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Abstract

INTRODUCTION: Biomarkers (BMs) are valuable tools to facilitate early diagnosis of
(subtypes of) diseases, improve patient selection and stratification, and detect ther-
apeutic effects or safety concerns. This study explores the extent to which BMs are
utilized in the development of treatments for neurodegenerative diseases (NDDs), as
well as topics of discussion regarding BMs in regulatory advice- and decision-making
processes and sharing of BM-related data.

METHODS: The European Medicines Agency’s marketing authorization application
(MAA), qualification (QA/QO), and scientific advice (SA) procedures regarding NDDs
were screened, and those that mention BMs were analyzed. Data were extracted on
the intended disease, BM type, and context of use proposed by applicants. BMs were
categorized based on both nature and function.

RESULTS: In total, 105 procedures that discussed BMs were analyzed, 57 SAs (January
2020 to December 2022), 19 QAs/QOs (January 2008 to December 2023), and 29
MAAs (January 1995 to December 2023). The majority involved Alzheimer’s disease
(AD; n=30), Parkinson’s disease (PD; n = 9), and multiple sclerosis (MS; n = 33). Imaging
BMs were the most common type of BMs discussed, and most BMs were used as phar-
macodynamic/response measures. The acceptance and role of BMs differed between
AD, PD, MS, and other NDDs. In regulatory procedures for AD, for example, diagnos-
tic BMs guiding patient selection were commonly discussed, whereas in MAAs for MS,
imaging BMs (particularly lesions) were generally accepted as supportive/secondary
endpoints.

DISCUSSION: Despite the established role of certain BMs, mainly imaging BMs for MS,
there remains a major need for more precise and reliable BMs to improve diagnostic
accuracy and treatment monitoring for NDDs. To implement novel BMs and facilitate

development of new treatments and to eventually improve clinical practice, robust
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1 | BACKGROUND

In the field of neurodegenerative diseases (NDDs), including but not
limited to Alzheimer’s disease (AD), Parkinson’s disease (PD), multi-
ple sclerosis (MS), and amyotrophic lateral sclerosis (ALS), there is an
urgent need for the development of new treatments, as the preva-
lence of NDDs is expected to rise significantly with increasing life
expectancy.! NDDs, defined as “a heterogeneous group of disorders
that are characterized by the progressive degeneration of the struc-
ture and function of the central nervous system or peripheral nervous
system,” commonly cause cognitive and motor impairments.? Because
their epidemiology, symptoms, neuropathology, and neuroimaging fea-
tures vary,’ timely diagnosis and monitoring and treatment strategies
are often complicated, especially for atypical variants or NDDs in the
early stage, where treatment may be most beneficial.*>

Biomarkers (BMs) are imaging features or biological molecules
found in blood, other body fluids, or tissues® that have emerged as
valuable tools that can guide earlier diagnosis of specific NDDs and
subtypes, guide earlier detection of therapeutic effects in specific
populations, and enhance development and provision of personalized
prevention and treatment.”

BMs used in clinical development programs generating pivotal evi-
dence for the assessment of new medicines in the European Union
must be validated through appropriate studies to be accepted by
drug regulators and downstream decision-makers. For example, in
the past years, three anti-amyloid monoclonal antibodies intended to
treat early AD—aducanumab, donanemab, and lecanemab—were sub-
mitted to the U.S. Food and Drug Administration (FDA) and the
European Medicines Agency (EMA). The FDA granted authoriza-
tion to two medicines via its Accelerated Approval program, which
allows for earlier authorization of medicines addressing a high unmet
need based on what they deem to be a reasonably likely surro-
gate endpoint,®? in this case, based on their ability to lower amyloid
plaque levels in the brain. Although the EMA recognized this ability to

evidence bases showcasing biological plausibility or clear clinical benefits are essential.
Collaboration and data-sharing among stakeholders is vital in generating this evidence

and enhancing the understanding and management of NDDs.

Alzheimer’s disease, biomarker, European Medicines Agency, multiple sclerosis, neurodegenera-
tive diseases, Parkinson’s disease, precision medicine

* The European Medicines Agency’s marketing authorization applications and qualifi-
cation and scientific advice procedures.

* One hundred five procedures were analyzed regarding neurodegenerative diseases
that discuss biomarkers.

» We found that acceptance and role of biomarkers differ per disease.

* Biological plausibility/clinical benefits are essential for biomarker implementation.

lower amyloid plaque levels, aducanumab’s authorization was refused
because “the link between this effect and clinical improvement had
not been established.”? Lecanemab’s accelerated authorization was
later converted by the FDA to traditional authorization.!! Although
lecanemab’s authorization was initially refused by the EMA because
its effect “does not counterbalance the risk of serious adverse events
associated with the medicine,” lecanemab has recently received a
positive opinion for a restricted indication.’%13 The EMA has an
expedited authorization program similar to the FDA’s Accelerated
Approval program, Conditional Marketing Authorization, which relies
on benefit-risk assessment and expires yearly?: however, this was not
utilized in the cases of aducanemab and lecanemab. Currently, the
FDA has also granted traditional authorization to donanemab, which
at the EMA is still under evaluation.'* The FDA’s decision to autho-
rize these medicines, in contrast to the EMA’s initial refusals, has
sparked discussion about their differing approaches. Although both
agencies generally show a high degree of concordance in market-
ing authorization decisions (91%-98%),1> these examples highlight
instances where they diverge. The FDA’s Accelerated Approval is
known to rely more on unmet need and can be based on reasonably
likely surrogates of benefit.1¢ Of note, the FDA's revised draft guid-
ance regarding drug development for early AD recognizes the use of
BM data (e.g., brain amyloid burden, as measured by positron emis-
sion tomography) to support the accelerated authorization of these
medicines.!”

