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Shared session 
with Bernard Schneider

Dr. Julien Bally, 
neurologist at the CHUV

PD and AD patients 
and family care taker

From proteins misfolding, 
to aggregation pathways, 
through spreading in NDDs

Overview of the latest 
advances in drug design 
and therapies
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I. Modeling neurodegenerative disorders (NDDs) in the Lab

II. Drugs therapy in Clinical trials

III. Bench techniques applied to early diagnosis
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I. Modeling neurodegenerative disorders (NDDs) in the Lab

II. Drugs therapy in Clinical trials

III. Bench techniques applied to early diagnosis



5

Bi
o4

80
 –

H
ow

 to
 m

od
el

 N
D

D
s

at
 th

e 
be

nc
h

to
w

ar
d

th
er

ap
eu

tic
s

di
sc

ov
er

y

Modeling neurodegenerative disorders (NDDs) in the Lab: 
What does it matter ?

Implications for Therapeutic Strategies



6Bench to Bedside: 
Translating Science from the lab to the Clinic

Image source: www.yourgenome.org

• The cost of developing a new drug that gets approval 
is estimated at around $2-3 billion.

• Trials which failed at phase I or II wasted around 
$6 million.

• Trial failed at phase III resulted in a loss of 
approximately $77 million. 

• The time it takes for an approved drug to reach the 
market is 10-12 years.

Having the right model that mimic human pathology 
is fundamental for drug discovery 
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7Bench to Bedside: 
Translating Science from the lab to the Clinic
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8Where are we in NDDs and finding a cure?

• Lack of approved therapies to treat or slow the progression of the NDD

• Clinical trials of drugs/antibodies targeting protein aggregation continue to fail

• No early diagnosis for NDDs

NO TEST

For early diagnosis

CAUSES UNKNOWN

Complex 
and
Multi-factorial

NO CURE
Or 

Disease Modifying
Therapies

Poor understanding of the cellular mechanisms responsible for the 

formation of protein inclusions found in patients
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Disease

Disease

?

?

Lewy bodies 
The level of LB pathology correlates with disease development, cognitive decline or disease progression and severity

Proteins aggregates are found in the brain of healthy individuals
Protein aggregates are absent in specific genetic forms of PD

Answering this question requires the development of cellular or animal models 
that recapitulates the process of LB formation

Lewy bodies in PD and Synucleinopathies: 
Cause or Consequence?
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?

2. What is the mechanism of LB formation? 
1. What triggers aSyn aggregation? 

3. Are LB toxic or protective or both? 

Native state

aSyn Monomers
(Soluble = non-aggregated forms)

aSyn Oligomers aSyn Fibrils

aSyn aggregation process Lewy body 

Disease

PD
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20

24
Understand Parkinson’s disease: 
Preclinical models that accurately replicate the human pathology are essential

The ideal model of PD should enable to dissect all the steps leading to Lewy body
formation and neurodegeneration.



Native state

aSyn Monomers
(Soluble = non-aggregated forms)

aSyn Oligomers aSyn Fibrils

aSyn aggregation process Lewy body 

Disease
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Understand Parkinson’s disease: 
Preclinical models that accurately replicate the human pathology are essential

Such models will enable to shed light on potential therapeutic target
to develop disease-modifying therapies.



12Back to the basics –
In vitro studies to understand the origin of the NDDs

Guerrero-Ferreira R et al., 2018, eLife. 
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Before going to cellular models, we need first to understand the basic questions:
a) What is the aggregation process ?
c) What is the kinetics of aggregation ?
d) What are the biophysics properties of the different species? 
e) Use Bioinformatics to find potential drugs/compounds that prevent aggregation or disassemble fibrils?

Monomers Oligomers Fibrils Inclusionprotofibrils
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In vitro studies to understand the origin of the NDDs
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Before going to cellular models, we need first to understand the basic questions:
a) What is the aggregation process ?
c) What is the kinetics of aggregation ?
d) What are the biophysics properties of the different species? 
e) Use Bioinformatics to find potential drugs/compounds that prevent aggregation or disassemble fibrils?

Monomers Oligomers Fibrils Inclusionprotofibrils

Tau CryoEM structures - AD

So how do we make each of these species in a test tube?



