from idiopathic PD (Rajput et al.,, 2006;
Hasegawa et al., 2009), to determine whether targeting LRKK2 in
the periphery would be beneficial or detrimental based on safety
(Taymans et al., 2023), and why disease progression of LRKK2 gene
carriers is unexpectedly slower than idiopathic PD in both motor
and nonmotor symptoms (Ahamadi et al., 2019; 2022).

The progress in PD pathophysiology has led to discovery of novel
biomarkers that have been catalyzed by the availability of large
prospective natural history datasets that contain detailed clinical,
imaging, genetic and fluid biomarkers. Examples of novel
biomarkers that have emerged recently include synuclein as
assessed by seeding amplification assays (Siderowf et al, 2023;
Concha-Marambio et al,, 2023), LRKK2 mediators (Vissers et al.,
2023) and new mitochondrial activity (Rui et al., 2023) biofluid
biomarkers. Such biomarkers hold potential for use in patient
stratification as well as to document biological effects of candidate
drugs and proof of pharmacology.

Biological staging of disease represents a paradigm shift in
catalyzing drug development by targeting stages of the disease prior
to onset of clinical symptoms. A novel biological staging framework for
Neuronal Synuclein Disease (NDS) grounded in innovative advances
in biomarkers and genetics has been proposed (Chahine et al., 2023).
NSD is defined by the presence of pathologic n-asyn assessed by a
validated in vivo biomarker and the ultimate presence of dopaminergic
neuronal dysfunction via DAT SPECT neuroimaging. This biologic
definition is independent of the presence of clinical features, or if
present, of the specific clinical syndrome. Critical success factors for
biological staging of disease are the ability to appropriately stage the
disease process through the integration of translational platforms,
clinical outcome assessment tools, biomarkers, genetics, and
quantitative solutions to optimize trial design.

3 Role and impact of QSP in drug
development and opportunity to
advance PD therapeutic candidates
through clinical proof of concept

Quantitative Systems Pharmacology (QSP) is a mechanistic
modeling approach that is utilized for the assessment of
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therapeutic molecular candidates for a disease by linking
descriptions of the molecular and cellular mechanisms of the
disease and drug to system-wide dynamics, bridging biomarkers
and clinical endpoints relevant for the disease (Azer et al., 2021;
Barrett and Azer 2023; Gadkar et al., 2016; Balbas-Martinez et al.,
2018; Kaddi C. D. et al., 2018; Coletti et al., 2020). There is a
chartered translational medicine course and track record, with many
published examples where integrating clinical data with biological
and pharmacological datasets and encapsulated into a QSP model
has enabled the advancement of candidates through the clinic and
the refinement or optimization of clinical study design such as
biomarkers, or patient selection or dose, elucidation of disease target
biology and impact of therapeutic modulation on downstream
pathways, as well as QSP platforms that have enabled the
prediction, de-risking or characterization of drug induced
toxicities such as liver or cardiac toxicities (Figure 1). QSP
modeling combines data and knowledge on the mechanisms of
disease with drug characteristics to predict biological or clinical
changes under pharmacological intervention (Sorger, 2011). While
there are a few examples of cross-industry collaborations in building
QSP platforms, the bulk of applications and impact have been
individual company and portfolio-driven. Given the mechanistic
nature of QSP models, the driving hesitation to building cross-
company models is the inadvertent sharing of proprietary and
competitive intelligence on specific lead molecules. However, data
and model-sharing best practices and existing cross-industry
collaboration models in QSP and more broadly in systems
biology and other disciplines across the industry provide ample

evidence that developing and executing precompetitive
collaborations, where QSP model structures and system
parameters are shared, and proprietary molecule specific

attributes remain confidential, can be successful and carry the
advantages of accelerated timelines and economies of scale.

QSP modeling has been applied to the development of novel
therapies across many therapeutic areas, both complex and rare
diseases, including cardiovascular and diabetes, immunology and
immune-oncology, infectious diseases, and neurological, amongst
others (Aghamari et al, 2022). QSP opportunities in the
neurosciences are emerging at a rapid pace (Bloomingdale et al.,
2021). The impact and range of applications are broad and have
historically been on influencing decisions relating to elucidating or
advancing the mechanism of action, prioritization of pre-clinical
candidates for entry into the clinic, or translational in nature, such as
predicting clinical response and leveraging these predictions to
clinical such as selection of

optimize design approaches

biomarkers or endpoints, and response under treatment
(Figure 2). Other examples include predicting response of
different segments of a clinical population or identifying
mechanistic hypotheses to explain differential clinical response
to treatment.

Examples of QSP models and their applications include models
for cardiovascular diseases that have included building mechanistic
and multi-scale dynamical models to predict impact of many novel
agents such as sGC activators, neprilysin inhibition, and
angiotensinlI blockade, PCSK9 inhibition, on cardiac function,
systemic circulation and vascular function, blood pressure and
lipid metabolism (Ming et al, 2017; Knox et al, 2016; Hallow

and Gebremichael, 2017; Peskin and McQueen 1988; Moss et al.,
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Legend: Application of QSP modeling in drug discovery and development stages Graphical illustration of the role of translational QSP modeling in
drug development decision making from target identification to late clinical development.

Addressing Goals and Needs at Pre-Clinical to Late Clinical Stages

Drug Development Focus

Target ID and Validation

Pre-Clinical

with QSP

Scientific Goals

Advancing candidate based
on defined TPP for
intervention (disease stage
and therapeutic strategy)

Candidate nomination

of target-b:

d

Needs to Improve S
Rate

9
biomarkers

QSP Involvement

Inclusion of disease
associated pathways

Pre-clinical candidate
nomination, translation

FIGURE 2

legend: Areas of clinical development that can be supported by the utilization of a Quantitative Systems Pharmacology (QSP) model. Applications of
existing mechanistic models for Alzheimer's Disease, Tuberculosis, Gaucher Disease, Amyotrophic Lateral Sclerosis, and their relation to the regulatory
landscape are indicated by the circle, square, triangle, and diamond respectively [insert citations here]. The proposed Parkinson’s Disease mechanistic
model may work in conjunction with existing drug-development practices to address scientific goals. Circle: AD amyloid PET: A QSP model was
used for prediction of PET change in response to dose (Geerts et al,, 2023). Square: Gaucher Disease: Gaucher Disease QSP model used to simulate and
optimize the impact of enzyme replacement and substrate reduction treatment protocols (Abrams et al., 2020). Triangle: ALS NFL: Pharmacokinetic
model was used for prediction of response to dosing on Tofersen (Paris et al., 2022). Rectangle: Tuberculosis (Hanna et al., 2017). Diamond: References to
existing efforts of QSP modeling with respect to the regulatory landscape (Agharmiri et al., 2021; Musuamba et al., 2021).
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2012). An example in rare diseases is a QSP model for Gaucher
disease where the model enabled the prediction of different
treatment regimens for maintenance of homeostasis allowing for
an optimized and more convenient treatment regimen for patients
(Abrams et al., 2020). This is a multi-scale model of Gaucher disease
that incorporates calibrated pathways relevant to dysregulation of
glycosphingolipid metabolism and specific to cells implicated in the
disease process such as splenic macrophages and hepatocytes.
Virtual populations of mild to moderate Gaucher disease type-1
were used to simulate the impact of optimizing enzyme replacement
and substrate reduction treatment protocols. In ALS, an ALS-SOD1
QSP model which incorporates SOD-1 specific biology and
neurofilament light (NFL) biomarker, was developed and used to
predict the response to treatment on Tofersen allowing for
optimization of dose and treatment protocol (Paris et al., 2022;
Biogen, 2023). Moreover, there has been much progress on
important QSP model components and building blocks for PD
that can facilitate and accelerate the build-up and delivery of
QSP application to translational questions, such as an alpha-
synuclein model (Righetti et al., 2022). In one mechanistic
model, investigators incorporated alpha-synuclein dynamics and
other mediators that drive accumulation during disease and
potential reduction on treatment. One example of a QSP model
with clinical translatability was reported by Roberts et al., which
consisted of a detailed biophysical model of a cortico-striatal-
thalamic-cortical network for motor symptoms in PD calibrated
to the clinical outcome measure Unified Parkinson’s Disease Rating
Scale (UPDRS) (Roberts et al., 2016). Such translational models that
can be modularized to facilitate a rapid implementation and
execution in drug development decision making promise to fill
gaps in translatability.

