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“If we knew what we were doing, it wouldn't be called research, would it?”  

- Albert Einstein (1879-1955)  

 

“Let the future tell the truth, and evaluate each one according to his work and 

accomplishments. The present is theirs; the future, for which I have really worked, is mine.” 

 - Nikola Tesla (1856-1943) 





 

 

ABSTRACT 

The Notch signaling pathway, including the Notch3 receptor, is involved in many pivotal 
contexts of cell signaling and cell fate determination processes during development and in 
adulthood. Different mutations in the NOTCH3 receptor, which is highly expressed in vascular 
smooth muscle cells (VSMC), are associated with various diseases, including developmental 
disorders, several forms of cancer, and vascular dementia. In some of these diseases, the 
underpinning disease-mechanism is relatively well-understood whereas in other cases the role 
of the NOTCH3 mutations in the disease pathogenesis remains more obscure. Cerebral 
autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy 
(CADASIL) is the most common form of familial small vessel disease and is a monogenic 
disorder caused by mutations in the NOTCH3 gene. CADASIL-causing mutations lead to 
misfolding and aggregation of the NOTCH3 receptor extracellular domain (ECD) around 
VSMC, which degenerates and plays a pivotal role in disease pathogenesis. Currently, there 
are no therapies available that could prevent or ameliorate CADASIL. However, given that 
NOTCH3 aggregation and accumulation is a hallmark of the disease, therapeutic strategies that 
aim to inhibit NOTCH3 aggregation and/or to clear pre-formed NOTCH3 aggregates hold 
great promise as novel treatments for CADASIL. 

In this thesis, I have worked on the development of novel therapies targeting NOTCH3 
misfolding in CADASIL and in exploring the underpinning molecular mechanisms that link 
NOTCH3 mutations to diseases other than CADASIL. More specifically, I have used 
biochemical, cellular, and animal studies to develop two new therapeutic strategies aimed at 
preventing the formation of or promoting the clearance of CADASIL-associated misfolded 
NOTCH3 ECD. Furthermore, I have conducted clinical and preclinical research to identify and 
characterize a novel disease-associated NOTCH3 mutant, which is linked to a CADASIL-like 
small vessel disease, and to characterize the signaling of the NOTCH3 L1519P mutant which 
causes infantile myofibromatosis (IMF), but where the impact of the L1519P mutation on 
NOTCH3 signaling has remained poorly understood.  

In paper I, we showed that the IMF causing NOTCH3 L1519P mutation results in a 
hyperactive ligand-independent NOTCH3 receptor and increased PDGFRB expression. 
Increased Notch3 signaling activity is consistent with an overproduction of NOTCH3 
intercellular domain (ICD), increased reporter activity, and an increase in the downstream 
expression of Notch3 target genes. Our study establishes a connection between NOTCH3 and 
PDGFRB in IMF, indicating that Notch3 signaling may be epistatic to PDGFRB and that 
activating mutations in both NOTCH3 and PDGFRB could be disease-causative. 

In paper II, we identified a novel NOTCH3 cysteine-sparing mutation, NOTCH3 A1604T, in 
a family suffering from migraine and white matter lesions, which are also hallmarks of 
CADASIL. Additionally, in cell culture studies we showed that this mutation affects NOTCH3 
receptor stability and processing and result in decreased NOTCH3 signaling. These data 
identify NOTCH3 A1604T as a novel dysfunctional NOTCH3 mutant associated with cerebral 
small vessel disease.  

In paper III, we developed an active immunization therapy targeting aggregated NOTCH3 
ECD for the treatment of CADASIL. Four months treatment caused a reduction in NOTCH3 
ECD deposits in both size and quantity around brain capillaries in a CADASIL mouse model. 
These data indicate that active immunization may be a viable disease modifying therapeutic 
strategy for CADASIL and support its further development towards clinical usage.  

In paper IV, we showed that the CADASIL-associated NOTCH3 multimerization/aggregation 
could be inhibited by the molecular chaperone Bri2 BRICHOS, which has been shown to 



inhibit multiple misfolding and aggregation reactions. We demonstrated that Bri2 BRICHOS 
stabilized the mutant NOTCH3 protein in a monomeric form and lowered the aggregation 
kinetics of the NOTCH3 mutant, suggesting that Bri2 BRICHOS could be used to as a novel 
therapeutic entity to prevent NOTCH3 ECD aggregation in CADASIL.  