Given the debate about BMs in the authorization process of these
AD medicines, it is valuable to examine in more detail how BMs
are used and discussed in interactions with the EMA. Several proce-
dures exist for drug developers to interact with the EMA’s Committee
for Medicinal Products for Human use (CHMP) prior to applying
for marketing authorization (MAA), including scientific advice (SA) and
qualification of novel methodologies for medicines development (QoNM),
resulting in qualification advice (QA), which may in addition provide a

letter of support (LoS), or a qualification opinion (QO) 8 (see Box 1).
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Box. 1. Description of interaction possibilities with the
European Medicines Agency (EMA) through scientific
advice (SA), qualification of novel methodologies, or inno-

vation task force (ITF) meetings

Through scientific advice (SA) procedures, developers can
engage with regulators to align development expectations, by
posing questions and presenting their plans, after which they
receive guidance from the EMA.! Additionally, the EMA offers
protocol assistance for orphan designated medicines and has
established the qualification of novel methodologies (QoNM)
for medicine development in 2008, allowing for the assessment
and potential endorsement of new methodologies in the
context of drug development, such as BMs, by the Committee
for Medicinal Products for Human Use (CHMP).Z Such a
qualification procedure can result in a qualification advice (QA),
in which the CHMP advises on protocols and methods when a
methodology is not considered mature enough for qualification
yet. In addition to the qualification advice, EMA may issue a
letter of support (LoS), which becomes publicly available on the
EMA website, signaling that the methodology is considered
promising for future qualification. If a novel methodology is
broadly endorsed by the CHMP, they may issue a qualification
opinion (QO).2 Furthermore, it is possible to request an
innovation task force (ITF) meeting, which functions as a
discussion platform for early dialogue. It aims to help in
proactively identifying scientific, regulatory, and legal issues of
emerging therapies and technologies.® An ITF is an informal
meeting intended to fill the gap between early-stage research
and formal regulatory procedures that involve fees, such as SAs

and the QoNM.?
lEuropean Medicines Agency. Scientific advice and
protocol assistance [Internet]. 2023 [Available from:

https://www.ema.europa.eu/en/human-regulatory/research-
development/scientific-advice-protocol-assistance.

2European Medicines Agency. Qualification of novel methodolo-
gies for medicine development [Internet]. 2024 [cited 2024 8th
of May]. Available from: https://www.ema.europa.eu/en/human-
regulatory/research-development/scientific-advice-protocol-
assistance/qualification-novel-methodologies-medicine-
development-0.

3European Medicines Agency. Supporting Innovation [Internet].
2024 [Available from: https://www.ema.europa.eu/en/human-
regulatory-overview/research-development/supporting-
innovation.

Previous publications have explored advances in the field of BMs
for NDDs® or the use of BMs in the European or global regulatory
contexts.'8-21 However, no comprehensive overview is available that
details the role of BMs in the development, and European regulatory
advice- and decision-making, for NDD treatments. Within the scope
of the Innovative Medicines Initiative (IMI)-funded European Platform
for Neurodegenerative Diseases (EPND) (see Supplementary Material
1), this study was designed to describe the extent to which BMs are

utilized in the development of NDD treatments and to explore top-
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RESEARCH IN CONTEXT

1. Systematicreview: We analyzed the European Medicines
Agency’s marketing authorisation applications, qualifica-
tion, and scientific advice procedures related to neu-
rodegenerative diseases (NDDs), focusing on the role
of biomarkers (BMs). Key data extracted included the
disease, BM type, and context of use.

2. Interpretation: Our findings provide the first comprehen-
sive overview of BM use in regulatory decision-making for
NDD treatments. This helps inform future BM discovery
and validation efforts, offering valuable insights into the
current regulatory landscape.

3. Future directions: There is a need for more precise and
clinically validated BMs for NDDs. Future efforts should
prioritize building a robust evidence base, with collabora-
tion and data-sharing across stakeholders being crucial.
Initiatives like the European Platform for Neurodegen-
erative Diseases can accelerate BM discovery and vali-
dation, thereby enhancing the development of effective
therapies.

ics of discussion around these BMs and sharing of BM-related data
within European regulatory advice- and decision-making processes,
ultimately informing initiatives for BM discovery and validation for

future therapeutic developments.

2 | METHODS

Regulatory dossiers regarding NDD medicines development and
authorization submitted to the EMA that mentioned BMs were ana-
lyzed. The included MAAs were selected from all MAAs since the
establishment of the EMA (January 1995 to December 2023), including
refused and withdrawn MAAs. All qualification procedures since ini-
tiation of the QoNM procedure were screened for inclusion (January
2008 to December 2023). For feasibility reasons, SAs were selected
from 3 recent years (January 2020 to December 2022), since there are
more than 750 SAs yearly.?2

2.1 | Selection of procedures

The units of analysis are MAA, QA/QO/LoS, and SA procedures
described in NDD regulatory dossiers. A complete overview of
included NDDs, based on the International Classification of Diseases,
Eleventh Revision (ICD-11),2% is provided in the Supplementary Mate-
rial 2.23 Each procedure could comprise several (candidate) BMs, either
as individual BMs or as part of a panel. Related procedures, such as

follow-up procedures, were treated as independent units.
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Type of procedure

Dates included

Data obtained from

Marketing Authorisation Application (MAA)