In the context of a defined gene target, such as GBA, LRRK2, or
SNCA for Parkinson’s, combining target engagement and modeling
tools to define and inform attributes of the translational strategy,
such as dose, biomarkers, and patient selection can be an effective
strategy in paving a successful path to clinical proof of concept.
Combining known mechanistic biomarkers such as alpha-synuclein
and pk-pd data for the specific target into a QSP framework, allows
drug developers including biologists, clinicians, and modelers to
work together in refining the attributes of the translational strategy,
increasing the probability of achieving clinical target engagement,
and advancing with greater confidence into clinical study. The
current dynamic landscape of PD therapeutics provides a unique
opportunity and framework for how QSP modeling, when combined
with the appropriate data and expertise can be leveraged to increase
confidence in efficiently advancing promising DMTs in ways that
align with regulatory expectation.

4 Overview of existing initiatives and
associated databases towards enabling
effective and efficient clinical path to
proof of concept

The overarching need to address the challenges around
successful early clinical investigation and appropriate target
engagement leads us to assess available versus gaps in data and
knowledge. We have seen extensive development of public databases
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and sources across several institutions and partnerships and look to
leverage this rich wealth of knowledge and data, in context and at
scale to enable successful and de-risked clinical paths to proof of
concept and inform effective and efficient target engagement
(Table 1 and Table 2).

4.1 Sources of data for PD

Multi-scale data that is grounded in genetics, proteomics, and
biomarkers is a true catalyst for analysis of disease progression
particularly in heterogeneous disorders including PD. The rapid
evolution and scientific advances in combination with big data
genomics that can be carried out in millions of individuals
worldwide have been transformative and hold true potential in
(Ou et al, 2021).
Biomarkers are key in defining pathophysiologic correlates of

enabling precision medicine strategies
clinically meaningful change at various stages of the disease
spectrum. There are several examples of complex data of PD
observational cohorts that are available to serve as substrate for
QSP modeling to support gene-based therapeutic strategies (Klein
et al,, 2018; Marek et al.,, 2018; Iwaki et al,, 2021; Lange et al., 2023;
Vollstedt et al., 2023).

4.1.1 PPMI

The Parkinson’s Progression Marker Initiative (PPMI) sponsored
by the Michael J. Fox Foundation is a global collaborative initiative
launched over a decade ago aimed to identify and validate biomarkers
of onset and disease progression in a multicenter natural history study
(Marek et al, 2018). The ultimate goal of PPMI is to improve
understanding of disease etiology and course and to provide
crucial tools to enhance the likelihood of success of PD modifying
therapeutic trials. Critical success factors include alignment and
consensus on common data standards for sample and imaging
biomarker collection and the rapid integration of all study data
into the PPMI database. An independent PPMI biospecimen
review committee oversees the biobank and sharing of biological
samples including blood, cerebrospinal fluid (CSF), and urine which
are made publicly available to scientists.

Open sharing of the data and biological samples with the external
community of researchers and trialists has led to seminal discoveries
in terms of the underlying biology of PD. PPMI comprises a
partnership of government, PD foundations, industries, and
academics that work cooperatively together to advance research
and therapeutics for PD. To date, the PPMI data has been
downloaded and analyzed by investigators across the globe and is
a rich data source for industry in designing their clinical trials.

PPMI data has been effectively used for the discovery of novel
therapeutic targets, to identify candidate biomarkers for clinical trial
decision-making, for formal regulatory endorsement of imaging
biomarkers, for clinical trial enrichment, and recently, to enable
the measurement of alpha-synuclein in humans at a time up to
8 years prior to onset of clinical diagnosis.

4.1.2 Accelerated medicines partnership for PD
(AMP PD)

The PD accelerated medicines partnership was launched in
2018, with the goal of improving clinical trial design and
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TABLE 1 Table of Parkinson'’s Disease (PD) databanks and their offered data types.

Database Genomics Proteomics Metabolomics Imaging Clinical
PPMI X X X X X

AMP PD X X X X

GP2

PDBP X X X X

EPND

TABLE 2 Table of Parkinson’s Disease (PD) databanks with studies using measurement in associated biofluids.

Data bank Plasma Human IPSCs
PPMI X X X X X
AMP PD (GP2) X X X X ?
PDBP X X X X ?

identifying new targets and pathways for therapeutic development.
The 5-year effort is funded jointly by NIH and industry and has
created a harmonized data platform to support the identification of
targets and biomarkers for PD prognosis and disease progression.
The AMPPD program has gathered rich clinical and molecular
characteristics from PD cohorts. To date, the data is being analyzed
by global researchers to discover new targets and biomarkers with
focus on modalities such as proteomics, genomics, metabolomics,
and other molecular modalities analyzed from biospecimens. A total
of eight cohorts have been collected for PD and Dementia with Lew
Bodies (DLB) with several publications that have emerged from
analysis of the data to date (https://www.amp-pd.org/unified-
cohorts). Request for data can be accessed via https://www.amp-
pd.org/register-for-amp-pd.

4.1.3 Global Parkinson's genetics program (GP2)

The monogenic network of GP2 aims to create an efficient
infrastructure to accelerate identification of novel genetic causes of
PD. A key area of focus is to investigate the underlying mechanisms
such as reduced penetrance and variable clinical expression of known
disease cause variants. Multidiscipliary experts from around the world
are collaborating in prospective ways such as Whole-genome sequencing
for up to 10,000 people with Parkinsonism. A recent review (Lange et al,,
2023) outlines the workflow and outreach as well as plans for sharing of
data in ways that will advance the field overall. Partnerships with relevant
consortia are also in place to enhance learnings across public private
partnerships. This includes AMPPD, MJFF Global Genetic PD cohort
(Vollstedt et al,, 2023), and EPND (https://epnd.org/).

4.1.4 Parkinson’s Disease Biomarker
Program (PDBP)

The National Institute of Neurological Disorders and Stroke
Parkinson’s Disease Biomarker Program (PDBP) was launched
following a 2012 workshop that identified gaps in biomarkers for
PD. PDBP aims to support PD biomarkers research by leading
laboratory and clinically based biomarker discovery for PD. A data
management resource (DMR) is in place to support standardization

Frontiers in Systems Biology

and data sharing from well-characterized longitudinal clinical cohorts,
with detailed clinical data collected and biospecimens banked. PDBP
serves to align and collaborate with other PD biomarker initiatives
such as the Michael J. Fox Foundation (PPMI), whose goal is
validation of biomarker discovery projects and BioFIND, an
observational cross-sectional study cohort. The inclusion of
atypical Parkinson’s and DLB is another unique aspect of PDBP.
Numerous publications have emerged from data that is supported by
PDBP. A comprehensive review of PDBP was published in 2017
(Gwinn et al., 2017): with much progress emerging over the past years
(Chen-Plotkin et al., 2018; Sadaei et al., 2022).