In conclusion, I believe the work of my thesis has increased our understanding of the role of 
NOTCH3 dysregulation in vascular disease and in the developmental disorder IMF as well as 
provided important preclinical proof of concept data for novel therapeutic strategies aimed to 
interfere with the NOTCH3 misfolding and aggregation in CADASIL. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

RESUMO 

A via de sinalização Notch, incluindo o receptor Notch3, está envolvida em diversos processos 

essenciais de sinalização e diferenciação celular no desenvolvimento e no adulto. As diferentes 

mutações no receptor NOTCH3, que se encontra expresso em níveis elevados nas células 

vasculares do músculo liso (VSMC), encontram-se associadas a variadas patologias, incluindo 

doenças do desenvolvimento, várias formas de cancro, e demência vascular. Em algumas 

destas patologias, os mecanismos que dão origem à doença encontram-se relativamente bem 

caracterizados, no entanto, em outras patologias, o mecanismo patogénico permanece 

desconhecido. A arteriopatia autossômica dominante cerebral com infartos subcorticais e 

leucoencefalopatia (CADASIL) é a forma mais comum de doenças familiais de doenças 

vasculares dos vasos pequenos, e é uma patologia monogénica resultante de mutações no gene 

NOTCH3. Mutações causadoras de CADASIL promovem o folding incorrecto do domínio 

extracelular (ECD) do receptor NOTCH3, resultando na acumulação do NOTCH3 ECD em 

redor das VSMC, que leva a degeneração das VSMC e desempenha um papel fundamental na 

patogénese da doença tendo um papel crucial na progressão da doença. Actualmente, não 

existem terapias estabelecidas que previnam ou reduzam a progressão de CADASIL. No 

entanto, considerando que a agregação e acumulação de NOTCH3 é um hallmark da doença, 

estratégias terapêuticas com o objectivo de inibir a agregação de NOTCH3 ou remover os 

agregados previamente formados parecem promissoras como novas estratégias de tratamento 

de CADASIL.  

Nesta tese, trabalhei no desenvolvimento de novas terapias direcionadas em reverter o efeito 

do misfolding de NOTCH3 em CADASIL, e na exploração dos mecanismos moleculares 

subjacentes que ligam mutações de NOTCH3 a outras patologias. Mais especificamente, 

usamos estudos bioquímicos, celulares e em modelos animais para desenvolver duas novas 

estratégias terapêuticas com o objectivo de prevenir a formação ou promover a remoção de 

agregados de NOTCH3 ECD mutados associados a CADASIL. Adicionalmente, eu conduzi 

uma investigação clínica e pré-clínica para identificar e caracterizar uma nova mutação 

patogénica de Notch3, que se encontra ligada a uma doença vascular dos vasos pequenos 

semelhante a CADASIL, e também caracterizei o impacto, até então desconhecido, na 

sinalização de Notch3 causada pela mutação L1519P no receptor NOTCH3, que causa a 

patologia miofibromatose infantil (IMF).  

No Paper I, demonstrámos que a patologia IMF é causada pela mutação L1519P no NOTCH3, 

que causa o aumento de actividade do receptor NOTCH3 independente da presença do ligando, 

e que por sua vez leva a um aumento da expressão de PDGFRB. O aumento da actividade da 

sinalização de Notch3 é consistente com o aumento da produção do domínio intercelular (ICD) 

do NOTCH3, aumentando a sua actividade repórter, e aumentando a expressão dos genes-alvo 

do Notch3. O nosso estudo estabelece uma connecção entre o NOTCH3 and o PDGFRB na 

doença IMF, indicando que a sinalização de Notch3 poderá ser epistática para o PDGFRB, e 

que mutações activantes em NOTCH3 and PDGFRB poderão ser causadoras de doença. 

 



No Paper II, identificámos uma nova mutação em mutações que não ivolvem a modificação 

de uma cisteína, a NOTCH3 A1604T, numa família que sofre de enxaquecas e lesões na 

matéria branca, que são também hallmarks de CADASIL. Adicionalmente, demonstrámos que 

esta mutação altera a estabilidade do receptor, resultando no processamento aberrante do 

receptor e redução da sinalização de Notch, o que sugere que ocorre a desregulação da 

sinalização de Notch em doenças vasculares cerebrais dos vasos pequenos. 

No Paper III, desenvolvemos uma estratégia terapêutica de imunização activa contra os 

agregados de NOTCH3 ECD para o tratamento de CADASIL. O tratamento de quatro meses 

causou uma redução nos depósitos de NOTCH3 ECD em tamanho e em quantidade ao redor 

dos capilares cerebrais no modelo ratinho pré-clinico de CADASIL. Estes dados indicam que 

uma imunização activa poderá vir a ser viável como estratégia terapêutica para CADASIL, e 

apoiaom o desenvolvimento futuro para uma aplicação clínica em CADASIL. 