Bench side: in vitro models to study NDDs 14

Recombinant 
naked fibrils (in vitro) 

Step #1: production of prion-like proteins at the monomeric stage

Monomers
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How to make fibrils and co ?



Monomers Oligomers Fibrils Inclusionprotofibrils
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Adapted from Elisabeth Nikitidou

√

Bench side: in vitro models to study NDDs 
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https://www.researchgate.net/profile/Elisabeth-Nikitidou?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6Il9kaXJlY3QiLCJwYWdlIjoicHVibGljYXRpb24ifX0


Bench side: in vitro models to study NDDs 16

Recombinant 
naked fibrils (in vitro) 

Step #2: aggregation of prion-like proteins – In vitro

CHARACTERIZATION !!!!!!!!

Oligomers

Fibrils

Oligomers
+ Fibrils
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How to make fibrils and co ?



Bench side: in vitro models to study NDDs 

Monomers Oligomers Fibrils Inclusionprotofibrils

17

√ √ √ x
We can produce the different types of proteins from the soluble 
(physiological state) to the aggregates (pathological states) in vitro

OK but what can we do with these proteins at the bench side?
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At the bench side:
• Understand how disease-associated mutations influence aggregation of WT proteins

• What can trigger protein aggregation (toxic insults: pesticides, lipids, other proteins, Ph, 
temperature…..)

• Follow the type of aggregates formed (oligomers, fibrils…..), their biophysics properties 
and structures (EM, CryoEM, NMR, AFM…..

• Advantage: fast (<48h), cheap (<10$/plate), high-throughtput screening (386 well plates)

Monomers Oligomers Fibrilsprotofibrils

Read out

ThT aggregation assay EM Solubility assay

Bench side: in vitro models to study NDDs ★
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19★

At the Drug discovery/screening side:

• Test library of:
- chemical compounds
- antibodies
- venoms

• Advantage: fast (<48h), cheap (<10$/plate), high-throughtput screening (386 well plates)

• Disadvantage: Far from the complexity of an organism or even a neuron

Monomers Oligomers Fibrilsprotofibrils

Bench side: in vitro models to study NDDs 
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Read out

ThT aggregation assay EM Solubility assay
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At the Biomarker side: New test for early diagnosis - 2023

Monomers Oligomers Fibrilsprotofibrils

Bench side: in vitro models to study NDDs 
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Read out

ThT aggregation assay EM Solubility assay



Blood

Soluble 
proteins

monomer

aggregates

Antunes L et al, Mov. Disor, 2016

Gut

Fujiwara et al, Nature Cell Biology, 2002 

Brain

Wang et al, JAMA Neurology, 2020 

Skin
CSF
Cerebro
spinal 
fluid

Biological fluids 
(tears, saliva….)

SAA (seeds amplification assay)
To measure the level of aggregates

Prion-like aggregates: a new biomarker for early diagnosis★
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Can we dedect aggregates (aSyn, Tau, aβ)  in body fluid ? And how ?

Hypothesis:
If body fluids contains aggregates, then these aggregates should still retain their prion 
properties and be able to seed monomeric proteins

CSF
Cerebro
spinal 
fluid

Monomers       +       Seeds       =     newly formed aggregates
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Can we dedect aggregates (aSyn, Tau, aβ)  in body fluid ? And how ?

Hypothesis:
If body fluids contains aggregates, then these aggregates should still retain their prion 
properties and be able to seed monomeric proteins

CSF
Cerebro
spinal 
fluid

Monomers       +       Seeds       =     newly formed aggregates

Monomer (aSyn, Tau, aβ)
(Soluble = Non-aggregated form)

Aggregates 
= seeds

Newly formed 
aggregates
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Can we dedect aggregates (aSyn, Tau, aβ)  in body fluid ? And how ?