5 Advances in regulatory landscape and
utility of modeling and simulation for
addressing and accelerating drug
development regulatory milestones

Global regulatory agencies have recommended Public-Private
Partnerships (PPPs) as efficient ways to advance drug development
tools. Modeling and simulation drug development tools are
important not only in individual drug submissions during formal
review of new Investigational New Drugs (INDs) but also pioneering
ways to collaborate. Formal regulatory endorsement of modeling
tools has been achieved by precompetitive collaboration in a range of
diseases including Alzheimer’s and Tuberculosis. The Federal Drug
Administration’s (FDA) fit-for-purpose path and the European
Medicines Agency’s (EMA) qualification of novel methodologies
provide a unique framework for consortia to engage regulators in
data-driven ways. Once endorsed, modeling tools are then used to
de-risk future targets, according to a defined context use, and serve
to streamline regulatory review of new chemical entities (NCEs)
oftentimes in ways that are mechanism independent/target agnostic.

Most recently, regulators are recommending expanding
Modeling & Simulation (M&S) tools from Ph2/3 decision-making
applications to the earlier translational stages of drug development.
Physiologically based pharmacokinetic (PBPK) modeling aims to
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enable integration of physiological, and drug-dependent preclinical
and clinical information to model an investigational drug’s
absorption, distribution, metabolism, and excretion, predict drug
exposure at the site of action, as well as an invaluable tool for
predicting drug-drug interactions. The FDA has led PBPK modeling
in a variety of different applications including chronic kidney disease
and pediatric dose extrapolations (Leong et al., 2012; Hsueh et al.,
2018). More recently, the FDA has advocated PBPK and QSP
models across a broad range of applications, including guidance
documents describing the format and content of PBPK submissions
in support of sponsor applications and recent best practices
published from a public workshop on PBPK modeling (https://
www.fda.gov/regulatory-information/search-fda-guidance-documents/
physiologically-based-pharmacokinetic-analyses-format-and-content-
guidance-industry, https://www.fda.gov/regulatory-information/search-
fda-guidance-documents/use-physiologically-based-pharmacokinetic-
https://
(Center for

analyses-biopharmaceutics-applications-oral-drug-product,
www.ncbi.nlm.nih.gov/pmc/articles/PMC8592512/)
Drug Evaluation and Research, 2020; Center for Drug Evaluation
and Research, 2021; Jean et al., 2021). Translational Model Informed
Drug Development (MIDD) strategies are particularly a need where
one sponsor is unlikely able to gather sufficient data on their own to
enable efficient drug development decision-making needed for
clinical trial design (Li et al., 2022). In May 2023, at a QSP
MIDD rare disease workshop, FDA leaders recommended that
consortia could address gaps that regulators face by carrying out
and publishing comprehensive literature reviews on leading disease
candidates being advanced by multiple sponsors (https://www.fda.
gov/drugs/news-events-human-drugs/creating-roadmap-quantitative-
systems-pharmacology-informed-rare-disease-drug-development-
05112023). Moreover, a publication summarizing the assessment of
QSP models and their application in drug development presented
the key challenges and opportunities discussed at an FDA-Industry
meeting (Bai et al, 2021; Center for Drug Evaluation and
Research, 2023).

A case example of collaborative approaches to advancing MIDD
is that of Critical Path Institute. C-Path has the mission of leading
multistakeholder collaborations that accelerate drug development,
advancing better treatments for people worldwide. A key core
competency is in the area of modeling and simulation tools. A
unified strategy based on Advancing fit-for-purpose Quantitative
Tools to Accelerate Drug Development has been applied across
multiple diseases of high unmet medical need. The overall strategy
centers on integration of academic natural history patient-level
datasets and clinical trial data into a unified data platform. The
unified data is then used to develop a quantitative description of
disease progression, accounting for relevant sources of variability,
including treatment, demographics, genetics and biomarkers, with
submission of such models as drug development tools to FDA and
EMA for endorsement. Regulators are increasingly reaching out to
the broad scientific and patient communities to seek input and
recommendations on key regulatory innovative strategies and new
frameworks. For example, FDA has released numerous new
guidances in 2023 on topics spanning real world data, digital
health technologies and artificial intelligence (AI) and machine
learning (ML) (https://www.fda.gov/science-research/science-and-
research-special-topics/real-world-evidence, https://www.fda.gov/
science-research/science-and-research-special-topics/artificial-intelligence-
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and-machine-learning-aiml-drug-development) (US Food and
Drug Administration, 2023).

There are new initiatives coauthored by FDA and EMA aimed
to seek harmonization on model informed drug development
strategies that includes QSP (Marshall et al., 2023). The
community engagement of experts is encouraged to provide
input to such efforts to influence and guide the fit for purpose
development, implementation, validation, and application of
modeling technologies to defined context of use development
activities.

Now is the time to advance collaborative modeling strategies for
drug development in PD, at a moment in time when the field is
experiencing an inflection of knowledge on gene segments,
biomarkers, and translational research more broadly.

The list of recommended actions below is aimed at identifying a
potential roadmap to success in collaboratively advancing data
driven QSP models for PD DMTs.

5.1 Call to action for advancing
precompetitive QSP models to support
precision medicine strategies

Prioritize gaps in PD therapeutic development focused on

advancing gene based therapeutic trials for PD.

o Define context of use for proposed QSP model drug
development tool.

o Determine the relevant sources of data that are available and

how they will be utilized to support the QSP drug

development tool.

o Data-driven strategies take advantage of the current wealth
of relevant data.

« AMPPD, PPMI, GP2, CPP integrated database, PDBP, tool
compounds and associated data

Industry agrees to align on providing tool compounds that
are shared for proof of pharmacology modeling in agreed
upon models (animal, human induced pluripotent stem
cells, human).

o Prospective cataloguing of key relevant data sources to
of QSP model
independent datasets, under specified contexts of use.

demonstrate robustness output with

Multi-stakeholders come together under current PD public
private partnerships to collaborate on new PD focused QSP
model initiative: industry representatives, regulators, CPATH,
nonprofit research organizations, NIH, clinicians, academic
PD experts*.

All stakeholders agree to share costs and data: Sharing of QSP

model development and final validated model structure and
code, systems wide parameters, tool compounds and data and
associated simulations.

« Formal request to regulatory agencies to advance a quantitative
drug development tool for review and endorsement via Model
informed drug development initiatives: FDA fit for purpose
path, EMA qualification of novel methodologies.

*Critical success factors: Regulatory agencies are fully engaged

from the genesis of the project and are engaged throughout all stages
to provide guidance and recommendations.
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The above path has been successfully advanced at Critical Path
Institute across many disorders including Alzheimer’s disease,
Huntington’s disease, Duchenne Muscular Dystrophy (reviewed by
Stephenson et al. (2023), and Type 1 Diabetes (Podichetty et al., 2022).
There has been much progress by the Parkinson community to deliver
on shared clinical and biomarker databases. In conjunction with
additional candidate specific biology and pharmacology datasets,
and incorporation into a QSP prediction framework, we can
realize the opportunity to advance and de-risk the development of
each individual drug candidate and ultimately portfolio of candidates,
increasing the probability of approval of a drug for PD on the horizon.

This moment of opportunity, to translate the advances in science
and technology, available data, and translational capability and
expertise is unprecedented, and provides a unique and exciting
leverage to accelerate the development of innovative medicines for
Parkinson’s patients. We are confident and eager that this
community of patients, regulators, researchers, and sponsors will
come together to capitalize on this state of science and opportunity
for an incredible mission and cause.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding author.

