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Introduction

CADASIL (cerebral autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy) is the most prevalent hereditary small vessel disease.”> CADASIL
patients typically develop recurrent strokes from mid-adult age onwards, leading to
progressive cognitive impairment and ultimately vascular dementia.” In 1996, archetypal
cysteine altering missense mutations in NOTCH3 (NOTCH3%) were discovered to cause
CADASIL.? Since then, numerous CADASIL patients and families have been identified
world-wide, leading to an estimated minimum prevalence of 2 - 5 CADASIL patients per
100,000 persons.>® In The Netherlands, there are currently more than 275 diagnosed
CADASIL families. To date, there is no therapy that can delay or prevent CADASIL.

The first chapter provides a background for the studies that are described in this thesis,
which are all aimed at advancing pre-clinical CADASIL therapy development towards future
clinical trials. CADASIL clinical signs and symptoms, neuroimaging features, molecular
genetics and pathophysiology are described. In addition, the recent advances in therapy
development and requirements for clinical trial readiness are discussed.

CADASIL clinical symptoms and neuroimaging features

CADASIL is characterized by recurrent (transient) ischemic events and cognitive decline.
CADASIL patients typically suffer from their first ischemic stroke between 45-60 years
of age, but age at first stroke can vary from the third decade and to the eight decade.”™
Ischemic events typically present as a classical lacunar syndrome with motor or sensory
deficits.® Almost all patients with a classical CADASIL disease course ultimately develop
gait disturbances, urine incontinence and vascular dementia.”

The first sign of cognitive decline is often impaired executive function, which can be present
before the first stroke.® This is followed by slowed processing speed,”"” and later on by
a decline in verbal fluency and visuospatial abilities.7" Although recognition, semantic
and episodic memory also deteriorate late in the disease course, they are well preserved
compared to other domains.”™” Ultimately, the global cognitive impairment progresses
towards vascular dementia with full care-dependency.

One-third to three-quarters of CADASIL patients develop migraine, often in the third
decade, before the first ischemic event.”#°"2° Migraine is accompanied by aura in ~80%
of patients.”®°"2° Women with CADASIL are more prone to develop migraine, and have a
younger age at onset.™?° One-third of patients suffer from at least one atypical aura in their
life, with motor deficits, confusion and decreased consciousness, which may be difficult
to differentiate from transient ischemic attacks (TIAs)."** In some cases, a migrainous
encephalopathy may occur.’>?°
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Figure 1.1: Characteristic neuroimaging features in CADASIL
(A) FLAIR images of a CADASIL patient without disability showing WMH in the semi-oval centre (A1), in the
external capsules and periventricular areas (A2), and in the anterior temporal lobes (A3) (arrowheads). (B)

FLAIR images of a CADASIL patient with disability showing multiple lacunes (arrowheads) and confluent
WMH affecting almost all the supratentorial white matter. Multiple enlarged perivascular spaces are
present in the basal ganglia (Virchow-Robin spaces, arrow), which are collectively also called état criblé or
status cribrosum.

One-third of the patients suffer from mood disorders, most often a depressive episode.”™
Apathy occurs in 40% of the patients and is independent of depression. Other psychiatric
disturbances are reported, including anxiety, psychotic disorders and adaptation disorders.”™

The most prominent signs on MRI include white matter hyperintensities on T2-weighted and
FLAIR images, and lacunes (Figure 1.1).">#% From the age of 20 onwards, focal subcortical
WMHs can be present in the anterior temporal lobes and periventricular areas, and later also
in the external capsules and semi-oval center.** Although anterior temporal lobe WMHs are
frequently observed, they are not always present.'>?2° Qver time, subcortical WMH lesion
load increases and WMH may become confluent in almost all the white matter.?23° From a
mean age of 40-50 years onwards, lacunes can be observed. Neuroradiological signs may also
include brain atrophy, enlarged perivascular spaces,*?* and microbleeds on susceptibility-
weighted imaging, the frequency of which seems to partially depend on the ethnicity of
the population studied.?®*>* In the Asian population, for example, microbleeds are more
frequentand there is a higher risk of intracerebral haemorrhage.'>2¢3+3
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Figure1.2: Schematic representation of NOTCH3 exons, NOTCH3 protein and EGFr domains

(A) NOTCH3 is one of the four NOTCH homologues in humans and encodes for a transmembrane receptor
protein.*>s* The NOTCH3 gene consists of 33 exons. Exon 2-24 encode for 34 similar epidermal growth factor-
like repeat (EGFr) domains, located within the ectodomain of the NOTCH3 protein (NOTCH3EP) 054 One
exon can encode one or more, complete or partial, EGFr domains. (B) A schematic figure and 3D homology
modelling of a wildtype EGFr domain showing the disulphide pairing of the six cysteine residues. Each
wildtype EGFr domain contains six cysteine residues that form three disulphide bridges (C'-C3, C>-C¢, and C*-
C9), thereby maintaining the structural integrity of the protein.”” The number of amino acids between C*-C*
and C>-C¢is highly conserved and is always 1 amino acid or 8 amino acids, respectively. The number of amino
acids is variable between the other cysteine residues (typically 4-6 amino acids between C'-C? 4-5 amino
acids between C?-C3; and 6-9 amino acids between C-C%). (C) A schematic figure and 3D homology modelling
of a mutant EGFr domain, in which the number of cysteine residues is altered to an uneven number, leading
toincorrect protein folding and increased multimerization.

CADASIL genetics

CADASIL is caused by highly stereotypical mutations in the NOTCH3 gene.**¥ In adults, the
transmembrane receptor NOTCH3 is mainly expressed in pericytes and vascular smooth
muscle cells (VSMCs), which are collectively called mural cells.®*** NOTCH3 expression
is required for VSMC maturation, arterial identity, and blood vessel integrity.?*+* The
extracellular domain of NOTCH3 (NOTCH3®P) includes 34 epidermal growth factor-like
repeat (EGFr) domains, with each EGFr domain having a fixed number of 6 cysteine residues
(Figure 1.2). In CADASIL, mutations alter the canonical number of six cysteines in an EGFr
domain to an uneven number of cysteines (NOTCH3%%), usually five of seven."454¢ This
results in an unpaired cysteine residue, which leads to incorrect EGFr folding, abnormal
protein folding and increased NOTCH3EP multimerization.#=° Almost all NOTCH3%*
mutations are missense mutations, the majority of which are located in exon 4. However,
mutations can occur in exons that encode for any of the 34 EGFr domains (i.e. exon
2-24) .34 NOTCH3% mutations located in EGFr domains 7-34 have recently been found
to be associated with a milder CADASIL phenotype and increased survival compared to
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Figure 1.3: NOTCH3 processing and signalling

(1) The 280 kDa NOTCH3 precursor protein is cleaved in the Golgi system by Furin (S1 cleavage), resulting
in a non-covalently bound heterodimeric protein, which is subsequently transported to the cell surface.**s*
(2) Upon binding of a ligand (Jagged 1 or 2, Delta 1, 3 or 4) to EGFr domain 10-11, a mechanical traction
force is applied to the NOTCHaECDY exposing the extracellular NRR near the cell membrane, that consists
of LNR domains (light purple) and the heterodimerization domain. Next, the C-terminal part of the
heterodimerization domain is cleaved by ADAM17 (S2-cleavage).® (3) Then, y-secretase cleaves off the
NOTCH3'®, which is comprised of a RAM domain (red) and several ANK (blue), two nuclear localisation
signals, a transactivation domain (not shown) and a PEST domain (blue) involved in degradation
regulation.*545 |n the nucleus, the NOTCH3'Cinteracts with the RBP] protein and co-activator Mastermind-
like (MAML) to activate downstream gene transcription.*>5+5* ADAM17: a disintegrin and metalloproteinase
domain-containing protein 17 (also known as TACE); ANK: ankyrin repeat; LNR: Lin12-Notch repeats;
MAML: Mastermind-like; NOTCH3P: NOTCH3 ectodomain; NOTCH3'®: NOTCH3 intracellular domain;
NRR: negative regulatory region; PEST: proline, glutamate, serine and threonine (PEST)-rich; RAM: RBP}-
associated module; RBPJ: recombining binding protein suppressor of hairless.
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NOTCH3% mutations in EGFr domains 1-6, which are largely encoded by exon 4.5 Some
patients have small NOTCH3 in-frame deletions, insertions or splice site mutations, which
also result in an uneven number of cysteines in the given mutant EGFr domain.*® NOTCH3
signalling is considered to be intact for almost all NOTCH3% mutations.>*5?5* Only when the
mutation is located in the ligand binding domain of the NOTCH3 protein (i.e. EGFr domains
10 and 11), NOTCH3 signalling is found to be reduced (NOTCH3 signalling is described in
Figure 1.3) 505>

CADASIL pathophysiology

NOTCH3% mutations lead to NOTCH3®*P multimerization and aggregation in the blood
vessel walls, in the vicinity of vascular smooth muscle cells and pericytes (Figure 1.4).474257-59
The NOTCH3 P aggregates are observed in the vessel walls of the small cerebral arteries,
but also of the small arteries throughout the body.®® Immunohistochemical NOTCH3 P
staining of skin biopsies shows NOTCH3 P aggregates in skin arteries in almost all CADASIL
patients, from at least early adulthood onwards.®*¢' Ultrastructurally, deposits of granular
osmiophilic material (GOM) can be found near mural cells in the basement membrane
of the small (brain) arteries and capillaries.®**” GOM deposits are considered to be
pathognomonic for CADASIL.64¢¢

NOTCH3E® aggregates and GOM deposits sequester functionally important extracellular
matrix proteins, such as TIMP3, vitronectin, HTRA1, endostatin and LTBP-1, thereby
contributing to the disease pathology.®*7° One potential mechanism contributing to disease
pathogenesis involves the sequestration of HTRA1 in NOTCH3 P aggregates, resultingin an
HTRA1 loss-of-function profile in the extracellular matrix with subsequent accumulation
and dysfunction of HTRA1's substrates.®®”°”" In addition, the abundance of TIMP3 in the
cerebrovasculature is reported to have an effect via the ADAM17/HB-ECF/(ErbB1/ErbB4)
pathway on vascular smooth muscle cell hyperpolarisation, pressure-induced myogenic
tone and impaired cerebral blood flow autoregulation.’7

Histologically, CADASIL is characterized by arterial wall thickening, especially of the small
to medium-sized arteries (Figure 1.4). These vessels show thickened fibrotic walls with
intense collagenous staining, marked vascular smooth muscle cell degeneration and a
smooth muscle actin (SMA) positive intima, but not a substantially narrowed lumen.¢*7+7¢
These pathological changes are associated with impaired regulation of cerebral blood flow,
altered VSMC morphology, white matter hyperintensities, blood-brain-barrier leakage and
ultimately ischemic events and vascular cognitive impairment.62747°
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Figure 1.4: Hallmarks of CADASIL vessel wall pathology

NOTCH3 proteins with a cysteine altering mutation lead to extracellular aggregates of the NOTCH3 P, which
sequester other extracellular matrix proteins, leading to extracellular matrix dysregulation, vessel wall
thickening, blood-brain-barrier leakage, changes in VSMC phenotype and VSMC degeneration 5762741
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Characterization of a CADASIL mouse model

Various CADASIL mouse models with a NOTCH3% mutation recapitulate the NOTCH3 P
aggregates and COM deposits found in CADASIL patients.®7°%% The humanized
transgenic NOTCH3*®%2% mouse model, that was developed in the Leiden University
Medical Center, overexpresses the full length human NOTCH3 gene with a typical CADASIL
mutation from a genomic construct at expression levels of 100%, 150%, 200% and 350%
relative to endogenous mouse Notch3 expression. In brains of these mice, the amount of
NOTCH3EP aggregates correlates with age and with the expression level of mutant NOTCH3,
and NOTCH3E® aggregates can be observed as early as age 6 weeks in the mouse strain
with 350% human NOTCH3"9'¢2% expression. In this strain, GOM deposits were observed
from the age of 6 months. Although the presence of GOM deposits in patients and animal
models has been extensively reported, there have been no studies describing progression
of GOM deposits from their incipience onwards.

Histological white matter abnormalities, cerebrovascular reactivity, myogenic tone, and
blood brain barrier leakage have been studied in CADASIL mouse models, but had not yet
been fully characterized in the Leiden mouse model| 63708389

Chapter 2 describes the longitudinal characterization of GOM deposits in the Leiden
humanized transgenic NOTCH3*¢%2%s mouse model, and provides a five-tier classification
system for GOM deposits in mice. Analysis of patient material showed that this
classification system is translatable to GOM in patient tissue.®® Chapter 2 also describes the
characterization of the Leiden humanized transgenic NOTCH3*¢"®2% mouse model in terms
of histology, neuroimaging, cerebrovascular reactivity and cognition.®

Therapy development in CADASIL

NOTCH3E® aggregation is considered to have a pivotal role in CADASIL pathogenesis.
Therefore, the focus of current therapeutic interventions is on counteracting NOTCH3P
aggregation (Figure 1.5).°> Other therapeutic strategies aim at increasing NOTCH3
signalling and reducing endothelial and mural cell degeneration.*#

The Leiden CADASIL research group developed a therapeutic approach aimed to prevent
and halt the formation of mutant NOTCH3®*®P using an approach called ‘NOTCH3 cysteine
correction’, aimed at correcting the number of cysteine residues in the mutant protein’s EGFr
domains. This is accomplished by removing the respective mutant EGFr domain from the
NOTCH3 protein.®* NOTCH3 cysteine correction can be achieved using a splice modulating
therapy called exon skipping (Figure 1.5B ). In exon skipping, short strands of modified RNA
(antisense oligonucleotides, ASOs) bind to the NOTCH3 pre-mRNA, thereby hiding an exon

15
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from the splicing machinery, effectively excluding the mutant exon from the mature mRNA.
This results in a NOTCH3 protein lacking the mutant EGFr domain. This modified protein is
predicted to maintain canonical NOTCH protein structure, with correct disulphide bridge
formation. In vitro proof-of-concept has been obtained for NOTCH3 cysteine correction by
exon skipping, showing that the shorter NOTCH3 protein that is formed after NOTCH3 exon
skipping retains signalling function.** However, whether NOTCH3 cysteine correction also
reduces NOTCH3E®® aggregation could not be assessed in vitro.

The principle of NOTCH3 cysteine correction can also be applied at the DNA level using
gene editing (Figure 1.5B)). CRISPR/Cas9 has recently evolved rapidly into a useful tool
for gene editing in in vitro model systems. In addition, CRISPR/Cas9 holds the promise of
treating incurable genetic disease.” Chapter 3 describes the first in-human evidence that
NOTCHS3 cysteine correction is associated with reduced NOTCH3E®® aggregation, by analysis
of a family with naturally occurring NOTCH3 exon skipping.®® Chapter 3 also describes in vitro
proof-of-concept of NOTCH3 cysteine correction using CRISPR/Cas9-mediated genomic
deletion of exons eligible for cysteine correction.®

Two alternative therapeutic approaches that are being developed by other laboratories
are antibody-based. One approach aims to counteract NOTCH3EP aggregation using
passive immunization (Figure 1.5C).* Passive immunization with a monoclonal antibody
targeting NOTCH3 P in a CADASIL mouse model showed a protective effect on vasodilative
cerebral blood flow response and pressure-induced myogenic tone, suggesting that
immunization rescues the ADAM17/HB-ECF/(ErbB1/ErbB4) pathway. However, chronic
passive immunization did not halt the formation of NOTCH3®P aggregates, GOM deposits
or myelin debris in mouse brain.*?

Another antibody-based approach targets the negative regulatory region of the NOTCH3
protein, which thereby increases NOTCH3 signalling, but does not counteract NOTCH3P
aggregation (Figure 1.5D).® This approach might be beneficial for the patients with a
loss-of-function NOTCH3% mutation in the ligand binding domain. Whether patients
with a NOTCH3% mutation outside the ligand binding domain would benefit from this
approach remains uncertain, since it remains a matter of debate whether NOTCH3
signalling is reduced in CADASIL, and if it is, whether this contributes to the disease
pathomechanism 577

Finally, another approach aims to diminish CADASIL-associated degeneration of
endothelial cells and vascular smooth muscle cells by administration of two hematopoietic
growth factors suggested to be neuroprotective, i.e. stem cell factor and granulocyte colony-
stimulating factor.” Administration of these factors in a CADASIL mouse model resulted in
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attenuated mural cell degeneration, increased vascular density, signs of reduced capillary
endothelial cells damage, and retained cognition in a CADASIL mouse model.”>*® However,
it remains largely unclear whether the observed therapeutic effects are due to a specific
effect of the treatment on CADASIL signs, or due to an aspecific effect not related to
CADASIL.

A No treatment Bi  NOTCH3 cysteine correction B2 NOTCHS3 cysteine correction
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Figure1.5: Therapeutic approaches which are currently being developed

(A) NOTCH3 gene mutations are translated into mutant NOTCH3®*P proteins, leading to NOTCH3P
aggregation. (B) NOTCH3 cysteine correction aims to prevent the formation of mutant NOTCH3 P, Mutant
exons are excluded from the mature mRNA using short antisense oligonucleotide strands (ASOs) (B),*
or are removed from the NOTCH3 gene using CRISPR/Cas9 (B ).** (C) Chronic passive immunization with
antibodies targeting NOTCH3 P are aimed at counteracting the toxic effect of NOTCH3t*® and NOTCH3®
aggregation.® (D) Antibodies targeting the negative regulatory region (NRR) of the extracellular NOTCH3
protein are aimed at restoring NOTCH3 signalling in the case of mutations affecting the ligand binding
domain.®
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CADASIL natural history

Before a therapeuticapproach for CADASIL can be tested in clinical trials, information needs
to be available on the natural history of CADASIL and the variability in disease progression.
This information is required to select a relatively homogeneous patient (sub)group that is
most likely to benefit from a potential therapy, and to identify disease measures that can be
used as read-out for disease severity and therapeutic benefit.

Previously, follow-up studies of 2, 3 and 7 years were performed in CADASIL patients and
controls, showing that lacunes and the level of brain atrophy —and not the extent of WMH
— are associated with clinical deterioration, and that lacunes and brain atrophy could
potentially be used as surrogate endpoints.®®*'* Moreover, signs of advanced CADASIL
disease, such as gait disturbances, disability and dementia, are associated with signs of
advanced disease on brain MRI and mortality.’*°2% These follow-up studies analysed
disease progression on a group level, rather than studying interindividual differences.
Taking this heterogeneity at the individual level into account is important, as there is a
large variability in disease severity and progression between families and even between
patients within families.

Chapter 4 describes an 18-year follow-up study in CADASIL patients, showing that disease
course can remain remarkably stable over 18 years in some patients, and that disease
progression is highly variable between patients: some patient had stroke and multiple
lacunes before the age of 50 years, while others remained free of stroke and lacunes until
well within their sixties.

Measuring CADASIL disease severity

For future clinical trials, a robust and sensitive read-out to assess disease severity and
therapeutic benefit is required in order to get approval from regulators (such as the Food
and Drug Administration [FDA, USA] and the European Medicines Agency [EMA]). These
regulators will judge whether a therapy is safe to use, has a sufficient efficacy and leads
to clinical benefit as experienced by the patients, based on data from clinical trials (on
many aspects, including toxicity, pharmacokinetics, pharmacodynamics, dose finding,
adverse effects, efficacy and effectiveness). This read-out is required to be able to measure
a therapeutic effect in a short time frame, since clinical trials often do not span more than
2 years. In CADASIL, hard endpoints for clinical studies are for example incident stroke,
disability, dementia, or survival. A major disadvantage of these hard endpoints is that, due
to disease variability, they require large cohorts and a long follow-up in order to observe
sufficient events (e.g. number of patients experiencing a stroke) to sufficiently power an
interventional study.’®
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Other read-outs, such as biomarkers, could be used as surrogate endpoints, provided
that these surrogate endpoints predict future clinical benefit. Biomarkers are defined
as ‘objectively measured and evaluated as an indicator of normal biological processes,
pathogenic processes or pharmacological responses to a therapeutic intervention’'”’
Several types of biomarkers exist, including diagnostic biomarkers, prognostic biomarkers,
monitoring biomarkers and pharmacodynamic biomarkers (Figure 1.6). Especially
monitoring and pharmacodynamic biomarkers are imperative to monitor target
engagement and to measure efficacy of the therapeutic compound in future clinical trials.

Clinical measures

Measures for functional independence, such as the modified Rankin scale (mRS), and
measures for cognitive function, such as the Cambridge Cognitive Examination (CAMCOQC),
have been reported to change over 2-, 3- or 7-year time span in CADASIL patients.2¢
Furthermore, cognitive tests of specificdomains, such as the Trail Making Tests for executive
function, have been shown to be associated with an increase in MRI disease markers.*"*
The disadvantage of clinical measures as monitoring markers, is that large sample sizes
would be needed. In that respect, the use of neuroimaging measures would be more
advantageous.’®"°

Neuroimaging and cerebrohemodynamic biomarkers

Promising neuroimaging measures that could be used as monitoring biomarkers are
lacune count or lacune volume and brain parenchymal fraction (BPF, brain volume relative
to intracranial volume), as they reflect neuronal damage and are strongly associated with
clinical deterioration and cognitive impairment in symptomatic CADASIL patients.®%7°4

A diagnostic B prognostic C monitoring D pharmacodynamic
K] 2 < < treatment
% 4 high biomarker, E) §
g £ levels 5 5 _ _ untreated
= o X x
e 2 5 5
5 g 5 5
3 E 2 2 treated
low biomarker levels
healthy patient time disease severity time

control

Figure1.6: Types of biomarkers

(A) Adiagnostic biomarker can detect or confirm the presence of adisease ora disease subtype. (B) Prognostic
biomarkers are used to predict the likelihood of a clinical event, disease recurrence or progression in patients
who have a certain disease. (C) A monitoring biomarker is determined serially to assess the status of a
disease over time. (D) A pharmacodynamic biomarker is a type of monitoring biomarker that is able to show
a biological response after exposure to a (therapeutic) product or agent.’®® Pharmacodynamic biomarkers
do not necessarily have to be associated with anticipated future clinical benefit. The term therapeutic
biomarkers is sometimes used to indicate a monitoring biomarker that shows a response after therapy that
is anticipated to give clinical benefit.
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WMH volume does not correlate with disease severity or disease progression, and therefore
does not fulfill the criteria for surrogate marker.”°* Diffusion Tensor Imaging (DTI),
which measures the microstructural integrity of the brain, has been shown to change over
time in normal appearing white matter of CADASIL patients, correlating with cognitive
function.™ ™ Most, but not all, studies have reported a reduction in resting cerebral blood
flow (CBF) and cerebrovascular reactivity (CVR) in CADASIL patients ™™ and CADASIL
mouse models gmsm?

The disadvantage of MRI-based markers is that MRl is relatively expensive, time consuming
and often non-uniform across different sites.

Fluid biomarkers

A monitoring biomarker in blood could be a good alternative to MRI markers, as blood
is easily accessible, blood withdrawal is minimally invasive, can be repeated at multiple
time-points, is relatively cheap and can be uniformly analysed at one study site. A blood
biomarker that reflects neuronal damage is Neurofilament Light-chain (NfL)."® Serum
NfL levels reflect active small vessel disease and could therefore also be promising as a
biomarker for symptomatic CADASIL patients.'”2? Other potential blood biomarkers for
CADASIL that were identified in pre-clinical studies are levels of Notch3, Endostatin, Htra1
and Igf-bp1, as blood levels of these proteins were different between a CADASIL mouse
model and wildtype mice.®*> These proteins, together with TGF-B-associated proteins,
have also been found to be highly abundant in blood vessel walls of CADASIL patients.®”
Biomarkers in other fluids, such as the cerebrospinal fluid (CSF), have not been studied
extensively.’2+726

Chapter 4 describes a cross-sectional study of blood-based biomarkers, as well as a
longitudinal analysis of cerebrovascular hemodynamics in CADASIL patients and controls.
Chapter 5 describes that serum NfL levels in CADASIL patients correlate with disease
severity, disease progression and survival. Chapter 4 describes a longitudinal analysis of
serum NfL over 18 years in CADASIL patients.
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Scope of this thesis

The aim of this PhD-project was to advance CADASIL therapy development, including
natural history and biomarker identification. By analyzing a family with naturally
occurring NOTCH3 exon skipping, the first in-human evidence was obtained supporting
the hypothesis that ‘NOTCH3 cysteine correction’ is associated with attenuated NOTCH3
protein aggregation, providing further rational for advancing this therapeutic approach..
An ultrastructural biomarker, a GOM deposit classification system, was developed in the
transgenic human NOTCH3*¢82%s CADASIL mouse model that can be used as a monitoring
ortherapeutic markerin pre-clinical therapeuticstudies. Further functional characterization
of this mouse model was performed to explore other potential pre-clinical biomarkers.
In CADASIL patients, multiple candidate blood biomarkers were tested, leading to the
identification of Neurofilament Light-chain (NfL) as a biomarker for CADASIL disease
severity. The longest follow-up study performed in CADASIL patients to date led to the
observation that a subset of patients remain clinically remarkably stable over the course of
almost two decades.

Overview of chapters in this thesis
- Inchapter2, the development of a GOM deposit classification system is described,
as well as functional characterisation of the Leiden human NOTCH3 transgenic
mouse model.*°

- In chapter 3, the first in-human evidence is provided supporting the hypothesis
that NOTCH3 exon skipping reduces mutant NOTCH3®® protein aggregation, and
is associated with a milder CADASIL phenotype.*

- Inchapter4,aprospective18-yearfollow-up study of CADASIL patientsis described,
showing that disease course can remain relatively stable over almost two decades,
and blood biomarkers for CADASIL are evaluated.