Hypothesis:
If body fluids contains aggregates, then these aggregates should still retain their prion 
properties and be able to seed monomeric proteins

CSF
Cerebro
spinal 
fluid

Monomers       +       Seeds       =     newly formed aggregates

newly formed 
aggregates

Adapted from
https://link.springer.com/protocol/10.1007/978-1-0716-1495-2_1

“in vitro”
Monomers



Bench side: in vitro models to study NDDs 25

At the Biomarker side: New test for early diagnosis – clinical phases 2023

Monomers Oligomers Fibrilsprotofibrils

Read out

CSF
SAA assay
(48 heures)

Positif

Négatif

ThT aggregation assay

Patients with loss of smell Patients without loss of smell

https://www.ppmi-info.org/
• Advantage: fast (<48h), cheap (<10$/plate), high-throughtput screening (386 well plates)
• Disadvantage: false positive level
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https://www.ppmi-info.org/
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Recombinant 
naked fibrils (in vitro) 

aSyn aggregates/inclusion 
in PD brains

Shahmoradian S et al., 
Nat. Neuroscience, 2019

Challenges: A growing gap between the complexity of brain pathology
and simplicity of cell-free systems?  
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http://axiomaction.com/euphemisms/not-equal-symbol/


Brainstem LB Cortical LB

Yeast

Worm

Mammalian 
cells

Neuron

Till recently, the existing cellular and animal models do not recapitulate 
the biochemical and ultrastructural properties of LBs

2021

To what extent can we model the human PD pathology 
in cellular and animal models?

27



α-SYN KOWT Mice

α-Syn KO Mice Primary
Hippocampal

Neurons

α-Syn transient
transfectionPlasmi

d

2 days

Fares et al., 
2016

aSyn overexpression in aSyn KO neurons induces aSyn 
fibrillization, but not LB formation 

The aSyn overexpression-based models induces aSyn 
fibrilization but not LB formation

28
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Supplementary video 1

Creation Date: 2015-03-23 13:24:12.000





Which features of the human pathology should the 
Cellular and animal models reproduce?

The protein content of the inclusions
(proteomic)

Ultrastructure of the aggregates and structural 
organization (CLEM)

Co-localisation with the LB 
components
and pathological diversity (confocal)

Biochemical properties (WB)
(e.g: pS129 level, PTMs and proteins interactors)

Dysregulation of the genes 
(transcriptomic)

Cellular dysfunctions and cell death pathways (cellular assays)

“Reasonable time”
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© Lisa clark. The Scientist :https://www.the-scientist.com/features/is-it-time-to-
rethink-parkinsons-pathology-66449

Reverse Engineering Lewy bodies: it takes a team 30



Mammalian cell lines
(HEK, HeLa, M17)

iPSc

Fibrils
(PFFs)

In Vitro

Soluble 
aSyn

Disease-Relevant Models

Animal models

Cellular models

Models of aSyn pathology formation and propagation in the 
absence of aSyn overexpression

31



The extended version of the neuronal seeding model allows the 
formation and maturation of LB-like inclusions

D4-D7 D14

Hippocampal 
primary neurons

70 nM

aSyn
PFFs Seeding Fibril Formation

Merged pS129 (81A) 

C
10 μm

Merged pS129 (81A) 

aSyn newly formed fibrils in PFF-treated neurons –
D14

Nucleus

Mitochondria
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What do aSyn aggregates 
look like in PD brains?

Neuron-derived Fibrils
Site-specific PTMs of fibrils

Recombinant 
naked fibrils 

Can we bridge the gap between the complexity of brain pathology
and simplicity of cell-free systems?  

Shahmoradian S et al., Nat. 
Neuroscience, 2019

In Vitro

pS129
P62
ub

?

Bona fide LB from 
human tissues



The extended version of the neuronal seeding model allows the 
formation and maturation of LB-like inclusions

D4-D7 D14

Hippocampal 
primary neurons

70 nM

aSyn
PFFs Seeding Fibril Formation

Merged pS129 (81A) 

C
10 μm

Merged pS129 (81A) 

Inclusion Formation

LB-like 
inclusions

D21

H
ila

l L
as

hu
el

Merged pS129 (81A) 
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Ultrastructure of 
the aggregates (CLEM)

Lewy body in a dish

How far does the “LB in a dish” reproduce the human pathology? 

The protein content of the inclusions
(proteomic)

LB markers (confocal)
and pathological diversity 

Biochemical properties (WB)
(e.g: pS129 level, PTMs and proteins interactors)

Impact on Cellular dysfunctions and cell death pathways 
(cellular assays)Bi
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The neuronal Lewy body model enables the reproduction of 
inclusions similar to those found in patients

Shahmoradian et al., Nature Neurosciences, 2019

Mahul-Mellier at al., 2020, PNAS

Lewy bodies in primary neurons

Proteomic comparison

Vs.