Author contributions

CD: Data curation, Methodology, Writing-original draft,
Writing-review and editing. DS: Conceptualization, Investigation,
draft, editing. MM:
Investigation, Writing-review and editing. BP: Methodology,

Writing-original Writing-review and
Writing-review and editing. KA: Conceptualization, Investigation,
Writing-original draft, Writing-review and editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. Critical Path

References

Abrams, R,, Kaddi, C. D., Tao, M., Leiser, R. ]., Simoni, G., Reali, F., et al. (2020). A
quantitative systems pharmacology model of gaucher disease type 1 provides
mechanistic insight into the response to substrate reduction therapy with eliglustat.
CPT Pharmacometrics Syst. Pharmacol. 9, 374-383. doi:10.1002/psp4.12506

Aghamari, S., Amin, R,, and Helikar, T. (2022). Recent applications of quantitative
systems pharmacology and machine learning models across diseases. J. Pharmacokinet.
pharmacodynamics 49, 19-37. doi:10.1007/510928-021-09790-9

Ahamadi, M., Conrado, D. J., Macha, S., Macha, S., Sinha, V., Stone, J., et al. (2019).
Development of a disease progression model for Leucine-Rich repeat kinase 2 in
Parkinson’s disease to inform clinical trial designs. Clin. Pharmacol. Ther. 107 (3),
553-562. doi:10.1002/cpt.1634

Azer, K., Kaddi, C. D, Barrett, J. S., Bai, J. P. F., McQuade, S. T., Merrill, N. J., et al.
(2021). History and future perspectives on the discipline of quantitative systems
pharmacology modeling and its applications. Front. Physiol. 12, 637999. doi:10.
3389/fphys.2021.637999

Frontiers in Systems Biology

10.3389/fsysb.2024.1351555

for Parkinson’s is supported by the following members: AbbVie,
Biogen, GSK, Merck, Takeda, Sanofi, Roche, IXICO, UCB,
Biohaven, Acurex, VanquaBio, Novartis, Neumora, Annovis, .
The Michael J. Fox Foundation, Parkinson’s UK. Critical Path
Institute is supported by the Food and Drug Administration
(FDA) of the Department of Health and Human Services (HHS)
and is 54% funded by the FDA/HHS, totaling $19,436,549, and 46%
funded by non-government source(s), totaling $16,373,368. The
contents are those of the author(s) and do not necessarily
represent the official views of, nor an endorsement by, FDA/HHS
or the U.S. Government.

Acknowledgments

The authors want to recognize the leadership of Jeff Barrett
(present affiliation, Aridhia), Jo Varshney, Kalpana Merchant and
Peter Bloomingdale, all CPP advisors for their efforts in contributing
scientific insights to this project. We also want to thank Warren
Hirst (Biogen) for his role in contributing to this initiative. We
acknowledge the C-Path leadership team, including Jagdeep
Podichetty for providing input from a quantitative medicine
perspective and with special recognition to Erin Lowry and Laura
Carrillo for their roles in supporting this manuscript. The authors
acknowledge Laura Carrillo for facilitating this project with all
stakeholders.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Bai, J. P. F,, Schmidt, B. J., Gadkar, K. G., Damian, V., Earp, J. C,, Friedrich, C,, et al.
(2021). FDA-Industry Scientific Exchange on assessing quantitative systems
pharmacology models in clinical drug development: a meeting report, summary of
challenges/gaps, and future perspective. AAPS J. 23, 60. doi:10.1208/s12248-021-
00585-x

Balbas-Martinez, V., Ruiz-Cerdd, L., Irurzun-Arana, I, Gonzalez-Garcia, I,
Vermeulen, A., Gomez-Mantilla, J. D., et al. (2018). A systems pharmacology model
for inflammatory bowel disease. PLoS One 13, €0192949. doi:10.1371/journal.pone.
0192949

Bandres-Ciga, S., Diez-Fairen, M., Kim, J. J., and Singleton, A. B. (2020). Genetics of
Parkinson’s disease: an introspection of its journey towards precision medicine.
Neurobiol. Dis. 137, 104782. doi:10.1016/j.nbd.2020.104782

Barrett, J. S., and Azer, K. (2023). Opportunities for systems biology and quantitative
systems pharmacology to address Knowledge gaps for drug development in pregnancy.
J. Clin. Pharmacol. 63, $96-5105. doi:10.1002/jcph.2265

frontiersin.org


https://doi.org/10.1002/psp4.12506
https://doi.org/10.1007/s10928-021-09790-9
https://doi.org/10.1002/cpt.1634
https://doi.org/10.3389/fphys.2021.637999
https://doi.org/10.3389/fphys.2021.637999
https://doi.org/10.1208/s12248-021-00585-x
https://doi.org/10.1208/s12248-021-00585-x
https://doi.org/10.1371/journal.pone.0192949
https://doi.org/10.1371/journal.pone.0192949
https://doi.org/10.1016/j.nbd.2020.104782
https://doi.org/10.1002/jcph.2265
https://www.frontiersin.org/journals/systems-biology
https://www.frontiersin.org
https://doi.org/10.3389/fsysb.2024.1351555

Denaro et al.

Billingsley, K. J., Ding, J., Jerez, P. A, Illarionova, A., Levine, K., Grenn, F. P,, et al.
(2023). Genome-wide analysis of structural variants in Parkinson disease. Ann.
Neurology 93, 1012-1022. doi:10.1002/ana.26608

Biogen (2023). Peripheral and central nervous system drugs advisory committee:
biogen briefing document QALSODY (tofersen) NDA#215887.

Blauwendraat, C., Nalls, M. A., and Singleton, A. B. (2020). The genetic architecture of
Parkinson’s disease. Lancet Neurol. 19, 170-178. doi:10.1016/S1474-4422(19)30287-X

Bloomingdale, P., Karelina, T, Cirit, M., Muldoon, S. F., Baker, J., McCarty, W. J., et al.
(2021). Quantitative systems pharmacology in neuroscience: novel methodologies and
technologies. CPT Pharmacometrics Syst. Pharmacol. 10,412-419. doi:10.1002/psp4.12607

S. Carter, E. Childers, and S. M. P. Norris (2023). “Multimodal biomarkers for central
nervous system disorders: development, validation, and,” Clinical integration:
proceedings of a workshop (Washington, D.C: National Academies Press). doi:10.
17226/27208

Center for Drug Evaluation and Research (2020). The use of physiologically based
pharmacokinetic analyses — biopharmaceutics applications for oral drug product
development, manufacturing changes, and controls.

Center for Drug Evaluation and Research (2021). Physiologically based
pharmacokinetic analyses — format and content guidance for industry.

Center for Drug Evaluation and Research (2023). Creating a roadmap to quantitative
systems pharmacology-informed rare disease. Drug Development. Available at: https://
www.fda.gov/drugs/news-Will.