- In chapter 5, Neurofilament Light (NfL) levels in blood of CADASIL patients are
shown to be associated with disease severity and may therefore function as a
biomarker for CADASIL.'#

- Inchapter 6, the findings of the research presented in this thesis are discussed, as
well as the implications for future therapy development.
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ABSTRACT

CADASIL is a NOTCH3-associated cerebral small vessel disease. A pathological
ultrastructural disease hallmark is the presence of NOTCH3-protein containing deposits
called granular osmiophilic material (GOM), in small arteries. How these COM deposits
develop over time and what their role is in disease progression is largely unknown. Here,
we studied the progression of GOM deposits in humanized transgenic NOTCH3A¢'29* mice,
compared them to GOM deposits in patient material, and determined whether GOM
deposits in mice are associated with a functional CADASIL phenotype. We found that GOM
deposits are not static, but rather progress in ageing mice, both in terms of size and aspect.
We devised a GOM classification system, reflecting size, morphology and electron density.
Six-month-old mice showed mostly early stage GOM, whereas older mice and patient
vessels showed predominantly advanced stage GOM, but also early stage GOM. Mutant
mice did not develop the most severe GOM stage seen in patient material. This absence
of end-stage GOM in mice was associated with an overall lack of histological vascular
pathology, which may explain why the mice did not reveal functional deficits in cerebral
blood flow, cognition and motor function. Taken together, our data indicate that COM
progress over time, and that new GOM deposits are continuously being formed. The GOM
staging system we introduce here allows for uniform GOM deposit classification in future
mouse and human studies, which may lead to more insight into a potential association
between GOM stage and CADASIL disease severity, and the role of GOM in disease
progression.
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INTRODUCTION

Deposition of granular osmiophilic material (GOM) is the vascular pathological hallmark
of CADASIL, which is the most prevalent hereditary small vessel disease’ and is caused by
missense mutations in the NOTCH3 gene.>* GOM have been shown to contain NOTCH3
ectodomain (NOTCH3E®) and extracellular matrix proteins,*® and can be visualized
ultrastructurally in the tunica media of small arteries and capillaries. These electron dense
COM deposits are located in the basement membrane of mural cells, i.e. vascular smooth
muscle cells and pericytes.”™ In both manifest and pre-manifest CADASIL patients, GOM
deposits are present not only in brain vessels, but also in vessels of other organs, such as the
skin." Other CADASIL-associated vascular pathology includes mural cell degeneration,
smooth muscle actin (SMA)-positive (neo)intima formation, fibrosis, and vessel wall
thickening. These vascular alterations are associated with compromised cerebrovascular
reactivity (CVR)**# and reduced cerebral blood flow (CBF), and eventually lead to mid-adult
onset of recurrent strokes, vascular cognitive impairment and ultimately dementia.’ Brain
MRI reveals progressive symmetrical white matter hyperintensities, lacunes, microbleeds
and brain atrophy.’

We have previously described that our humanized CADASIL transgenic NOTCH3A® 820
mouse model, which overexpresses human mutant NOTCH3 protein from a genomic
construct, shows granular NOTCH35P immunostaining as early as 4 weeks of age, while
GOM deposits first appear around 6 months of age.?? However, little is known about how
COM deposits evolve over time and what their relation is to other CADASIL-associated
vascular pathology and vascular dysfunction. Here, we performed a longitudinal study
of GOM pathology in the transgenic NOTCH3*®®2% mice. In addition, we assessed
cerebrovascular, motor and cognitive function in these mice.

METHODS

Mice

Transgenic mice were used that harbour the human full length NOTCH3 gene (located on
a143 kb BAC construct) in either the wildtype or the mutant (c.544C>T, p.Arg182Cys) form,
generated on a C57BL/6) background.? Mice were bred at the animal facility of the Leiden
University Medical Center and housed individually under standard conditions, i.e. a 12-hour
light/dark cycle with food and water available ad libitum.
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Three different mouse strains were used, with various human NOTCH3 expression levels:
100% for wildtype mice (tgN3%¥"100), and 100% and 350% for mutant mice (tgN3"o0 and
tgN3MUT350, respectively).? Non-transgenic littermates were used as additional controls. A
prospective study with 6-8 mice per group was performed to study body weight and motor
function at various time points (1.5, 3, 6,12, 16 and 20 months) and cerebral hemodynamics,
cognition and immunohistochemical staining was studied at 20 months. Three mice had
to be sacrificed before the end of the study; one due to an eye infection (tgN3%™o0, at
15 months), one due to having a wound on its back (tgN3"'"350, at 19 months), and one
due to low body weight (tgN3"'™o00, at 20 months). In addition to the prospective study,
tgN3MU"350 mice were sacrificed at the age of 1.5 (n=1), 3 (n=1), 6 (n=2), 12 (n=2) and 20 (n=2)
months for electron microscopy (EM) studies.

Electron microscopy

In addition to mouse brain, post-mortem brain tissue was obtained from three CADASIL
patients (deceased at age 59, 66, and 69 years) for comparison with human pathology.
Mouse (frontal lobe grey matter) and human (frontal lobe grey matter) brain tissue was
fixed overnight at 4°C in 1.5% glutaraldehyde and 1% paraformaldehyde (pH=7.4). Tissue
blocks of <1 mm? were post-fixated for 90 minutes in 2% osmium tetroxide and 2%
potassium ferrocyanide after filtrating the post-fixative through a 0.2-um filter. After post-
fixation, the tissue was washed for 30 minutes in MilliQ and dehydrated in a series of ethanol
(70%, 80% and 90%) for 30 minutes each and twice for 1 hourin100% ethanol. Blocks were
incubated for 10 minutes in propylene oxide, 2 hours in propylene oxide and Epon LX-112
(1:1) and finally for 2 hours in propylene oxide and Epon LX-112 (1:2). Subsequently, the epon
was polymerized for 48 hours at 70°C.

One-pum thick sections were checked for the presence of blood vessels by light microscopy.
Then, areas with high blood vessel density were selected for further analysis with EM, i.e.
80-nm sections were collected on a one hole grid and subsequently stained with uranyl
acetate and lead citrate. Images were acquired with a digital camera (One View, Gatan Inc,,
Pleasanton, CA) mounted on a 120 kV transmission electron microscope (Tecnai T12 with a
twin objective lens, Fei Inc, Hillsburough, OR). Overviews of relatively large regions on the
specimen that contained abundant numbers of cross-sections of vessels were collected by
stitching many individual images together (40,000-60,000 nm?) using software described
earlier.? Stitched images were examined using Aperio ImageScope (version10.0.35).

GOM analysis

The number of GOM deposits was counted per vessel and expressed as counts per 100
um vessel circumference. Vessel circumference was approximated using the formula of
oval circumference (Ramanujan’s approximation for ellipse circumference = m[3(a+b)
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- V((3a+b)*(a+3b))]) where a and b were defined as the major diameter (a) and minor
diameter (b) for each vessel between endothelial basement membranes. GOM deposits
were studied in vessels with a minor diameter < 8um, referred to as microvessels, as these
were the most abundant in the stitched images. Twenty-three to 84 microvessels were
studied per time point (1.5, 3, 6, 12 and 20 months). Width of the basement membrane was
determined averaging 40 measurements in two ntg mice and two tgN3"V"350 mice each. In
the human brain sample, 21 microvessels were analysed. Also, the GOM deposit area was
measured using Image] after manually drawn region-of-interests around GOM deposits.

Immunohistochemistry

Two 5-pm coronal frontal brain sections per mouse (approximately at the height of the
infundibulum) and human brain sections of frontal white matter were analysed with
immunohistochemistry. NOTCH3 P staining was performed as described before.?> Smooth
muscle actin (SMA) staining was performed after pre-treatment with trypsin for 30 minutes
at 37°C and washed three times for 5 min with PBS. The primary antibody (Alpha-Smooth
Muscle Actin, 1:4000, goat polyclonal, NB300-978, Novus Biologicals) was incubated
overnightat room temperature. The secondary antibody (Rabbit Anti-Goat IgG, biotinylated,
1:400, Jackson Immunoresearch Lab. Inc)) was incubated for 1 hour at room temperature and
developed with the Vectastain Elite ABC HRP Kit (PK-6100, Vectorlabs) for 30 min at room
temperature. Finally, slices were stained with 0.05% 3,3-diaminobenzidine (DAB, Sigma)
supplemented with 0.0045% H O, for 10 min and stained with Harris’ hematoxylin solution
(diluted 1:3, Merck) for 5 seconds. Sections were Verhoeff-Van Gieson and Periodic Schiff
Acid stained using the Artisan Link Pro staining machine (DAKO, Agilent), and Van Gieson
stained as described previously.?* Sections were stained with Kliiver-Barrera luxol fast blue
to quantify white matter vacuolization (Supplementary Methods 4).

Microscopy imaging was performed with the Keyence BZ-X710 (Keyence). Using 20 times
magnification, full colour images were taken of the complete section at 1-ms capture time.
Images were stitched by Keyence BZ-X Analyzer software version 1.3.0.3 to obtain one high
resolution full brain image per section. The SMA positive area was determined using a
Colour Threshold (Hue 0-50; Saturation 0-255; Brightness 0-175) in Image], and expressed
as percentage of total brain surface of the section.

Neuroimaging, cerebrovascular reactivity, cognition and motor function

At the age of 20 months, neuroimaging (T2W, FLAIR, SWI, cerebral hemodynamics) was
performed under medetomidine anaesthesia using a 7 Tesla MRI (Bruker PharmaScan),
see also Supplementary Methods 1. In short, absolute cerebral blood flow (CBF) was
measured using arterial spin labeling (ASL)-MRI during a 7-minute baseline and a 7-minute
CO, challenge, using the measured signal difference between the labelled and control
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images in three brain slices. Absolute CBF at baseline and absolute CBF at challenge were
quantified during the last 140 seconds of baseline and challenge, respectively. Absolute CBF
increase was calculated as well as the cerebrovascular reactivity (CVR), which was defined
as the relative cerebral blood flow (CBF) increase. One non-transgenic mouse was excluded
from neuroimaging analysis due to a poor hemodynamic response to anaesthesia.

A Morris Water Maze protocol was used to assess cognitive function in 20-month-old mice,
starting 2 weeks before neuroimaging assessment (Supplementary Methods 2.2). In short,
during the training phase, mice were trained to find a hidden platform in the north-west
quadrant of a circular swimming pool, while at the reversal training phase, mice were
retrained to find a hidden platform in the south-east quadrant. Path length of the mice was
determined between release in the pool and finding the hidden platform. Motor function
was determined by analysing speed on a rotarod, on a beam and during swimming in the
Morris water maze (Supplementary Methods 2.3). Motor and cognitive mouse experiments
were performed by the same experienced researcher.

Statistical analyses

Differences between groups were analysed using one-way ANOVA analyses with Tukey’s
post-hoc correction. The increase in GOM area over time, as well as the association between
baseline CBF and CVR were analysed using simple linear regression. All statistical analyses
were two-sided tests with threshold for statistical significance of 0.05, using the IBM SPSS
Statistics version 23.0.0.2 software.

RESULTS

Temporal GOM assessment

GOM appearance, size and count were studied in brain microvessels of tgN3"'"350 mice
at the age of 1.5, 3, 6, 12, and 20 months. GOM deposits were first observed at the age of
6 months, appearing as small, round deposits in the basement membrane of mural cells,
which were sometimes only slightly more electron dense than the surrounding basement
membrane (Figure 2.1a). At 12 months, most GOM deposits were larger and more electron
dense. At 20 months, large amorphous GOM deposits were observed, which spanned the
full width of the basement membrane (Figure 2.1b). Irrespective of age, GOM deposits
were predominantly (85%) located on the abluminal side of mural cells, bulging out
the basement membrane and thereby leaving an indentation in the adjacent mural cell.
Between 6 and 20 months, GOM size increased (b=0.0030 pm?2/month, P=0.002) (Figure
2.1¢), GOM count more than doubled (0.9 to 2.4 GCOM/100 pm) and the percentage of GOM-
positive vessels increased from 26% to 39%.
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Figure 2.1: Progression of GOM in brain vessels of CADASIL mice

(A) Electron microscopy (EM) of brain vessels of tgN3"'"350 mice at the age of 6 months reveals round,
electron dense GOM deposits near mural cells (white arrowheads). (B) EM at the age of 20 months shows
larger and amorphous GOM deposits (white arrowheads), but also a small COM deposit (grey arrowhead).
The basement membrane bulges out at the location of a GOM deposit, but is otherwise not thickened in
vessels of tgN3"'"350 mice. Mural cells have a normal aspect, i.e. without electron lucent vacuoles, large
intracellular vesicles or a shrunken appearance. (C) Analysis of the size of GOM deposits in mouse brain
vessels shows a significant increase in GOM size between the age of 6 and 20 months (b=0.0030 pm?/
month, P=0.002). Average GOM size in brain vessels of deceased CADASIL patients (0.108+0.148 pm?,
n=292 GOM deposits) was higher than in mice (0.095+0.065 pm?, n=31 GOM deposits), but this difference
was not statistically significant (P=0.634) due to the large variability in GOM size in human brain vessels. (D)
Post-mortem analysis of CADASIL brain microvessels (n=3 patients) showed extensive GOM pathology, with
depositsinall vessels, both bulging into adjacent mural cells (white arrowheads) and located centrally in the
thickened basement membrane further away from mural cells (grey arrowheads). In contrast to mice, GOM
deposits in the CADASIL patient had a more granular aspect with heterogeneous electron density. CADASIL
patient brain vessels had a thickened basement membrane and mural cells showed signs of degeneration,
such as a shrunken appearance. Arrowhead = GOM; Asterisk = basement membrane; E = Endothelial cell; M
=Mural cell; n.s. = non significant; RBC = Red blood cell. Bar represents 1 um. Graph represents mean+SD.

Based on these observations, we categorized GOM deposits into various stages that reflect
relative size, morphology, electron density and the GOM deposit-induced bulging of the
basement membrane with concomitantindentation of adjacent mural cells (Figure 2.2a).
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Stage

CADASIL patient

Description

tgN3"U"350 mouse

not observed in mice

GOM count per 1000 pm

50

40

30

20

tgN3MUT350 mice

I

silh

6

12
Age (months)

20

- GOM deposits are smaller than normal width of BM

- GOM deposits are round or elliptical

- Minimal bulging of BM and minimal indentation
of mural cell near GOM
- GOM deposits are only slightly more electron-dense

than surrounding extracellular matrix

- GOM deposits are smaller than normal width of BM

- GOM deposits are round or elliptical

- Bulging of BM with indentation of mural cell near GOM

- GOM deposits are electron-dense

- GOM deposits are larger than normal width of BM

- GOM deposits are round or elliptical

- Bulging of BM, and/or overall thickened BM (in human)

- Larger indentation of mural cell near GOM
- GOM deposits are electron-dense

- GOM deposits are larger than normal width of BM
- GOM deposits are amormphous or have bizarre shapes
- Bulging of BM, and/or overall thickened BM (in human)

- Larger indentation of mural cell near GOM
- GOM deposits are electron-dense

- Two or more stage IV GOM deposits confluence into a
patch of confluent GOM
- Bulging of BM, and/or overall thickened BM (in human)

- Mural cells can have two or more subtle

indentations, reflecting two or more GOM deposits

C

GOM count per 1000 pm

50

40

30

20

10

CADASIL patients

human

[ Stage|

3 Stage ll
m Stage Il
B Stage IV
mm Stage V
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<« Figure 2.2: A 5-stage GOM classification system for CADASIL

(A) Classification system for GOM deposits based on size, morphology and electron density. Per stage,
examples are shown from brain vessels of tgN3"'"350 mice and of deceased CADASIL patient. In each
example, the bottom of the image points towards the luminal side of the vessel. Cells were denoted as
endothelial cells (E) or mural cells (M) based on interpretation of the morphology of cells as a whole within
the vessel. (B) Staging of GOM deposits in brain vessels of tgN3"“"350 mice. At 6 months of age, stages I-l|
GOM deposits were present, while at 20 months mainly stages IlI-lV GOM deposits were observed. (C)
Staging of GOM in brain vessels from deceased CADASIL patients. GOM deposits of all stages were observed,
but stage IV GOM deposits were most abundant. Overall GOM count in patients was higher than in mice.
Arrowhead = COM; Asterisk = basement membrane; E = Endothelial cell; M = Mural cell.

Stage | GOM deposits are small and slightly electron dense and induce minimal mural
cell indentation. Stage Il and 11l GOM deposits are more electron dense, induce basement
membrane bulging with mural cell indentation, and are within (Il) or extend beyond (II1)
the normal width of the basement membrane (~150 nm). Stage IV COM deposits extend
beyond the normal width of the basement membrane and are amorphous. At 6 months
of age, stage I-1Il GOM deposits were observed in tgN3"'"350 mice. At 12 months, the first
stage IV GOM appeared. At 20 months, the majority of the GOM were at stages Il and IV
(Figure 2.2b), but stage | GOM deposits were also observed. This suggests that new GOM
deposits are continuously being formed, and that once formed, the initially small round
GOM deposits progress over time into large amorphous deposits.

Next, we compared GOM in brain tissue of three CADASIL patients to GOM in 20-month-
old tgN3""350 mice (Figure 2.1d). Almost all (96%) of the analysed microvessels in the
patients contained GOM deposits, whereas GOM deposits were observed in only 39% of
microvessels in the mutant mice. In human brain material, like in mice, GOM deposits of
all stages were observed, but stage IV COM deposits were most frequent (Figure 2.2¢c). In
addition, the patients’ microvessels contained large confluent patches of COM (stage V
GOM) that were not observed in the mice. Of note, the electron density of GOM deposits
in the patients’ microvessels was less homogeneous than of GOM in mice. GOM deposits
in patient microvessels either bulged out of the basement membrane and thereby left an
indentation in the adjacent mural cell, or were located further away from any recognisable
mural cells within an overall thickened basement membrane. In contrast, GOM deposits
in mice were always located close to the mural cell, often in indentations of the mural cell
formed by the COM deposits.

Other CADASIL-associated vessel wall and brain parenchyma changes

Despite large GOM deposits and extensive granular NOTCH3E® staining at 20 months
(Figure 2.3a), tgN3""350 mice did not show basement membrane thickening (tgN3"'"350
0.145+0.050 pm, ntg 0.148 +0.055 pum, P=0.73) and there were no signs of mural

37




38 | Chapter2

b SMA

— ns.

X

= 0.8

c

o

g 0.6.

S 0.6

£ ©

g

S 04]

2

3 »

Q | |

0.2 NB
‘5‘ XXl X 00| O - ]
& T=l=
0 T T T T
ntg tgN3"™00 tgN3"'100 tgN3"'"350
(4 Human

)

CADASIL patient control
e - —

SMA

Verhoeff - Van Gieson Periodic Acid—S_chiff

Van Gieson

Figure 2.3: No vessel wall thickening or reduced SMA staining in mice expressing mutant human NOTCH3 protein
(A) Mutant mice (tgN3"V"350) show granular NOTCH3P deposits in brain vessels, which were not observed
in wildtype mice (tgN3"“"00). (B) SMA content in brain was similar in the four mouse strains. One tgN3*"100
brain section contained a large artery which was longitudinally cleaved, resulting in a high SMA positive
area. (C) The pattern of SMA immunoreactivity in the vessel wall was similar between the four groups (only
images of the tgN3"'"350 and tgN3%™100 strains are shown), while the white matter of CADASIL patients »
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degeneration, such as electron lucent vacuoles, large intracellular vesicles or a shrunken
appearance (Figure 2.1a,b). Also, there was no difference in the amount or pattern
of SMA staining between mutant and wildtype mice (Figure 2.3b,c). In addition, Van
Gieson’s, Verhoeff-Van Gieson's, and Periodic Acid-Schiff staining did not show vessel wall
thickening, in contrast to our observations in vessels of the CADASIL patients (Figure 2.3¢).
There was no difference in white matter vacuolization between wildtype and mutant mice
(Supplementary Data 2.2).

Cerebral blood flow, cerebrovascular reactivity and neuroimaging

Next, we assessed cerebral blood flow (CBF) dynamics in 20-month-old mice using ASL-MRI
with CO, as vasodilative stimulus (Figure 2.4a). Compared to non-transgenic and wildtype
mice, mutant mice (tgN3"V™o0 and tgN3“'"350) did not show a significant difference in
CVR, which was defined as relative CBF increase upon challenge (Figure 2.4b,d), absolute
CBF increase upon challenge (Figure 2.4ce), or in CBF at baseline (Figure 2.4f). There
was, however, a non-significant trend towards a reduced CVR and a slightly increased
baseline CBF in the tgN3“'"350 mice. Differences in baseline CBF likely contributed to
the observed differences in CVR, as there was an inverse correlation between baseline
CBF and CVR (s=-0.69, P<0.001, Supplementary data 2.1). Separate analysis of CBF and
CVR for cortex and subcortex showed similar results (Supplementary data 2.3 and 2.4).
High-resolution T2w, FLAIR and SWI MRI scans of mouse brains did not show white matter
hyperintensities, lacunes, or microbleeds. Also, gadolinium enhancement showed the
typical pattern of contrast enhancement in and around the ventricles, but no differences
were observed between tgN3"V350 and wildtype mice (Supplementary data 2.5).

Cognition and motor function

Motor function, as assessed by rotarod running, beam walk and swimming speed, did not
differ between mutant and wildtype mice at any of the time points (Supplementary data
2.6). In the Morris water maze tests, mutant mice did not show signs of impaired memory
formation. If anything, tgN3"'"350 mice performed slightly better at some of the tasks
(Figure 2.5).

» showed less and fragmented SMA immunoreactivity, with SMA-positive areas in the intima. PAS, WG and
VG staining showed similar brain vessel staining patterns between the four groups, but the brain vessels of
the CADASIL patients showed a clearly thickened vessel wall, with a positive PAS staining (carbohydrates),
WG staining (collagenous material red; elastic material black) and VG staining (collagenous material red).
SMA = smooth muscle actin; n.s. = non significant; PAS = Periodic Acid-Schiff staining; VG = Van Gieson’s

staining; VVG = Verhoeff-Van Gieson’s staining. Bar represents 50 pum. Graph represents mean+SD.
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Figure 2.4: CADASIL mice do not show altered cerebral hemodynamics

(A) Representative CBF profile over time, and three slices of CBF images at baseline, at CO_-challenge
and relative CBF increase (CVR) are shown. (B) Average relative CBF profiles in tgN3%™o00, tgN3"'100,
tgN3""350 and ntg mice. (C) Average absolute CBF profiles in tgN3%™o00, tgN3"'"100, tgN3"'"350 and
ntg mice. (D) Relative CBF increase (CVR) was similar in the four groups (ntg: 43.0+20.3%; tgN3"™oo:
39.5+21.2%; tgN3"Y"100: 39.5+23.7%; tgN3"V350: 21.3+11.1%; P=0.17; ANOVA), although a non-significant
trend of lower CVR in the tgN3"""350 mice compared to ntg was observed. (E) Absolute CBF rise upon CO,
challenge was similar in the four groups (ntg: 41.1+17.8 mL/100g/min; tgN3¥™00: 33.4+13.3 mL/100g/min;
tgN3"'100: 40.7+18.5 mL/100g/min; tgN3"'350: 24.5+11.5 mL/100g/min; P=0.18; ANOVA]). (F) Absolute
baseline CBF was similar in the four groups, although tgN3"'"350 showed a non-significant higher baseline
CBF (ntg: 99.9+20.5 mL/100g/min; tgN3%™100: 89.7+14.7 mL/100g/min; tgN3"™oo0: 112.2+33.5 mL/100g/
min; tgN3"U350: 123.5+24.4 mL/100g/min; P=0.09; ANOVA). Physiology parameters did not differ between
groups (Supplementary Data 2.7 and 2.8). Body weight was different between groups (Supplementary Data
2.9), but CBFand CVR analyses corrected for weight gave similar results. AVG = average; CBF = cerebral blood
flow; CVR = cerebrovascular reactivity; n.s. = non significant. Graphs represent mean or mean+SD.
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Figure 2.5: CADASIL mice do not show cognitive dysfunction

(A) The path length until finding a hidden platform in the water maze was similar for all strains (ntg,
tgN3¥Moo, tgN3"Moo, tgN3"'350). (B) After the 5 training days, mice underwent one trial without a
platform. The time spent in the target quadrant (NW) was similar between the groups (P=0.46; ANOVA). (C)
A 4-day reversal training phase with the platform hidden in the south-east quadrant showed no significant
differences in path length until finding the hidden platform between the groups (P=0.14 on day 4; ANOVA).
(D) Time in target quadrant after the reversal training was similar between the groups (P=0.09; ANOVA).

Graphs represent mean+SD; n.s. = non significant; * P<0.05.
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DiscusSION

We investigated the development of GOM deposits over time in a transgenic mouse
model of CADASIL, which overexpresses mutant human NOTCH3 protein from a large
genomic construct. GOM deposits evolved with respect to size, morphology and number
in microvessels of the mutant mouse brain. Here, we propose a 5-stage GOM classification
system to facilitate uniform analysis and description of GOM deposits and show that this
staging can also be used to systematically classify GOM in vessels of CADASIL patient
material.

The GOM deposits observed in aged mice (20 months) included stages I-IV, i.e. from small,
circumscript deposits within the basement membrane (stage 1), to large, amorphous GOM
that induced bulging of the basement membrane (stage V). As mice aged 6 months only
showed stages I-Ill GOM, individual GOM deposits seem to increase in size and become
increasingly amorphous over time, and new GOM seem to be continuously formed. This is
further illustrated by the observation that GOM deposits of stage | and Il are also present
in post-mortem CADASIL patient brain microvessels, next to the more extensive GOM
pathology, including patches of confluent GOM (stage V).”%52¢

Although many studies have reported the presence and morphology of GOM in CADASIL
patients,®" 325273 [itt|e is known about how GOM deposits progress over time. Brulin et al.
analyzed GOM in skin biopsies of CADASIL patients of different ages, and found that the
number GOM deposits increase up to 50 years of age, but also found that the number of
COM seems to decrease in elderly patients.” The latter may either be attributed to other
end-stage vessel wall changes hampering the visualization of GOM, or because GOM seem
to become confluent and disintegrate over time.? Whether different GOM stages in skin
biopsies of CADASIL patients are associated with disease severity and disease progression,
therefore, remains to be determined. If so, the proposed GOM classification system may aid
future efforts to monitor and predict disease progression at the individual patient level.

In our humanized CADASIL mouse model and in a rat Notch3 CADASIL mouse model, GOM
deposits are observed several months after the first signs of NOTCH3 P positive granular
immunostaining,?3° suggesting that NOTCH3®P granules may act as seeds for GOM
development. Since NOTCH3 P aggregates attract extracellular matrix proteins that are
components of GOM deposits, such as TIMP3 and clusterin,*s there seems a direct temporal
relation between NOTCH3 P aggregates and the formation of GOM deposits. Delineating
molecular differences between early- and end-stage GOM deposits may help to understand
the sequence of events in CADASIL vascular pathology, and perhaps the identification of
early therapeutic targets.
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Whereas the CADASIL mice in our study seem to faithfully replicate early signs of disease
pathology (NOTCH3™P accumulation and GOM deposition), we did not observe other
CADASIL-associated disease features which have been observed in other CADASIL mouse
models, such as vessel wall thickening, changes in SMA staining, mural cell degeneration
and blood brain barrier leakage.”*™s'73' |n line with this, we previously showed that
our mutant mice do not show brain parenchyma pathology at age 20 months, which we
confirmed in this study using high resolution T2W neuroimaging.? Furthermore, we
extended the characterization of the mice with functional tests, which did not reveal
any cognitive or motor dysfunction. Our cerebral blood flow studies showed a small,
not significant, reduction in CVR in tgN3""350 mice, while studies in other, genetically
different, CADASIL mouse models did show a reduced CVR.?3°3 |t may relevant that we used
a different method to anaesthetize mice and also to measure CVR, namely an ASL-based
MRI approach. Although less sensitive in detecting small CVR changes, the advantage of
ASL-MRI is that it allows for absolute perfusion quantification and detection of differences
in baseline CBF. In that way, we found that the slight reduction of CVR in tgN3"'"350 mice
could at least partially be explained by a higher CBF at baseline. Future research is needed
to determine whether the differences in CVR findings between this study and others®3°3
can be explained by differences in genetics of the mouse models, by differences in
baseline perfusion states, or by differences in the study set-up, including the anaesthesia
protocol. Although we did not find evidence for overt functional cerebrovascular deficits
in our mouse model, this humanized mouse model captures early markers of CADASIL
pathology, making it suitable for therapeutic studies targeting human mutant NOTCH3 P
accumulation early in the disease course.