Seeding
model

Lewy body
In patients

Mahul-Mellier et al. 

Seeding 
model

74-83%

Killinger et al.
Xia et al.
Licket et al.
Datta et al.

Lewy body
From

patients

Lewy body in patients

Lewy body in a dish

ProteomicsUltrastructure LBs markers



The Lewy body seeding model allows for the dissection of the 
mechanisms underlying Parkinson's disease

Mahul-Mellier et al., 2020
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The protein content of the inclusions
(proteomic)

Ultrastructure of the aggregates and structural organization 
(CLEM)

Co-localisation with the LB components
and pathological diversity (confocal)

Biochemical properties (WB)
(e.g: pS129 level, PTMs and proteins interactors)

Cellular dysfunctions and cell death pathways (cellular assays)

Drug screening compounds

Application: a powerful platform for drug screening
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Day 7 Day 14 Day 21

Fibrilization Maturation

Lewy-body 
like inclusions

Small molecules library

Therapeutic antibodies

Primary neurons

aSyn
PFFs

Internalization

Application: a powerful platform for drug screening

Elongation

Accumulation

Venoms

Can we slow down or reduce aSyn pathology ?



Primary Hipp neurons
DIV0

=Days in vitro

Fibrils formation

+ Cmpd A

Seeding

aSyn
Pre-formed
Fibrils (PFFs)

Image Post-processing
Biomolecular
Screening 
Facility
(Dr. Fabien Kuttler)

1. Level of pS129 aSyn pathology 
a. Total
b. In neuronal cell bodies
c. In the neurites

2. Cell death measurement: 
a.   Supernatant: LDH activity
b.   Total Cell count (DAPI staining)
c.   Neuronal count (NeuN+ cells)
d.   Glial count (DAPI – NeuN)

Automated high content screening image analysis pipeline 
for drug screening

3. Neuritic density
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The neuronal seeding model: a platform for drug screening

aSyn
pS129
Pathology

aSyn
pS129
Pathology

In neurons
(MAP2 
staining)

+ PFFs

+ Cmpd A (µM)

+ PFFs + PFFs + PFFs

50 µm
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Small molecules Immunotherapy Venoms

42

Laboratoire Institut Pasteur de Tunis
Dr Ines Bini

Bi
o4

80
 –

H
ow

 to
 m

od
el

 N
D

D
s

at
 th

e 
be

nc
h

to
w

ar
d

th
er

ap
eu

tic
s

di
sc

ov
er

y

Can we slow down or reduce aSyn pathology ?

Application: a powerful platform for drug screening



The Lewy body seeding model allows for the dissection of the 
mechanisms underlying Parkinson's disease

Mahul-Mellier et al., 2020Mahul-Mellier et al., 2020

Limitations of the model:
Mouse aSyn Human aSyn

Does not recapitulate the full biochemical and morphological
diversity of PD pathology

Short-timeline: Not suitable to study late stages of LB formation 
or LB Clearance
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44Bench to Bedside: 
Translating Science from the lab to the Clinic
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https://www.sciencedirect.com/science/article/pii/S245194562100101X
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Lewy Body in a dish: 
Translating the seeding model in human iDA

Prof. Abid 
Oueslati

Maxime
Teixeira

Dr. Razan
Sheta

Dr. Anne-Laure 
Mahul-Mellier

Manel 
Boussouf

Lukas 
Van den Heuvel

Prof. Hilal A. 
Lashuel

Yllza
Jasiqi
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Human iPSCs-derived
dopaminergic neurons (iDA)

Human aSyn PFFs

Lewy Body in a dish: 
Translating the seeding model in human iDA

Biopsy

Current iPSC-based models of PD have limitations:
1) They fail to reproduce LB pathology in both neurites and cell bodies within a reasonable time
2) They require the artificial overexpression of aSyn to achieve any pathology.Bi
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• Isogenic: control cells
• Patients derived cells



Establishment of the seeding model in iDA cells
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• Formation of aSyn-pS129 pathology first in neurites and then in cell bodies
• Percentage of aggregates formed in cell bodies increased overtime