Chahine, L. M., Merchant, K., Siderowf, A., Sherer, T., Tanner, C., Marek, K., et al.
(2023). Proposal for a biologic staging system of Parkinson’s disease. J. Park. Dis. 13,
297-309. doi:10.3233/JPD-225111

Chen-Plotkin, A. S., Albin, R., Alcalay, R., Babcock, D., Bajaj, V., Bowman, D., et al.
(2018). Finding useful biomarkers for Parkinson’s disease. Sci. Transl. Med. 10,
eaam6003. doi:10.1126/scitranslmed.aam6003

Crotty, G. F., Keavney, J. L., Alcalay, R. N., Marek, K., Marshall, G. A., Rosas, H. D.,
et al. (2022). Planning for prevention of Parkinson disease: now is the time. Neurology
99, 1-9. doi:10.1212/WNL.0000000000200789

Coletti, R., Leonardelli, L., Parolo, S., and Marchetti, L. (2020). A QSP model of
prostate cancer immunotherapy to identify effective combination therapies. Sci. Rep. 10,
9063. doi:10.1038/s41598-020-65590-0

Concha-Marambio, L., Pritzkow, S., Shahnawaz, M., Farris, C. M., and Soto, C.
(2023). Seed amplification assay for the detection of pathologic alpha-synuclein
aggregates in cerebrospinal fluid. Nat. Protoc. 18, 1179-1196. d0i:10.1038/s41596-
022-00787-3

Cummings, J. (2017). Disease modification and Neuroprotection in neurodegenerative
disorders. Transl. Neurodegener. 6, 25. doi:10.1186/s40035-017-0096-2

Dawson, T. M., Golde, T. E., and Lagier-Tourenne, C. (2018). Animal models of
neurodegenerative diseases. Nat. Neurosci. 21, 1370-1379. doi:10.1038/s41593-018-
0236-8

Devos, D., Hirsch, E., and Wyse, R. (2021). Seven solutions for neuroprotection in
Parkinson’s disease. Mov. Disord. 36, 306-316. doi:10.1002/mds.28379

Espay, A. ], Kalia, L. V., Gan-Or, Z., Williams-Gray, C. H., Bedard, P. L., Rowe, S. M.,
et al. (2020). Disease modification and biomarker development in Parkinson disease:
revision or reconstruction? Neurology 94, 481-494. doi:10.1212/WNL.0000000000009107

Estimation of the 2020 Global Population of Parkinson’s Disease (PD) (2023). MDS
abstracts. Avaialable at: https://www.mdsabstracts.org/abstract/estimation-of-the-
2020-global-population-of-parkinsons-disease-pd/(Accessed March 30, 23).

Foltynie, T., Gandhi, S., Gonzalez-Robles, C., Zeissler, M.-L., Mills, G., Barker, R., et al.
(2023). Towards a multi-arm multi-stage platform trial of disease modifying approaches
in Parkinson’s disease. Brain 146, 2717-2722. doi:10.1093/brain/awad063

Gadkar, K., Kirouac, D., Mager, D., van der Graaf, P., and Ramanujan, S. (2016). A
six-stage workflow for robust application of systems pharmacology. CPT
Pharmacometrics Syst. Pharmacol. 5, 235-249. doi:10.1002/psp4.12071

Gao, X.-Y,, Yang, T, Gu, Y., and Sun, X.-H. (2022). Mitochondrial dysfunction in
Parkinson’s disease: from mechanistic insights to therapy. Front. Aging Neurosci. 14,
885500. doi:10.3389/fnagi.2022.885500

GBD 2016 Parkinson’s Disease Collaborators (2018). Global, regional, and
national burden of Parkinson’s disease, 1990-2016: a systematic analysis for the
Global Burden of Disease Study 2016. Lancet Neurol. 17, 939-953. do0i:10.1016/
S$1474-4422(18)30295-3

Geerts, H., Walker, M., Rose, R,, Bergeler, S., van der Graaf, P. H., Schuck, E., et al.
(2023). A combined physiologically-based pharmacokinetic and quantitative systems
pharmacology model for modeling amyloid aggregation in Alzheimer’s disease. CPT
Pharmacometrics Syst. Pharmacol. 12, 444-461. doi:10.1002/psp4.12912

Gialluisi, A., Reccia, M. G., Modugno, N., Nutile, T., Lombardi, A., Di
Giovannantonio, L. G., et al. (2021). Identification of sixteen novel candidate genes
for late onset Parkinson’s disease. Mol. Neurodegener. 16, 35. doi:10.1186/s13024-021-
00455-2

Giladi, N., Alcalay, R. N., Cutter, G., Gasser, T., Gurevich, T., Hoglinger, G. U., et al.
(2023). Safety and efficacy of venglustat in GBAl-associated Parkinson’s disease: an

Frontiers in Systems Biology

10.3389/fsysb.2024.1351555

international, multicentre, double-blind, randomised, placebo-controlled, phase 2 trial.
Lancet Neurology 22, 661-671. doi:10.1016/S1474-4422(23)00205-3

Gromova, M., Vaggelas, A,, Dallmann, G., and Seimetz, D. (2020). Biomarkers:
opportunities and challenges for drug development in the current regulatory landscape.
Biomark. Insights 15, 1177271920974652. doi:10.1177/1177271920974652

Gwinn, K., David, K. K., Swanson-Fischer, C., Albin, R., Hillaire-Clarke, C. S., Sieber, B.-
A, et al. (2017). Parkinson’s disease biomarkers: perspective from the NINDS Parkinson’s
Disease Biomarkers Program. Biomark. Med. 11, 451-473. doi:10.2217/bmm-2016-0370

Hallow, K., and Gebremichael, Y. (2017). A quantitative systems physiology model of
renal function and blood pressure regulation: model description. CPT Pharmacometrics
Syst. Pharmacol. 6, 383-392. doi:10.1002/psp4.12178

Hasegawa, K., Stoessl, A. J., Yokoyama, T., Kowa, H., Wszolek, Z. K., and Yagishita, S.
(2009). Familial parkinsonism: study of original sagamihara PARKS (12020T) kindred
with variable clinicopathologic outcomes. Park. Relat. Disord. 15, 300-306. doi:10.1016/
j.parkreldis.2008.07.010

Hermanowicz, N., Jones, S. A., and Hauser, R. A. (2019). Impact of non-motor
symptoms in Parkinson’s disease: a PMDAlliance survey. Neuropsychiatr. Dis. Treat. 15,
2205-2212. doi:10.2147/NDT.S213917

Hoy, S. M. (2021). Nusinersen: a review in 5q spinal muscular atrophy. CNS Drugs 35,
1317-1328. doi:10.1007/540263-021-00878-x

Hsueh, C.-H., Hsu, V., Zhao, P., Zhang, L., Giacomini, K. M., and Huang, S.-M.
(2018). PBPK modeling of the effect of reduced kidney function on the
pharmacokinetics of drugs excreted renally by organic anion transporters. Clin.
Pharmacol. Ther. 103, 485-492. doi:10.1002/cpt.750

Iwaki, H., Leonard, H. L., Makarious, M. B., Bookman, M., Landin, B., Vismer, D.,
etal. (2021). Accelerating medicines partnership: Parkinson’s disease. Genetic resource.
Mov. Disord. 36, 1795-1804. doi:10.1002/mds.28549

Jasutkar, H. G., Oh, S. E., and Mouradian, M. M. (2022). Therapeutics in the pipeline
targeting a-synuclein for Parkinson’s disease. Pharmacol. Rev. 74, 207-237. doi:10.1124/
pharmrev.120.000133

Jean, D., Naik, K., Milligan, L., Hall, S., Mei Huang, S., Isoherranen, N, et al. (2021).
Development of best practices in physiologically based pharmacokinetic modeling to
support clinical pharmacology regulatory decision-making—a workshop summary.
CPT Pharmacometrics Syst. Pharmacol. 10, 1271-1275. doi:10.1002/psp4.12706

Jellinger, K. A. (2009). Recent advances in our understanding of neurodegeneration.
J. Neural Transm. 116, 1111-1162. doi:10.1007/s00702-009-0240-y

Kaddi, C., Reali, F., Marchetti, L., Niesner, B., Parolo, S., Simoni, G., et al. (2018).
Integrated quantitative systems pharmacology (QSP) model of lysosomal diseases
provides an innovative computational platform to support research and therapeutic
development for the sphingolipidoses. Mol. Genet. Metabolism 123, S73-S74. doi:10.
1016/j.ymgme.2017.12.183