In summary, we show progression of GOM deposits in a humanized CADASIL mouse
model. We propose a 5-stage GOM classification system for uniform assessment of
GOM depositions in translational research. In future pre-clinical studies of therapeutic
approaches aimed at reducing or preventing NOTCH35® aggregation, GOM classification
may serve as a valuable tool to monitor therapeutic efficiency on an ultrastructural level.
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SUPPLEMENTARY DATA
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Supplementary Data 2.1: Baseline CBF correlates with CVR in CADASIL mice

Relative CBF increase (CVR) was determined for all mouse strains (ntg, tgN3¥"00, tgN3"'100, tgN3"'350).

CVR values were negatively associated with baseline CBF values (s=-0.69, P<0.001), suggesting that CVR

represents differences in both baseline CBF and actual vascular reactivity.
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Supplementary Data 2.2: CADASIL mice do not show increased levels of vacuolization

(A) Representative images of Kliver-Barrera luxol fast blue staining of the corpus callosum in 20-month-

old non-transgenic mice (ntg), wildtype mice (tgN3%¥"00) and mutant mice (tgN3"'"350). (B) Quantification

of the vacuole area in the corpus callosum, showing similar levels of vacuolization (ntg 0.98%+0.71%,
tgN3%11001.51%+0.71%, tgN3"350 1.86%+0.36%, P=0.40, ANOVA). Graph represent mean+SD; n.s. = non

significant.
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Supplementary Data 2.3: CADASIL mice do not show altered cortical cerebrovascular reactivity

(A) Region-of-interest of cortex. (B) Baseline CBF in cortex was similar among the groups (ntg, tgN3"“™00,
tgN3"100, tgN3"350). (C,D) Average relative CBF profiles over time are shown for cortex. CVR was similar
inall groups. (E,F) Average absolute CBF profiles over time. Absolute CBF rise upon CO, challenge was similar
between the groups. Graphs represent mean or mean+SD; n.s. = non significant.
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Supplementary Data 2.4: CADASIL mice do not show altered subcortical cerebrovascular reactivity
(A) Region-of-interest of subcortex. (B) Baseline CBF in subcortex was similar among the groups (ntg,
tgN3%Too, tgN3" 00, tgN3"350). (C,D) Average relative CBF profiles over time are shown for subcortex.
CVR was similar in all groups. (E,F) Average absolute CBF profiles over time. Absolute CBF rise upon CO,
challenge was similar between the groups. Graphs represent mean or mean+SD; n.s. = non significant.
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Supplementary Data 2.5: CADASIL mice do not show blood brain barrier leakage

Blood brain barrier function was assessed in a second cohort of ntg (n=4), tgN3*"00 (n=4), and tgN3"'350
(n=5) mice at the age of 12 months by determining Gadolinium-induced signal enhancement on brain MRI
after injection of Gadolinium. No differences in signal enhancement were observed (ntg 1.31%2+0.14%,
tgN3“11001.26%+0.08%, tgN3""350 1.22%+0.11%, P=0.48, ANOVA).
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Supplementary Data 2.6: CADASIL mice do not show motor dysfunction

Bar charts showing (A) the time to complete a beam walk and (B) the time without falling of a rotarod for all
groups (ntg, tgN3"“"o00, tgN3""100, tgN3"""350) at various time points. No differences were seen between
groups on the beam walk and rotarod motor function tests. (C) Average swimming speed from all trainings
and reversal trainings was similar between groups. Graphs represent mean+SD; n.s. = non significant.
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Supplementary Data 2.7: Physiology parameters during cerebral hemodynamic assessment at
baseline and at CO, challenge in CADASIL mice

Baseline CO, challenge

mean (sd) mean (sd) P-value®

P-value? P-value?
Body temperature (°C) n.s. n.s.
ntg 35.4 (2.0) 35.3(2.4) n.s.
tgN3*“T100 35.3(0.4) 35.6 (0.5) n.s.
tgN3““ oo 34.4(0.5) 34.5(0.9) n.s.
tgN3""350 35.2(1.3) 35.5(1.2) P=0.006
Respiration (/min) n.s. n.s.
ntg 154 (34) 157 (33) n.s.
tgN3“T00 125 (32) 127 (45) n.s.
tgN3"100 112 (45) 131 (37) n.s.
tgN3"350 160 (28) 191 (50) P=0.031
Oxygenation (%) n.s. n.s.
ntg 78 (17) 77 (16) n.s.
tgN3“To0 72 (15) 72 (18) n.s.
tgN3"T100 74 (15) 85 (4) n.s.
tgN3""350 86 (1) 90 (7) n.s.
Heart rate (/min) n.s. P=0.009°¢
ntg 306 (73) 315 (82) © ns.
tgN3“To0 225 (20) 209 (22) ¢ n.s.
tgN3"100 300 (115) 269 (23) n.s.
tgN3""350 285 (51) 290 (30) n.s.

2 p-value per tested physiology parameter represent ANOVA P-value for testing differences between groups
at baseline and differences between groups at challenge.

®P-value represent paired student’s t-test between baseline and challenge values of the parameter within
the respective mouse strain.

“Heart rate during CO, challenge was significantly different between the different mouse strains. Post-hoc
testing showed that tgN3“"100 mice had significantly lower heart rates than ntg (P=0.006).

n.s. = non significant.
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Supplementary Data 2.8: pCO, in blood increase upon CO, challenge

(A) Absolute pCOz increase is plotted over time. pCO2 levels were normalized to zero at baseline. (B)
No significant differences in pCO2 increase between the mouse strains (ntg, tgN3"“"o0, tgN3“'"00,
tgN3"Y"350). Please note that pCO2 measurements of only a subset of mice is plotted (ntg n=1; tgN3“"100
n=6; tgN3"'"o0 n=6; tgN3"'"350 n=2) as the pCO2 datasets of the other mice were lost due to technical
reasons. Graphs represent mean+SD; n.s. = non significant.
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Supplementary Data 2.9: Reduced body weight in tgN3“'"350 and tgN3%"100 mice

compared to ntg and tgN3"“"100 mice

Mice showed similar weights at younger ages, but from the age of 12 months, tgN3*“"100 mice were
significantly lighter than ntg mice, and from the age of 16 months, tgN3*"100 and tgN3"'"350 mice were
significantly lighter than tgN3""™oo and ntg mice (ntg 43.1+4.8 g, tgN3"“"10033.8+0.7 g, tgN3""00 42.2+4.6
g, tgN3MU350 35.645.6 g, P=0.003; ANOVA). “P<0.05. Graph represents mean+SD.
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SUPPLEMENTARY METHODS
Supplementary Methods 1: Neuroimaging and CVR assessment

Anaesthesia and physiological monitoring during neuroimaging

Mice were anesthetized with 3.5% isoflurane in medical air enriched with oxygen (75% air,
25% oxygen) for 4 minutes, followed by a continuous flow of 2% isoflurane during positioning
of the mouse in the animal bed of the MRI scanner. A subcutaneous catheter was placed to
infuse medetomidine (Dexdomitor, Vetoquinol SA, Lure, France [a solution without the inactive
enantionmer levomedetomidine]) with a syringe pump (Univentor 802, Univentor High
Precision Instruments, Zejtun, Malta). At the beginning of image acquisition, a bolus of 0.15
mg/kg medetomidine was injected, and 10 minutes later followed by a continuous infusion of
0.30 mg/kg/hr medetomidine. During those 10 minutes, the isoflurane concentration was slowly
reduced to 0%, while the administration of the air/oxygen mixture was continued. During image
acquisition, respiration was registered using a pressure pad placed underneath the animal.
Heart rate and pulse oxygenation (both SA instruments, New York, USA) were recorded using
an infrared probe around the leg. Changes in transcutaneous (tc)-pCO, values were measured
using a tc-pCO, sensor (TCM radiometer, Zoetermeer, The Netherlands) placed on shaved skin
on the flank of the animal. Temperature was maintained using a feedback-controlled waterbed
(Medres, Cologne, Germany). Directly after neuroimaging, still under anaesthesia, mice were
decapitated and tissue was collected.

MR image acquisition for cerebral hemodynamic assessment

MR images were acquired with a 7 T Bruker PharmaScan (Ettlingen, Germany) using a 23 mm
volume coil. Anatomical T2 Turbo RARE scans were acquired in all three directions for planning
of the arterial spin labelling (ASL) scans with the following parameters: TE/TR = 35.0 ms/2,500
ms, 0.7 mm slice thickness without a slice gap, 1 average, matrix of 256 by 256, field of view of
21.55 by 21.55 mm, RARE factor of 8, and a bandwidth of 36.7 kHz. To aid image registration,
three slices of 1.5 mm thick with the same imaging parameters as above and the same geometry
as the pseudo-continuous arterial spin labeling (pCASL) scans were acquired. The pCASL
sequence was used to image the cerebral blood flow (CBF) and cerebrovascular reactivity
(CVR, i.e. relative CBF increase). The label and control interpulse-phases of the sequence were
optimized beforehand, to correct for off-resonance effects [1]. The labelling plane was placed in
the neck, 1.0 cm from isocenter. Three 1.5 mm thick single-shot, spin-echo - Echo Planar Imaging
(EPI) slices were used with a slice gap of 1 mm, where the middle slice was placed at isocenter
and at -0.75 mm Bregma. The following imaging parameters were used: TE/TR =16.8 ms/3,520
ms, labelling duration (1) of 3,000 ms, post-label delay (PLD) of 300 ms, FOV of 21.55 x 21.55 mm
and a matrix of 96 x 96.180 pairs of label/control images (repetitions) were acquired, with a total

pCASL imaging duration of 21 minutes. During the challenge, i.e. between minute 7 and 14 and
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between repetition 60 to repetition 120, 7.5% CO, was added to the gas mixture. Tt maps were
acquired using an inversion recovery EPI with 18 inversion times and with the same geometry
as the pCASL sequence. Labelling efficiency (a) was measured 0.3 cm downstream the labelling
plane with a flow-compensated, ASL-encoded FLASH sequence. The latter two sequences were
used to support CBF-quantification. After the pCASL scan, three additional anatomical scans
were acquired with the following details: (1) a high resolution T2W sequence with TE/TR =39
ms/2,200 ms, a matrix of 384 x 384, 9 slices with a thickness of 0.7 mm, a 0.3 mm slice gap and
8 averages; (2) a T2W-Fluid-Attenuated Inversion Recovery (FLAIR) sequence with TE/TR = 37
ms/1,000 ms, a matrix of 192 x 192, 9 slices with a thickness of 1.0 mm, without a slice gap and
3 averages; and (3) a Susceptibility-Weighted Imaging (SWI) sequence with TE/TR =18 ms/350
ms, a matrix of 384 x 384, 9 slices with a thickness of 0.7 mm, a 0.3 mm slice gap and 5 averages.
These three sequences were acquired in the same orientation and with the same FOV as the
pCASL scan.

MR image registration and processing

Individual pCASL EPIs and individual inversion recovery EPIs were aligned to the first label
magnitude image of the pCASL sequence using a MATLAB monomodal rigid body registration
with 300 iterations (MATLAB version R2016a, Mathworks, Natick, USA). The anatomical T2RARE
images of one dataset were used to delineate the cortex and the full brain. These regions of
interest (ROIs) were automatically propagated to the T2RARE images of the other datasets,
and subsequently to the EPIs of every dataset. An edge-based variational method for non-rigid
multimodal registration was used to propagate the ROIs [2]. The results of both propagation

steps were verified for each dataset by an operator (L.PM.).

Buxton's general kinetic perfusion model was used to quantify cerebral blood flow
(CBF) from the measured difference between label and control acquisition (Buxton
et al, Magn Reson Med. 1998;40:383-396), ie. the following equation was used:
CBF=[A-AM-exp(PLD /Tl /[2-a T - (1-exp-t/T) ]

Here, AM is the measured difference between the label and control EPIs, T1b is the T1 of
blood at 7 T, assumed to be 2230 ms [3]. Also, it is assumed that at thermal equilibrium,
the magnetization of arterial blood (M.,) may be approximated by My/A, where Mot is
the magnetization of tissue and A is 0.9, the blood—brain partition coefficient of water [4].
Baseline CBF was defined as the mean CBF of the 20 repetitions before the onset of the
CO, challenge, which is equal to 2 minute 20 seconds before the onset. CBF during CO, was
defined as the mean of the 20 repetitions before the end of the CO,. These two estimates
were used to calculate cerebrovascular reactivity (CVR) by using the following equation:
CVR (%) = [ mean CBF during challenge - mean CBF during baseline ] / [ mean CBF during
baseline]-100%
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MR image acquisition for blood brain barrier assessment using Gadolinium

Blood brain barrier function was assessed in a second cohort of ntg (n=4), tgN3WT100 (n=4),
and tgN3MUT350 (n=5) mice at the age of 12 months by determining Gadolinium-induced
signal enhancement on brain MRI after injection of Gadolinium. Gadolinium-DOTA (Dotarem,
Guerbet, Cedex, France) was administered intra-peritoneally at 10 mmol/kg. MRI was performed
using a series of consecutive TIW images with a RARE sequence (TR/TE = 870/11.7 ms, matrix
size = 256 x 256, field-of-view = 20 x 20 mm?, number of averages = 6, slice thickness = 0.5 mm,
coronal slices, RARE factor = 2), both before (1 image) and after (6 images) contrast agent
administration. The 6 post-contrast images have been acquired immediately after the contrast
agentinjection, thus started at 0 min, 12 min, 24 min, 36 min, 48 min, and 60 min post-injection,
respectively. Blood brain barrier leakage was calculated as percentage signal enhancement after
contrast in a region-of-interest placed on the cortex at Bregma -2 mm. Signal enhancement was
calculated as the relative change in signal intensity (SI) between pre- and the last post-contrast
T1W image (ASI) as per the following equation, ASI= [ SI(t) — SI(0) 1/ SI(0), where SI(t) is the
signal intensity at time t after Gadolinium-DOTA injection and SI(0) is the signal intensity of the
selected region-of-interest in the scan prior to Gadolinium-DOTA injection.

Supplementary Methods 2: Cognitive assessment

A Morris water maze protocol was used to assess cognitive function, as it is considered to be
a valid measure of hippocampal dependent spatial navigation and reference memory. The
swimming pool (diameter 138cm) was filled with opaque white water (by adding non-toxic
paint) which was maintained at a temperature of 20-22°C. A platform (diameter 10.8 cm,
platform pool ratio 1:163) was placed 5-8 mm under the water surface in the north-west quadrant
and south-east quadrant during the training phase and reversal training phase, respectively.
Ten cm from the pool, three high contrast figures were placed to facilitate spatial navigation.
To prevent praxic and taxic navigation rather than spatial navigation, mice were released from

different locations during the experiment.

Three days before starting the training phase, mice were allowed to swim in the pool for 2 min.
Mice underwent 4 trials for 5 or 4 days during the training phase or reversal training phase,
respectively, where they had a maximum of 120 seconds per trial to locate the hidden platform.
After the trail, regardless whether they found the platform, mice were placed on the platform
for15 seconds allowing them to remember the location. Three days after the training phase and
reversaltrainingphase, micewere placed forz minutesintheswimmingpoolofwhichthe platform
was removed (no platform test and reversal no platform test, respectively). Mice were recorded
using the Noldus EthoVision® XT Base software (version11.5). Path length to platform was used as
outcome measure for (reversal) training phase and time per quadrant for the no-platform tests.
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Supplementary Methods 3: Motor function tests

For rotarod tests, mice had to run on a rotating rod (speed gradually increasing up to 45 rpm) for
a maximum of 5 minutes. For beam walk tests, time to cross a beam of 80 cm with a diameter
of 11 mm was recorded. As we noted that all mice had difficulty performing the task, from the
age of 6 months, the diameter of the beam was increased to 17 mm. Mice took three trials per
time point and the average time was analysed for both tests. Average swimming speed was
calculated based on all MWM trials.

Supplementary Methods 4: Quantification of vacuolization in mouse brain

Two 5-um brain sections per mouse were analysed after staining them with Kliiver-Barrera luxol
fast blue staining according to standard protocol. Corpus callosum was captured at 400x with
the same capture settings for all sections. Regions-of-interest were manually draws around
the corpus callosum, thereby excluding blood vessel area if vessels were present in the image.
Vacuoles were quantified using Image] thresholding for the vacuole areas. Vacuole area is
expressed as vacuole area percentage compared to total region-of-interest area. Multiple

measurements were averaged per mouse.
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ABSTRACT

CADASIL is a vascular protein aggregation disorder caused by cysteine altering NOTCH3
variants, leading to mid-adult onset stroke and dementia. Here, we report individuals with
a cysteine altering NOTCH3 variant that induces exon 9 skipping, mimicking therapeutic
NOTCHS3 cysteine correction. The index came to our attention after a coincidental finding
on a commercial screening MRI, revealing white matter hyperintensities. A heterozygous
NOTCH3 c.1492G>T, p.Gly498Cys variant was identified using a gene panel, which was also
present in four first- and second degree relatives. Although some degree of white matter
hyperintensities was present on MRI in all family members with the NOTCH3 variant, the
CADASIL phenotype was mild, as none had lacunes on MRI and there was no disability or
cognitive impairment above the age of 60 years. RT-PCR and Sanger sequencing analysis
on patient fibroblast RNA revealed that exon 9 was absent from the majority of NOTCH3
transcripts of the mutant allele, effectively excluding the mutation. NOTCH3 aggregation
was assessed in skin biopsies using electron microscopy and immunohistochemistry and
did not show granular osmiophilic material and only very mild NOTCH3 staining. For
purposes of therapeutic translatability, we show that, in cell models, exon 9 exclusion can
be obtained using antisense-mediated exon skipping and CRISPR/Cas9-mediated genome
editing. In conclusion, this study provides the first in-human evidence that cysteine
corrective NOTCH3 exon skipping is associated with less NOTCH3 aggregation and an
attenuated phenotype, justifying further therapeutic development of NOTCH3 cysteine
correction for CADASIL.
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INTRODUCTION

CADASIL is a hereditary small vessel disease caused by cysteine altering variants in NOTCH3
(OMIM#125310)."> More than 250 of such variants have been described in CADASIL families,?
all of which lead to an uneven number of cysteines in one of the epidermal growth factor-
like repeat (EGFr) domains of the NOTCH3 ectodomain (NOTCH3P). These variants cause
mutant NOTCH3E® to aggregate in the (cerebro)vasculature. Ultrastructurally, CADASIL-
causing NOTCH3 variants are associated with granular osmiophilic material (CGOM) deposits
in the blood vessel wall, including vessels of the brain and skin.** As such, CADASIL is a
vascular protein aggregation disorder with secondary central nervous system hypoxia and
ischemia, leading to mid-adult onset strokes and cognitive decline.' MRI signs include
progressive periventricular and deep white matter hyperintensities (WMH), typically but
not necessarily including the external capsules and temporal poles, superimposed by
lacunes and frequently also microbleeds in later disease stages.”

We recently described ‘NOTCH3 cysteine correction’ as a therapeutic approach for CADASIL,
using antisense-mediated exon skipping to exclude mutant exons from the mRNA.? Exons
were selected in such a way that exclusion from mRNA restores the number of cysteines in
the ECFr domains of the NOTCH3EP, with conservation of signalling function and predicted
normal protein folding.® Many exons harboring CADASIL-causing variants are eligible for
this approach, including exon 9.

Here, we describe a family with a unique cysteine altering NOTCH3 variantin exon 9, which is
predicted to cause natural exon 9 skipping. This effectively mimics the therapeutic NOTCH3
cysteine correction approach, allowing us to study the effect of cysteine corrective exon
skipping on NOTCH3 protein aggregation and disease severity in humans. Furthermore,
we tested exon 9 skipping in vitro using antisense oligonucleotides and determined the
feasibility of NOTCH3 cysteine correction using CRISPR/Cas9-mediated gene editing.

MATERIALS AND METHODS

This study was approved by the Medical Ethics Committee of the Leiden University Medical
Center (B19.057). All participants gave written informed consent for publication.

Phenotype description
Family members were evaluated at the multidisciplinary out-patient clinic for cerebral
small vessel disease of our hospital. A neurologist (GMT) and clinical geneticist (SAJLO) with
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longstanding expertise in CADASIL took their history and family history. Neuroimaging was
performed as part of diagnostic care. MRI scans were re-evaluated by a neuroradiologist
with broad expertise in MRI scans of CADASIL patients (MCK). WMH volume was quantified
relative to the brain parenchyme volume as described previously.? Age-adjusted z-score of
lacune count (for family member #1, #2, #4, #6) and WMH volume (for family member #1,
#2, #6) were calculated using simple linear regression, with a previously published CADASIL
cohort as reference.” WMH volume in family member #4 could not be quantified because
only saggital brain MRl images were available.

Geneticvariant analysis

In the index patient, a panel of 26 cerebral small vessel disease associated genes
(Supplementary Data 3.2) was sequenced by the Leiden Laboratory for Diagnostic Genome
Analysis using the lllumina Hiseq platform with the Agilent SureSelectXT Clearseq
inherited disease panel target enrichment kit. The complete coding sequence was analysed,
including 20 nucleotides in the flanking introns. In the other family members, the presence
of the NOTCH3 variant was determined using Sanger sequencing. NOTCH3 transcript
(NM_000435.2) was used as reference. The identified NOTCH3 variant was submitted to the
Leiden Open Variant Database (notch3.lovd.nl)."™

Qualitative and quantitative analysis of vascular NOTCH3 aggregation in skin biopsies
Skin punch biopsies of all six family members, as well as of 3 CADASIL patients (positive
controls with NOTCH3 variants p.Arg182Cys and p.Cys144Phe located in exon 4, and with
NOTCH3 variant p.Cys446Phe located in exon 8) and 3 unaffected individuals (negative
controls), were taken from the lateral upper arm, fixed in formalin and embedded in
paraffin. Two 5-pm sections were pre-treated with proteinase K and washed three times
for 5 minutes with PBS. The primary antibody (rabbit-anti-NOTCH3 P, #25070002, Novus,
dilution 1:500), was incubated for 2 hours at room temperature. The secondary antibody
(swine-anti-rabbit/biotin, Dako, dilution 1:400), was incubated for 30 minutes and
developed with the Vectastain Elite ABC HRP Kit (PK-6100, Vectorlabs). Finally, slices were
stained with 0.05% 3,3'-diaminobenzidine (DAB, Sigma Aldrich) supplemented with 30%
H,0, for 10 minutes. To validate immunohistochemistry results, sections were also stained
with another primary mouse anti-NOTCH3 P antibody (clone 1E4, Millipore, dilution
1:1000; data not shown).

For quantification of vascular NOTCH3 aggregation, full colour images were obtained with
the Keyence BZ-X710 microscope (Keyence, Itasca, USA) at 1-ms capture time using 20x
magnification. Ten images in the z-axis (pitch 1 um) per location were made and stitched
into one high resolution, full focus image by the Keyence BZ-X Analyzer software version
1.3.0.3. Regions-of-interest were drawn manually around vessel wall inner and outer
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boundaries. A median of 40 vessels per individual was analysed (minimally 13 vessels per
family member). The NOTCH3E® positive area was determined using a Colour Threshold
(Hue 0-50; Saturation 0-255; Brightness 0-175) in Image], and expressed as percentage of
vessel wall area.

For electron microscopy, skin tissue blocks of <1 mm? were post-fixed for 90 minutes in 2%
osmium tetroxide and 2% potassium ferrocyanide. After dehydration, tissue blocks were
polymerized in Epon LX-112 for 48 hours at 70°C. 80-nm sections were stained with uranyl
acetate and lead citrate. Images were acquired on a digital camera (One View, Gatan Inc,,
Pleasanton, USA) mounted on a120 kV transmission electron microscope (Tecnai T12 with a
twin objective lens, Fei, Eindhoven, The Netherlands). Overlapping images were collected
and stitched together into one image, as previously described.” The presence of GOM in the
walls of skin vessels was evaluated by independent observers (GG, AAM, CR)) in 5-14 vessels
per individual, in all family members with the NOTCH3 variant, in two positive control
CADASIL patients and in one healthy control.

Analysis of exon 9 skipping in fibroblast RNA

To obtain patient-derived fibroblasts, part of the skin biopsy was washed in PBS and
incubated for 30 minutes at room temperature in collagenase A (0.42 units/mL, Roche).
Primary fibroblast culture was performed in DMEM/F12 ClutaMAX supplement medium
(Gibco Life Technologies, The Netherlands), supplemented with 10% heat inactivated fetal
calf serum (FCS) (Gibco), 2 M MEM sodium pyruvate (Gibco), 0.5 U/mL penicillin and 0.5
pg/mL streptomycin (Gibco). Fibroblast RNA was isolated from ~1x10° cells according to
the manufacturer’s instruction using the High Pure RNA Isolation Kit (Roche Diagnostics,
Almere, The Netherlands). cDNA was synthesized from 1 ug RNA with the transcriptor
first strand cDNA synthesis kit according to the manufacturer’s protocol (Roche). RT-PCR
was performed using a 10x PCR buffer with 1.5 mM MgCl_(Roche) supplemented with 0.2
mM dNTP, 0.2 pmol/uL NOTCH3 exon 7 forward primer and exon 11 reverse primer with
an annealing temperature of 60°C (Supplementary Data 3.3), and 1 U FastStart Taq DNA
polymerase (Roche). PCR products were then excised from gel and DNA was extracted
using the Zymoclean Gel DNA Recovery kit (Zymo Research, Irvine, USA) and analysed
using Sanger sequencing (Macrogen Europe, Amsterdam, The Netherlands).