January 1%t 1995- December 31, 2023

EMA website (overview table) (24)
Union Register of medicinal products for human
use (26)

Qualification of Novel Methodologies for
Medicine Development (QA/QO/LoS)

January 1%, 2008 — December 31, 2023 (i.e.
since the introduction of the procedure)

IRIS; internal EMA database
EMA website screened (August 2024) (25)

Scientific Advice (SA)

January 1%, 2020 — December 31, 2022

IRIS; internal EMA database

/

\

/

KQAS/QOS (n=19)

Excluded documents that were:
. Excluded documents that were:
Documents retrieved: * Not NDD (n=15) Documents retrieved: Excluded documents that were: Documents retrieved: + Not NDD (n=2)
* Inaccessible (n=1) QAs/QOsfor NDDs ==+ Not NDD (n=1)  —
MAAs for NDDs (n=79) ) . . SAs for NDDs (n=109) * Inaccessible (n=2)
« Informed consent/new fixed (n=50) « Inaccessible (n=2) "
+ Duplicate (n=1)
I application (n= 16) l |
Screening of Excluded documents that did not Screening of Excluded documents that did not Screening of Excluded documents that did not
documents: — discuss BM: documents: m— discuss BM: documents: — discuss BM:
MAAs (n=47) *  MAAs (n=18) QAs/QOs (n=47) *  QAs/QOs (n=28) SAs (n=104) *  SAs(n=47)
Documentsincluded in Documents included in Documents included in
analysis: analysis: analysis:
MAASs (n=29)

= 4

FIGURE 1 Study population and source documents and selection of biomarker-related regulatory documents on NDDs at the EMA. In gray:
MAAs, resulting in 29 included documents. In blue: QA/QO procedures, resulting in 19 included documents. In green: SAs, resulting in 57 included
documents. EMA, European Medicines Agency; MAA, marketing authorisation applications; NDD, neurodegenerative diseases; SA, scientific

advice; QAs/QOs, qualifications.

The documents were retrieved from the EMA’s internal database
IRIS (QA/QO/LoS, SA) or the EMA website (MAA)2* (Figure 1). Euro-
pean Public Assessment Reports (EPARs) of the MAAs, as well as the
QOs and LoS, are publicly available on the EMA website. The used
search strategy is presented in Supplementary Material 3. The identi-
fied documents were cross-checked with those provided on the Union
Registry (MAA), the EMA website (QOs/LoS), and internal records of
all requested QAs/SAs.2>26 The obtained documents were screened
to determine their eligibility for inclusion. Documents were excluded
if they were not related to NDDs, or were duplicates, inaccessible,
or solely aimed at treating a symptom. Only initial, full MAAs (with
a legal basis of Article 8(3)) were included. MAAs concerning gener-
ics, informed consent, or new fixed-dose combination applications
were excluded. For QAs/QOs and SAs withdrawn before comple-
tion of the procedure, it was confirmed that these documents could
not be retrieved. In addition, QAs/QOs that aimed to qualify non-
BM methodologies—including clinical scores, performance outcomes,
patient-reported outcomes, registries and other data platforms, clin-
ical trial methodologies, and statistical or modeling methods—were
excluded. The selection process was performed by one researcher
(A.M.M.H.) and validated by at least one other researcher (AM.G.P,
E.B., L.d.O., PGM.M, VS.). Disagreements were resolved through
discussion until consensus was reached.

2.2 | Data extraction, characterization, and
interpretation

For each procedure, several characteristics were extracted, including

the NDD (and subtype) for which the medicine was intended, and infor-

mation regarding sharing and access of data and samples. Additional

characteristics were extracted depending on the type of procedure:

1. MAA procedures: Whether SA had been sought before the MAA.

2. Qualification procedures: The outcome of the procedure (QA/QO)
and whether it was a follow-up procedure. In the case of a QA, it was
reported whether the applicant received an LoS.

3. SAprocedures: Whether it was a follow-up procedure.

For all BMs, the following characteristics were extracted: BM type,
and context of use (CoU) proposed by the applicant. Each BM was cate-
gorized based on its function, according to the EMA’s definition of BMs
and categories used in previous studies (Table 1).618 In addition, BMs
were assigned to the following broad CoU-categories: (1) patient selec-
tion, stratification, and/or enrichment; (2) efficacy; and (3) safety. BMs
could be assigned to multiple intended CoU, BM-categories, BM-types,
and/or diseases.

3 | RESULTS

3.1 | Overview of regulatory documents

The total number of regulatory documents for NDDs within the
defined study periods that were identified were 78 MAAs (January
1995 to December 2023), 50 QAs/QOs (January 2008 to December
2023), and 109 SAs (January 2020 to December 2022) (Figures 1
and 2). After the exclusion of documents for various reasons, 44 MAAs,
47 QAs/QOs, and 104 SAs were screened for discussions on BMs. Of
those, 29 MAAs, 19 QAs/QOs, and 57 SAs met the inclusion criteria
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TABLE 1 Definitions, adapted from the EMA’s definition of BMs® and the categories used in previous studies.

BM categories

* Diagnostic BM
* Prognostic BM
* Predictive BM

Definition

Clinical Interventions

7,13,15

Used to identify individuals with a disease or condition.
Used to identify the likelihood of a clinical event, disease recurrence, or progression.

Used to identify the likelihood of a response to exposure to a particular medicine. The

response could be a symptomatic benefit, improved survival, or an adverse effect.