Seeded iDAs form neuritic and somatic pS129 pathology

Human aSyn
PFFs
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The iDA seeding model allows 
The formation of seeded aggregates positives for the human LBs markers
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p62 aSyn p62 aSynUb MAP2 pS129 (81a) MergedUb MAP2 pS129 (81a) Merged

p62 MAP2 pS129 (81a) Merged

Bona fide LBs display sequestration of various pathological markers:
- p62 (in cell bodies only, similar to what is observed in PD brains)
- ubiquitin
- Amyloid-specific dyes (ThS)

p62 MAP2 pS129 (81a) Merged
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Human pathology
Kuusisto et al., 2003

Primary neurons

Detection with pS129 (81a) ab

Seeded iDAs

The iDA seeding model replicates 
The morphological heterogeneity of human pathology in PD brains 



The iDA seeding model replicates 
The PTMs signature associated with the human pathology

NAC region Acidic C-terminal regionAmphipathic N-terminal region
1401 61 95

MDVFMKGLSKAKEGVVAAAEKTKQGVAEAAGKTKEGVLYVGSKTKEGVVHGVATVAEKTK EQVTNVGGAVVTGVTAVAQKTVEGAGSIAAATGFV KKDQLGKNEEGAPQEGILEDMPVDPDNEAYEMPSEEGYQDYEPEA

P P

Y39

N P
S129

P P
Y133 Y136Y125S87

P PN P P P

pS129 (EP1536Y)

NiY39 pS87

pS129 (81a)

pY133

pS129 (81a)

pY125

pS129 (81a)

pY136

pS129 (81a)

iDA – D21

Al
ta

y
et

 a
l.,

 2
02

3

Human Brain



The iDA seeding model replicates 
The PTMs signature associated with the human pathology

Lukas 
Van den Heuvel

Dr. Graham Knott

Mary Croisier

Stéphanie Rosset

Jérôme Blanc
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Lewy body in a dish

Advancing human pathology replication with iDA seeding model

Neuritic and somatic 
pS129 pathology

Diversity of LBs molecular markers

Morphological spectrum of human pathology

PTMs signature of PD brain tissues

LBs ultrastructure



Why is it so important to solve the cellular mechanisms and

signalling pathways behind the NDDs ?

Because they are druggable
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I. Modeling neurodegenerative disorders (NDDs) in the Lab

II. Drugs therapy in Clinical trials

III. Bench techniques applied to early diagnosis



Cell-to-cell transmission, internalization, and trafficking of aSyn and 
therapeutic targets along the pathways
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Menon et al., 2022



Cell-to-cell transmission, internalization, and trafficking of aSyn and 
therapeutic targets along the pathways – small molecules
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aSyn is not the only target to try to prevent, slow or block PD !!!!!
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Symptomatic Therapy

Disease 
Modifying 
Therapies



139 Clinical Trial

17’000 Patients 
worldwide

Symptomatic 
Therapy

Disease 
Modifying 
Therapies

Current clinical trial in PD
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139 Clinical Trial

17’000 Patients 
worldwide

Disease 
Modifying 
Therapies

Current clinical trial in PD
Symptomatic therapies
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Definition: Symptomatic therapies aim to
relieve or manage the symptoms
associated with a disease without addressing
the underlying cause or progression of the
disease itself.

Purpose: These therapies help improve the
patient's quality of life by reducing
discomfort, pain, or other challenging
symptoms.

Key Point: Symptomatic therapies do not
halt or slow the progression of the
underlying disease but instead manage the
discomfort or limitations it causes.

Symptomatic 
Therapy

★



Current symptomatic therapies do not prevent neuronal loss, nor do they slow, halt, or prevent disease 
progression. They primarily improve the daily lives of patients by alleviating motor symptoms.

1. Compensate for dopamine deficiency due to neuronal death through medication 
(Levodopa, dopamine agonists) to reduce the severity of motor symptoms.

2. Deep Brain Stimulation: Electrical impulses in the thalamus improve neuron 
communication and reduce motor symptoms (effective in ~10 to 20% of patients).
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61★Current clinical trial in PD
Symptomatic therapies



Symptomatic 
Therapy

Disease 
Modifying 
Therapies

Current clinical trial in PD
Disease modifying therapies
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Definition: Disease-modifying therapies are treatments that aim to impact
the underlying mechanisms or causes of a disease to alter its natural
progression. They work to slow, stop, or sometimes even reverse the
progression of the disease itself.