No Paper IV, demonstrámos que o processo de multimerização/agregação de NOTCH3 em 

CADASIL poderia ser prevenido com recurso a chaperones moleculares Bri2 BRICHOS, que 

têm sido descritos como inibidores de diversas reacções de misfolding e agregação. 

Demonstrámos que Bri2 BRICHOS promove a estabilização da proteína NOTCH3 mutada na 

forma monomérica, e reduziu a cinética da agregação de NOTCH3 mutante, o que sugere que 

Bri2 BRICHOS poderá ser usado como uma nova entidade terapêutica para prevenir a 

agregação de NOTCH3 ECD em CADASIL. 

Em conclusão, acredito que o trabalho da minha tese aumentou a nossa compreensão do papel 

da desregulação de NOTCH3 na doença vascular e no distúrbio do desenvolvimento IMF, bem 

como forneceu dados pré-clínicos importantes de prova de conceito para novas estratégias 

terapêuticas destinadas a interferir com o misfolding e agregação de NOTCH3 em CADASIL. 
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1 INTRODUCTION 

The ability of cells to interact with each other is a distinguishing characteristic of all metazoan 

species. Signal-receiving cells respond to information from signal-sending cells through 

cascades of molecular interactions over short and long distances. Cells communicate with one 

another in various ways, including interactions between proteins that bind to the cell surface 

and communicate directly with one another, or secreted factors that can form gradients or move 

in vesicles over long distances. Cell communication is critical for the formation of new cell 

types, establishing patterns, and building complex tissue during embryonic development. 

Multiple communication or signaling mechanisms in metazoan are key regulators of embryonic 

development and homeostasis. Notch signaling is one of these key regulators and is involved 

in a variety of developmental processes, from early embryogenesis to fetal development, cell 

differentiation and regulating important cell signaling processes in the adult. Considering 

Notch importance throughout development and adulthood, it is unsurprising that several 

mutations in the Notch receptors and ligands have been identified that result in various 

developmental phenotypic abnormalities, including congenital diseases, cancer and vascular 

disorders. For many of these conditions, there are no therapies available and there is a great 

and urgent need to understand the different pathobiological contexts and to develop novel 

therapies. In this thesis, I have focused my studies on NOTCH3 signaling and misfolding in 

disease, from the underpinning molecular mechanisms to the development of novel treatments. 

Mutations in the NOTCH3 gene are associated with the developmental disorder infantile 

myofibromatosis (IMF), several different cancers and in different contexts of vascular diseases, 

including Cerebral autosomal dominant arteriopathy with subcortical infarcts and 

leukoencephalopathy (CADASIL), which is the most prevalent type of familial small vessel 

disease. The objective of my work has been to characterize and further increase our 

understanding of the impact of different disease-associated NOTCH3 gene mutations on 

NOTCH3 signaling as well as developing novel disease-modifying therapies for the treatment 

of CADASIL. Accordingly, in Papers I and II we identified and characterized the signaling of 

two NOTCH3 receptor mutants associated with IMF and a family suffering from a familial 

neurological disease. In Papers III and IV we explored and developed two novel treatment 

strategies, which were designed to target the NOTCH3 extracellular domain (ECD) 

aggregation process and to clear and remove the misfolded NOTCH3 ECD in CADASIL 

utilizing transgenic animal models and in vitro models. 
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1.1 NOTCH SIGNALING PATHWAY 

The Notch gene was first identified by John S. Dexter more than a century ago when studying 

the sex linkage relations among different mutants of the Drosophila melanogaster. He 

discovered a mutant with notched wings, which he originally named “Perfect Notched” [1]. 

Soon thereafter, Thomas H. Morgan, using mutants of notched Drosophila, deciphered the 

inheritance of this gene [2]. Additional mutants, such as Delta, Serrate, and Fringe, have been 

described through fly genetics and named after Drosophila wing phenotypes, revealing new 

components in the Notch signaling cascade [3]. With the advent of the molecular biology era 

in the 1980s, Michael Young’s and Spyros Artavanis-Tsakonas’ research groups cloned and 

sequenced the gene for the Drosophila Notch receptor [4-7]. The truncated Notch receptor was 

reported in a small group of patients with acute lymphoblastic leukemia (T-ALL) T cells in the 

1990s, indicating that the pathway was clinically significant [8]. Later, in a human homolog of 

Notch1 (TAN1), TAN1-induced tumors in mice in a bone marrow transplant model were 

shown to be similar to TAN1-associated human tumors, suggesting that TAN1 was oncogenic 

for T cells [9]. Mutations in Notch receptors and ligands were later discovered to be the cause 

of various human genetic abnormalities and cancers [3, 10, 11]. Since then, the Notch signaling 

pathway is one of the most conserved and crucial pathways and is involved in several 

developmental and biological processes such as cell fate, differentiation, survival and apoptosis 

[10-12]. 