* Pharmacodynamic/response BM

Used to show that a (beneficial or harmful) biological response has occurred in an

individual after exposure to a medicine.

Biomarker measurement

* Imaging BM

* Histopathology BM

* Physiology BM

* Soluble BM

* GeneticBM

* BM panel/algorithm

BM CoU

* Patient selection, stratification, and/or enrichment

* Efficacy
O Surrogate efficacy/primary endpoint
o Secondary endpoint
o Tertiary endpoint (or higher)/Exploratory endpoint

* Safety

* Proof of concept

The method is used to quantify the biomarker.
Measurement of the BM through imaging.

Measurement of the BM in biological tissues.
Measurement of the BM through physiological responses.
Measurement of the BM in biological fluids.

Measurement of the BM through DNA sequencing.

Abbreviations: BM, biomarker; CoU, context of use; DNA, Deoxyribonucleic Acid; EMA, European Medicines Agency.

Alzheimer's disease - MAA ®
QAIQO
Parkinson's disease - MAA
QAIQO

Multiple sclerosis - MAA ® © @ @

QAIQO
Other NDDs - MAA
QA/QO

1995 2000 2005

e 9O 200 o 0@ o
6
®
Type
¢ . . *  MAA
. * QAQO
2010 2015 2020 2023

Year

FIGURE 2 Timeline of MAAs and QA/QO procedures discussing BMs related to AD, PD, MS, and other NDDs. In green: MAAs from the

establishment of the EMA in 1995 until 2023, focusing on the mentioned diseases. In blue: QAs/QOs since the introduction of the qualification of
novel methodologies for medicine development in 2008 until 2023. AD, Alzheimer’s disease; BM, biomaker; EMA, European Medicines Agency;
MAA, marketing authorisation applications; MS, multiple sclerosis; NDD, neurodegenerative diseases; PD, Parkinson’s disease; QA, qualification

advise;QO, qualification opinion.

and provided data for analysis (Supplementary Material 4). Although
SA was sought prior to the MAA for 19 MAA procedures, none of these
SAs were included, as 18 of those were outside of the selected study
period for the SAs and one did not mention BMs. For the 19 QAs/QOs, 9
corresponding LoS could be identified. A detailed overview of the data
of allincluded procedures that contain publicly available information is

available upon request.

32 | AD

The four MAAs in the field of AD that discussed BMs included mainly
imaging BMs detecting histopathological changes in the brains of AD
patients (Table 2 and Figure 3). Three of the four authorized AD
medicines were imaging radiotracers used to measure amyloid beta

and tau in the brain, to inform AD diagnosis. However, it was stated



60f13 Translational Research HERMANS T AL.
Clinical Interventions
TABLE 2 BMsfound for NDDs in the publicly available MAAs, QOs, and LoS.
BMs identified Year Procedure Type Use CoU Ref.
Alzheimer’s disease
Macrolesions 2002 1MAA Imaging Diagnostic Patient selection, stratification, 27
and/or enrichment
Low hippocampal 2011 2Q0 Imaging Diagnostic, Prognostic Patient selection, stratification, 28,29
volume and/or enrichment; Proof of
concept
CSF AB1-42 and total 2011- 2Q0 Soluble Diagnostic, prognostic Patient selection, stratification, 28,30
tau 2012 and/or enrichment
PET imaging for 2012- 3MAA Imaging Diagnostic, prognostic, Other: proof of tracer binding, 28,31-34
amyloid beta 2014 2Q0 predictive patient selection, stratification,
and/or enrichment
APOE ¢4 2012- 2MAA Genetic Diagnostic Patient selection, stratification 82,33
2013 and/or enrichment
PD
Dopamine 2016~ 1LoS Imaging Diagnostic, prognostic Patient selection, stratification, SEHEL
transporter 2018 1Q0 and/or enrichment
MS
Serum neutralizing 1995 1 MAA Soluble Pharmacodynamic/ Other 37
activity (neutralizing response
antibodies)
Lesions (GdE+,T1,T2 1996~ 17 MAA Imaging Pharmacodynamic/ Patient selection, stratification, 38-53
2023 response and/or enrichment
Efficacy; (surrogate) efficacy,
secondary endpoint, tertiary or
exploratory endpoint
Brain volume 2011- 5MAA Imaging Pharmacodynamic/ Efficacy; (surrogate) efficacy, 44,48-50,54
2021 response secondary endpoint, Safety
White blood cell 2011- 2 MAA Soluble Diagnostic, Safety, Other 4254
and/or lymphocyte 2013 pharmacodynamic/
count response
Interleukin 21 2013 1MAA Soluble Predictive Safety 87
Brain atrophy 2014 1MAA Imaging Diagnostic, prognostic, Patient selection, stratification, 40
pharmacodynamic/ and/or enrichment, Efficacy;
response secondary endpoint, exploratory
or tertiary endpoint
Peripheral blood 2014 1MAA Soluble Pharmacodynamic/ Safety 40
mononuclear cells response
Inflammatory markers 2014 1 MAA Soluble Pharmacodynamic/ Safety 40
(CRP, ESR, fibrinogen) response
Serum neopterin 2014 1 MAA Imaging Pharmacodynamic/ Other 47
concentration response
RNA gene expression 2014 1 MAA Genetic Predictive Efficacy; exploratory or tertiary 47
profiling & genetic endpoint
polymorphisms
Cytokine/chemokine 2014 1 MAA Soluble Predictive Efficacy; exploratory or tertiary 47
panel endpoint
SMA
SMN protein levels 2017 1 MAA Soluble Pharmacodynamic/ Efficacy; exploratory or tertiary *
response endpoint
SMN gene 2017- 3MAA Genetic Diagnostic, prognostic, Patient selection, stratification, e
2021 predictive and/or enrichment

(Continues)
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TABLE 2 (Continued)

BMs identified Year Procedure Type Use CoU Ref.