Kaddi, C. D., Niesner, B., Baek, R, Jasper, P., Pappas, J., Tolsma, J., et al. (2018).
Quantitative systems pharmacology modeling of acid sphingomyelinase deficiency and
the enzyme replacement therapy olipudase alfa is an innovative tool for linking
pathophysiology and pharmacology. CPT Pharmacometrics Syst. Pharmacol. 7 (7),
442-452. doi:10.1002/psp4.12304

Kaiser, S., Zhang, L., Mollenhauer, B., Jacob, J., Longerich, S., Del-Aguila, J., et al.
(2023). A proteogenomic view of Parkinson’s disease causality and heterogeneity. NPJ
Park. Dis. 9, 24. doi:10.1038/s41531-023-00461-9

Keavney, J. L., Mathur, S., Schroeder, K., Merr, R., Castillo-Torres, S. A., Gao, V., et al.
(2023). Perspectives of people at-risk on Parkinson’s prevention research. doi:10.20944/
preprints202312.1478.v1

Klein, C., Hattori, N., and Marras, C. (2018). MDSGene: closing data gaps in
genotype-phenotype correlations of monogenic Parkinson’s disease. J. Park. Dis. 8,
§25-830. doi:10.3233/JPD-181505

Knox, C. D., Kam, P.-], Wong, P., Ederveen, A. G., Shevell, D., and Morabito, C.
(2016). Discovery and clinical evaluation of MK-8150, a novel nitric oxide donor with a
unique mechanism of nitric oxide release. J. Am. Heart Assoc. 5 (9), €003493. doi:10.
1161/JAHA.116.003493

Lang, A. E., Siderowf, A. D., Macklin, E. A., Poewe, W., Brooks, D. J., Fernandez, H.
H., et al. (2022). Trial of cinpanemab in early Parkinson’s disease. N. Engl. J. Med. 387,
408-420. doi:10.1056/NEJMo0a2203395

Lange, L. M., Avenali, M., Ellis, M., Illarionova, A., Keller Sarmiento, I. J., Tan, A.-H.,
et al. (2023). Elucidating causative gene variants in hereditary Parkinson’s disease in the
Global Parkinson’s Genetics Program (GP2). npj Park. Dis. 9, 100-105. doi:10.1038/
541531-023-00526-9

Leong, R., Vieira, M. L. T., Zhao, P., Mulugeta, Y., Lee, C. S., Huang, S.-M., et al.
(2012). Regulatory experience with physiologically based pharmacokinetic modeling for
pediatric drug trials. Clin. Pharmacol. Ther. 91, 926-931. doi:10.1038/clpt.2012.19

Li, R-J,, Ma, L, Li, F,, Li, L, Bi, Y., Yuan, Y,, et al. (2022). Model-informed approach
supporting drug development and regulatory evaluation for rare diseases. J. Clin.
Pharmacol. 62 (2), S27-S37. doi:10.1002/jcph.2143

Magalhdes, P., and Lashuel, H. A. (2022). Opportunities and challenges of alpha-
synuclein as a potential biomarker for Parkinson’s disease and other synucleinopathies.
NPJ Park. Dis. 8, 93. doi:10.1038/s41531-022-00357-0

frontiersin.org


https://doi.org/10.1002/ana.26608
https://doi.org/10.1016/S1474-4422(19)30287-X
https://doi.org/10.1002/psp4.12607
https://doi.org/10.17226/27208
https://doi.org/10.17226/27208
https://www.fda.gov/drugs/news-Will
https://www.fda.gov/drugs/news-Will
https://doi.org/10.3233/JPD-225111
https://doi.org/10.1126/scitranslmed.aam6003
https://doi.org/10.1212/WNL.0000000000200789
https://doi.org/10.1038/s41598-020-65590-0
https://doi.org/10.1038/s41596-022-00787-3
https://doi.org/10.1038/s41596-022-00787-3
https://doi.org/10.1186/s40035-017-0096-2
https://doi.org/10.1038/s41593-018-0236-8
https://doi.org/10.1038/s41593-018-0236-8
https://doi.org/10.1002/mds.28379
https://doi.org/10.1212/WNL.0000000000009107
https://www.mdsabstracts.org/abstract/estimation-of-the-2020-global-population-of-parkinsons-disease-pd/
https://www.mdsabstracts.org/abstract/estimation-of-the-2020-global-population-of-parkinsons-disease-pd/
https://doi.org/10.1093/brain/awad063
https://doi.org/10.1002/psp4.12071
https://doi.org/10.3389/fnagi.2022.885500
https://doi.org/10.1016/S1474-4422(18)30295-3
https://doi.org/10.1016/S1474-4422(18)30295-3
https://doi.org/10.1002/psp4.12912
https://doi.org/10.1186/s13024-021-00455-2
https://doi.org/10.1186/s13024-021-00455-2
https://doi.org/10.1016/S1474-4422(23)00205-3
https://doi.org/10.1177/1177271920974652
https://doi.org/10.2217/bmm-2016-0370
https://doi.org/10.1002/psp4.12178
https://doi.org/10.1016/j.parkreldis.2008.07.010
https://doi.org/10.1016/j.parkreldis.2008.07.010
https://doi.org/10.2147/NDT.S213917
https://doi.org/10.1007/s40263-021-00878-x
https://doi.org/10.1002/cpt.750
https://doi.org/10.1002/mds.28549
https://doi.org/10.1124/pharmrev.120.000133
https://doi.org/10.1124/pharmrev.120.000133
https://doi.org/10.1002/psp4.12706
https://doi.org/10.1007/s00702-009-0240-y
https://doi.org/10.1016/j.ymgme.2017.12.183
https://doi.org/10.1016/j.ymgme.2017.12.183
https://doi.org/10.1002/psp4.12304
https://doi.org/10.1038/s41531-023-00461-9
https://doi.org/10.20944/preprints202312.1478.v1
https://doi.org/10.20944/preprints202312.1478.v1
https://doi.org/10.3233/JPD-181505
https://doi.org/10.1161/JAHA.116.003493
https://doi.org/10.1161/JAHA.116.003493
https://doi.org/10.1056/NEJMoa2203395
https://doi.org/10.1038/s41531-023-00526-9
https://doi.org/10.1038/s41531-023-00526-9
https://doi.org/10.1038/clpt.2012.19
https://doi.org/10.1002/jcph.2143
https://doi.org/10.1038/s41531-022-00357-0
https://www.frontiersin.org/journals/systems-biology
https://www.frontiersin.org
https://doi.org/10.3389/fsysb.2024.1351555

Denaro et al.

Marek, K., Chowdhury, S., Siderowf, A., Lasch, S., Coffey, C. S., Caspell-Garcia, C.,
et al. (2018). The Parkinson’s progression markers initiative (PPMI) - establishing a PD
biomarker cohort. Ann. Clin. Transl. Neurology 5, 1460-1477. doi:10.1002/acn3.644

Marks, J. D., Syrjanen, J. A., Graff-Radford, J., Petersen, R. C., Machulda, M. M.,
Campbell, M. R,, et al. (2021). Comparison of plasma neurofilament light and total tau
as neurodegeneration markers: associations with cognitive and neuroimaging
outcomes. Alzheimer’s Res. Ther. 13, 199. doi:10.1186/s13195-021-00944-y

Marshall, S., Ahamadi, M., Chien, J., Iwata, D., Farkas, P., Filipe, A., et al. (2023).
Model-informed drug development: steps toward harmonized guidance. Clin.
Pharmacol. Ther. 114, 954-959. doi:10.1002/cpt.3006

McFarthing, K., Rafaloff, G., Baptista, M., Mursaleen, L., Fuest, R., Wyse, R. K., et al.
(2022). Parkinson’s disease drug therapies in the clinical trial pipeline: 2022 update.
J. Park. Dis. 12, 1073-1082. doi:10.3233/JPD-229002