1.1.1 Notch signaling 

The human genome expresses four Notch receptors (NOTCH1-NOTCH4), and five ligands 

[(Delta-like 1) DLL1, DLL3 and DLL4, and Jagged1 (JAG1) and 2 (JAG2)] (Figure 1). Three 

of these ligands are homologous to Drosophila delta ligand and two to Drosophila serrate 

ligand [11]. All of these NOTCH receptors are present in the vasculature. NOTCH2 and 3 are 

highly expressed in vascular smooth muscle cells (VSMC), while NOTCH1 and 4 are highly 

expressed in endothelial cells (EC) [13, 14]. All receptors and ligands of the canonical Notch 

signaling pathway are single-pass type-I transmembrane proteins with the C-terminal in the 

cytosol, which restricts the signaling of the pathway to cells in direct proximity [14]. Notch 

signaling relies on direct cell-cell contact between the transmembrane ligand-expressing 

“sender” cells and receptor-expressing “receiver” cells. In contrast to other signaling cascades, 

it does not require a signal amplification step [15]. Notch receptors are expressed as bipartite 

proteins at the cell surface and consist of an extracellular and an intracellular peptide held 

together by non-covalent interactions [16]. 
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Figure 1. Schematic diagram of the domain structure of human Notch receptors and ligands. ANK, ankyrin 
repeats; DLL, Delta-like protein; DSL, Delta/Serrate/LAG-2 domain; and EGF stands for epidermal growth factor. 
HD, heterodimerization domain; JAG, Jagged; JSD, Jagged Serrate domain; LNR, Lin-Notch repeats; MNNL, 
Notch ligand N-terminal domain; NRR, negative regulatory region; PDZL, PDZ ligand domain; PEST, proline 
(P), glutamic acid (E), serine (S), and threonine (T) degradation domain; RAM, Rbp-associated molecule domain; 
SP, signal peptide; TAD, transactivation domain; TM, transmembrane domain; vWFC, von Willebrand factor type 
C domain. S1, S2 and S3 cleavage sites are indicated. 

 

Notch is processed in the Golgi compartment, where the precursor of the Notch receptor is 

cleaved at the S1 cleavage site by a Furin-like convertase which generates the bipartite protein 

[17, 18]. At that point, the receptor translocates to the plasma membrane, which will expose 

the N-terminus extracellularly and the C-terminus intracellularly. The N-terminal extracellular 

part is mostly comprised of epidermal growth factor (EGF)-like repeats, which are known to 

be involved in ligand binding. These EGF-like domains are found in the extracellular domains 

of both the Notch ligands and receptors and possess a very unique structure comprised of 40 

amino acids, which include six cysteine residues that will form disulfide bridges and which 

define the tertiary structure of the protein. Furthermore, the extracellular domain also consists 

of Lin12-NOTCH repeats (LNR) and a heterodimerization (HD) domain, which are located 

near the transmembrane domain (TM). Together, the LNR and the HD domain form an area 

that averts the activation of the signaling cascade in the absence of the ligand, and it is known 

as the negative regulatory region (NRR) [12, 14]. An interaction in a trans-like conformation 

usually mediates Notch receptor activation—i.e. the ligand on the adjacent cell activates the 
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Notch receptor [19, 20]. When the ligand and the receptor bind to each other, a signaling 

process is initiated through activation of mechanical forces that will yank the receptor and 

change its conformation, leading to the exposure of the S2 cleavage site in the HD domain and 

processing through a disintegrin and metalloprotease (ADAM) 10 or 17. The extracellular part 

of the receptor will then be released and is then subsequently internalized by the ligand-

expressing cell for degradation or recycling [21]. The membrane-anchoring Notch extracellular 

truncation (NEXT) fragment is immediately cleaved by the γ-secretase complex at cleavage 

sites S3 and S4 [22-24], releasing the Notch intracellular domain (NICD) [25]. The NICD is 

subsequently translocated to the nucleus, where it will form a ternary protein complex by 

binding to the DNA-binding protein CSL—also known Cp-binding factor 1/recombination 

signal sequence-binding protein-Jκ, Suppressor of hairless, and Lag-1—and Mastermind-like 