3D modelling of NOTCH3"ex

3D modelling of EGFr domains was performed with the online Swiss-Model tool (https://
swissmodel.expasy.org/), using the sequence of NOTCH3 EGFr domains and a model
template 5fma.1.A from the NOTCH1 protein. EGFr domains were visualised using Chimera
software version 1.11.2.
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Generation of NOTCH3 cDNA constructs

cDNA constructs (NOTCH3%4%¢, NOTCH34¢5¢, NOTCH3%°") were generated by adapting
previously generated cDNA construct pTThN3FL and pSEhN3.2 pSEhN3 was trimmed by
removing exons 20-33 by Hindlll digestion. Inverse PCR was performed on this clone using
specific primer sets (Supplementary Data 3.3) and Qs High-Fidelity DNA Polymerase
(New England Biolabs) to introduce the pathogenic variants in exon 9 or to delete exon 9.
Following the PCR, the mixture was digested using Dpnl to remove the methylated input
DNA and purified using the GenElute” PCR Clean-Up Kit (Sigma-Aldrich, Saint Louis,
USA). The products were ligated and subsequently NEBsa cells were transformed with
the ligation mixes. Clones were verified using Sanger sequencing (Macrogen). The Kpnl-
Hindlll fragment of the clones carrying the modification was transferred to the pTThN3FL
Kpnl-Hindlll backbone. Plasmids were isolated using Nucleospin Plasmid Quickpure kit
according to the manufacterer’s protocol (Macherey-Nagel, Diiren, Germany).

Protein expression, processing and signalling function of NOTCH32ex

Control fibroblasts were transfected with wildtype, NOTCH3*" and empty vector
constructs, and stained for NOTCH3®P to assess cellular localisation as described
previously.® In short, cells were either fixed and permeabilized with 4% paraformaldehyde
and 0.1% Triton X-100, or only fixed without permeabilization using 4% paraformaldehyde
and stained with a mouse anti-NOTCH3*Pantibody (clone 1E4, Millipore, dilution 1:10,000).
To determine the signalling activity of NOTCH32*°", a CBF1 responsive luciferase assay was
performed as described previously®. In short, NIH 3T3 cells were transfected with NOTCH3
cDNA constructs together with the Renilla luciferase expression vector.> One day after
transfection, cells were co-cultured with 3T3 cells expressing the NOTCH3 ligand human
JAGGED1, or with mock transfected 3T3 cells. Luciferase activity of NOTCH3%°" was
compared to NOTCH3 with a deletion of the ligand binding domain (LBD), NOTCH3“®R,
NOTCH3"465¢, NOTCH3“?*¢ and NOTCH3"'". Seven independent luciferase experiments
were performed, with four technical replicates per experiment. Signalling values were
normalized to unstimulated wildtype NOTCH3 signalling activity.

Antisense oligonucleotide (ASO)-mediated exon 9 skipping

Antisense oligonucleotides (ASOs) targeting NOTCH3 exon 9 were designed according
to guidelines for ASO development using Human Splice Finder (www.umd.be/HSF)
(Supplementary Data 3.4). 14,15 ASOs consisted of 2-O-methyl riboses and contained a
full length phosphorothioate backbone (2'-O-MePS). ASOs were tested on primary control
arachnoid vascular smooth muscle cells (VSMCs).8 Cultures of 1x105 cells were transfected
with a final concentration of 100 nM ASO complexed with Lipofectamine2000 (ratio 2.67:1,
Life Technologies) in serum free medium. Exon 9 skipping was analysed 24 hours after
transfection using RT-PCR analysis with an exon 7 forward and exon 11 reverse primer.
Results of the most efficient ASO are shown.
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CRISPR/Cas9-induced exon 9 and exon 4-5 genomic deletions

To obtain a genomic exon 9 or exon 4-5 deletion, using CRISPR/Cas9 genome editing, guide
RNAs were designed targeting NOTCH3 introns 8 and 9, and introns 3 and 5 with the online
tool of the Zhang lab (https://zlab.bio/guide-design-resources), Guide RNAs were cloned
into a modified pSQT1313 vector (Addgene #53370), with both guide RNAs flanked by Csy4
recognition sites. HEK293 cells and VSMCs were transfected during 4 hours with 0.5 ug DNA
encoding the guide RNAs and 3.5 ug DNA of a modified eSpCas9(1.1) (Addgene #71814),
expressing both the SpCas9 protein and the Csy4 RNAse, together with Lipofectamine2000
(DNA:Lipofectamine ratio 1:2.5) in serum free medium. Two days after transfection, DNA
and RNA were isolated and the deletion of exon 9 was assessed by PCR using primers in
introns 8 and 9, and by RT-PCR using primers in exon 7 and 11, respectively. The deletion of
exon 4-5 was assessed by RT-PCR using primers in exon 3 and 6.

Statistical analysis

Differences between groups were compared using one-way ANOVA analysis with
Bonferroni’s post-hoc correction in the immunohistochemistry analysis, and with
Dunnett’s post-hoc correction relative to the wildtype condition in the NOTCH3 signalling
assay. Ligand-dependent increase in luciferase activity was tested per condition using
independent samples t-tests. Normality of the data was assessed using histograms
and could be assumed. All statistical analyses were two-sided tests with threshold for
statistical significance of 0.05, using the IBM SPSS Statistics version 23.0.0.2 software.

RESULTS

Clinical characteristics of family members with the NOTCH3 c.1492G>T variant

A 63-year-old female (index, #1, Figure 3.1a) was referred to the hereditary small vessel
disease clinic of our hospital because of confluent white matter hyperintensities (WMH)
seen on a commercial brain scan. This scan was performed at her own initiative when her
twin sister was found to have WMH. She had a history of non-migraine headaches, short
lasting attacks of vertigo and tinnitus, but an otherwise unremarkable neurological and
neuropsychiatric medical history. Her vascular risk factors included a smoking history of 6
pack years and hypertension, for which she was treated since age 45, with good response.
She was living independently and worked until age 60 years. Since age 62 years she noticed
some short term memory impairment. Neurological examination revealed a rest tremor
and mild dysdiadochokinesia left more than right, which was explained by right-more-
than-left nigrostriatal degeneration shown on a DAT-scan. Global neuropsychological
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Figure 3.1: Pedigree and brain imaging of individuals with the NOTCH3 c.1492G>T variant

(A) Pedigree showing the family members with the NOTCH3 c.1492G>T, p.G498C variant. (B-E) FLAIR
sequences are shown, unless otherwise stated. (B) MRI of the index patient (#1) shows confluent
symmetrical periventricular and subcortical WMH. WMH are also present in the anterior temporal lobes.
No lacunes were seen. Microbleeds are present in the thalamus on susceptibility-weighted imaging (SWI)
(B)). (C) MRl scan of the twin sister (#2) showing confluent WMH almost identical to those seen in the index,
and a parietal subcortical microbleed on the SWI scan, but no lacunes (C). (D) Brain MRI in the brother
(#4) was performed at the age of 63 years, before his large vessel stroke, showing focal and beginning-
confluent WMH in the semi oval center with some involvement of external capsules, but without lacunes.
(D) A CT-scan made after the stroke reveals a large cortico-subcortical infarct in the territory of the »
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examination was normal. MRI performed in our hospital showed bilateral supratentorial
confluent WMH in the frontal and parietal lobes, as well as in the anterior temporal lobes,
external capsules and in the basal ganglia: a pattern and extension suggestive of CADASIL,
although mild for her age. There were no lacunes, which are typically present in CADASIL
patients in their sixties, but some microbleeds were observed in the thalamus (Figure 3.1b).

Family history was remarkable for a large vessel stroke in a brother with a history of chronic
alcohol abuse (#4) and depression in a sibling (#3). No siblings had a history of lacunar
stroke or vascular cognitive decline. Except for the brother with large vessel stroke in the
left medial cerebral artery with hemiparesis, all were living independently and physically
able, with at most complaints of mild short term memory impairment. Both parents were
deceased and their mother had experienced two strokes and cognitive decline in her 7*"
decade (Figure 3.1a).

A gene panel of 28 genes for small vessel disease and adult-onset leukoencephalopathy
was performed in the index patient, revealing a previously unreported cysteine altering
heterozygous missense NOTCH3 variant (NM_000435.2: ¢.1492G>T, p.(Gly498Cys)). The
variant alters the number of cysteines in an EGFr domain of NOTCH3 (EGFr 12), which is
typical for a CADASIL-associated variant. However, this variant is remarkable for the fact
that it is located adjacent to the exon 9 donor splice site. In silico analyses predict that this
variant results in exon 9 skipping, thereby excluding the missense variant from the mature
mRNA (Figure 3.2). This variant was also found to be present in her twin sister (#2) and in
2 other siblings (#4 and #5), as well as in a nephew (#6). One tested sibling did not have
the variant (#3). Neuroimaging was performed, showing confluent WMH in all siblings,
but no lacunes and a few microbleeds in only one individual (Figure 3.1¢d). The 33-year-
old nephew had a few small focal WMH in the frontal deep white matter (Figure 3.1e), but
not the more extensive (periventricular and temporal pole) WMH often seen in CADASIL
patients in the fourth decade *. The sibling without the NOTCH3 variant (#3) had a normal
MRI scan. Family members with the NOTCH3 variant had a lower age-adjusted WMH
volume and lacune lesion load compared to a cohort of CADASIL patients. (Figure 3.1f,g and
Supplementary Data 3.1).

» left medial cerebral artery (arrowheads). (E) MRI of the nephew (#6) showing minimal focal WMH in the
frontal deep white matter. No brain MRI was available for one brother (#5). (F) Violin plot showing age-
adjusted standardized WMH scores of the index (#1), her twin sister (#2) and the nephew (#6) compared to
a cohort of CADASIL patients. (G) Violin plot showing age-adjusted standardized lacune count scores in the
family members#1,#2, #4 and #6. None of the family members had lacunes. The differences the standardized
score for lacunes between family members are due to the differences in age (see Supplementary Data 3.1).
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Figure 3.2: Exon 9 skipping and predicted effect on NOTCH3 protein of NOTCH3 c.1492G>T variant

(A) The NOTCH3 gene contains 33 exons, of which exon 2-24 encode the 34 epidermal growth factor-like
repeat (EGFr) domains in the ectodomain of the NOTCH3 protein (NOTCH3P). One exon can encode one
or more, complete or partial EGFr domains. (B) The NOTCH3 c.1492G>T variant is located adjacent to the
splice donor site of exon 9. Upon canonical splicing of the NOTCH3 transcript, the c.1492C>T variant results
in an additional cysteine residue in EGFr domain 12. However, because the c.1492G>T variant is located
adjacentto the splice donorsite, itis predicted to resultin exon 9 skipping. Exon 9 encodes part of EGFr11and
part of EGFr12; the remaining parts of EGFr 11 and EGFr 12 encoded by exon 8 and exon 10 respectively, are
predicted to form an EGFr11-12 fusion domain, with the correct number of and spacing of cysteine residues.
Homology-based models show the predicted structure of EGFr domains. (C) RT- PCR and Sanger sequencing
analysis showing exon 9 skipping in fibroblast RNA from individuals with the NOTCH3 c.1492G>T variant.
The full length band predominantly contained the wildtype transcript, but also some mutant transcripts,
as indicated by the relatively low mutant T-peak in the sequence. No exon 9 skipping was seen in controls.
RT-PCR and Sanger sequencing were performed in two independent experiments. NOTCH35® = NOTCH3
extracellular domain; EGFr = Epidermal growth factor-like repeat.
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Figure 3.3: Individuals with the NOTCH3 ¢.1492G>T variant show much less granular NOTCH3E®®
staining in skin vasculature than CADASIL patients

(A) Representative images of NOTCH3®P staining in blood vessels of skin punch biopsies: CADASIL patients,
individuals with the NOTCH3 c.1492G>T variantand controls. All family members with the NOTCH3 c.1492C>T
variant had minimal granular NOTCH3 P staining, which was much less compared to NOTCH3® staining
typically seen in CADASIL patients. No NOTCH3 P staining was seen in the brother without the NOTCH3
variant (#3) or in controls. (B) Quantification of the area of NOTCH3®® immunostaining within the vessel
wall showed that individuals with the NOTCH3 ¢.1492G>T variant have significantly less NOTCH3®P staining
compared to CADASIL patients (1.81%=+1.48 versus 31.2%z+2.75 NOTCH3® positive area within vessel wall
boundaries, ANOVA, P<0.001). Bar represents 10 pm. Mean + standard deviation.
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Skin punch biopsies were taken to determine whether CADASIL-associated vessel wall
pathology was present. NOTCH3 immunohistochemistry using two NOTCH3 P antibodies
showed only very slight positive, but typically granular, NOTCH3 staining compared to
positive controls. There was no granular staining present in negative controls, nor in the
sibling lacking the NOTCH3 variant (Figure 3.3). Exhaustive electron microscopic analysis
did not reveal CADASIL-associated GOM deposits in the vessel walls of any of the family
members with the NOTCH3 c.1492G>T variant, while many GOM deposits were observed in
vessel walls of CADASIL patients (Supplementary Data 3.6).

Characterisation of the NOTCH3 cysteine altering splice variant

To confirm that the NOTCH3 c.1492G>T variant impairs exon 9 inclusion during the splicing
process, RT-PCR analysis was performed on RNA from skin fibroblasts from three family
members, which confirmed exon 9 skipping in all three individuals. Exon 9 skipping was
highly efficient, with only a minority of mutant transcripts escaping exon skipping and
therefore still harbouring the cysteine altering missense variant (Figure 3.2c). Skipping of
exon 9 leaves the open reading frame intact and is predicted to result in the production of
a slightly shorter internally deleted NOTCH3 protein. Exon 9 encodes part of EGFr 11 and
part of EGFr 12, and these parts are therefore excluded from the exon 9 skipped NOTCH3
protein; the remaining parts of EGFr 11 and EGFr 12 encoded by exon 8 and exon 10,
respectively, are predicted to form an EGFr 11-12 fusion domain. This EGFr fusion domain
resembles a wildtype EGFr domain, with six canonically spaced cysteine residues (Figure
3.2b), mimicking NOTCH3 cysteine correction®. There is one notable difference with other
NOTCH3 exons eligible for cysteine corrective exon skipping, such as exon 4-5 skipping,
namely that the exon 9 skipped protein lacks a small part of EGFr 11 which is part of the
putative NOTCH3 ligand binding domain (i.e. EGFr10 and 11).

To assess translation, processing and signalling of the exon 9 skipped NOTCH3 protein,
we transfected control fibroblasts and NIH 373 cells with cDNA constructs lacking exon 9
(NOTCH32=°m)  NOTCH3%°" was expressed at the cell surface of fibroblasts, comparable
to wildtype NOTCH3 (Figure 3.4a). However, ligand-dependent signalling was impaired,
comparable to the protein lacking the entire NOTCH3 ligand binding domain (NOTCH3%'8P)
(Figure 3.4b and Supplementary Data 3.5).



Naturally occurring NOTCH3 exon skipping attenuates NOTCH3 protein aggregation in CADASIL patients

A NOTCH3Ae*on?

unpermeabilised

NOTCH3ECD

NOTCH3ICD

permeabilised

unpermeabilised

NotcH3WT

permeabilised

349 XK¥

>

NOTCHS3 reporter assay

ALBD

exon 9

=)
= XXk
el
g, . I
© ns ns
£ [— [—
2
14
0 ,jj
Empty ‘ N3WT C183R Y465C G498C ALBD Aex9
Exon 4 9 9 Ap8-p9 A9
EGFr 4 11 12 A10-11 Ap11-p12

Figure 3.4: NOTCH3“" protein has normal cellular localisation but has reduced signalling properties in vitro
(A) Immunocytochemistry of fibroblasts transfected with NOTCH3 cDNA constructs shows that the
NOTCH32®°" protein is translated and expressed on the cell surface similar to NOTCH3", as indicated
by NOTCH3 P staining of the cell membrane in unpermeabilized cells. (B) NOTCH3 signalling in a CBF1
reporter assay with and without JAGGED1 stimulation. JAGGEDn significantly activated NOTCH3 signalling
in NOTCH3YT, NOTCH3"45¢ and NOTCH3%4%¥¢, but notin NOTCH3%" and NOTCH3'° (independent samples
t-test; see Supplementary Data 3.5 for details). LBD = ligand binding domain; RLU = relative luciferase
units; N3 = NOTCH3 wildtype protein; NOTCH3°" = NOTCH3 exon 9 skip protein; NOTCH3 P = NOTCH3
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Figure 3.5: Targeted NOTCH3 exon exclusion using antisense oligonucleotides and CRISPR/Cas9 in vitro
(A) RT-PCR analysis of VSMCs after transfection with an ASO targeting exon 9, showing a band at ~300 bp,
corresponding to the expected fragment size after exon 9 skipping, which was confirmed to be a correct
exon 9 skip with Sanger sequencing. (B) Guide RNAs targeting NOTCH3 intron 8 and 9 were used to delete
exon 9 from the genomic DNA of HEK293 cells. RT-PCR analysis confirmed exon 9 exclusion at the RNA level.
(C) Guide RNAs targeting intron 3 and intron 5 were used to delete exon 4 and exon 5 from the genomic DNA
from control (left lane) and CADASIL patient-derived VSMCs (right lane), which was confirmed with Sanger
sequencing. ASO = antisense oligonucleotide; FL = full length; -RT = condition without reverse transcriptase;
Aex9 = PCR product lacking exon 9; Aex4-5 = PCR product lacking exon 4-5; arrowhead = aspecific genomic
PCR product.

Targeted NOTCH3 exon exclusion in vitro using antisense oligonucleotides and CRISPR/Cas9
For purposes of translatability, we assessed whether it was possible to induce exon 9 antisense-
mediated skipping or an exon 9 genomic deletion in control cell cultures. Exon 9 skipping was
induced in VSMCs transfected with ASOs targeting exon 9 (Figure 3.5a,b). Using CRISPR/Cas9-
mediated gene editing with guide RNAs targeting introns 8 and 9, exon 9 was deleted from
genomic DNA in HEK293 cells (Figure 3.5¢,d), with mRNA transcripts showing a correct exon
8-10 boundary similar to the mRNA transcript expressed after ASO-mediated exon 9 skipping.
We also tested whether we could delete NOTCH3 exons 4 and 5, as this cysteine corrective exon
skipping would ensure a single treatment approach for most CADASIL patients® Genome
editing with guide RNAs targeting introns 3 and 5 resulted in a correct genomic exon 4-5
deletion in VSMCs and mRNA transcripts with a correct exon 3-6 boundary (Figure 3.5¢,f).
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DiscusSION

Here, we present a family with a unique cysteine altering NOTCH3 variant that leads to exon
9 skipping, effectively excluding the mutant exon and correcting the number of cysteines
in the EGFr domains of the NOTCH3EP. This mimics the ‘NOTCH3 cysteine correction’
therapeutic strategy for CADASIL we previously described,® offering the unique opportunity
to study the effect of cysteine correction on NOTCH3 protein aggregation and disease
severity in humans. We show that exon 9 skipping is associated with strongly reduced
levels of vascular NOTCH3E®® aggregation, and that individuals with exon 9 skipping have
a milder small vessel disease phenotype compared to most CADASIL patients, although
CADASIL can also be variable.” Furthermore, we show that NOTCH3 cysteine correction can
be accomplished at the RNA level using ASOs® and at the DNA level using CRISPR/Cas9-
mediated gene editing.

All family members with naturally occurring exon 9 skipping had only minimal levels
of NOTCH3P protein aggregation in their skin vasculature, suggesting that the exon 9
skipped NOTCH3 protein does not aggregate. The minimal aggregation that was seen is
likely due to the low levels of mutant NOTCH3 proteins containing exon 9, translated from
the low levels of unskipped mutant transcripts. In line with this, the individual with the
most efficient exon 9 skipping, had the least vascular NOTCH3 P positive staining in skin
biopsy. Notably, none of the individuals with the NOTCH3 c.1492G>T variant had CADASIL-
associated GOM deposits. In CADASIL mouse models, it has been shown that progressive
NOTCH3 aggregation precedes GOM formation, showing that GOM are likely only formed
once a certain threshold of NOTCH3 aggregation has been reached.”®” Thus, we cautiously
pose that the natural cysteine correction that occurs in these patients strongly reduces
progressive NOTCH3 aggregation, such that the GOM stage is not reached, vessel wall
integrity is better preserved and therefore there is a milder later-onset disease course.
Cysteine altering NOTCH3 variants are known to be associated with a variable disease
severity, part of which is explained by mutation position” and environmental factors,>*
but other genetic factors are widely held to play a role,?2 of which this naturally occurring
exon skipping may be a rare example.

We have previously shown that NOTCH3 cysteine corrected proteins with EGFr fusion
domains retain signalling function comparable to wildtype.® Here, we show that the exon
9 skipped NOTCH3 protein has expression and localisation properties comparable to
wildtype, but that ligand-induced signalling properties are strongly reduced, comparable
to complete lack of the ligand binding domain (EGFr domains 10 and 11). Whether reduced
NOTCH3 signalling may contribute to the phenotype in this family is unclear, as the role of
heterozygous loss-of-function variants in CADASIL or CADASIL-like small vessel disease
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is still subject of debate.”+% Of note, we found that NOTCH3Y4%¢, located in EGFr domain
11, has similar JAGGED1-induced signalling capacity as variants located outside the ligand
binding domain, as opposed to the NOTCH3“**® variant in EGFr 11 which has been shown to
impair JAGGED1-induced signalling.™ As the NOTCH3Y4¢ variant is located in the second-
to-last amino acid of ECFr domain 11, this suggests that the distal part of ECFr domain 11 is
notinvolved in binding to JACGED:n.

We previously showed that cysteine altering variants associated with a severe CADASIL
phenotype, i.e. those located EGFr domains 1-6, are also eligible for cysteine correction by
skipping exons 4 and 5 simultaneously using ASOs.® Here, we showed that CRISPR/Cas9-
mediated genome editing to exclude exons 4 and 5 or exon 9 from genomic DNA is feasible,
and thereby may be a potential future alternative for ASO-based cysteine correction.
Therapeutic genome editing has the potential of a single treatment approach, instead of
the potentially lifelong repeated ASO administration, which would be necessary for an
RNA-based exon skipping approach. However, before in vivo genome editing of VSMCs
can be applied in CADASIL patients, major hurdles need to be taken, including delivery,
immunogenicity and off-target effects,* whereas ASO-mediated RNA modifications are
already FDA-approved for the treatment of a number of neurodegenerative disorders,” for
both intrathecal and systemic administration.?#

In conclusion, we provide the firstin-human evidence that cysteine corrective NOTCH3 exon
skipping is associated with only minimal vascular NOTCH3 P aggregation and a relatively
mild later-onset phenotype. These findings support continuing efforts in developing
NOTCHS3 cysteine correction for treatment of CADASIL patients..
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Supplementary Data 3.1: Scatter plots WMH volume and lacune count

Scatter plots showing WMH volume and lacune count in the family members with the NOTCH3 c.1492G>T

variant (blue, filled dots), compared to a cohort of CADASIL patients (red, open dots)

Supplementary Data 3.2: Small vessel disease gene panel

GCene Reference sequence
NOTCH3, exon 2-24 NM_000435.2
APP, exon16-17 NM_00484.3
TREX1 NM_016381.3
HTRA1 NM_002775.4
ABCD1 NM_000033.3
AUH NM_001698.2
CBS NM_oo0071.2
CLCN2 NM_004366.5
COL4A1 NM_001845.4
COL4A2 NM_001846.2
CSFiR NM_005211.3
CST3 NM_000099.3
CYP27A1 NM_000784.3
CTSA NM_000308.2
DARS2 NM_018122.4
GBE1 NM_000158.3
GFAP NM_002055.4
GLA NM_000169.2
GSN NM_o000177.4
ITM2B NM_021999.4
LMNB1 NM_005573.3
MMACHC NM_015506.2
TREM2 NM_018965.3
TTR NM_000371.3
TYMP NM_001257988.1; NM_001257989.1
TYROBP NM_003332.3

Analysis was performed on the sequence of the coding exons of the target genes, including 20 nucleotides in
the flanking introns. Analysis was performed by the Leiden Laboratory for Diagnostic Genome Analysis (LDCA).
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Supplementary data 3.3: List of PCR primers and RNA guides

Product
Product . .
Cene F/R Sequence (5-3) . size Application
size
Aexon 9
Fw, exon 7 GGATGTGGACGAGTGCTCTATC
NOTCH3 635 bp 521 bp RT-PCR
Rv, exon 11 CCACCAGGTCTACGCATTTG
Fw, exon 8 AACCCCTGCGAGCACTTG
NOTCH3 403 bp 289 bp RT-PCR
Ry, exon10 CACAGCCGCACTCCTAGC
Fw, intron 8 CGCATTTGTCGATGAGTAGCAA
NOTCH3 - 424 bp gDNA PCR
Ry, intron 9 CAGAAAGCGGTCAGAGCAGTACAC
Fw, exon 3 CCGATTCTCATGCCGGTGC
NOTCH3 581 bp 119 bp RT-PCR, Sanger
Rv, exon 6 CCAGCGTGTTGAAGCAGGT
NOTCH Fw p-TGCTTCAGCGGCTCCACG Inverse PCR?
3
Rv CGAGGGGCACGTGCACGCT NOTCH348¢
NOTCH Fw p-GTTGCGAGGTGGACATTGACGAG Inverse PCR?
3
Rv AGGTTCCTGTGAAGCCTGCCAT NOTCH3Y465¢
NOTCH Fw p-GCTTCAGCGGCTCCACGTGT Inverse PCR?
3
Rv CTCCCATACACATACAGGTGAAC NOTCH32exen®
NOTCH3 Fw, exon 9 TCAGAGTAGCCCCTGTGTCA Sanger®
NOTCH Intron 8 TGCACCCCGTTCACACCATA RNA guides
3
Intron 9 TTGTAAGTTATCCGCTAACG exon 9 deletion

*For the inverse PCR, the forward primer was phosphorylated at the 5’ side of the primer.
®Sanger: Sanger Sequencing.

Supplementary Data 3.4: List of tested ASOs targeting NOTCH3 exon 9

ASO Sequence (5-3") Multimerization? In vitro skip efficiency®
AUUGACUCGGUCCUUGCACA No ~40%
AUGUCCACCUCGCAAUACGU No ~30%
ACUCUGACACUCCUCAAUGU No ~15%

2 Multimerization was tested at 37°C.

® In vitro skip efficiency was assessed in cultured control fibroblasts. Quantification of exon skip efficiency

was performed by Lab-on-a-Chip analysis after RT-PCR with 30 cycles.
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Supplementary Data 3.5: NOTCH3 signaling in a CBF1 reporter assay with and without Jagged1
stimulation to assess ligand-induced signaling in NOTCH3 variants

RLU with and without JAGGED1 RLU fold induction upon

stimulation Jagged1 stimulation

;\]/\a:agaie:gD :/]\Zjﬁid;D P-value? Mean + SD P-value®
NOTCH3WT 1.00 2.16+0.58 <0.001 2.1740.58 Reference
NOTCH3“&R 0.86+0.13 1.57+0.31 <0.001 1.84+0.37 0.541
NOTCH3zY46s¢ 0.90+0.04 1.80+0.38 <0.001° 1.99+0.37 0.966
NOTCH3%498¢ 0.96+0.19 1.50+0.34 0.003 1.58+0.31 0.044
NOTCH3zAexone 0.96+0.11 1.16+0.39 0.216 1.22+0.43 <0.001
NOTCH3A80 1.06+0.25 1.24+0.38 0.317 1.1740.19 <0.001

2 P-value represents difference between unstimulated versus Jagged1 stimulated condition (independent
samples t-test).

® P-value represents RLU fold induction compared to NOTCH3"T (ANOVA with Dunnett’s post-hoc
correction relative to the wildtype condition).