McGhee, D.J. M, Ritchie, C. W., Zajicek, J. P., and Counsell, C. E. (2016). A review of
clinical trial designs used to detect a disease-modifying effect of drug therapy in
Alzheimer’s disease and Parkinson’s disease. BMC Neurol. 16, 92. doi:10.1186/
512883-016-0606-3

Merchant, K. M., Cedarbaum, J. M., Brundin, P., Dave, K. D., Eberling, J., Espay, A. .,
etal. (2019). A proposed roadmap for Parkinson’s disease proof of concept clinical trials
investigating compounds targeting alpha-synuclein. J. Park. Dis. 9, 31-61. doi:10.3233/
JPD-181471

Ming, J. E., Abrams, R. E., Bartlett, D. W., Tao, M., Nguyen, T, Surks, H., et al. (2017).
A quantitative systems pharmacology platform to investigate the impact of alirocumab
and cholesterol-lowering therapies on lipid profiles and plaque characteristics. Gene
Regul. Syst. Bio 11, 1177625017710941. doi:10.1177/1177625017710941

Morgan, P., Van Der Graaf, P. H., Arrowsmith, J., Feltner, D. E., Drummond, K. S.,
Wegner, C. D,, et al. (2012). Can the flow of medicines be improved? Fundamental
pharmacokinetic and pharmacological principles toward improving Phase II survival.
Drug Discov. Today 17, 419-424. doi:10.1016/j.drudis.2011.12.020

Mortberg, M. A., Vallabh, S. M., and Minikel, E. V. (2022). Disease stages and
therapeutic hypotheses in two decades of neurodegenerative disease clinical trials. Sci.
Rep. 12, 17708. doi:10.1038/s41598-022-21820-1

Mullard, A. (2024). 2019 FDA drug approvals. Nat. Rev. Drug Discov. 19, 79-84.
doi:10.1038/d41573-020-00001-7

Muiioz-Delgado, L., Labrador-Espinosa, M. A., Macias-Garcia, D., Jesus, S., Benitez
Zamora, B., Fernidndez-Rodriguez, P., et al. (2023). Peripheral inflammation is
associated with dopaminergic degeneration in Parkinson’s disease. Mov. Disord. 38,
755-763. doi:10.1002/mds.29369

Moss, R., Grosse, T., Marchant, L, Lassau, N., Gueyffier, F., and Thomas, S. R. (2012).
Virtual patients and sensitivity analysis of the Guyton model of blood pressure
regulation: towards individualized models of whole-body physiology. PLoS Comput.
Biol. 8 (6), €1002571. doi:10.1371/journal.pcbi.1002571

Navarro, E., Udine, E., de Paiva Lopes, K., Parks, M., Riboldi, G., Schilder, B. M., et al.
(2021). Dysregulation of mitochondrial and proteolysosomal genes in Parkinson’s
disease myeloid cells. Nat. Aging 1, 850-863. doi:10.1038/s43587-021-00110-x

Ntetsika, T., Papathoma, P.-E., and Markaki, I. (2021). Novel targeted therapies for
Parkinson’s disease. Mol. Med. 27, 17. d0i:10.1186/s10020-021-00279-2

Ou, Z., Pan, J., Tang, S., Duan, D., Yu, D., Nong, H., et al. (2021). Global trends in the
incidence, prevalence, and years lived with disability of Parkinson’s disease in
204 countries/territories from 1990 to 2019. Front. Public Health 9, 776847. doi:10.
3389/fpubh.2021.776847

Pagano, G., Taylor, K. I, Anzures-Cabrera, J., Marchesi, M., Simuni, T., Marek, K.,
et al. (2022). Trial of prasinezumab in early-stage Parkinson’s disease. N. Engl. J. Med.
387, 421-432. doi:10.1056/NEJM0a2202867

Paris, A., Bora, P., Parolo, S., Monine, M., Tong, X., Eraly, S., et al. (2022). An age-
dependent mathematical model of neurofilament trafficking in healthy conditions. CPT
Pharmacometrics Syst. Pharmacol. 11, 447-457. doi:10.1002/psp4.12770

Peskin, C., and McQueen, D. (1988). Three-dimensional computation of blood flow
in the heart. Science and engineering on cray supercomputers. Proc. Fourth Int.
Symposium, 127-137.

Podichetty, J. T., Lang, P., O’Doherty, I. M., David, S. E., Muse, R. N, Karpen, S. R,,
et al. (2022). Leveraging real-world data for EMA qualification of a model-based
biomarker tool to optimize type-1 diabetes prevention studies. Clin. Pharmacol. Ther.
111, 1133-1141. doi:10.1002/cpt.2559

Qi, R., Sammler, E., Gonzalez-Hunt, C. P., Barraza, L., Pena, N., Rouanet, J. P., et al.
(2023). A blood-based marker of mitochondrial DNA damage in Parkinson’s disease.
Sci. Transl. Med. 15, eabo1557. doi:10.1126/scitranslmed.abo1557

Rajput, A., Dickson, D. W., Robinson, C. A., Ross, O. A., Dichsel, J. C,, Lincoln, S.J.,
et al. (2006). Parkinsonism, Lrrk2 G2019S, and tau neuropathology. Neurology 67,
1506-1508. doi:10.1212/01.wnl.0000240220.33950.0c

Frontiers in Systems Biology

11

10.3389/fsysb.2024.1351555

Righetti, E., Antonello, A., Marchetti, L., Domenici, E., and Reali, F. (2022).
Mechanistic models of a-synuclein homeostasis for Parkinson’s disease: a blueprint
for therapeutic intervention. Front. Appl. Math. Statistics 8. doi:10.3389/fams.2022.
1060489

Rizig, M., Bandres-Ciga, S., Makarious, M. B., Ojo, O. O., Crea, P. W, Abiodun, O.
V., et al. (2023). Identification of genetic risk loci and causal insights associated with
Parkinson’s disease in African and African admixed populations: a genome-wide
association study. Lancet Neurol. 22, 1015-1025. doi:10.1016/S1474-4422(23)
00283-1

Roberts, P., Spiros, A., and Geerts, H. (2016). A humanized clinically calibrated
quantitative systems pharmacology model for hypokinetic motor symptoms in
Parkinson’s disease. Front. Pharmacol. 7, 6. doi:10.3389/fphar.2016.00006

Rui, Q., Esther, S., Gonzalez-Hunt, C. P., Nicholas Pena, I. B., Rouanet, J. P.,
Naaldijk, Y., et al. (2023). A blood-based marker of mitochondrial DNA damage in
Parkinson’s disease. Sci. Transl. Med. 15 (711), eabo1557. doi:10.1126/scitranslmed.
abol1557

Sadaei, H. J., Cordova-Palomera, A., Lee, ]., Padmanabhan, J., Chen, S.-F., Wineinger,
N. E,, et al. (2022). Genetically-informed prediction of short-term Parkinson’s disease
progression. npj Park. Dis. 8, 143-211. doi:10.1038/s41531-022-00412-w

Saini, A., and Chawla, P. A. (2023). Breaking barriers with tofersen: enhancing
therapeutic opportunities in amyotrophic lateral sclerosis. Eur. J. Neurol. 31, e16140.
doi:10.1111/ene.16140

Sardi, S. P., Cedarbaum, J. M., and Brundin, P. (2018). Targeted therapies for
Parkinson’s disease: from genetics to the clinic. Mov. Disord. 33, 684-696. doi:10.
1002/mds.27414

Schneider, S. A., Hizli, B., and Alcalay, R. N. (2020). Emerging targeted therapeutics
for genetic subtypes of parkinsonism. Neurotherapeutics 17, 1378-1392. doi:10.1007/
s13311-020-00920-8