Compound muscle 2017 1 MAA Physiology Pharmacodynamic/ Efficacy; secondary endpoint &

action potential response

(number of motor

neurons)

ALS

Lipid peroxide 2019 1MAA Soluble Pharmacodynamic/ Efficacy; secondary endpoint, 58

concentrationin response exploratory endpoint

blood

Free fatty acid 2019 1MAA Soluble Pharmacodynamic/ Efficacy; secondary endpoint, 58

concentrationin response exploratory endpoint

blood

MLD

Arylsulfatase A 2020 1 MAA Soluble Pharmacodynamic/ Efficacy; (surrogate) efficacy &

activity response

ALD

ALDP-producing cells 2021 1MAA Soluble Pharmacodynamic/ Efficacy; exploratory endpoint 60
response

ABCD1 gene mutation 2021 1MAA Genetic Diagnostic Patient selection, stratification, 60

and/or enrichment

Lesions (GdE) 2021 1 MAA Imaging Diagnostic, Patient selection, stratification, 60
pharmacodynamic/ and/or enrichment
response Efficacy; secondary endpoint,

exploratory endpoint

Various neurodegenerative diseases

NfL 2022 1LoS Soluble Diagnostic, prognostic, Patient selection, stratification il
pharmacodynamic/ and/or enrichment
response Efficacy; not specified

BrainTale 2023 1LoS Imaging Diagnostic, prognostic, Patient selection, stratification, L2

pharmacodynamic/
response

and/or enrichment
Efficacy; not specified

Note: A detailed overview of the data of all included procedures that contain publicly available information is available upon request.
Abbreviations: ABCD1, adenosine triphosphate binding cassette subfamily D member 1; AB, amyloid-3; ALD, adrenoleukodystrophy; ALDP, adrenoleukodys-
trophy protein; ALS, amyotrophic lateral sclerosis; APOE ¢4, apolipoprotein E ¢4; BM, biomarker; CoU, context of use; CRP, C-reactive protein; CSF,
cerebrospinal fluid; ESR, erythrocyte sedimentation rate; GdE, gadolinium-enhancing; LoS, letter of support; MAA, marketing authorisation application;
MLD, metachromatic leukodystrophy; MS, multiple sclerosis; NDD, neurodegenerative disease; NFL, neurofilament light chain; PD, Parkinson’s disease; PET,
positron emission tomography; QO, qualification opinion; RNA, ribonucleic acid; SMA, spinal muscular atrophy; SMN, survival motor neuron.

that these BMs are not sufficient on their own to confirm AD diag-
nosis. The genetic BM apolipoprotein E (APOE) ¢4 was used in trials
to stratify the population and investigate differences in binding of the
radiotracer based on genetic predisposition (Table 2 and Figure 3). In
the fourth MAA, macrolesions were used to stratify patients in studies
investigating memantine hydrochloride for treatment of mild to severe
AD and vascular dementia. In three of the previously described proce-
dures, the discussed BMs were included in the benefit-risk discussion
of the dossier. For two of the diagnostic tracer MAAs, SA was sought
before the MAAs were submitted.

Four of the 12 BM-related qualification procedures resulted in QOs,
of which three were follow-up procedures to previous QAs. These four
QOs included: (1) PET amyloid imaging for enrichment of predemen-
tia AD clinical trials, (2) cerebrospinal fluid (CSF) related BMs (A31-42
and total tau) for selecting patients for amyloid-targeting medicines in
early AD, (3) low hippocampal volume by MRI for use in clinical trials in
predementia stage of AD, and (4) CSF-related BMs (AB1-42 and total

tau) for enrichment of trials assessing medicines for mild and moderate
AD (Table 2). None of the eight QAs received a LoS.

There were 14 SAs in the field of AD that discussed BMs, of which
6 were follow-up procedures related to four different medicines. Simi-
lar to the MAAs and QA/QOs, BMs discussed within these procedures
were mainly imaging, soluble, and genetic BMs, mostly for selecting or
stratifying trial participants (Figure 3). In two cases, an imaging BM was
proposed as an efficacy measure, but the use of this BM as a surrogate

for efficacy was not considered justified according to the CHMP.

33 | PD

Although there were 13 MAAs for medicines treating PD, none of these
dossiers discussed BMs within their main studies.

The four qualification procedures related to PD discussed three
diagnostic/stratification and prognostic protein-based imaging BMs,
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30 Biomarker types 30 Use of biomarkers

25 - — 25 4

20 H 20 A

15 4 15

10 + 10 o

5 | H H 5 | H

; O - L, = oo B =

Imaging Soluble Genetic Physiology Diagnostic/ Prognostic Predictive Pharmacodynamic/
Stratification Response
(C) 25 Context of use

20 A
15 o — —
10

/i

nedlle Ol n

Patient selection, Efficacy; primary/ Efficacy;
stratification and/  surrogate secondary
or enrichment endpoint endpoint