LBD = ligand binding domain; RLU = relative luciferase units.

Supplementary Data 3.6: Results of ultrastructural GOM deposit analysis in skin blood vessels

Patient Number of GOM deposits Number of vessels assessed
Family member #1 o) 14

Family member #2 o 5

Family member #4 o

Family member #5 o

Family member #6 o

Healthy control o 10

CADASIL patient1 85 9
CADASIL patient 2 17 10
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ABSTRACT

Objective

To gain more insight into long-term disease progression and survival in CADASIL patients,
we performed a prospective clinical and neuroimaging 18-year follow-up study, including
cerebral hemodynamics and blood biomarkers.

Methods

Forty-one CADASIL patients and 21 unaffected family members were characterised at
baseline, including MRI, functional independence and neuropsychological testing. Cerebral
hemodynamics were measured using PC-MRA and functional MRI. At 18-year follow-up, 15
patients and 9 controls re-visited our hospital for the same battery of tests. Blood levels
of Neurofilament-Light-chain (NfL) were measured using single molecule array. HTRAT1,
Endostatin, IGF-BP1 and TGF-13 were quantified using ELISA.

Results

Half of the patients (22/41) were still alive after 18 years. Lacune load and disability at
baseline were significantly associated with survival. Eight of the 15 patients who were able
to participate in the follow-up study still had no significant disability, executive dysfunction
or global cognitive impairment after 18 years (age range 40-63 years). At baseline and
follow-up these relatively stable patients had significantly less lacunes than the severely
affected patients. Of the tested blood biomarkers, only serum NfL levels were associated
with disease severity at both time points, but its 18-year increase did not significantly
differ between patients and controls. Patients and controls did not differ in longitudinal
hemodynamic changes.

Conclusion

CADASIL patients can remain clinically relatively stable over almost two decades. Disease
severity, disease progression and survival are most strongly associated with lacune load.
NfL was the only blood biomarker associated with disease severity at both time points.



Long-term disease progression in CADASIL: an 18-year follow-up study

INTRODUCTION

CADASIL is the most prevalent monogenic cerebral small vessel disease and is caused by
NOTCH3 mutations.” These mutations lead to aggregation of the NOTCH3 ectodomain
(NOTCH3P) in the vessel wall of small arteries, which is associated with impaired
cerebrohemodynamics, leading to recurrent stroke and vascular cognitive impairment.>s
Disease severity is increasingly recognized to be highly variable in CADASIL, partially
attributable to modifiers such as mutation position® and classical cardiovascular risk
factors.”® There are only a few prospective studies in CADASIL cohorts, of which the longest
is a seven year follow-up.®™

Here, we performed a prospective 18-year follow-up study in CADASIL patients and
unaffected family members to gain more insight into long-term disease progression and
survival. Longitudinal assessment included functional independence, a neuropsychological
test battery and structural neuroimaging, as well as cerebral hemodynamics and blood
withdrawal for the analysis of potential blood biomarkers, including Neurofilament Light-
chain (NfL).5®

METHODS

Cohort

In 2000, 41 genetically confirmed CADASIL patients and 22 unaffected family members
were recruited from the Dutch CADASIL registry and enrolled in the baseline study.” The
participants came from 15 families, of which 10 families had 2 or more participants in the
study. NOTCH3 sequence analysis showed that most of the patients had mutations in exon
4 (n=32), while the other nine patients had a mutation in exon 8 (n=1), exon 11 (n=1), exon 19
(n=4) orexon 20 (n=3).

Study procedure

A full medical history was taken, blood was withdrawn and neuropsychological tests
and brain MRI were performed.” In 2018, survival data were obtained from the Dutch
population registry from all participants. All living patients were re-invited for the 18-
year follow-up study for the same battery of tests. Medical information was collected for
patients who could not participate on-site and for those who were deceased. Cause of death
could be obtained from seven deceased patients. Patients not participating in the follow-
up study were considered to have had a stroke when patients were deceased during the
follow-up or when a stroke was reported by a neurologist. Relevant disease progression was
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defined as an increased modified Ranking Scale score, but not counting the increase from
stage 0 to 1. Both studies were approved by the medical ethics committee of the Leiden
University Medical Center (P80.89; P17.170). Written informed consent of each participant
was obtained at each visit.

Neuroimaging

MRI at baseline was performed on a 1.5 Tesla MR system, as described previously.’>?° At
18-year follow-up, MRI was performed on a whole body magnetic resonance system with
a 3 Tesla field strength (Philips Medical Systems, Best, Netherlands). Neuroimaging follow-
up was available for 13/15 patients: one did not undergo MRI due to severe claustrophobia
and one had a contra-indication for MRI. We obtained three dimensional T1-weighted
images (echo time [TE] 4.6ms, repetition time [TR] 9ms, Flip 8°, field of view [FOV] = 224
x 177 x 168mm, scan duration ~smins), T2-weighted images (TE/TR/Flip: 80ms/4.2s/90°,
40 slices, FOV 224 x 180 x 144mm, slice thickness 3.6mm, matrix size 448 x 320), fluid-
attenuated inversion recovery (TE/TR/Flip angle: 125ms/11.0s/90° slices 25, FOV 252 x
179.76 x 250mm, matrix size 224 x 224, scan duration 293s) and susceptibility-weighted
images (TE/TR/Flip angle: 31ms/45ms/13° 125 slices, matrix size: 250 x 175 x 112mm
voxel size: 0.78 x 0.78 x 0.8mm). Phase-contrast quantitative flow scans (PC-MRA) were
acquired using 2 localizer angiograms in the sagittal and coronal planes (TR=11ms; TE
7-5ms; flip angle=10°; slice thickness=smm; field of view 150 x 103mm; voxel size 1.17 x
1.17mm; velocity sensitivity=200cm/s, 20 signal averages). The visually stimulated blood-
oxygen-level-dependent (BOLD) fMRI scans were acquired with a TE/TR: 31ms/1499ms,
FOV 220 x 75 x 220mm, matrix 80 x omm, slices 25, 130 dynamics, scan duration 201sec.
Lacunar infarcts of presumed vascular origin (lacunes) were re-counted for the baseline
scans and counted for the follow-up scans using the definition of the STRIVE criteria.”
Volumetric analyses of MR images at baseline were described previously'>*° and volumetric
analysis of MR images at 18-year follow-up was performed using FMRIB Software
Library (FSL) version 5.0.8 (Analysis Group, FMRIB, Oxford, UK).? Brain parenchymal
fraction (BPF) was calculated at each time-point by dividing brain parenchymal volume
over intracranial volume. Absolute white matter hyperintensity (WMH) volume was
analysed at baseline as described previously” and for 18-year follow-up, FSL was used
to quantify WMH automatically as described before.> WMH volume was normalized
to brain parenchymal volume in order to obtain normalized WMH volume (WMH,).
In order to correct for potential differences in WMH, quantification methods at baseline
and follow-up, WMH were also quantified on MRI scans made in a 7-year follow-up study
of the same cohort,»*° using similar methods to the baseline scans,** as well as using
FSL similar to the 18-year follow-up scans.” Baseline WMH, were then normalized to the
quantification method used for the 7- and 18-year follow-up studies, using mixed model
linear regression with random intercepts, with quantification method and time point as
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variables. WMH were also classified semi-quantitatively using the Fazekas scale for deep
white matter hyperintensities.?

Neuropsychological and functional ability tests

Disability was assessed using the modified Rankin Scale (mRS). Global cognition was
assessed using the Cambridge Cognitive Examination (CAMCOG) and Mini—Mental State
Examination (MMSE).>? Global memory was determined using the Wechsler Memory
Scale.” Executive function was assessed using the symbol substitution test of the Wechsler
Adult Intelligence Scale (WAIS; Pearson, London, UK) and the Trail Making Test part A
(TMT-A) and part B (TMT- B).28

CVR and BOLD procedure

At 18-year follow-up, blood-oxygen-level dependent (BOLD) fMRI studies were performed
in patients participating in the 18-year follow-up study, as well as in seven additional
CADASIL patients and 10 additional healthy controls in order to increase sample size for
the BOLD analyses (extended cohort). A visual stimulus, consisting of 16 blocks of an 8 Hz
flashing radial black and white checkerboard pattern was shown for 20 seconds, alternated
with 28 seconds of grey screen, as used in an earlier study in cerebral amyloid angiopathy.?
BOLD fMRI scans were analysed for BOLD amplitude, time to peak and time to baseline as
described before.?*

At baseline and follow-up, cerebrovascular reactivity (CVR) measurements were performed
using a gradient-echo phase-contrast technique (PC-MRA) before and after administration
of 14 mg/kg acetazolamide, as described previously.> At 18-year follow-up, cerebral blood
flow was measured in the internal carotid and basilar arteries using the Dicom viewing
software Osirix with region of interest measurement tools. In addition to the patients and
controls participating in the 18-year follow-up study, seven additional CADASIL patients
and 10 additional healthy controls were enrolled in order to increase sample size (extended
cohort). Flow was measured for basilar artery and both internal carotid arteries separately.
Total cerebral blood flow was calculated as the sum of the flow of all three vessels. CVR was
defined as (CBF CBF __ )/CBF x100%.

challenge resting’ resting

Blood biomarkers

Serum and plasma samples were taken at baseline and 18-year follow-up, centrifuged
at 2750y, aliquoted and stored at -80°C until analysis. Commercially available enzyme-
linked immunosorbent assays (ELISA) were used to quantify levels of Endostatin (DNSTo,
R&D Systems, USA; plasma diluted 1/50), HTRA1 (SEL604Hu, American Research
Products, USA; plasma diluted 1/50), IGF-BP1 (DGB100, R&D; plasma diluted 1/2.5) and
TGF-B (DB100B, R&D; serum diluted 1/80), according to manufacturer’s instructions. All
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standard curves had r? >0.99. The previously reported home-brew NOTCH35®P ELISA™ was
adapted for determining NOTCH3E® |evels in human samples, by using 4 pL horse radish
peroxidase-streptavidin complex in 100 pL volume per well and by using a 1/20 dilution
of plasma samples. Serum NfL levels at baseline were previously determined.” Only NfL
and Endostatin levels were measured in 18-year follow-up samples, as the other blood
biomarkers showed no differences between patients and controls at baseline. In baseline
and follow-up samples, the levels of serum NfL were measured as previously reported,
and the levels of Endostatin were measured using ELISA (DNSTo, R&D System:s).

Statistics

Independent samples t-test and independent samples Mann-Whitney U test were used to
compare baseline differences between the whole cohort and the cohort that completed
the 18-year follow-up study, to compare baseline differences in 18-year change between
patients and controls, and to compare patients with mRS>2 versus patients with mRS<1.
The median age at first stroke was calculated using Kaplan Meier stroke-free survival
analysis. Kaplan Meier analysis was also used to analyse 18-year overall survival with
log-rank using the factors lacunes (0; 1-10; >10), stroke (yes/no), and mRS (0-2; 3-5). Age-
corrected P-values for survival were calculated using Cox regression models. The difference
in age-dependent increase in disease measures and biomarkers between patients and
controls was modelled with linear mixed models with random slopes (which showed lower
AIC values than random intercepts) with correction for sex. Non-normally distributed data
were transformed for this analysis to obtain plausible normal distributions: WMH,, was
square root transformed; CAMCOG and MMSE were quadratic transformed; TMT-A and -B
were log _transformed; microbleed count was log, (1+x) transformed; and NfL was natural
log transformed. For exploring which vascular risk factors at baseline were associated with
changes in disease measures over 18-years (stroke count, lacune count, mRS, CAMCOG),
linear regression models were used with correction for age. Differences in cerebral
hemodynamics and blood biomarkers were tested using ANCOVA with correction for age
and Bonferroni correction for multiple testing. Associations with NfL levels in patients were
performed using simple linear regression and forward linear regression with covariates
lacunes, WMH,, BPF, mRS, CAMCOG and age. All statistical analyses were performed in
IBM SPSS Statistics version 25.0. All statistical tests were two-sided and the threshold for
statistical significance was 0.05.

Data availability

With the permission of the authors and their institutions, all data used for analysis will be
shared after ethics approval if requested by other investigators for reasonable purposes of
replicating procedures and results.
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Table 4.1: Patient characteristics at baseline and at 18-year follow-up

18-year follow-up data of the whole cohort

Baseline 18-year follow-up P-value?
N 41 37
Age, y (mean, SD) 45.8 (10.4) -b
Female 22 (54%) 20 (54%)
History of stroke 23 (56%) 29 (78%)° 0.03*
mRS
score 0-2 30 (73%) 13 (35%)
score3-5 11 (27%) 5 (14%)
score 6 (deceased) - 19 (51%)
Patients who visited the study site after 18 years
Baseline 18-year follow-up P-value?
N 15 15
Age, y (mean, SD) 39.6(8.9)™ 57.6 (8.8)¢
Female 9 (60%) 9 (60%)
History of stroke 4(27%) 9 (60%) 0.06
Disability
score 0-2 15 (100%)* 12 (80%) 0.25
score 3-5 o] 3 (20%)
Neuroimaging measures (N) 13f 13f
Lacunes o(0-7)* 4(0—16) 0.008**
yes 6 (46%) 11 (85%) 0.06
no 7 (54%) 2 (15%)
WMH, (%o) 13.76 (0.63—55.22)" 39.7 (19.3—92.1) <0.007***
BPF (%) 833(3.2) 78.1(3.5) n/as
Microbleeds o(0-0)" 3(0-37) 0.046*
yes 0 (0%) 8 (62%) 0.008**
no 13 100%) 5 (38%)
Cognitive measures (N) 15 15
CAMCOG 96.3 (4.1)" 89.6 (7.4) 0.03*
MMSE 28.1(1.5) 28.7(1.2) 0.19
WMS 69.3 (11.0) 62.6(11.8) 0.47
WAIS substitution 53.7 (12.1) 45.6 (18.2) 0.54
TMT-A (s) 33 (10—48) 37 (12—156) 0.19
TMT-B (s) 64 (36 —140) 76 (43—383) 0.48

Summary statistics are shown as count (%), mean (SD) or mean (range).

**For the indicated measures, the fifteen patients participating at 18-year follow-up were significantly

younger and less severely affected at baseline ("P<0.05,*P < 0.01).

2 Four patients were lost to follow-up.

®No average age could be calculated since part of the patients were decreased at follow-up.

cAll patients deceased at follow-up due to CADASIL were considered to have had a stroke.

¢ p-value represents the change over 18 years of the respective variable in patients, compared to controls.

Yo Kl el

Significance level of 0.05, 0.01 and 0.001 is indicated by asterisks (*, **, ***, respectively). For dichotomous

variables, P-value represents McNemar test for the difference in proportion at baseline and follow-up.

¢The age range was 22 — 51 years at baseline and 40— 70 years at follow-up.

fFor two patients neuroimaging was not available due to claustrophobia and an MRI contra-indication.

¢ Due to technical differences between baseline and follow-up, BPF at the two time points could not be compared.




86

Chapter 4

RESULTS

18-year disease progression

Of the 41 patients who participated in the baseline study, 19 (46%) were deceased at the
time of the 18-year follow-up study. The mean age at death of these 19 patients was 62.4+7.1
years, the overall mean survival estimate was 66.5 years (95%-Cl 63.7—69.3 years). One
patientwas deceased due to stroke, and the majority of the other patients was deceased due
to secondary complications of CADASIL, including swallowing difficulties and pneumonia.
Mortality was associated with the following variables at baseline: age (P=0.005), prior
stroke (P=0.02), presence of lacunes (P<0.001) and disability (P<0.001)(Figure 4.1). Patients
without any disability (mRS o) at baseline had a 85% (11/13) survival rate. Of the 22 patients
who were still alive, fifteen visited the study site after 18 years for a complete assessment
including MRI and neuropsychological testing. Three additional patients could not visit the
study site, but did give consent for medical record retrieval and hetero-anamnesis via their
spouse. Four patients were completely lost to follow-up.

During the 18-year follow-up, 29/37 (78%) patients had at least one incident or recurrent
stroke (Table 4.1). Of these 29 patients, 23 (79%) had prior stroke at baseline. Three patients
who had prior stroke at baseline did not have recurrent stroke during the 18-year follow-up.
The mean age at first stroke was 49.5 years (95%-Cl: 45.5-53.5 years, range 31—73 years). In
our cohort, the total stroke incidence was 5.5 per 100 person years.

In the fifteen patients and nine controls from the baseline study who visited the study site
after 18 years, the mean follow-up time was 18.1+0.3 years. Compared to all patients, the
15 patients for whom 18-year follow-up data were available were younger (39.6+8.9 versus
45.8410.4 years, P=0.044) and less severely affected at baseline (MRS 0.5+0.6 versus 1.6+1.5,
P=0.006). Eight of the fifteen patients remained clinically relatively stable over 18 years:
they had no relevant disability (mRS<1) and also no significant cognitive impairment at 18-
year follow-up (Table 4.2). Compared to the seven patients who showed disease progression
over 18-years (increase of 1 unit on the mRS, except going from mRS o to 1) and who had
significant disability at follow-up (mRS>2), the eight patients with mRS<1, differed in
baseline characteristics only with respect to age and lacune count (Table 4.2). Three of
the 8 patients who remained stable had an incident stroke during follow-up, whereas
incident or recurrent stroke occurred in 6/7 patients who progressed. WMH, increase was
similar between the patients that remained stable and those who progressed. Patients
who progressed showed a stronger deterioration on CAMCOG and WAIS compared those
who remained stable, but not on the other cognitive measures (Table 4.2). For the whole
group of 15 patients, the only cognitive test that showed deterioration compared to controls
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Figure 4.1: Association between disease severity at baseline and 18-year survival

(A) Overall mean survival of CADASIL patients was 66.5 years (95%-Cl 63.7—69.3 years). (B) Age at baseline
was associated with survival (log-rank P=0.005). (C) Prior stroke at baseline was associated with a higher
mortality before correction forage (HR 3.1, P=0.02; after correction for age: HR1.31, P=0.62). Median survival
time for patients with prior stroke at baseline was 14.9 years (95%-Cl: 9.3—20.5). (D) The presence of lacunes
at baseline was associated with a higher mortality (log-rank P<0.001, age-corrected log-rank P=0.07)(>10
lacunes HR 21.6, P=0.004, age-corrected HR 6.9, P=0.07; and 1-10 lacunes HR 6.9, P=0.07, age-corrected HR
3.1, P=0.28, compared to patients without lacunes). Median survival time for patients with >10 lacunes at
baseline was 11.1 years (95%-Cl: 4.7-17.6). (E) Patients with mRS > 3 at baseline had a median survival time
of 7.7 years (95%-Cl: 0-15.7) with a HR of 5.8 (P < 0.001, age-corrected HR 2.7, P=0.05), compared to patients
with mRS < 2 at baseline (log-rank P<0.001, age-corrected log-rank P=0.06). P-values in figures represent
log-rank test for differences between survival curves, and P-values in brackets represent age-corrected
P-values.

was the CAMCOG (Table 4.1, Figure 4.2). There was no association between 18-year disease
progression and vascular risk factors (smoking, hypertension, hyperlipidaemia, Diabetes
Mellitus type Il and ApoE4 genotype).

There were some striking differences in disease progression, even in patients who were the
same age at baseline. This is clearly illustrated by two siblings in their forties at baseline
who were two years apart in age. One sibling was already more severely affected at baseline
and had a rapid disease progression, while the other sibling was mildly affected at baseline
and had hardly progressed at18-year follow-up (Figure 4.3).
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Figure 4.2: Changes in disease measures over 18 years in CADASIL patients versus controls

Graphs showing the age-dependent difference between patients and controls for neuroimaging measures,
disability and cognitive measures. Each line represents patient (red) or control (blue), with measurements
at baseline and 18-year follow-up. (A) Lacunes mainly start to appear on MRI from the age of 40 onwards,
although some patients do not have lacunes at the age of 60 years. Three controls had lacunes on MRI. (B,C)
WMH, and microbleed count significantly increase in patients compared to controls. (D-]) Only disability
(mRS) and global cognition measured by CAMCOG show a steeper age-dependent deterioration in patients
than in controls, whilst other measures (for global cognition [MMSE], global memory [WMS] and executive
function [WAIS substitution, TMT-A, TMT-B]) do not. P-values represent the difference in age-dependent
change between patients and controls. Graphs with the P-value located in the upper corner represent a
higher-is-worse covariate.
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Sibling A Sibling B
follow-up baseline

baseline follow-up

Figure 4.3: Differences in disease severity and disease progression between two siblings

(A) FLAIR MRl images of sibling A (aged between 40 and 45 years), with only white matter hyperintensities
(Fazekas grade I1) and no lacunes. Over 18 years, WMH increased to Fazekas grade Ill, but there were still
no lacunes or microbleeds. Clinically, there was no significant decline in cognitive function (CAMCOG). (B)
Sibling B, differing 2 years in age from sibling A, was already much more severely affected at baseline with
Fazekas grade I1I, brain atrophy, and 4 lacunes. There was significant progression at follow-up, both clinically
and on MRI. Neither sibling had a history of hypertension, hyperlipidemia or diabetes. Sibling A was an ex-
smoker (6 pack years).

Cerebral hemodynamics

Next, we assessed functional neuroimaging measures. Age-corrected resting CBF and CVR
did not differ between patients and controls participating at follow-up (Figure 4.4a,d).
Longitudinal analysis of CBF and CVR did also not show a steeper age-dependent decrease
in patients than in controls (Figure 4.4b,e). CBF at baseline was associated with survival,
but not after correction for age (Figure 4.4c), while CVR at baseline was not associated with
survival (Figure 4.4f).

In order to increase sample size, seven additional patients (mean age 56 years (range
50 — 66 years), 4/7 had a history of stroke, 5/7 had lacunes, and 4/7 had mRS>2) and ten
additional controls (mean age 56 years (range 46 — 64 years), 0/10 had history of stroke,
1/10 had lacunes, and o/10 had mRS>2) were enrolled for the CBF and CVR analyses, as
well as for BOLD analysis of the vascular reactivity analysis of the visual cortex. The level of
disability was included in the analyses (mRS<1 versus mRS>2). Only patients with mRS>2
had a significant lower resting cerebral blood flow (CBF) than controls (Figure 4.4g). No
differences were found in CVR, BOLD amplitude, BOLD time-to-peak and BOLD time-to-
baseline (Figure 4.4h-j).
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Figure 4.4: Cerebral hemodynamics

(A) At follow-up, resting CBF was similar in patients and controls. (B) Longitudinal analysis of resting CBF
in the whole brain did also not show statistical differences between patients and controls. Lines connect
measurements of individuals at baseline and follow-up. (C) Above median CBF at baseline was associated
with highersurvival (P=0.03, age-corrected P=0.12). (D) Whole brain CVR upon acetazolamide challenge was
similarin patients and controls at follow-up. (E) Longitudinal CVR analysis showing no statistical differences
between patients and controls. (F) CVR at baseline was not associated with long-term survival. (G-]) In order
to increase sample size at follow-up, seven additional CADASIL patients and ten additional controls were
recruited. Together with the participants of the follow-up study, they are called the ‘extended cohort’ (G)
Resting CBF was lower in the patients with disability compared to controls, but not in patients without
disability. (H) CVR showed no difference between patients with and without disability in the extended
follow-up cohort. (1,)) BOLD response of the occipital cortex was measured during a visual stimulus, showing
no difference between patients and controls in BOLD amplitude, time-to-peak and time-to-baseline (latter
not shown). All analyses are corrected for age unless otherwise stated.
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Figure 4.5: Blood biomarkers

(A,F) At baseline, blood levels of NfL were significantly elevated in patients with mRS>2 (median 11.22 pg/
mL, range 2.43—107.7 pg/mL) compared to patients with mRS<1 (2.68 pg/mL, 0.39—11.67 pg/mL) and controls
(1.62 pg/mL, range 0.39—9.73 pg/mL, P=0.009). Serum NfL levels show a steeper age-dependent increase in
patients than in controls, although this effect did not reach significance (P=0.07). The six highest values all
belong to patients with lacunes. (B-E) Five potential blood biomarkers were tested in blood withdrawn at
baseline, showing no differences between patients and controls, nor in patients with and without disability.
(B,G) As there seemed to be slightly higher Endostatin levels in patients with mRS>2 (mean 110.5 ng/mL +
SD 15.4 ng/mL) than in patients with mRS<1 (91.6 ng/mL + 20.5 ng/mL) and controls (98.1 ng/mL + 20.4 ng/
mL, P=0.09), we assessed Endostatin levels longitudinally, showing no differences between patients and
controls (P=0.98). All analyses are corrected for age.

Blood biomarkers

Of the potential serum biomarkers that were tested in the baseline samples (HTRA1, IGF-
BP1, TGF-R, Endostatin and NfL), only serum NfL levels were elevated in patients with
mRS>2 (Figure 4.5a-e). Serum NfL was associated with lacune count at baseline and at 18-
year follow- up. The 18-year changes in serum NfL levels also correlated with the increase
in lacune count before correction for age (St.f3 0.63, P=0.02). NfL showed a tendency to
increase in patients compared to age-matched to controls (P=0.07, Figure 4.5f); there were
four patients who had a strong increase in serum NfL. Three of these four patients had a
high increase in lacune count (range 4 —12). However, there were also four patients with
an increased lacune count (range 4 - 10) who had NfL levels similar to controls. We were
not able to optimize the homebrew NOTCH3E® ELISA in order to get consistent data.
Endostatin levels were not significantly higher in patients with mRS>2 after correction for
age (P=0.09, Figure 4.5b). Longitudinal profiles of Endostatin at baseline and follow-up did
not differ between patients and controls (P=0.98, Figure 4.5g).
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DiscusSION

Here, we describe an 18-year follow-up study in a cohort of CADASIL patients, thereby
providing insight into long-term disease progression and survival. In addition, we assessed
cerebral hemodynamics longitudinally and we tested candidate blood biomarkers.