Senkevich, K., and Gan-Or, Z. (2020). Autophagy lysosomal pathway dysfunction in
Parkinson’s disease; evidence from human genetics. Parkinsonism. Relat. Disord. 73,
60-71. doi:10.1016/j.parkreldis.2019.11.015

Senkevich, K. A., Kopytova, A. E., Usenko, T. S., Emelyanov, A. K., and Pchelina, S. N.
(2021). Parkinson’s disease associated with GBA gene mutations: molecular aspects and
potential treatment approaches. Acta Naturae 13, 70-78. doi:10.32607/actanaturae.
11031

Siderowf, A., Concha-Marambio, L., Lafontant, D.-E., Farris, C. M., Ma, Y., Urenia,
P. A, et al. (2023). Assessment of heterogeneity among participants in the
Parkinson’s Progression Markers Initiative cohort using a-synuclein seed
amplification: a cross-sectional study. Lancet Neurology 22, 407-417. doi:10.1016/
$1474-4422(23)00109-6

Sorger, P. (2011). Quantitative and systems pharmacology in the post-genomic era:
new approaches to discovering drugs and understanding therapeutic.

Stephenson, D., Belfiore-Oshan, R., Karten, Y., Keavney, J., Kwok, D. K., Martinez, T.,
et al. (2023). Transforming drug development for neurological disorders: proceedings
from a multidisease area workshop. Neurotherapeutics 20, 1682-1691. doi:10.1007/
s13311-023-01440-x

Taymans, J.-M., Mutez, E., Sibran, W., Vandewynckel, L., Deldycke, C., Bleuse, S.,
et al. (2023). Alterations in the LRRK2-Rab pathway in urinary extracellular vesicles as
Parkinson’s disease and pharmacodynamic biomarkers. NPJ Park. Dis. 9, 21. doi:10.
1038/541531-023-00445-9

US Food and Drug Administration, 2023. Using artificial intelligence and machine
learning in the development of drug and biological products.

van Dyck, C. H,, Swanson, C. J., Aisen, P., Bateman, R. J., Chen, C., Gee, M., et al.
(2023). Lecanemab in early Alzheimer’s disease. N. Engl. J. Med. 388, 9-21. d0i:10.1056/
NEJMo0a2212948

Vissers, M. F.J. M., Troyer, M. C,, Thijssen, E., Pereira, D. R., Heuberger,]. A. A. C,,
and Groeneveld, G. J. (2021). A leucine-rich repeat kinase 2 (LRRK2) pathway
biomarker characterization study in patients with Parkinson’s disease with and
without LRRK2 mutations and healthy controls. Clin. Transl. Sci. doi:10.1111/cts.
13541

Vissers, M. F. J. M., Heuberger, J. A. A. C,, and Groeneveld, G. J. (2021). Targeting for
success: demonstrating proof-of-concept with mechanistic early phase clinical

pharmacology studies for disease-modification in neurodegenerative disorders. Int.
J. Mol. Sci. 22, 1615. doi:10.3390/ijms22041615

Vitek, G. E., Decourt, B., and Sabbagh, M. N. (2023). Lecanemab (BAN2401): an anti-
beta-amyloid monoclonal antibody for the treatment of Alzheimer disease. Expert Opin.
Investig. Drugs 32, 89-94. doi:10.1080/13543784.2023.2178414

Vollstedt, E.-J., Schaake, S., Lohmann, K., Padmanabhan, S., Brice, A., Lesage, S., et al.
(2023). Embracing monogenic Parkinson’s disease: the MJFF global genetic PD cohort.
Mov. Disord. 38, 286-303. doi:10.1002/mds.29288

frontiersin.org


https://doi.org/10.1002/acn3.644
https://doi.org/10.1186/s13195-021-00944-y
https://doi.org/10.1002/cpt.3006
https://doi.org/10.3233/JPD-229002
https://doi.org/10.1186/s12883-016-0606-3
https://doi.org/10.1186/s12883-016-0606-3
https://doi.org/10.3233/JPD-181471
https://doi.org/10.3233/JPD-181471
https://doi.org/10.1177/1177625017710941
https://doi.org/10.1016/j.drudis.2011.12.020
https://doi.org/10.1038/s41598-022-21820-1
https://doi.org/10.1038/d41573-020-00001-7
https://doi.org/10.1002/mds.29369
https://doi.org/10.1371/journal.pcbi.1002571
https://doi.org/10.1038/s43587-021-00110-x
https://doi.org/10.1186/s10020-021-00279-2
https://doi.org/10.3389/fpubh.2021.776847
https://doi.org/10.3389/fpubh.2021.776847
https://doi.org/10.1056/NEJMoa2202867
https://doi.org/10.1002/psp4.12770
https://doi.org/10.1002/cpt.2559
https://doi.org/10.1126/scitranslmed.abo1557
https://doi.org/10.1212/01.wnl.0000240220.33950.0c
https://doi.org/10.3389/fams.2022.1060489
https://doi.org/10.3389/fams.2022.1060489
https://doi.org/10.1016/S1474-4422(23)00283-1
https://doi.org/10.1016/S1474-4422(23)00283-1
https://doi.org/10.3389/fphar.2016.00006
https://doi.org/10.1126/scitranslmed.abo1557
https://doi.org/10.1126/scitranslmed.abo1557
https://doi.org/10.1038/s41531-022-00412-w
https://doi.org/10.1111/ene.16140
https://doi.org/10.1002/mds.27414
https://doi.org/10.1002/mds.27414
https://doi.org/10.1007/s13311-020-00920-8
https://doi.org/10.1007/s13311-020-00920-8
https://doi.org/10.1016/j.parkreldis.2019.11.015
https://doi.org/10.32607/actanaturae.11031
https://doi.org/10.32607/actanaturae.11031
https://doi.org/10.1016/S1474-4422(23)00109-6
https://doi.org/10.1016/S1474-4422(23)00109-6
https://doi.org/10.1007/s13311-023-01440-x
https://doi.org/10.1007/s13311-023-01440-x
https://doi.org/10.1038/s41531-023-00445-9
https://doi.org/10.1038/s41531-023-00445-9
https://doi.org/10.1056/NEJMoa2212948
https://doi.org/10.1056/NEJMoa2212948
https://doi.org/10.1111/cts.13541
https://doi.org/10.1111/cts.13541
https://doi.org/10.3390/ijms22041615
https://doi.org/10.1080/13543784.2023.2178414
https://doi.org/10.1002/mds.29288
https://www.frontiersin.org/journals/systems-biology
https://www.frontiersin.org
https://doi.org/10.3389/fsysb.2024.1351555

	Advancing precision medicine therapeutics for Parkinson’s utilizing a shared quantitative systems pharmacology model and fr ...
	1 Introduction: Key scientific and regulatory advances and enablers, development challenges and opportunities for precision ...
	2 Review of the genetic bases and associated pathways of PD and implications for biomarker development and disease stratifi ...
	3 Role and impact of QSP in drug development and opportunity to advance PD therapeutic candidates through clinical proof of ...
	4 Overview of existing initiatives and associated databases towards enabling effective and efficient clinical path to proof ...
	4.1 Sources of data for PD
	4.1.1 PPMI
	4.1.2 Accelerated medicines partnership for PD (AMP PD)
	4.1.3 Global Parkinson’s genetics program (GP2)
	4.1.4 Parkinson’s Disease Biomarker Program (PDBP)


	5 Advances in regulatory landscape and utility of modeling and simulation for addressing and accelerating drug development  ...
	5.1 Call to action for advancing precompetitive QSP models to support precision medicine strategies

	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