@ Alzheimer's Disease [ Parkinson's Disease O Multiple Sclerosis
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FIGURE 3 Number of regulatory documents (MAAs, qualification procedures and SA procedures) for AD, PD, MS, and other NDDs
mentioning different types of BMs (A); use of BMs (B), and contexts of use (C). For AD (blue), the majority of the procedures mentioned imaging
BMs (n=21) or BMs used for diagnostic/stratification purposes (n = 24), and the most seen CoU was patient selection, stratification, and/or
enrichment (n = 23). For Parkinson’s disease (green), most BMs were imaging BMs (n = 7) or BMs used for pharmacodynamic/response purposes
(n=4), and the most observed CoU was efficacy as a primary/surrogate endpoint (n = 5). For MS (gray), the majority of BMs were imaging BMs
(n=24) or BMs used for pharmacodynamic/response purposes (n = 20), with the most frequent CoU being patient selection, stratification, and/or
enrichment (n = 13). Finally, for other NDDs (yellow), the majority of BMs were soluble BMs (n = 20) or BMs used for pharmacodynamic/response
purposes (n = 28), with the most observed CoUs being patient selection, stratification, and/or enrichment (n = 15), and efficacy as a
primary/surrogate endpoint (n = 15). AD, Alzheimer’s disease; BM, biomarker; CoU, context of use; MAA, marketing authorisation application; MS,
multiple sclerosis; NDD, neurodegenerative diseases; PD, Parkinson’s disease; SA, scientific advice.

and one pharmacodynamic protein-based imaging BM used for moni-
toring disease progression or response (Figure 3). One QA, regarding
molecular imaging of dopamine transporters for identifying patients
and enriching trials (dopamine transporter single photon emission
computed tomography (DAT-SPECT)), resulted in a LoS. The follow-up
procedure resulted in a QO (Table 2).

There were five SAs in PD, of which four discussed pharmacody-
namic/response BMs and one discussed a genetic predictive BM to

select patients with a genetic deficiency (Figure 3).

34 | MS

The majority of the BMs mentioned in the 20 MAAs regarding

MS were lesions measured by protein-based imaging, including

gadolinium-enhancing lesions, and T1 and T2 lesions, used for patient
selection or to measure the effect on disease activity (Table 2 and
Figure 3). About half of the included procedures also discussed these
lesions as diagnostic or prognostic BMs to select and/or stratify
patients for MS clinical trials. Other MAAs included soluble BMs,
which were mainly pharmacodynamic/response BMs (n = 12) to assess
safety or efficacy (Figure 3). These included, for example, lymphocyte
or B-cell counts (n = 6), brain volume (n = 5), and neopterin (n = 1),
used to confirm the recipient has a pharmacodynamic response to
treatment based on the mechanism of action. Neutralizing antibodies
in serum were sometimes measured (n = 2) to analyze whether the
response to treatment was different in recipients with and without
neutralizing antibodies, and several inflammatory markers were
measured for safety reasons (n = 3). More specifically, interleukin 21

(IL-21) was measured, since it was considered as a potential predictive
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BM of autoimmunity. In this specific dossier, CHMP recommended the
applicant to further investigate IL-21, as well as to continue exploring
additional potential BMs. BMs measured as secondary, tertiary, or
exploratory endpoints included RNA gene-expression profiling BMs,
a cytokine/chemokine panel, and neurofilament light chain (NfL). The
first two were considered to be predictive of treatment response
(peginterferon beta-1a). NfL was included as a secondary endpoint in
the MAA of ofatumumab, since it was “hypothesized to be a putative
BM to indicate treatment response and to predict disability worsening
in patients with MS”. In 18 of the 20 MAAs, BMs were considered
by the CHMP of such relevance that they were also included in the
benefit-risk discussion of the dossier. For fourteen of the included
MAASs SA was sought before the MAA.

One qualification procedure was included, discussing a protein-
based soluble BM to use as a prognostic BM or to measure efficacy
response, which did not result in a QO (Figure 3).

In the selected study period, there were 12 SAs within the field
of MS discussing BMs. Two of those were follow-up procedures, both
related to the same medicine. Four SAs discussed diagnostic and/or
stratification imaging BMs. The eight other BMs were suggested for
pharmacodynamic/response purposes (Figure 3). These also included
nine imaging, efficacy BMs, and four soluble, efficacy BMs, one of those

included as a tertiary or exploratory endpoint.

3.5 | Other NDDs

Other NDDs for which MAAs existed that discussed BMs (n = 6)
included adrenoleukodystrophy, spinal muscular atrophy (SMA),
ALS, and metachromatic leukodystrophy. These discussions on
BMs included four diagnostic/stratification BMs, six pharmacody-
namic/response BMs, and one used for both (Figure 3). Most were
soluble BMs (n = 5), followed by genetic (n = 4), imaging (n = 1), and
functional BMs (n = 1), used mainly to measure efficacy (n = 6) or select
patients (n = 5). In addition, BMs included two secondary endpoints,
four tertiary or exploratory endpoints, and one safety measure (Table 2
and Figure 3). In five procedures, the discussed BMs were included
in the benefit-risk discussion of the dossier. For five MAAs, SA was
sought.

Two qualification procedures on other NDDs were included, one
concerned a BM panel and one a single BM. Both were initial QAs that
resulted in LoS, of which the first was the BrainTale platform, combin-
ing several dynamic imaging BMs for use as, for example, a diagnostic,
disease staging, prognostic, or response to treatment (surrogate) BM
(Table 2 and Figure 3). BrainTale is a digital tool for studying white
matter in NDDs known to be linked to white matter alterations (e.g.,
leukodystrophies). The other BM was NfL, proposed as a BM of axonal
damage for disease staging, to monitor disease activity, and to assess
treatment responses in various pediatric neurological diseases, includ-
ing SMA, neuronal ceroid lipofuscinoses 1 and 2, MS, metachromatic
leukodystrophy, and mitochondrial encephalopathy (Table 2).