Such a prospective long follow-up study has never been performed in CADASIL patients and
gives new insights into the differences in long-term disease progression. Most remarkably,
we found that a subset of patients remained clinically relatively stable and were still only
mildly affected after 18 years, even those who were already in their forties at baseline. In
line with this, patients without lacunes or disability (mRS o) at baseline had high long-
term survival rates, namely more than 80% over 18 years. On the other hand, patients with
moderate-severe disability (mRS 3-5) had estimated median survival rates of 7.7 years.
Secondary complications to CADASIL are the major cause of death in CADASIL patients,
such as pneumonia and generalized weakness.?

In line with previous studies, cognitive impairment and disability at 18-year follow-up was
associated with lacune count at baseline.®"°™3 Although age is strongly associated with
disease progression, there is still a notable variation even between patients of the same
age, with some patients remaining stroke-free until their sixties, while others were already
deceased in their fifties. These findings underline that disease modifiers play an important
role in CADASIL.”#34%¢ |n this study we found no association between disease progression
and classical vascular risk factors, which may be attributable to the relatively small sample
size. This study was also too small to take the effect of the NOTCH3 mutation position into
account.® Larger cohort studies are needed to further determine the association between
long-term disease progression and both known and novel genetic and environmental
modifiers.s#343¢ Development of CADASIL disease prediction models, incorporating these
modifiers, isimperative for tailored prognosis for CADASIL patients.

In the subset of patients who were able to participate in the 18-year follow-up study, there
was a significant increase in lacune count, WMH,, and a decrease in global cognition
(CAMCOQG). Several cross-sectional studies have reported that executive dysfunction is one
the earliest domains of cognitive deterioration in CADASIL patients, even preceding first
stroke.?? In this long-term follow-up, we found no significant difference in deterioration
on executive function profiles in patients compared to controls.

Cerebral hemodynamics were studied at baseline and 18-year follow-up, as cerebral blood
flow and cerebrovascular reactivity have been shown to be reduced in most studies. 5544
CBF at baseline®™ and follow-up was reduced in patients with more advanced disease
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compared to controls, but remarkably, there was no difference in CBF changes over time
between patients and controls. This may be partially due to the fact that patients able
to participate in the 18-year follow-up study were inherently less severely affected and
therefore may have had a better preservation of cerebral hemodynamics. We could not
determine changes in CBF specifically in the subcortex or in WMH,>"54°4" due to technical
limitations inherent to the study set-up using 18-year old data. Cerebrovascular reactivity
(CVR) changes over time also did not significantly differ between patients and controls and,
moreover, we also found no association between CVR and disease severity at baseline™ or
follow-up. Previous studies on CVR in CADASIL show contradictory findings, with reduction
of CVR in some studies***” and no reduction in others.’#2444 |n line with previous studies,
we also did not find a reduction in BOLD signal between patients and controls.*>* Studies
in which CVR reduction was not found, including the current study, may be due to small
sample sizes and techniques used, as CVR and CBF changes have been detected using
region-specific analyses or by assessing temporal hemodynamics.*4¢47

Of the potential blood biomarkers which were previously described in a pre-clinical
study®, none showed differences in blood levels between patients and controls, including
levels of Endostatin, which was found to be enriched in CADASIL vessels.** However, ELISA
might not be sensitive enough to detect small differences between patients and controls
with our relatively small sample size. Using a more sensitive single molecule analysis
approach, we and others previously showed that NfL blood levels correlate with disease
severity in CADASIL."**° The fact that we could longitudinally study blood biomarker levels
only in the milder subset of 15 patients who participated at follow-up might explain why
we found no statistically significant differences in serum NfL level changes over 18 years
between patients and controls. Nevertheless, in patients, 18-year increase in NfL levels
was correlated with increase in lacune count. However, not all patients with an increase in
lacune count had high NfL levels, likely explained by NfL levels rising upon axonal damage
after a recent stroke and returning to normal in approximately a year.'s4%°

The strength of our study is the very long follow-up time of patients and controls, but
the long follow-up time also has inherent limitations e.g. new consensus guidelines and
technical equipment. Differences between baseline and follow-up in measuring WMH,,
were overcome by using a statistical correction approach, and lacunes were re-counted
using STRIVE criteria. Differences in BPF measurements could not be overcome, so this
could only be assessed cross-sectionally at both time points.

In conclusion, although survival rate of our cohort of CADASIL patients was 54% over 18
years, here we show that a subset of CADASIL patients remain remarkably stable over the
course of 18 years.
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ABSTRACT

Objective

To validate whether serum Neurofilament Light-chain (NfL) levels correlate with disease
severity in CADASIL, and to determine whether serum NfL predicts disease progression and
survival.

Methods

Fourty-one (pre-)manifest individuals with CADASIL causing NOTCH3 mutations and 22
healthy controls were recruited from CADASIL families. At baseline, MRI-lesion load and
clinical severity was determined and serum was stored. Disease progression was measured
in 30/41 patients at 7-year follow-up, and survival of all individuals was determined at 17-
year follow-up. Serum NfL levels were quantified using an ultra-sensitive molecule array.
Ceneralized estimated equation regression (GEE) was used to analyse association between
serum NfL, MRI-lesion load, disease severity and disease progression. With GEE-based Cox
regression, survival was analysed.

Results

At baseline, serum NfL levels correlated with MRI-lesion load [lacune count (s=0.64,
P=0.002), brain atrophy (r=-0.50, P=0.001), and microbleed count (s=0.48, P=0.044)],
cognition [CAMCOCG (s=-0.45, P=0.010), MMSE (r=-0.61, P=0.003), GIT (r=-0.61, P<0.001),
TMT-A (r=0.70, P<0.001)) and disability (mRS (r=0.70, P=0.002)]. Baseline serum NfL
predicted 7-year changes in disability (B=0.34, P<0.001) and cognition (CAMCOG B=-4.94,
P=0.032), as well as 17-year survival. Higher NfL levels were associated with increased
mortality (HR=1.8 per 2-fold increase in NfL levels, P=0.006).

Interpretation

Serum NfL levels correlate with disease severity, disease progression and 17-year survival
in CADASIL patients. Serum NfL is a promising biomarker to monitor and predict disease
course in CADASIL, as well as potentially assessing therapeutic response in future clinical
trials.
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INTRODUCTION

CADASIL (cerebral autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy) is the most prevalent hereditary form of cerebral small vessel
disease (SVD), and is caused by mutations in the NOTCH3 gene.! CADASIL patients suffer
from recurrent ischemic strokes with a mean age at onset of 45-50 years, although age at
first stroke is highly variable.” Cognitive decline is a main but also variable feature, initially
manifesting as executive dysfunction and progressing to global impairmentin all cognitive
domains and complete care dependency.? Migraine with aura affects up to two thirds of
patients.? In CADASIL, mutant NOTCH3 proteins aggregate in the tunica media of small
arteries,*® directly or indirectly compromising cerebrovascular reactivity.”® On MRI, white
matter hyperintensities can be observed in pre-manifest patients from the third decade,
while lacunes, microbleeds and brain atrophy usually appear later in the disease course.»**°

Lacunes and brain parenchymal fraction (BPF) have been shown to be predictors of
disease progression in CADASIL patients."™ However, a good fluid biomarker would have
advantages above the more cumbersome neuroimaging markers and could ideally also be
used as a marker for therapeutic response in future clinical trials. Various potential fluid
biomarkers have been investigated for CADASIL,"®™ but most do not seem to be feasible.
Recently, serum Neurofilament light-chain levels were shown to correlate with disease
severity in CADASIL.*®

Neurofilament light-chain protein (NfL) levels in serum have made a recent surge in the
field of biomarkers for brain disease.** NfL is a component of the neurofilament complex,
which has a scaffolding role in neuronal axons, and is released into the cerebrospinal fluid
(CSF) and blood upon neuronal damage,” in some studies remaining elevated in blood
for several months.?22 NfL levels have been shown to correlate with disease severity and
progression in Huntington's disease,* Frontotemporal Dementia®* and Amyotrophic
Lateral Sclerosis.?” In Multiple Sclerosis, NfL levels in blood have even been shown to be
responsive to treatment, showing its potential as a therapeutic response marker.?*# In
sporadic SVD and CADASIL, serum NfL levels were shown to be associated cross-sectionally
with neuroimaging markers, processing speed and disability, but the associations between
serum NfL and disease progression and survival were not investigated.>*

Here, we explored whether serum NfL, measured using the ultra-sensitive single molecule
array, may be a feasible fluid biomarker for monitoring CADASIL disease severity, predicting
disease progression and predicting long-term survival. We used a well characterized cohort
of CADASIL patients and controls, which has been uniquely followed-up for 17 years.
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METHODS

Cohort

At baseline, in 2000, 41 patients and 22 controls, from a total of 15 CADASIL families of
which 10 families had >2 participants, were enrolled in the study. Thirty-two patients had
a NOTCH3 mutation in exon 4 and nine patients had a mutation in exon 8, 11,19 or 20. A full
medical history, MRI, serum withdrawal, neuropsychological testing and genetic NOTCH3
testing was performed, as described earlier.>® The average age at baseline was 46 years in
patients and 39 years in healthy relatives (Table 5.1). Seven years later this same cohort was
invited to participate in a follow-up study. Thirty patients consented to participate. Eleven
participants were lost-to-follow-up due to death (6 patients) or severe disease (5 patients).
Five patients did not consent to MRl in the follow-up study.” Seventeen years after baseline,
survival data from all participants of the baseline study was obtained from the Dutch
population registry. These studies were approved by the medical ethics committee of the
Leiden University Medical Center (P80/98) and each participant gave informed consent.

Neuroimaging and neuropsychological testing

MRI was performed on a 1.5 T MR system at baseline® and at 7 year follow-up.”®® Lacune
count, microbleed count, parenchymal volume, intracranial volume and white matter
hyperintensity volume were previously quantified.**" Parenchymal volume was
normalized to intracranial volume to acquire the brain parenchymal fraction (BPF),
as a measure for brain atrophy. White matter hyperintensity volume was normalized
to parenchymal volume (WMH ). The neuropsychological test battery included the
Cambridge Cognitive Examination (CAMCOG), Mini—-Mental State Examination (MMSE),
the Groningen Intelligence Test (GIT), and the Trail Making Test part A (TMT-A) and part B
(TMT-B) 3> Disability was assessed using the modified Rankin scale (mRS).

Serum NfL measurement

At baseline, blood was withdrawn via standard vena puncture and centrifuged at 27509
for 20 minutes at room temperature. The supernatant was aliquoted and stored at -80°C
freezer until analysis. Serum NfL levels were quantified using an in-house developed
Simoa assay, as previously described.* The assay was validated prior to use according to
standardized international protocols.?” The lower level of quantification (LLOQ) was 0.77 pg/
mL (10 times the standard deviation of 16 negative samples). Three of the 41 patients (age
22,30, 39 years) and one of the 22 controls (age 24 years) had a serum NfL below the LLOQ
and were excluded from the study. A sensitivity analysis, including these individuals and
using half of the LLOQ as the measurement for these individuals, showed similar results.
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Statistics

Non-normally distributed data was transformed to obtain plausible normal distributions
for further analyses: serum NfL was natural log (In) transformed and to facilitate
interpretation also log, transformed for Cox-regression; lacune count, WMH, and CAMCOG
were square root transformed; TMT-A was log  transformed; and microbleed count was
log,_(1+x) transformed. To determine the association between NfL levels and brain MRI
lesion load and clinical outcomes at baseline, generalized estimated equation multivariable
regression models (GEE), using an independent correlation structure and robust variance
estimators, were used to enable correction for correlation within families, since 10 families
had >2 participants in the study. Sex and age were included in all linear regression GEE
analyses. To determine the association between age and NfL in both patients and controls,
the GEE model also included mutation status, and the age-mutation status interaction. To
determine how NfL compared with MRI markers in predicting disease severity, forward and
backward regular linear regression was performed with NfL, lacune count, brain atrophy,
WMH, and microbleed count as potential predictors. Potential predictors were added only
if they significantly contributed to the model.

To determine whether NfL levels were associated with 7-year changes in MRI lesion load and
clinical deterioration, GEE models were used with either NfLand sex; or NfL, sexand baseline
measurement of the tested outcome. For clarity, the correlations in the figures are presented
using Pearson (r) or Spearman (s) correlation coefficients, together with p-values obtained
from GEE regression models. Hazard ratios for the relation of baseline NfL with survival at
17-year follow-up were calculated using a multivariate GEE-based Cox regression analysis,
including age and the covariate of interest. Area under the curve (AUC) and confidence
intervals were calculated and compared using Delong tests in R package pROC. We did not
formally prove equivalence in the prognostic value of NfL versus the neuroimaging markers,
as formal equivalence testing would be under-powered in the current data set. GEE-based
logistic regression analyses were performed with an independent correlation structure
and were corrected for sex. All other statistical analyses were performed in IBM SPSS
Statistics version 23.0.0.2. All statistical tests were two-sided and the threshold for statistical
significance was 0.05.
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Table 5.1: Cohort characteristics at baseline and follow-up

Cross-sectional study at baseline

Controls

Patients

Mean (SD), median (range) or n (%)

7-year follow-up study in patients

Baseline

Follow-up

Mean (SD), median (range) or n (%)

N 22 4 30 30
Agey 39.8 (12.5) 45.8 (10.4) 44.0(9.8) 51.1(9.8)
Female 12 (55%) 22 (54%) 17 (57%) 17 (57%)
Prior stroke/TIA 0 (0%) 23 (56%) 16 (53%) -
Time since last stroke - 3.3 3.5 -

(01-17.7) (0.1-14.2)

Hypertension 6 (27%) 3(7%) 2(7%) -
Diabetes Mellitus 0 (0%) 3 (7%) 3 (10%) -
Hyperlipidaemia 4 (18%) 15 (37%) 10 (33%) -
Current or past smoking 14 (64%) 26 (63%) 19 (63%) -
Serum NfL (pg/mL) 1.66 6.31 5.21 -

(0.77-9.7) (1.22-107.7) (1.22—-31.6)

MRI data available (n)? 21 40 25 25
Lacunes on MRI

o lacunes 21 (100%) 8(20%) 6 (24%) 5(20%)
1-10 lacunes 15 (38%) 14 (56%) 12 (48%)

>10 lacunes 17 (42%) 5 (20%) 8 (32%)
Brain atrophy (BPF) 82.198 (2.977) 82.648 (2.919) 81.836 (3.065)
WMH, 0.003 7.297 4.303 7.865

(0—0.075) (0.009-19.209) (0.009-13.939)  (0.005-19.806)

Microbleeds

o microbleeds 21 (100%) 29 (73%) 22 (88%) 18 (72%)

1-10 microbleeds 9 (22%) 2 (8%) 5 (20%)

>10 microbleeds 2 (5.0%) 1(4%) 2 (8%)
Clinical score available (n)? 22 4 30 30
mRS

score 0 22 (100%) 13 (32%) 12 (40%) 9 (30%)°

score1-2 17 (42%) 15 (50%) 10 33%)°

score >3 11 (27%) 3 (10%) 10 (33%)°
CAMCOG 94.2 (4.9) 88.3 (15.0) 93.5(5.3) 88.1(13.7)
MMSE 28.3(1.5) 26.2(4.3) 27.7(1.6) 26.2(5.0)
GIT 105.8 (11.7) 99.8 (16.9)° 103.8 (12.5) 100.6 (18.6)
TMT-A 30 (21-90) 37 (10—180)° 36 (10—92)° 40 (15—349)°
TMT-B 74.5 (38— 216) 84 (36 —540)° 82 (36—254)°  75.5(44—300)"

3 At baseline, one patient and one control did not consent to radiological examination. At follow-up, five

patients did not consent to radiological examination.
°Missing data for one patient.

“Missing data for 3 patients.

4 Missing data for 4 patients.

¢ Missing data for 5 patients.

fMissing data for 7 patients.
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RESULTS

NfL levels were higher in patients (median 6.31 pg/mL, range 1.22—107.7 pg/mL) than in
controls (median 1.66 pg/mL, range 0.77 to 9.73 pg/mL) (P<0.001). NfL levels positively
correlated with age in both patients and controls. However, this age-dependent increase
was stronger in patients (7.6% increase per year, Cl 4.6-10.7%) than in controls (3.7%
increase per year, Cl: 2.2%-5.3%)(P=0.012). In contrast to controls, patients showed a
steeper increase in NfL levels from age 40 onwards, which coincided with the presence of
lacunes (Figure 5.1).

5 e controls
o patients without lacunes °
e patients with lacunes ° .

NfL concentration (natural log pg/ml)
N
1

Age (years)

Figure 5.1: Serum NfL levels show an age-dependent increase in CADASIL patients and controls
CADASIL patients with lacunes (red dots) show a stronger age-dependent serum NfL increase than patients
without lacunes (open circles) and controls (blue dots).

Correlation of serum NfL with disease severity at baseline

After correcting for age and sex, NfL levels correlated strongly with MRI lacune count
(s=0.64, P=0.002), brain parenchymal fraction (r=-0.50, P=0.001) and microbleed count
(s=0.48, P=0.044), but not with WMH,, levels (r=0.48, P=0.894) (Figure 5.2). Without
correcting for age, NfL levels did correlate with WMH, (r=0.48, P<0.001). When including
all MRI markers in the model, NfL levels independently correlated with lacune count
(B=0.20, P=0.002), brain parenchymal fraction (B=-0.14, P<0.001) and microbleed count
(B=0.56, P=0.009). NfL levels did not correlate with time since last clinical stroke (data not
shown).
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Figure 5.2: Cross-sectional associations between serum NfL levels and MRl markers

After correction for age and sex, NfL levels significantly correlate with lacune count (A), brain atrophy
(B), and microbleeds (D), but not with white matter hyperintensity volume (C). P-values in parentheses
represent P-value before correction for age and sex. NfL levels were natural log transformed for analyses,
non-transformed NfL levels are shown in gray. NfL, Neurofilament light-chain.

Next, the relation of NfL with cognitive outcome measures was assessed. After correcting
for sex and age, NfL levels correlated with disability scores of mRS (r=0.70, P=0.002),
and cognitive function determined by CAMCOG (s=-0.45, P =0.010), MMSE (r=-0.61,
P=0.003), GIT score (r=-0.61, P<0.001), and TMT-A (r=0.70, P<0.001), but not with TMT- B
(s=0.39, P=0.115) (Figure 5.3). Serum NfL correlated more strongly with cognitive function
(CAMCOG, MMSE and CIT) than any of the MRI markers correlated with cognitive function.
NfL was associated less strongly with disability (mRS) and executive function (TMT-A and
TMT-B) than lacune count (Table 5.2).
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Figure 5.3: Cross-sectional association between serum NfL levels and disability, cognitive function,
and executive function

NfL levels correlate with disability score mRS (A), cognitive function scores CAMCOG (B), MMSE (C), GIT
(D), and executive function score TMT-A (E), but not with TMT-B (F). P-values in parentheses represent
P-value before correction for age and sex. Serum NfL levels were natural log transformed for analyses. Non-
transformed NfL levels are shown in gray. NfL, Neurofilament light-chain; mRS, modified Rankin Scale;
CAMCOG, Cambridge Cognitive Examination; MMSE, Mini—-mental state examination; GIT, Groningen
Intelligence Test; TMT-A, Trail Making Test part A; TMT-B, Trail Making Test part B.
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Table 5.2: Independent cross-sectional predictors for disability, cognition and executive function

First predictor Second predictor
Clinical scores Covariate  Std. B P-value  Covariate Std.B  P-value

Cognition CAMCOG (sqrt) ~ NfL -0.593 <0.001*
Cognition MMSE NfL -0.609  <0.001*
Cognition GIT NfL -0.611  <0.001*
Executive function  TMT-A (log) Lacunes 0.466  0.008*  NfL 0.382  0.027"
Executive function ~ TMT-B Lacunes 0.401  0.002* NfL 0362  0.013*
Disability mRS Lacunes 0.455  0.006* NfL 0381  0.019%

For clinical scored, the covariate with the best correlation is shown in the ‘first predictor’ column. A second
predictor is only shown if it made a significant contribution. Results of forward regression are shown, but
were validated with backward regression (not shown). NfL = serum concentration Neurofilament light-
chain; mRS = modified Rankin Scale; CAMCOG = Cambridge Cognitive Examination; MMSE = Mini-mental
state examination; GIT = Groningen Intelligence Test; TMT-A = Trail Making Test part A; TMT-B = Trail Making
Test part B.

Prediction of seven year disease progression

To determine whether serum NfL levels predict disease progression, we assessed whether
baseline serum NfL levels correlated with changes over 7 years in MRl lesion load, disability
and cognition. Baseline NfL levels correlated with increased disability (mRS; B=0.34,
P<0.001), decline in cognitive function (CAMCOG; B=-4.94, P=0.032), and decline in
executive function (TMT-B time; p=24.55, P=0.035)(Table 5.3A). After correction for baseline
values of the clinical measures, the correlation between NfL and disability (mRS; B=0.28,
P=0.044) and executive dysfunction (TMT-B; B=29.03, P=0.025) remained significant,
suggesting that NfL levels measured at any stage of the disease are associated with future
disability.

NfL was not associated with an increase in lesion load of any of the MRI measures at follow-
up. However, in patients with disability at baseline (mRS>0), baseline NfL levels were
associated with an increase in lacune count (=0.371, P<0.001), as well as with increased
disability (mRS; B=0.33, P<0.001), decline in cognitive function (CAMCOG; B=-5.71, P=0.018;
MMSE; -2.37, P=0.037) and decline in executive function (TMT-B time; p=33.5, P=0.030)
(Table 5.3B). In patients who had no disability at baseline (mRS=0), serum NfL did not
associate with disease progression.

Prediction of 17-year survival

After correction for age, serum NfL levels significantly predicted 17-year survival (HR 2.3
per 1 unit natural log pg/ml NfL increase, Cl:1.3—4.2, P=0.006; corresponding to HR 1.8 per
2-fold increase in absolute NfL levels, Cl: 1.2—2.7, P=0.006). In patients with the highest



Serum Neurofilament Light correlates with CADASIL disease severity and survival | 109

Table 5.3: Correlation between baseline serum NfL levels and 7-year changes in neuroimaging
markers and clinical scores in all patients (A) and in patients with dis- ability at baseline (mRS>0) (B)

Model 1, Model 2, corrected for sex
corrected for sex and baseline values of tested covariate
NfL Baseline NfL
B P B P B P
(A) All patients
MRI markers
A Lacune count (sqrt) 0.325 0.178 0.128 0.001* -0.149 0.341
A BPF -0.059 0.879 -0.180 0.249 -0.323 0.504
AWMH, (sqrt) 0.074 0.593 0.487 <0.001* -0.165 0.291
A MB count (log) 0.350 0.643 5.871 0.071 -0.874 0.476
Clinical scores
A mRS score 0.338 <0.001" 0.072 0.551 0.281 0.044*
A CAMCOG score (sqrt) -4.944 0.032" 0.782 0.040" -4.297 0.061
A MMSE score -2.109 0.051 -0.132 0.595 -2.100 0.053
AGIT score -1.714 0.462 0.157 0.538 -1.073 0.727
ATMT-A 20.028 0.087 132.81 0.276 9.152 0.306
ATMT-B 24.551 0.035* -0.175 0.421 29.025 0.025"

(B) Patients with disability at baseline (mRS>0)

MRI markers

A lacune count (sqrt) 0.371 0.007* 0.112 0.003* -0.187 0.187
A BPF -0.005 0.989 0.087 0.458 0.106 0.681
AWMH, (sqrt) 0.102 0.576 0.774 <0.001 -0.273 0.115
A MB count (log) 0.586 0.479 6.169 0.140 -1.272 0.471

Clinical scores

A mRS score 0.330 <0.001* -0.035 0.864 0.356 0.076
A CAMCOG score (sqrt) -5.705 0.018* 0.528 0.265 -5.879 0.013*
A MMSE score -2.374 0.037* -0.412 0.459 -2.31 0.046"
AGIT score -2.280 0.397 -0.038 0.847 -2.347 0.422
ATMT-A 24.545 0.154 296.25 0.224 4.957 0.747
ATMT-B 33.488 0.030% -0.548 0.054 53.286 0.001*

Delta indicates the difference between baseline and 7-year follow-up for the respective MRI marker or clinical
score; positive value indicate an increase in the score, while negative values indicate a decrease in the score.
Data of all patients who participated at seven year follow-up is shown (A), as well as the subset of patients
with disability at baseline (B). In model 1 the prognostic value of baseline NfL for the differences in MRI
markers and clinical scores are shown, after correcting for sex. In model 2, the prognostic value of baseline NfL
and the baseline score of the tested variable are shown, after correcting for sex. NfL levels were natural log
transformed. Behind MRI markers and clinical scores the type of transformation of the variable is indicated,
if applicable. NfL = serum concentration Neurofilament light-chain; mRS = modified Rankin Scale; CAMCOG
= Cambridge Cognitive Examination; MMSE = Mini—-mental state examination; GIT = Groningen Intelligence
Test; TMT-A = Trail Making Test A; TMT-B = Trail Making Test B.
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Figure 5.4: Association between serum NfL levels and 17-year survival

Kaplan—Meier plots show longitudinal survival divided into tertiles for serum NfL levels (upper tertile >11.2
pg/mL, middle tertile 3.53—11.22 pg/mL, lower tertile <3.53 pg/mL) (A), lacune count (upper tertile >13, middle
tertile 4-13, lower tertile <3)(B), and brain atrophy (upper tertile > 83.4%, middle tertile 80.7-83.4%, lower
tertile <80.7%) (C). Receiver Operating Characteristic curves illustrate the prognostic ability for serum NfL
levels (D), lacune count (E), and brain atrophy (F) at baseline to discriminate between live and deceased
patients after 17-year follow-up. P-values indicate testing with null-hypothesis AUC 0.50 as indicated by
the diagonal line. NfL = Neurofilament light-chain; AUC = area under the curve; 95%-Cl = 95% confidence
interval.

NfL levels at baseline (upper tertile; >11.2 pg/mL), the survival after 17 years was 25%, while
survival was 50% and 75% in patients with NfL levels in the middle and lower tertile (<3.55
pg/ml) (log rank P=0.012), respectively (Figure 5.4). To determine whether NfL was better in
predicting 17-year survival than MRI markers or age, receiver operating characteristic (ROC)
analyses were performed. The area under the curve (AUC) was similar for all parameters:
0.813 for serum NfL (Cl: 0.680-0.947), 0.857 for lacune count (Cl: 0.733—0.981), 0.850 for
brain atrophy (Cl: 0.735—0.965) and 0.843 for age (Cl: 0.726—0.960). In both ROC analyses
and logistic regression, the combination of NfL with any MRl marker or with age was not
significantly better in predicating 17 year survival than NfL alone.
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DiscusSION

Here, we validate a recent study showing that serum NfL levels correlate with disease
severity in CADASIL. Moreover, we show that serum NfL levels at baseline also predict
disease progression as well as 17-year survival in a cohort of well-characterized CADASIL
patients.