Purpose: These therapies focus on the underlying pathology of a
disease, aiming to improve long-term outcomes and potentially change
the disease course.

Key Point: Disease-modifying therapies directly affect the disease's root
causes or progression, aiming for more long-term improvement rather
than temporary symptom relief.

★



139 Clinical Trial

17’000 Patients 
worldwide

Symptomatic 
Therapy

Disease 
Modifying 
Therapies

Current clinical trial in PD
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55% 
Clinical trial to

Improve the motor symptoms

45%
Clinical trial

to slow or block PD progression



139 Clinical Trial

17’000 Patients 
worldwide

Symptomatic 
Therapy

Disease 
Modifying 
Therapies

Current clinical trial in PD
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55% 
Clinical trial to

Improve the motor symptoms

45%
Clinical trial

to slow or block PD progression

1 2 3
Clinical trial

50% clinical trial



PD Medications Currently in Clinical Trials – 2024
Case of drug repurposing
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PD Medications Currently in Clinical Trials – 2024
Case of drug repurposing
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What is most famous examples of drug repurposing ?

Key Points on Viagra’s repurposing:

•Original purpose: 
Developed as a cardiovascular drug (sildenafil) to improve blood flow and reduce angina symptoms.

•Repurposing discovery: 
During clinical trials, researchers observed its unexpected effect on erectile dysfunction (ED).

•Approval for new use: 
Based on these findings, Pfizer reoriented its research, and in 1998, sildenafil was approved by the 
FDA as a treatment for ED.

•Success and impact: 
Viagra became a widely recognized drug, generating billions in revenue and highlighting the potential 
of drug repurposing in uncovering new therapeutic applications.



PD Medications Currently in Clinical Trials – 2024
Case of drug repurposing drug
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Drug repurposing is a medication originally developed and approved for one disease or condition but
later found to be effective in treating another, different disease.

The advantages of drug repurposing include:

1. Reduced development time: repurposed drugs have already undergone preclinical and early-stage
clinical testing, which can save years in development time compared to new drugs.

2. Lower costs: since many safety and pharmacology studies have already been completed, the
overall cost is significantly lower than developing a new drug from scratch.

3. Known safety profile: repurposed drugs have established safety data, which reduces the risk of
adverse side effects and allows researchers to focus more on efficacy for the new indication.

4. Broadening therapeutic applications: repurposing allows researchers to explore new ways to address
complex or multi-faceted diseases, such as cancer or neurodegenerative disorders, often leading to
combination therapies. E.g: GLP-1 receptor

7. Economic incentives: repurposing can extend the commercial life of older drugs, offering economic
benefits for pharmaceutical companies, especially when patent extensions or new intellectual
property protections can be established.

★



PD Medications Currently in Clinical Trials – 2024
Case of drug repurposing drug – GLP1 receptor (Diabetes)

Lixisenatide

156 patients 12 months study
Phase II in clinical trial – April 2024

• Encouraging results (slowing of motor symptom progression over a one-year period). 
• However, this study needs to be validated in a larger cohort of patients and 

repeated to assess long-term benefits
• But further studies at the clinical level are block by Sanofi 
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PD Medications Currently in Clinical Trials – 2024
Case of drug repurposing drug – GLP1 receptor
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PD Medications Currently in Clinical Trials – 2024
Case of drug repurposing drug – GLP1 receptor
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UNDER INVESTIGATION
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aSyn Aggregates: a biomarker for medical imaging 
(PET Scan) of the Synucleinopathies

Atrophie multisystématisée

DAT(Dopamine Active Transporter) scan

Imagerie
aSyn 
PET tracer
Parkinson

ACI-15916: Next generation a-syn tracer for PD
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I. Modeling neurodegenerative disorders (NDDs) in the Lab

II. Drugs therapy in Clinical trials

III. Bench techniques applied to early diagnosis (exercices part)



New tests for early PD diagnosis – strategy of detection 73
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https://www.mdpi.com/2076-0817/6/3/35

Pro and con of each assay 
explained in the 
Biomarker exercice

EL
IS

A 
   



New tests for early PD diagnosis 74
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“Biomarkers exercice”

 Detailled explanations of the pro and cons of each assays 

(WB, ELISA, IHC, SAA)  



75Any questions ? Or Thoughts ?
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