There were 26 SAs for other NDDs discussing BMs. Five of those

were follow-up procedures. The main diseases within these 24
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SAs were ALS (n = 8), SMA (n = 4), and Huntington’s disease (HD)
(n=4).

3.6 | Sharing of data and samples

Information about sharing of and/or access to data and samples was
not discussed in any of the included MAAs and SAs. Only the single
included QA on MS discussed this topic, which related to standardizing
sample collection and assay validation for the BM to ultimately qual-
ify the BM. However, the use of publicly accessible data and intending
the sharing of tools was mentioned in multiple QAs/QOs. Five of the
AD procedures used publicly available data from the Alzheimer’s Dis-
ease Neuroimaging Initiative (ADNI). Two AD procedures mentioned
that they intended to provide a tool for diagnosis and risk assessment
with the data they gathered. Four of the procedures on PD mentioned
the use of public data from the Parkinson’s Disease Progressive Mark-
ers Initiative (PPMI). Of interest, in one initial and one follow-up QA
on PD it was mentioned by the applicant that a LoS issued by the EMA

could allow the sharing of information on the BM.

4 | DISCUSSION

This analysis provides a broad perspective on the role of BMs within
European regulatory procedures for NDDs. The acceptance and role of
BMs differ between NDDs. The number of included MAAs discussing
BMs was highest for MS (n = 20). For PD, only a few MAAs were
identified, none discussing BMs. Early interaction was sought most fre-
quently in AD, with 12 qualification procedures discussing the use of
novel BMs to assist in AD diagnosis, of which 4 resulted in a QO. The
majority of SAs discussing BMs (n = 24) were in the context of NDDs
other than AD, PD, or MS. Most BMs within the procedures were imag-
ing and soluble BMs used for patient selection or to assess efficacy, the
latter driven primarily by the high number of MS MAAs.

Our results should be seen in the context of a rapidly changing
landscape, where NDDs are being redefined as biological constructs,
including their presymptomatic phases. For example, imaging BMs
have been advancing rapidly in recent years and have been providing
valuable information for diagnosis or monitoring of several NDDs in
a minimally invasive manner.®® This is reflected by our results, show-
ing that imaging BMs were used predominantly within the studied
dossiers, especially in the field of MS followed by soluble BMs, which
were most dominant within the field of AD (Table 2). According to the
EMA MS guideline, these magnetic resonance imaging (MRI) outcomes
are even sufficient to establish clinical similarity for the authorization
of biosimilars.* In addition, according to CHMP assessment, for
example, in a variation application of teriflunomide, it is justified to use
these outcomes for extrapolation to pediatric indications.®®> Although
their use seems relatively established within the regulatory dossiers
and gadolinium-enhancing lesions and T2 lesions are considered a
crucial part of the widely accepted diagnostic criteria, a need remains

for more accurate, reliable, objective, and trackable BMs to prevent
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misdiagnosis and to improve monitoring of MS and its treatments.®¢
Several novel imaging and soluble BMs are currently being investi-
gated, including a cytokine/chemokine panel, BMs related to RNA gene
expression, and NfL, which were also described in included MAAs as
secondary, tertiary, or exploratory endpoints.

In the MAA of MS treatment, ofatumumab NfL was studied as a sec-
ondary endpoint. In addition, the CHMP issued an LoS for the use of
NfL to monitor disease activity in various pediatric NDDs. This BM,
used mainly as an indicator for neuron axonal damage, is included as an
endpoint in 28 trials currently registered in the EU Clinical Trials Infor-
mation System (CTIS) (including for AD, ALS, MS, and HD),®” and has
been used as a secondary outcome in studies assessed by the FDA and
EMA for authorization of tofersen, a recently-authorized, novel treat-
ment for a rare genetic form of ALS. Both authorities have indicated
that more evidence is needed to establish the prognostic and predictive
value of NfL in ALS and other NDDs, and that NfL cannot be consid-
ered a validated surrogate endpoint for NDDs, despite the biological
plausibility.?® The FDA, in the setting of unmet need, however, labeled
NfL as a reasonably likely surrogate endpoint for superoxide dismutase
type 1 (SOD1) ALS and granted Accelerated Approval.1® In the EU, the
majority of CHMP considered that in this rare setting with an impor-
tant unmet need, the totality of the evidence was adequate to support
authorization. This evidence included the NfL data, tofersen’s plausi-
ble mechanism of action, demonstrated SOD1 target engagement, and
numerical improvement on the ALS Functional Rating Scale Revised
(ALS-FRS-R).%? Some members disagreed and requested additional
information to be generated post (conditional) authorization.®®

Also noteworthy is the use of integrated staging systems in PD and
HD, with alpha-synuclein as measured by seed amplification assays
playing a key role in PD.”%’1 The FDA has recently issued an LoS
encouraging further studies of a novel method to amplify alpha-
synuclein in CSF, to detect at-risk populations and enrich clinical trial
populations.”? In addition, the LoS encourages sharing patient-level
datafrom clinical trials and natural history studies to enable confidence
in the use of alpha-synuclein in CSF as a BM in drug development.