We found that serum NfL levels correlated with all neuroimaging markers. After correction
for age, serum NfL levels at baseline correlated independently with lacune count, brain
atrophy and to a lesser extent with microbleed count, but not with WMH,. These findings
are in line with the recent study by Duering et al., showing serum NfL correlates with all
neuroimaging markers in CADASIL.?°

Although WMH are widely present in patients with SVD, such as CADASIL, and seem to
correlate to some extent with NfL in serum or CSF2>?23® other neuroimaging markers,
namely brain atrophy and lacunes, correlate more strongly with disease severity."™ In
line with this, mean diffusivity from diffusion tensor imaging (DTI) was shown to be most
strongly associated with serum NfL levels in CADASIL.>® Together with our finding that
NfL independently correlates with lacunes and brain atrophy, this indicates that serum
NfL reflects structural axonal damage, irrespective of the cause, and probably integrates
the effect of lacunar infarcts and brain atrophy in a single measure, in a similar way as
mean diffusivity does. This may implicate that serum NfL may be a suitable biomarker for
manifest CADASIL, but not for the pre-manifest stages of CADASIL i.e. when patients only
have WMH. However, this needs to be further clarified in larger cohorts of pre-manifest
patients.

In agreement with the study by Duering et al., serum NfL levels correlated with disease
severity as reflected by disability scores, global cognitive function and executive function.
Clobal cognitive function correlated more strongly with serum NfL levels than with lacune
count or BPF, which have been considered to be the best predictors of cognitive function
and cognitive decline in CADASIL to date.™ Taken together, the correlation of serum NfL
levels with MRI lesion load, cognition and disability, suggests that serum NfL may serve as
a feasible fluid biomarker to facilitate assessment of CADASIL disease severity in a single
measure at a given time-point.

Moreover, baseline serum NfL predicted seven-year deterioration in disability (mRS),
global cognitive function (CAMCOQ), and executive function (TMT-B), but did not correlate
with seven-year progression in MRI lesion load. Previous studies have shown that brain
atrophy and lacunes predict disease progression in CADASIL,"7 and both of these strongly
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correlate with serum NfL levels. Here, the lack of correlation between NfL and progressive
MRI lesions at follow-up is likely explained by the loss to follow up of more severely affected
patients. Therefore, patients who were pre-manifest or mildly affected at baseline, were
over-represented at seven year follow-up. Indeed, when only including in the analysis those
patients who had disability at baseline, serum NfL did correlate with an increase in MRI
lesion load (lacune count).

A general weakness of this study is that it was not originally designed for the purpose of
a longitudinal study of serum biomarkers, and in this regard the cohort is relatively small.

In several studies, serum NfL has been shown to predict survival in neurodegenerative
disease, but not yet in SVD.?%*4° Here, we show that NfL also predicts survival in CADASIL,
a pure model of SVD. However, as the follow-up period was relatively long and our study
lacks longitudinal assessment of serum NfL levels, we were not able to determine whether
NfL levels can be used as a disease monitoring biomarker at shorter time intervals or as
a potential marker for therapeutic response in future clinical trials. We do find that NfL
correlates strongly with lacunes and BPF, which have both been shown to significantly
change in a three year timeframe.*"” This suggests that serum NfL levels may also show
significant changes at shorter intervals in manifest patients with progressive disease.

Like Duering et al., we used the ultra-sensitive single-molecule array (Simoa) for NfL
measurements into the pg/mL range at high precision and sensitivity, which outperforms
the conventional ELISA and chemiluminescence-based methods.?°3¢ Serum NfL levels were
lower for both patients and controls in our study. A single-measure serum biomarker such
as NfL clearly has many advantages over more complex measures such as MRl markers or
neuropsychological testing, which are currently used to assess CADASIL disease severity
and predict disease progression.

In conclusion, we validate the recent finding that serum NfL levels correlate cross-
sectionally with relevant measures of disease severity in an independent CADASIL sample.
Furthermore, we show that serum NfL is predictive of seven year deterioration in cognition
and disability, and is associated with 17-year survival. These findings suggest that serum
NfL may be useful marker to monitor and predict disease course in this variable disorder, as
well as potentially providing a feasible marker for therapeutic intervention in future clinical
trials for CADASIL.
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Discussion and future perspectives

The aim of this PhD project was to advance CADASIL therapy development. This involved
studies aimed at obtaining in vivo proof-of-concept for NOTCH3 cysteine correction, as well
as generating outcome measures to be used in future (pre-)clinical trials.

There is a high unmet medical need for CADASIL patients given the impact of the disease
on the life of patients and their family members, and the lack of a treatment that can cure or
delay CADASIL. Although patients may receive symptomatic treatment, this does not avert
the development of stroke or vascular dementia. Therapies currently under development
for CADASIL are aimed at preventing or halting NOTCH3P aggregation or mural cell
degeneration.” The optimal time to initiate treatment is probably as early in the disease
course as possible, but at least before patients have irreversible brain damage. Young
adult patients may already have some NOTCH3E® aggregation and WMH, but they rarely
have clinical manifest CADASIL. Pre-symptomatic patients from CADASIL families can be
identified via predictive genetic testing. In patients with advanced disease, the therapeutic
impact will likely be more limited, as the accumulated brain damage cannot be reversed
by therapies that prevent further NOTCH35P aggregation. However, a potential benefit on
disease course cannot be excluded.

NOTCHS3 cysteine correction

NOTCHS3 cysteine correction is aimed at restoring the underlying genetic defect in CADASIL,
namely restoring the uneven number of cysteine residues in one of the EGFr domains of
NOTCH3.5¢ Priority should be given to the targeting of exon 4, as the majority of severely
affected CADASIL patients harbour mutations in this exon.® However, cysteine corrective
exon skipping can in theory be applied to 18 of the 23 NOTCH3 exons,' thus exon skipping
strategies targeting exon 4 also serve as a proof-of-concept for skipping of other NOTCH3
exons. Although in vitro analysis has shown that cysteine corrected NOTCH3 proteins retain
normal signaling capacity, in vitro analysis of protein aggregation has been hampered
by confounding effects of NOTCH3 overexpression in cell models, resulting in aspecific
perinuclear accumulation (data not shown). Other approaches, such as scanning for
intensely fluorescent targets (SIFT) in a single particle assay, assesses multimerization of
small protein fragments, which may not reflect aggregation properties of the full length
skip protein.”® The use of in vivo models can circumvent some of the problems encountered
in cell models and will, moreover, allow for direct measurement of NOTCH3 protein
aggregation in the vessel wall.

To gain more insight into aggregation propensity of NOTCH3 cysteine corrected proteins,
we studied a family with naturally occurring cysteine corrective exon skipping, in this case
skipping of exon 9 (Chapter 3).° Family members with this NOTCH3 variant had only minimal
NOTCH3E® aggregation, likely due to some mutant RNA products escaping splicing,
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suggesting that cysteine corrected NOTCH3 proteins do not aggregate. The affected family
members had a mild CADASIL phenotype, although an (additional) effect of the NOTCH3
mutation position cannot be ruled out™ Overall, the knowledge obtained from this
unique family encourages the continued development of NOTCH3 cysteine correction as a
treatment for CADASIL patients.

Inducing NOTCH3 cysteine correction in the Leiden humanized transgenic NOTCH3A82%
mouse model would allow for assessing the aggregation propensity of cysteine corrected
proteins in vivo. The effect of treatment on protein aggregation could be assesses using
the NOTCH3 score™ and the GOM classification system (Chapter 2),"? both reflecting (the
consequences of) NOTCH3E?P aggregation in the brain. The first exploratory NOTCH3 exon
skipping experiments were performed in the Leiden mouse model using the NOTCH3
antisense oligonucleotides (ASOs) developed and tested in vitro.' Using both systemic and
intraventricular administration of ASOs, this showed too low skipping levels in the brain
vasculature to allow for reliable assessment of an effect on protein aggregation (data
not shown). The low skipping levels are likely due to pharmacodynamics (i.e. insufficient
delivery to the vascular smooth muscle cells) and also due to low skipping efficiencies of
ASOs not optimized for in vivo experiments. For future studies, ASOs should be further
developed and optimized in terms of target sequence, ASO chemistry and tissue-homing
conjugates, in order to increase skipping efficacy and delivery to vascular smooth muscle
cells (VSMCs). As the VSMCs are located within the vessel walls of the brain vasculature, ASO
administration could be via the ‘blood-side’ of the blood-brain barrier (i.e. systemically),
or via the ‘brain-side’ of the blood-brain-barrier (i.e. intracerebroventricularly or
intrathecally).™ The advantage of intrathecal administration is that the interval between
ASO administration is probably longer compared to systemic administration, because ASOs
have a long half-life in the central nervous system."'> However, systemic administration is
much less invasive and is easier to perform. Since limited literature is available on cerebral
blood vessel wall delivery, the optimization of delivery of the ASOs to the VSMCs will be one
of the most crucial challenges to overcome.

As an alternative to NOTCH3 cysteine correction on the mRNA level, NOTCH3 cysteine
correction could be achieved by a permanent exon deletion on the DNA level.”* We have
shown this to be feasible in vitro using CRISPR/Cas9-based genome editing (Chapter3).° The
potential benefit of genome editing is that patients could receive a one-time-treatment
and that effects may be permanent. Currently, several ex vivo CRISPR/Cas trials are on-going
on cells obtained from patients, such as in hematopoietic stem and progenitor cells for
hematologic disorders. The CRISPR/Cas-components, i.e. guide RNA and Cas9 or Cas12, can
be delivered to the cells ex vivo using physical methods (e.g. electroporation), viral vectors
(e.g. adeno-associated virus (AAV)-vectors) or biomaterials (e.g. nanoparticles) and then
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re-administered to the patient.”” In case of CADASIL and many other genetic diseases, the
affected cells must be gene edited in vivo, thus viral vectors or biomaterials must be used as
a delivery vehicle.” CRISPR/Cas components could, for example, be delivered systemically
orintrathecally by AAV-vectors, provided that these vectors have high target specificity and
low affinity with non-targeted tissue, which is currently not the case.”" Once in the cell,
gene editing efficiency also needs to be high enough, and genomic off-target effects should
be negligible, as these genomic changes are also irreversible and might lead to adverse
effects.>®

The effect of permanent NOTCH3 cysteine correction using gene editing could be studied
in three dimensional in vitro disease models that closely recapitulate human brain vessels.
In collaboration with leading experts in the field of organ-on-a-chip models, our group is
currently developing a CADASIL-vessel-on-a-chip model using reprogrammed induced
pluripotent stem cells (iPSCs) from CADASIL patients. Previous studies by others showed
that developing capillary vessels from CADASIL-derived iPSCs is feasible.» CADASIL-
vessel-on-a-chip models will facilitate the assessment of the morphology and (dys)
function of VSMCs, pericytes and endothelial cells in a controlled setting, and even in real
time. Potentially, CADASIL-vessel-on-a-chip could also serve as an in vitro model to study
the effect of ASO-based NOTCH3 exon skipping therapies, as well as to study NOTCH3 P
aggregation in the context of the vessel wall.

CADASIL endpoints and biomarkers in mice

The Leiden transgenic NOTCH3*#%2%s mouse model is highly suitable for testing therapies
targeting NOTCH3 RNA and DNA as it contains the full length human NOTCH3 gene, rather
than only mouse or rat Notch3.** As mice develop NOTCH3 P granules earlier than GOM
deposits,” a therapeutic response can probably be observed earlier using the NOTCH3 score
than using the GOM classification system. A pre-clinical study testing passive NOTCH3 P
immunotherapy showed no effect on NOTCH3E® aggregation or GOM deposition in the
transgenic rat genomic Notch3®®¢ mouse model, but did show a beneficial effect on
cerebral hemodynamics.? These results illustrate that functional measures, such as cerebral
hemodynamics, have additional value in pre-clinical studies. In contrast to other mouse
models, the Leiden mouse model does not show cerebral blood flow deficits or ischemic
brain damage (Chapter 2), possibly explained by a different genetic background or
fundamentally different measurement techniques.’>*% The Leiden mouse model does not
show any signs of vessel wall thickening or mural cell degeneration as is seen in CADASIL
patients, probably due to the relatively short life span of mice compared to patients
(Chapter 2). Various studies testing hemodynamics have recently been performed in mouse
models using a plethora of techniques, including ASL-MRI and laser Doppler flow analysis,
often yielding contradictory results>™™>#3 For example, cerebrovascular reactivity is
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quantified using different measurement techniques between laboratories, as well as using
different stimuli to induce increased blood flow, resulting in incomparable results between
mouse models.'»2252

CADASIL endpoints and biomarkers in patients

Validated outcome measures and biomarkers for CADASIL are a pre-requisite to be able
to perform clinical trials. The benefit/risk-analysis performed by the regulator for therapy
approval, requires knowledge of the risks (i.e. side-effects of treatment and disease burden
if no therapy is given) and the clinical benefit upon treatment, which need to be assessed by
an outcome measure that should quantify a therapeutic effect relevant to patients. These
outcome measures can be hard clinical endpoints, such as the development of stroke,
disability or death. Alternatively, endpoints can be measures for disease progression, for
example cognitive performance measured on standardized cognitive scales (e.g. CAMCOQ).
Showing clinical benefit within the timeframe of a clinical trial (i.e. 1-2 years) is challenging
for slowly progressive diseases like CADASIL, especially when therapies aim to slow down
or halt disease progression. In order to reduce time span and sample size of a clinical trial,
surrogate clinical endpoints can be used, as long as they are measures that anticipate future
clinical benefit (e.g. brain atrophy or potentially fluid biomarkers).

Cognitive measures and disability could be used as surrogate endpoints, but require
too large sample sizes in symptomatic patients.3*¥ In early disease stages such cognitive
measures are likely not sensitive enough to be used as surrogate endpoints, even though
some studies have reported executive dysfunction before the onset of stroke.*® Possibly,
developing an integrated measure for disease severity, such as the Unified Huntington’s
Disease Rating Scale used for Huntington’s disease,** would allow for increased sensitivity
to monitor changes in disease severity over short time intervals. Meanwhile, lacune load
and brain atrophy on MRI may be feasible markers to detect differences in 1- or 2-year
disease progression. Changes in WHM volume can be measured sensitively over time,
including in pre-symptomatic patients, but WMH volume is probably not the best surrogate
marker, because it does not correlate with clinical disease severity or progression (Chapter
4).%% Diffusion tensor imaging (DTI) sensitively measures brain damage, was previously
estimated to require less patients in a clinical trial than other neuroimaging or cognitive
measures, and might be the most promising neuroimaging markers for pre-symptomatic
patients.?# Possibly, neuroimaging measures of specific brain regions are suitable
surrogate markers.*** Complementary to neuroimaging markers, serum NfL levels could
be used as blood biomarker for symptomatic patients, as they correlate with (ischemic)
neuronal damage, and cognitive impairment in CADASIL (Chapter 5).%*” In a long-term
follow-up study, however, there were no significant differences in 18-year increase in serum
NfL in pre-symptomatic or mildly affected patients compared to controls, indicating that
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NfL is mainly a biomarker for symptomatic patients. More research on the temporal profile
of serum NfL is needed, in order to determine the relative contribution of acute ischemia
and overall disease progression to serum NfL levels in CADASIL patients. This will help
determining whether serum NfL could serve as a biomarker responsive to a therapy, as is
the case for Multiple Sclerosis.*®4°

CADASIL vessel wall pathology seems to precede neuronal damage, therefore markers
arising due to blood vessel wall damage might be more sensitive to early disease stages
than neuroimaging markers. There have been reports of seemingly contradictory results on
resting cerebral blood flow (CBF) and cerebrovascular reactivity (CVR) in patients, probably
caused by the heterogeneity of techniques and patients samples used.**¢ Overall, it
seems reduced CBF and CVR can only be reliably measured in severely affected patients,
using state-of-the-art analyses, such as CVR measurements of selected brain regions and
measurements of temporal dynamics of the vascular reactivity.>

The amount of NOTCH3P aggregates or classification of COM deposits visualized in blood
vessel walls in skin biopsies could be associated with disease severity or progression,
and could serve as a prognostic or monitoring biomarker. However, a limitation of these
markers is that NOTCH3EP aggregates and GOM deposits in skin biopsies might not reflect
NOTCH3E® aggregation and GOM deposits in the cerebrovasculature, and that these
markers would imply obtaining repeated skin biopsies.

The retina and retinal vessels might reflect changes in the brain and brain vessels, as
the retina has the same embryonal origin as the brain and is also affected by CADASIL
pathology. In humans, the retina can be visualized non-invasively using optimal coherence
tomography (OCT), thereby providing a high resolution three dimensional image of the
retina. Using OCT, the thickness of retinal arteries was found to be increased in CADASIL
patients, and the thickness of the retinal nerve fibre layer was reported to be reduced.5
Retinal biomarkers are attractive as they are non-invasive and cheaper than neuroimaging
biomarkers, but further investigations are needed, as currently available data is based on
only a few studies with limited sample sizes.

The potential blood biomarkers Endostatin, HTRA1, IGF-BP1 and TGF-3 were not associated
with disease severity (Chapter 4). Biomarkers in cerebrospinal fluid (CSF) of CADASIL
patients has not been studied extensively yet and may be worth further investigation.®>¢
Identification of fluid biomarkers in blood or CSF would likely be most promising using
sensitive multiplex immunoassays or mass spectrometry approaches. Quantification of
such identified biomarkers, should preferably be performed using sensitive techniques
such as ultra-sensitive single molecule assays.
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CADASIL disease severity and progression

Variability in CADASIL disease course has long been recognized, even between patients
of the same family, and in monozygotic twins.®% This variability was also observed in
the 18-year follow-up study we performed, which also showed that some patients can
remain remarkably stable over the course of almost two decades (Chapter 4). Disease
modifier known so far are classical vascular risk factors, such as smoking and high blood
pressure, 7% and the NOTCH3% mutation position.” However, these modifiers do not
explain all of the disease variability. Additional disease modifiers must be present and
could be either genetic or environmental,%7° including variants in proteins known to be
associated with the molecular disease pathology, such as HTRA1, LTBP-1, TIMP3 or proteins
of the ADAM17/HB-EGF/(ErbB1/ErbB4) pathway.” 7

Future perspectives

Within 25 years after the discovery of NOTCH3 as the causative gene for CADASIL, the
CADASIL research field has significantly progressed and has acquired much knowledge
on disease pathomechanisms and disease course. Several CADASIL mouse models have
been developed, many pre-clinical and clinical measures for disease severity have been
described, and the proof-of-concept of several therapeutic approaches has been reported.
Now, the time is ripe for the CADASIL research field to advance pre-clinical therapy
development and aim for clinical trial readiness. This involves obtaining pre-clinical data
showing therapy efficacy and safety, as well as developing validated (surrogate) endpoints
for future clinical trials. In order to validate surrogate endpoints, a short-term natural
history study must be performed to select the best outcome measures.



Discussion and future perspectives | 125

KEY MESSAGES FROM THIS THESIS

- Granular osmiophilic material (GOM) deposits evolve over time with respect to
size, morphology and number, which can be classified in a five-stage COM deposit
classification system (Chapter 2).

- The Leiden humanized transgenic NOTCH3*®®%s mouse model recapitulates
early signs of CADASIL disease pathology (i.e. NOTCH3EP aggregation and GOM
deposition), but not other signs of disease pathology observed in CADASIL
patients (i.e. blood vessel wall thickening, brain parenchyma pathology and
cognitive dysfunction) (Chapter 2).

- Natural occurring NOTCH3 exon skipping is associated with reduced NOTCH3
protein aggregation in CADASIL patients, suggesting that cysteine corrected
NOTCHS3 proteins do not aggregate (Chapter 3).

- Long-termdisease progression is highly variable in CADASIL patients, and a subset
of patients remains remarkably stable over the course of 18 years (Chapter 4).

- Cerebral blood flow and cerebrovascular reactivity (measured by gradient-echo
phase-contrast MRI) and blood levels of the proteins HTRA1, Endostatin, IGF-
BP1 and TGF-§ (measured by ELISA) are not suitable as biomarkers for CADASIL
(Chapter 4).

- Serum Neurofilament Light-chain (NfL) is a blood biomarker for CADASIL in
symptomatic patients, reflecting lacune load and brain atrophy, and correlates
with disease severity, disease progression and survival (Chapter s).
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Introductie

CADASIL is een erfelijke ziekte van de kleine bloedvaten in de hersenen, en gaat gepaard
gaat met (meerdere) beroertes, cognitieve achteruitgang en vroegtijdige dementie.
Kinderen van patiénten met CADASIL hebben 50% kans om de ziekte-veroorzakende
mutatie in het NOTCH3 gen te erven. In Nederland zijn er ongeveer 275 families bekend
met CADASIL. Er is geen therapie beschikbaar die het CADASIL ziekteproces kan vertragen
of voorkomen.

Het doel van het promotieonderzoek beschreven in deze thesis was om de
therapieontwikkeling voor CADASIL te bevorderen, en zo stappen te zetten richting
toekomstige klinische studies in patiénten. Dit hoofdstuk bevat een samenvatting van de
achtergrond en de resultaten van het onderzoek beschreven in dit proefschrift.

CADASIL: het klinisch beeld

CADASIL patiénten krijgen hun eerste beroerte (herseninfarct) vaak tussen het 45° en
60° levensjaar. Sommige patiénten krijgen hun eerste beroerte echter eerder of later. Het
eerste teken van de cognitieve achteruitgang is vaak een verminderde executieve functie
(waardoor o.a. planning, redeneren, en het probleemoplossend vermogen achteruit
gaan), en dat is soms al aanwezig voor de eerste beroerte. Uiteindelijk ontwikkelen veel
CADASIL patiénten dementie. Een deel van de CADASIL patiénten heeft ook migraine en
psychiatrische stoornissen, zoals een depressie.

De afwijkingen in het brein als gevolg van het ziekteproces kunnen zichtbaar gemaakt
worden met een MRI hersenscan (Figuur 7.1). Op de hersenscan van patiénten zijn al vanaf
het 20° tot 30° levensjaar wittestofafwijkingen te zien, die toenemen met de leeftijd. De
herseninfarcten zijn zichtbaar op de hersenscan als uitsparingen in het breinweefsel, en
worden lacunes genoemd. Verdere tekenen op de hersenscan zijn brein atrofie (minder
hersenweefsel) en microbloedingen.
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Gezonde controle

CADASIL patiént

lacunes
verwijde ventrikels
wittestofafwijkingen

meer ruimte tussen
hersenwindingen

Figuur 7.1: MRI hersenscan van een gezond persoon en een CADASIL patiént

Het brein van een patiént met CADASIL laat veel wittestofafwijkingen zien. In de afwijkende witte stof
zijn ook lacunes te zien: dit zijn gaten in het brein als gevolg van de herseninfarcten. Door de breinschade
is er ook sprake van verkleining van het brein, dat te zien is door de verwijding van de ventrikels en de

toegenomen ruimte tussen de hersenwindingen.

CADASIL: een erfelijke ziekte

CADASIL wordt veroorzaakt door een verandering in het DNA (mutatie) van het NOTCH3
gen. Het NOTCH3 gen bevat het recept voor het NOTCH3 eiwit, dat wordt gevormd via een
kopie genaamd mRNA (Figuur 7.2, links). Het NOTCH3 eiwit is nodig voor de goede aanleg
en functie van bloedvaten. Het NOTCH3 eiwit bevat 34 gelijkwaardige EGFr domeinen.
leder EGFr domein bevat altijd 6 cysteine aminozuren. Die passen als puzzelstukjes in
elkaar, en helpen bij de vorming van de juiste structuur van het eiwit.

NOTCH3 mutaties die bij CADASIL patiénten worden gevonden veranderen altijd het
aantal cysteine aminozuren in één van de 34 EGFr domeinen, zodat er niet 6 cysteine
aminozuren, maar 5 of 7 cysteine aminozuren aanwezig zijn (Figuur 7.2, rechts). Daardoor
is de structuur van één EGFr domein en dus van het NOTCH3 eiwit incorrect, waardoor het
mutante NOTCH3 eiwit gaat stapelen. Deze NOTCH3 stapeling vindt plaats in de wanden
van de kleine slagaders door het hele lichaam, maar vooral in de hersenvaten. De NOTCH3
stapeling is te zien vlakbij de gladde spiercellen die het NOTCH3 eiwit aanmaken. In de
NOTCH3 stapeling worden ook andere eiwitten weggevangen, waardoor die eiwitten
hun functie niet meer kunnen uitvoeren. Als gevolg van dit hele proces verdikken de
bloedvaatwanden van de kleine hersenslagaders en wordt de doorbloeding naar de
hersenen minder. Door onvoldoende bloedtoevoer ontstaat de schade aan het brein die te
zien is op de hersenscan. Waarom de NOTCH3 stapeling alleen in het brein tot symptomen
leidtis niet bekend.
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Gezonde situatie CADASIL
mutatie
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Figuur7.2: Het ziektemechanisme van CADASIL

Het NOTCH3 gen (DNA) wordt via een kopie (mMRNA) vertaald naar een NOTCH3 eiwit. Het NOTCH3 eiwit
heeftnormaal gesproken 34 gelijkwaardige EGFrdomeinen. leder EGFrdomein bevat 6 cysteine aminozuren,
die als puzzelstukjes in elkaar passen. Bij CADASIL bevat het NOTCH3 gen een mutatie, waardoor een EGFr
domein niet zes, maar vijf of zeven cysteine aminozuren heeft. Daardoor gaat NOTCH3 eiwit stapelen.
Hierdoor treedt er verdikking van de bloedvaatwand op en dit heeft een negatief effect heeft op de functie

van de kleine hersenbloedvaten.
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CADASIL: ziektemodellen

Ziektemodellen zijn nodig om therapieén voor CADASIL op te testen, voordat dat in
patiénten kan. De Leidse onderzoeksgroep heeft een muismodel ontwikkeld met het
menselijke NOTCH3 gen dat een CADASIL mutatie bevat. Vanaf een leeftijd van 6 weken
lieten deze muizen NOTCH3 stapeling in de bloedvaatwanden in het brein zien. Met
elektronenmicroscopie laten de muizen vanaf de leeftijd van 6 maanden ook GOM
deposities zien, wat een andere uiting is van de NOTCH3 stapeling.

Hoofdstuk 2 bevat een beschrijving van hoe GOM deposities zich ontwikkelen. Naarmate
de CADASIL muizen ouder werden hadden zij méér en grotere COM deposities. In het
brein van overleden CADASIL patiénten kwamen GOM deposities ndg veel vaker voor, en
waren ze veel groter. Op basis van deze observaties hebben wij vijf GOM stadia bepaald
waarin GOM deposities kunnen worden ingedeeld. Deze indeling helpt om de ernst van de
COM deposities te meten, en kan mogelijk gebruikt worden als maat voor de ernst van het
CADASIL ziekteproces.

In hoofdstuk 2 wordt ook beschreven dat de hersenbloedvaten van de CADASIL muizen
niet verdikt zijn en dat zij normale hoeveelheden gladde spiercellen hebben. Ook vonden
wij geen afwijkingen in de witte stof van het brein, de bloedtoevoer naar het brein, en in
het geheugen van de CADASIL muizen. De Leidse CADASIL muizen laten dus de vroege
fase van de ziekte zien, maar geen andere kenmerken. Deze vroege fase kan worden
gemonitord door de hoeveelheid NOTCH3 stapeling te meten of verschillende stadia van
COM deposities te meten. Andere ziektemodellen, waarbij bijvoorbeeld bloedvaten in het
lab worden nagemaakt, kunnen een nuttige aanvulling zijn op de CADASIL muismodellen.

Therapie-ontwikkeling: NOTCH3 cysteine correctie

Aangezien de NOTCH3 stapeling een belangrijke rol speeltin het ziekteproces, ontwikkelen
verschillende laboratoria therapieén die NOTCH3 stapeling tegengaan. Het beste moment
om deze therapieén te starten zal waarschijnlijk zijn voordat patiénten onomkeerbare
breinschade hebben. De strategie van de Leidse onderzoeksgroep richt zich op het
corrigeren van het foutief aantal cysteine aminozuren per EGFr domein. Deze aanpak heet
NOTCH3 cysteine correctie (Figuur 7.3).

CADASIL mutaties zijn op RNA niveau ‘af te plakken met een moleculaire pleister
(genaamd ASO), zodat er geen mutant NOTCH3 eiwit ontstaat, maar een NOTCH3 eiwit
zonder mutatie. ASOs worden ook bij andere erfelijke ziekten als moleculaire pleister
gebruikt. Door de moleculaire pleisters wordt een deel van het RNA onzichtbaar gemaakt
en daardoor overgeslagen als het MRNA wordt gevormd. Vanuit het mRNA wordt het eiwit
gemaaktdatde mutatie dan niet meer bevat. Deze techniek wordt ‘exon skipping’ genoemd.
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Figuur 7.3: NOTCH3 cysteine correctie als mogelijke therapie voor CADASIL

Bij NOTCH3 cysteine correctie wordt de mutatie uit het RNA of uit het DNA gehaald. Bij exon skipping wordt
met een moleculaire pleister (ASO) als het ware over de mutatie heen geplakt op het RNA. Bij CRISPR/Cas
wordt met een moleculaire schaar het stukje DNA met de mutatie uit het gen geknipt. In beide gevallen

ontstaat een iets korter, maar functioneel NOTCH3 eiwit waar de mutatie niet meer in zit.

Eerdere studies van de Leidse onderzoeksgroep toonden aan dat NOTCH3 exon skipping
technisch mogelijk is in kweken van cellen in het lab. Het was niet mogelijk om het effect
op NOTCH3 stapeling te bestuderen, omdat NOTCH3 stapeling niet goed na te bootsen isin

celkweken.

Hoofdstuk 3 beschrijft een familie met een bijzondere NOTCH3 mutatie die enerzijds
een ‘gewone’ CADASIL mutatie lijkt te zijn; maar anderzijds ook uit zichzelf werkt als
een moleculaire pleister. Deze bijzondere mutatie ‘behandelt’ zichzelf dus op een
zelfde manier als NOTCH3 cysteine correctie dat doet. De familie met deze mutatie is
uitgebreid onderzocht om de effecten van cysteine correctie op de NOTCH3 stapeling
in mensen te bepalen. Familieleden met deze mutatie hadden geen GOM deposities
en zeer weinig NOTCH3 stapeling in vergelijking tot andere CADASIL patiénten.
Wel hadden zij iets meer NOTCH3 stapeling dan gezonde personen. Dit kan worden
verklaard doordat de mutatie waarschijnlijk niet als perfecte moleculaire pleister
werkt, waardoor er nog een kleine beetje mutant NOTCH3 eiwit wordt gevormd dat
wel gaat stapelen. De familieleden hadden een relatief mild CADASIL ziektebeeld.
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Op basis van deze resultaten concluderen we in hoofdstuk 3 dat NOTCH3 cysteine
correctie leidt tot een vermindering van de NOTCH3 stapeling, en mogelijk ook tot een
milder ziektebeloop met een latere beginleeftijd van de klachten. Deze bevindingen
zijn bemoedigend voor een verdere ontwikkeling van NOTCH3 cysteine correctie als
therapeutische strategie voor CADASIL.

Voor de verdere ontwikkeling van de NOTCH3 cysteine correctie therapie, zijn binnen dit
promotietraject ASOs toegediend aan CADASIL muizen om te testen of NOTCH3 exon
skipping werkt in muizen, en om te testen of dit de NOTCH3 stapeling afremt. Er was wel
sprake van exon skipping, maar dit was zo weinig dat het effect op de NOTCH3 stapeling
niet te meten was. Een verklaring hiervoor kan zijn dat de ASOs niet goed genoeg zijn, of
dat zij onvoldoende worden afgeleverd in de wanden van de hersenbloedvaten. Betere
ASOs kunnen worden ontwikkeld door biotechnologie bedrijven, die grote hoeveelheden
ASOs tegelijk kunnen testen om te kijken welke ASO de het beste werkt én op de goede
plekin het lichaam wordt afgeleverd.

Een alternatief voor NOTCH3 cysteine correctie op het RNA (met exon skipping) is om de
correctie op het DNA uit te voeren met een moleculaire schaar (CRISPR/Cas). In hoofdstuk 3
wordt beschreven dat dit in het lab technisch mogelijk is in celkweken. CRISPR/Cas is een
relatief nieuwe methode en wordt ook bij andere erfelijke ziektes als mogelijke therapie
getest. Het voordeel van NOTCH3 cysteine correctie met CRISPR/Cas is dat het exon
met de mutatie permanent uit het DNA wordt geknipt. Er zijn echter nog vele nadelen:
de bezorging van CRISPR/Cas9 naar de gladde spiercellen in de bloedvaatwanden zal
een enorme uitdaging zijn. Daarnaast kan deze methode blijvende, niet-bedoelde
veranderingen veroorzaken op het DNA, dat mogelijk veel bijwerkingen kan geven.

Variatie in het CADASIL ziektebeloop

Voor toekomstige therapeutische klinische studies in patiénten moet het ziektebeloop
duidelijk zijn en ook welke variatie in ziektebeloop er is tussen patiénten. In eerdere
wetenschappelijke studies werden CADASIL patiénten onderzocht met een tussenpoos
van 2, 3 of 7 jaar. In hoofdstuk 4 wordt een studie beschreven waarin CADASIL patiénten
na 18 jaar opnieuw werden onderzocht. Het merendeel van de patiénten ging achteruit
gedurende deze periode, maar een klein deel (ongeveer een vijfde) van de patiénten
bleef opvallend stabiel. Een paar patiénten bleven vrij van beroerte tot (boven) het 60¢
levensjaar. Tevens bleek uit onze studie dat het hebben van (veel) lacunes een voorspeller
is voor snellere achteruitgang. Welke andere factoren het ziektebeloop bepalen is slechts
deels bekend. Patiénten met een mutatie in EGFr domein 1 tot en met 6 hebben gemiddeld
genomen een ernstiger ziektebeloop. Ook roken en hoge bloeddruk geven een ernstiger
beloop. De ontdekking van andere erfelijke en niet-erfelijke factoren kunnen wellicht
helpen in het voorspellen van het ziektebeloop.
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Ziekte-ernst meten

Als een therapie kan worden getest in CADASIL patiénten, moet ook gemeten kunnen
worden of de therapie werkzaam is. Hiervoor zijn ‘uitleesmaten’ nodig. Gebeurtenissen
zoals een beroerte en het ontstaan van een handicap of dementie kan hiervoor gebruikt
worden. Ook cognitieve testen zouden gebruikt kunnen worden als uitleesmaat. Het
nadeel van deze uitleesmaten is dat studies dan lang moeten duren om een effect van de
therapie te kunnen meten, terwijl klinische studies normaliter niet langer dan 1 of 2 jaar
duren. Een alternatief is het gebruik van surrogaat uitleesmaten. Surrogaat uitleesmaten
(ookwel surrogaat markers of biomarkers) moeten meetbaar zijn, moeten geassocieerd
zijn met het ziektebeloop, en moeten in een kort tijdsbestek veranderingen in ziekte-ernst
kunnen oppikken.

Metingen op MRI hersenscans kunnen gebruikt worden als surrogaat markers. Het
aantal lacunes en de hoeveelheid brein atrofie zijn sterk gerelateerd aan de klinische en
cognitieve achteruitgang. De hoeveelheid wittestofafwijkingen is in veel mindere mate
gerelateerd aan cognitieve achteruitgang. De bloedtoevoer naar het brein werd in eerdere
studies genoemd als mogelijke biomarker, maar de bevindingen beschreven in hoofdstuk
4 onderschrijven dat niet. Een nadeel van gebruik van biomarkers die kunnen worden
gemeten met een hersenscan, is dat hersenscans relatief duur en tijdrovend zijn.

Biomarkers in het bloed zouden hiervoor een oplossing kunnen zijn, aangezien
bloedprikken relatief gemakkelijk is en vaker gedaan kan worden. In hoofdstuk 5 wordt
beschreven dat Neurofilament Light-chain (NfL) in het bloed een goede biomarker is. De
hoeveelheid NfL in het bloed is gerelateerd aan de hoeveelheid hersenschade (lacunes en
brein atrofie) en aan de cognitieve achteruitgang. Daarnaast hebben patiénten met meer
NfL in het bloed een ernstiger ziektebeloop en komen zij sneller te overlijden. NfL zou in
de toekomst in klinische studies gebruikt kunnen worden als surrogaat marker, en dan met
name bij patiénten die al symptomen hebben.
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Stand van zaken

Er is veel onderzoek dat nog gedaan moet worden voordat NOTCH3 cysteine correctie
getest kan worden bij CADASIL patiénten. NOTCH3 cysteine correctie, of een therapie die
door andere labs wordt ontwikkeld, moet eerst voldoende effectief blijken in CADASIL
ziektemodellen. Daarnaast moeten biomarkers ontwikkeld, getest en gevalideerd worden,
zodat de ziekte-ernst en het effect van een therapie gemeten kan worden. Tevens blijft
verder onderzoek nodig naar ziektemechanismen en beschermende factoren, omdat
die ook kunnen bijdragen aan de ontwikkeling van andere mogelijke therapieén. Deze
onderzoeken zijn gaande: zeker vier labs wereldwijd richten zich op de ontwikkeling van
een therapie voor CADASIL. Ook worden grote groepen CADASIL patiénten momenteel
vervolgd, inclusief patiénten met een relatief mild beeld, om nieuwe biomarkers te
identificeren en het beloop van de ziekte te kunnen voorspellen.

Hoewel er nog veel onderzoek gedaan moet worden, is in afgelopen 25 jaar de aandacht
voor en het onderzoek naar CADASIL enorm toegenomen. Er is veel progressie geboekt
sinds de ontdekking van NOTCH3 mutaties als oorzaak voor CADASIL: er is meer duidelijk
over het ziekteproces, er zijn meerdere ziektemodellen ontwikkeld, en er zijn verschillende
uitleesmaten voor de ziekte-ernst beschreven. Hoewel wetenschappelijk onderzoek in
kleine stappen voortschrijdt, levert iedere stap een belangrijke bijdrage. Het onderzoek
beschreven in dit proefschrift draagt bij aan het grote doel: het voorbereiden van een
therapie voor CADASIL patiénten.
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ADAM17 a disintegrin and metalloproteinase domain containing protein 17

ASL arterial spin labeling

ASO antisense oligonucleotides

AUC area under the curve

BOLD blood-oxygen-level dependent

BPF brain parenchymal fraction

CADASIL cerebral autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy

CAMCOCG Cambridge cognitive examination

Cas CRISPR-associated genes

CBF cerebral blood flow

Cl confidence interval

CRISPR clustered regularly interspaced short palindromic repeats

CSF cerebrospinal fluid

CVR cerebrovascular reactivity

DAT-scan dopamine transporter scintigraphy

DTI diffusion tensorimaging

EGFr epidermal growth factor-like repeat domains

ELISA enzyme-linked immunosorbent assay

FLAIR fluid-attenuated inversion recovery

GEE generalized estimated equation

GIT Groningen intelligence test

GOM granular osmiophilic material

HB-ECF heparin-binding epidermal-growth-factor-like growth factor

HR hazard ratio

HTRA1 high-temperature requirement protein A1

IGF-BP1 insulin like growth factor binding protein1

LBD ligand binding domain

LLOQ lower level of quantification

LTBP-1 latent TGFB-binding protein 1

MDRS Mattis dementia rating scale

MMSE mini—mental state examination

mRS modified Rankin scale

NfL neurofilament light-chain protein

NOTCH3%* cysteine altering missense mutation in NOTCH3

NOTCH3&P extracellular domain/ectodomain of NOTCH3 protein

NOTCH3'P intracellular domain of NOTCH3 protein
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NRR
PC-MRA
PCR
RBPJ
ROC
RT-PCR
SD

SMA
SVD
SWi
TGF-B
TIMP3
T™MT
VSMC
WAIS
WMH
WMH,
WMS

negative regulatory region

gradient-echo phase-contrast MRI technique
polymerase chain reaction

recombining binding protein suppressor of hairless
receiver operating characteristic

reverse transcription polymerase chain reaction
standard deviation

smooth muscle actin

small vessel disease

susceptibility weighted imaging

transforming growth factor 8

tissue inhibitor of metalloproteinases 3

trail making test

vascular smooth muscle cell

Wechsler adultintelligence scale

white matter hyperintensity

white matter hyperintensity volume

Wechsler memory scale
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Education and Courses

Prime time for precision diagnostics driven by unmet clinical needs 2019
Analysis of Repeated Measurements 2019
Academic Writing 2018
Regression Analysis 2018
Basiscursus Regelgeving en Organisatie voor Klinisch onderzoekers (eBROK) 2017
Photoshop and Illustrator CSé for PhD-students and other researchers 2016
Laboratory Animal Course (FELASA) 2016
Basic Methods and Reasoning in Biostatistics 2016
PhD Introductory Meeting 2016
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Two-month internship at Arboleda-Velasquez's lab, Schepens Research Institute, 5018
Harvard Medical School, Boston, USA.
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NOTCH3 exon skipping as a rational therapeutic approach for CADASIL:
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25th Workshop of the International Stroke Genetics Consortium. Queens’ college,

University of Cambridge, Cambridge, United Kingdom.

Testing blood biomarkers in cerebral small vessel disease CADASIL.

Leiden Network for Personalized Therapeutics Conference, Leiden University 2018
Medical Center, The Netherlands. Invited speaker.

From gene to patient: NOTCH3 cysteine correction therapy development for CADASIL.

Donders Discussions. Donders Institute for Brain, Cognition and Behaviour, 2018
Radboud University, The Netherlands. Invited speaker.

Testing blood biomarkers in CADASIL: Serum NfL correlates with disedse severity. o018

MGC Symposium, Theater ins blau, Leiden, The Netherlands. Invited speaker.
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Testing blood biomarkers in CADASIL.

8
MGC workshop, Texel, The Netherlands. 201

Testing blood-based biomarkers in CADASIL: NOTCH3ECD, IGF-BP1, TGF-B, HTRA1 and
Endostatin. 2018
D’Amore lab meeting. Schepens Research Institute, Harvard Medical School, Boston, USA.

Neurofilament Light Chain is a promising biomarker for CADASIL.

201
Science & Education day Clinical Genetics, Oegstgeest, The Netherlands. /

The NOTCH3 score biomarker: from mouse to man?

2016
Landelijk Overleg Genetica, Utrecht.

Poster presentations

Naturally occuring NOTCH3 exon skipping attenuates CADASIL in patients.
Nederlandse Vereniging voor Humane Genetica & Belgian Society for Human Genetics 2019
Symposium. Veldhoven, The Netherlands.

In vivo testing of NOTCH3 exon skipping in a humanized CADASIL mouse model.
LUMC Medical Research Profile Translational Neuroscience (LCTN) Annual Symposium, 2017
LUMC, Leiden, The Netherlands.

In vivo testing of NOTCH3 exon skipping in a humanized CADASIL mouse model. 201
MGC workshop, Leuven, Belgium. Poster prize for best poster/poster pitch. /

In vivo testing of NOTCH3 exon skipping in a humanized CADASIL mouse model.
RNA & Oligonucleotide Therapeutics, Cold Spring Harbour meeting, 2017
Cold Spring Harbor, NY, USA.

Teaching activities
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Daily supervison Master’s thesis project (3 months). 2019
Daily supervision Master’s internship (6 months). 2017-2018
Daily supervision foreign PhD student (2 months). 2017
Daily supervision Bachelor’s internship (5 months). 2016 - 2017

Related activities

Member in Board of Examiners of Medicine (LUMC). 2017 - present
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Prizes and personal grants

Best oral presentation at Donders Discussions, Nijmegen, The Netherlands. 2018
Best oral presentation at MGC workshop, Texel, The Netherlands. 2018
Personal grant from Alzheimer Foundation-The Netherlands for international exchange 2018
at Schepens Research Institute, Harvard Medical School, Boston, USA.

Personal grant from Leiden University Fund for international exchange at Schepens

Research Institute, Harvard Medical School, Boston, USA. 2018
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Societal outreach

Oral presentations at Platform CADASIL patient day, Leiden, The Netherlands. 2016 -2019
Oral presentation at Middle Donor Event, Netherlands Brain Foundation, Utrecht,
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Organization Running for CADASIL, Leiden, The Netherlands. 2016 -2018
Participation LUMC Science Day. 2017




Curriculum Vitae

CURRICULUM VITAE

Gido Gravesteijn werd geboren op 19 juli 1989 in Zaanstad en groeide op in Uitgeest. Hij
behaalde in 2007 zijn VWO diploma aan het Bonhoeffer college te Castricum.

In 2007 startte Gido met de bacheloropleiding Biomedische Wetenschappen aan de
Universiteit Leiden en het Leids Universitair Medisch Centrum (LUMC). Vanaf 2009
combineerde hij dit met de bachelor Geneeskunde. Na het behalen van de bachelor
diploma’s Geneeskunde (cum laude) en Biomedische Wetenschappen (cum laude),
vervolgde Gido zijn opleiding in Leiden. In 2015 behaalde hij de Master Geneeskunde (cum
laude) en de Master Biomedische Wetenschappen (summa cum laude).

In het kader van zijn opleiding deed Gido drie onderzoeksstages, waarbij hij ervaring
opdeed met zowel preklinisch als klinisch onderzoek. Voor zijn bachelorstage ontving hij
de Prof. dr. E.L. Noachprijs 2010. Tijdens zijn eerste masterstage richtte hij zich op exon
skipping in celkweken als mogelijke therapie voor twee vormen van spinocerebellaire
ataxie, onder supervisie van dr. M.M. Evers en dr. W.M.C. van Roon-Mom (Humane Genetica,
LUMCQ). Voor deze stage ontving hij de LUMC student Research Award 2013 en een beurs van
het Jo Keur Fonds. Tijdens zijn tweede masterstage deed hij onderzoek naar het effect van
kortdurend vasten op DNA schade en op de bijwerkingen van chemotherapie bij patiénten,
onder supervisie van Prof. dr. H. Pijl (Endocrinologie, LUMC), dr. J. Kroep (Medische
Oncologie, LUMC), en dr. M.PG. Vreeswijk (Tumorgenetica, LUMC). In het kader van de
Ceneeskunde opleiding volgde hij de semi-artsstage bij de afdeling Klinische Genetica
van het LUMC. Tijdens zijn opleiding volgde Gido tweemaal onderwijs aan het Karolinska
Institutet in Stockholm. Tevens gaf hij les bij Stichting Studiebegeleiding Leiden, waar hij
examencursussen biologie verzorgde en nieuwe docenten opleidde.

In 2015 is Gido gestart met een promotieonderzoek in de CADASIL onderzoeksgroep
van het LUMC, onder supervisie van dr. S.A). Lesnik Oberstein, dr. JW. Rutten en prof.
dr. A. Aartsma-Rus. Binnen dit translationele promotietraject deed hij preklinisch en
klinisch onderzoek, waarvan de resultaten zijn beschreven in dit proefschrift, alsmede
gepresenteerd op verschillende (inter)nationale bijeenkomsten. Voor deze presentaties
heeft hij verschillende prijzen ontvangen. Als onderdeel van het promotieonderzoek deed
Gido twee maanden onderzoek aan het Schepens Eye Research Institute, Harvard Medical
School, Boston, USA, onder supervisie van dr. ].F. Arboleda-Velasquez, waarvoor hij beurzen
ontving van het Leids Universitair Fonds en Alzheimer Nederland. Gido heeft zich tijdens
zijn promotietraject ingezet voor CADASIL patiénten en lotgenoten via Stichting Platform
CADASIL en Running For CADASIL. Sinds 2017 neemt Gido zitting in de examencommissie
van de Leidse Geneeskunde opleiding. Na afronding van zijn proefschrift vervolgde Gido
het onderzoek naar CADASIL als postdoc onderzoeker in dezelfde onderzoeksgroep.

149




150

Appendices

DANKWOORD

Dit proefschrift is het product van vele samenwerkingen. |k wil iedereen bedanken die
heeft bijgedragen aan dit proefschrift: met jullie hulp werd dit promotietraject leuker,
beter en haalbaarder.

Saskia enJulie, jullie hulp bij dit proefschrift is van onschatbare waarde, en ik ben dankbaar
voor jullie laagdrempelige en persoonlijke supervisie, evenals de gezellige sfeer. Bedankt
dat jullie vijf jaar geleden het vertrouwen hadden dat ik kon bijdragen aan het project.
Saskia, jouw enthousiasme voor het CADASIL onderzoek is ontembaar en dat motiveert
enorm. Ik heb veel bewondering voor hoe jij het CADASIL onderzoek hebt laten opbloeien
tot een onderzoekslijn. Julie, jouw enthousiasme voor onderzoek is even zo groot en jouw
talent voor multitasking is een voorbeeld voor mij. Annemieke, jouw enthousiaste en
gestructureerde kijk op wetenschap is een voorbeeld voor iedere PhD student. Bedankt
voor jouw exon skip expertise en je promotorschap.

Maurice, jij hebt op allerlei manieren bijgedragen aan dit proefschrift: van coauteur tot
supporter, van collega tot reisgenoot. Het is een plezier om met je te werken dankzij jouw
humor en expertise, veel dank daarvoor! Hans, jouw kloneer- en moleculair biologische
werk zijn van zo'n hoog niveau dat het magie lijkt, en heeft flink bijgedragen aan dit
proefschrift. Dank voor al je hulp, tips en trics! Remco en Marc, leuk datjullie het team zijn
komen versterken en het is een plezier samen te werken metjullie.

Coauteurs, ik benjullie allen zeer dankbaar, omdatzonderjullie hulp, inzichten expertise de
papers nooit deze vorm hadden kunnen krijgen. Carolina en Aat, jullie introduceerden mij
in de wondere wereld van de elektronenmicroscopie, bedankt voor de fijne samenwerking.
Ingrid, jij hebt ontelbare kleuring gedaan; bedankt voor al het werk en je grote flexibiliteit
hierin. Leon, bedankt voor je hulp bij de MRI analyses.

Joe, thanks for the inspiring supervision during my internship atyour lab and our discussions
on CADASIL. Danesh and Santiago, many thanks for showing me around in the lab and the
Red Hat. Thanks to Kat, Max and Merve, it was a pleasure being your daily supervisor, and |
wish you all the best in your careers. Bas, veel dank voor het monnikenwerk dat nodig was
voor de huidbioptanalyse.

Kantoorgenoten, Maurice, lvo, Mark I, Mark Il, Tom, Boyd en Nisha, bedankt voor jullie
humor, hulp, suggesties, wetenschappelijke discussies, en gezellig uitjes buiten werktijd.
Craag bedank ik ook de afdeling Humane genetica voor het beschikbaar stellen van een



Dankwoord

werkplek, en in het bijzonder de DMD-groep voor het opnemen van mij als volwaardig
groepslid. Bedankt collega’s van de vierde voorjullie collegialiteit en gezelligheid.

Daarnaast een grote blijk van waardering richting de Hersenstichting en haar donateurs,
die dit promotieonderzoek financieel mogelijk hebben gemaakt. Evenzo richting Stichting
Platform CADASIL en het initiatief For CADASIL, die zich beiden enorm inzetten voor het
CADASIL onderzoek.

Het leven naast het promotietraject was een stuk leuker dankzij fantastische vrienden en
familie, ik koester de momenten met jullie! Bas, Robin, Leon en Patrick, onze vriendschap
voor het leven is een rijkdom, zeker met Zosha en Dongdong erbij. Sarah, Vera en Patrick,
dankzijjullie weet ik dat geen berg te hoog is en er always a game is. Ype, Marnix, Pien, Lotte,
Leonieke, Thomas, Ineke, Alex, en Ahmed; gezellige etentjes, pauzewandelingen en koffies
zijn heerlijke ontspanmomenten die ik niet had willen missen. Dubbeltrajectvrienden,
Lisanne, Kimberly, Sanne, Jaap, Lennard en Erik, met hetzelfde startpunt en verschillende
passies dat een recept is voor interessante gesprekken, dank daarvoor! VVers, dankzij
jullie blijf ik bijleren over de meest exotische onderwerpen. Stockholm friends, tack for det
jattebra fikas. Erik, ik koester onze vriendschap, gezellige etentjes en wetenschappelijke
discussies. Dank voor jouw scherpe blik en steun gedurende onze gehele opleiding en
daarbuiten, daar heb ik veel aan gehad.

Familie en schoonfamilie, jullie liefde en steun heeft mij enorm gemotiveerd afgelopen
periode, veel dank daarvoor! Lieve Nick, samen laten wij zien dat alles mogelijk is, van de
luchtvaart tot de wetenschap. Veel dank voor je steun. Lieve Fred en Thea, jullie hebben
mij altijd gestimuleerd het beste uit mijzelf te halen. Ik ben jullie enorm dankbaar voor
jullie vertrouwen, trots en onvoorwaardelijke steun, wat de basis is van al mijn prestaties,
inclusief dit proefschrift.

Lieve lieve Karen, ik ben enorm blij metjou in mijn leven, en ik ben je dankbaar voor jouw
onvoorwaardelijke steun en liefde.

151