Also outside of the study inclusion time frame, in June 2024, CHMP
adopted the QO for Centiloid Unit (CL) used to quantify brain amy-
loid for the enrichment of clinical trials. This methodology enables
a tracer-independent standardized approach to quantitatively mea-
sure amyloid in the brain, for which the three F-18 PET tracers [18F]
florbetapir, [*8F] florbetaben, [18F] flutemetamol, which were also
identified in our study, are currently authorized.”* In addition, [11C]PiB,
although not authorized for this indication, is used widely for evi-
dence generation and repeatedly mentioned in the identified QOs.
The CL QO stated that “it is agreed that a quantitative measurement
such as CL might provide valuable additional information for the con-
sistent inclusion of patients for AD targeted therapies and possibly
also to identify the optimal window for therapeutic intervention.” It
also stated that it could potentially serve as a tool for monitoring
and follow-up in future treatments, but that its clinical utility would
rely on clinical data produced for such treatments and that, since it
remains debatable if reducing amyloid beta leads to meaningful clin-

ical benefits, using it as a surrogate BM or for monitoring treatment

response is still premature.”® Even more recently, [18F] flortaucipir has
been authorized as the first PET tracer in the EU for the detection
of tau neurofibrillary tangles.”* There is a growing body of literature
supporting the utility of blood-based BMs in AD, with guidance on
the preferred characteristics of these tests recently published by the
World Health Organization.”> For example, phosphorylated tau (p-
tau) is described as a leading blood BM candidate, as it demonstrated
superior diagnostic accuracy and disease specificity compared to other
candidates.”® Blood-based BMs such as amyloid, tau, and immunologi-
cal markers could be helpful as early diagnostic tests to select patients
who are likely to benefit from treatments and to monitor treatment
effects.”” Yet, at the same time, the researchers recognize that corre-
lation between the BM and clinical change is essential.”” Furthermore,
as long as the BM is not fully validated, the impact of the BM on clin-
ical endpoints remains key for regulators. Therefore, early interaction
with regulators through SAs or QoNM is of added value on the road to
European marketing authorization.

The above-mentioned examples illustrate that understanding of the
disease mechanisms and implications of the quantities measured by
each BM in such mechanisms form the basis for regulators’ trust in
using BMs. For AD, ALS, and other NDDs, further research on the
disease mechanisms is much needed. However, even if the disease
mechanism is not fully elucidated, evidence for the relation between
a BM and the clinical outcome, sufficiently validated in appropriate
studies, could contribute to the evidence base supporting regulatory
acceptance of its use as a surrogate for clinical outcome. For example,
if robust evidence on the correlation of amyloid reduction with mean-
ingful clinical benefit had been available, it might have contributed to
the evidence base supporting the AD treatments, of which one was
withdrawn after re-examination and second refusal by the EMA (adu-
canemab), and the other received a positive opinion for a restricted
indication at the time of writing after initial refusal (lecanemab).121378
In addition to mechanistic understanding, regulators require data
confirming suitability for a given CoU.

The standardization of measurements, such as CL, promotes data
harmonization, which in turn contributes to building a sufficient evi-
dence base for novel NDD BMs and, eventually, treatments. This data
harmonization can be enhanced by data sharing between different
stakeholders in the field of NDDs. From the regulatory side, the pub-
lic availability of QOs and LoS is a way for the EMA to encourage
data sharing on ongoing developments, promoting further advance-
ments while ensuring quality by being open to scientific review and
discussion.”? In addition, a summary of the most important data that
form the evidence base in MAAs is published in EPARs on the EMA
website. Regulatory agencies, including the EMA, aim to promote shar-
ing of data and knowledge, as stated in their EMA Regulatory Science
to 2025 Strategic Reflection. For this purpose, the EMA aims to drive
a data sharing culture to foster open science that is mutually benefi-
cial for all stakeholders. Publicly available data from ADNI and PPMI
have been used in BM-related qualification procedures for AD and PD,
which shows that the data sharing can be valuable for BM develop-
ment in NDDs. This aim is shared by EPND (Supplementary Material

1), which seeks to accelerate BM discovery for NDDs to address the
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need, for example, enabling earlier diagnosis, improved selection of
patient populations, and better disease monitoring and monitoring of
treatment effects.

Although this study provides valuable insights that may help achieve
the abovementioned goals, the results of this study should be seen
in view of some limitations. Performance outcomes, of which some
could be considered digital BMs, were not included in this study, since
these are beyond the scope of the used definition of BMs. However, for
some NDDs, such as PD, they may be of great interest to, for exam-
ple, establish efficacy or monitor disease progression. This led to an
underrepresentation of the current developments in the field of PD.
Another limitation of the study is that the content of SAs due to their
confidentiality cannot be disclosed other than on a high-level aggre-
gated manner. The risk of bias introduced by this type of data selection,
extraction, and analyses was mitigated through data validation by
multiple researchers to minimize subjectivity.

In conclusion, this study offers an overview of different approaches
to BM utilization across regulatory procedures within the rapidly
changing landscape of NDDs. Despite the established role of some
BMs in regulatory dossiers and clinical guidelines, there remains a
significant need for more precise and reliable BMs. To successfully
implement novel BMs in the field of NDDs, leading to new authorized
treatments, a robust evidence base is required, including demonstra-
tion of strong biological plausibility or a clear correlation of the change
in BM with meaningful clinical benefits. With the increasing experi-
ence in developing and evaluating BMs, the ongoing redefinition of
NDD:s as clinical-biological constructs, and the exchange of knowledge
through the multiple existing interaction opportunities (Box 1), regu-
lators and researchers should establish sets of requirements for each
possible CoU. Such a framework, together with continued collabora-
tion and data harmonization and data-sharing among stakeholders will
be pivotal in transforming our understanding and management of these
complex disorders.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.
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