protein (MAML) (see Figure 2). This complex binds to the DNA helix, leading to the 

replacement of co-repressor proteins by co-activators of the transcription of genes like hairy 

and enhancer of split (HES), HES-related with YRPW motif (HEY) and Notch regulated 

ankyrin repeat protein (NRARP) [26, 27]. As discussed below, in my thesis, I address how 

different mutations in a NOTCH3 receptor observed in disease affect intracellular routing and 

downstream signaling in the Notch pathway (Papers I and II). 
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Figure 2. Notch signaling schematic representation. The NOTCH receptor is produced in the endoplasmic 
reticulum (ER) and is then cleaved by a furin-like convertase (S1 cleavage) in the Golgi compartment, resulting in 
the formation of a non-covalently bound heterodimeric protein that is delivered to the cell surface. When a Notch 
ligand binds to the EGF repeats 10-11, a mechanical traction force is exerted to the NOTCH ECD, exposing the 
extracellular NRR near the cell membrane, which comprises the LNR and the heterodimerization domain. 
Following that, ADAM10 or 17 cleaves in C-terminal part of the heterodimerization domain (S2-cleavage). The 
NEXT domain, which is composed of a RAM domain, several ANK domains, a PEST domain, and a 
transmembrane domain, is cleaved by the γ-secretase (S3-cleavage), resulting in the release of the NICD. The 
NICD interacts with the CSL complex protein and, in conjunction with the coactivator Mastermind-like (MAML), 
initiates downstream gene transcription in the nucleus. The NOTCH ECD and ligand are typically endocytosed 
and destroyed in the lysosome by the ligand-expressing cell. ADAM10 and 17, a disintegrin and metalloproteinase 
domain-containing protein 10 or 17; ANK, ankyrin repeats; EGF, epidermal growth factor; HD, 
heterodimerization domain; LNR, Lin-Notch repeats; PEST, proline (P), glutamic acid (E), serine (S) and 
threonine (T) degradation domain; RAM, Rbp-associated molecule domain; TM, transmembrane domain. 
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1.1.2 Notch signaling in the vasculature 

The vascular system plays an essential role in development, homeostasis, and disease. The 

vasculature supplies oxygen and nutrients to all tissues while removing carbon dioxide and 

waste material. Vasculogenesis is the mechanism by which blood vessels are developed from 

endothelial precursor cells of mesodermal origin during early development, resulting in the 

vascular plexus formation, a rudimentary EC vessel network [28, 29]. After arteriovenous 

specification, the vascular plexus is divided into arteries, veins, venules, and capillaries, and 

further remodeled by angiogenesis to form a functioning vasculature [28, 29]. The developing 

vasculature also attracts mural cells, with VSMC lining the arteries and veins and pericytes 

surrounding the smaller capillaries and venules. Numerous signaling pathways, including 

VEGF, Wnt, BMP, TGF-β, angiopoietin, cooperate with the Notch pathway to orchestrate 

angiogenesis, tip/stalk cell selection and arteriovenous specification to regulate vascular 

activity [30]. Notch signaling is unique because it is involved in every stage of vascular 

development, from initial plexus formation to arteriovenous patterning, recruiting and 

maintenance of VSMC, and angiogenesis remodeling [31]. Notch components are expressed 

in all vascular cells, including EC, VSMC, and pericytes [32, 33]. Many studies throughout the 

years have contributed to our understanding of Notch signaling significance in vasculature. The 

deletion of essential Notch components such as Notch1 [34, 35], Notch2 [36], Dll4 [37-39], 

Dll1 [40], Jag1 [41-43], Csl [39], Hey1/Hey2 [44], Adam10 [45], nicastrin [46] and presenilin1 

and 2 [47] all result in embryonic lethality in mice, due to serious vasculature defects. Although 

the Notch4 receptor is expressed in the endothelium, Notch4-/- mice reach adulthood [34]. On 

the other hand, Notch3 receptor is expressed exclusively in VSMC [48] and pericytes [49], 

where it is required for maturation and arteriogenesis. Even though Notch downstream 

activation is substantially reduced in a Notch3-/- mice, these animals are viable and fertile [50, 

51]. Additionally, the absence of Notch3 results in a loss of arterial identity, as shown by 

reduced expression of the arterial markers smooth muscle actin (SMA) and smoothelin [50]. 

Furthermore, Notch3 deficiency results in progressive degeneration of VSMC [50, 52, 53]. 

Notch3-/- mice are also more susceptible to ischemia events and fibrin deposition following 

challenge [52, 54], show decreased vascular branching [55] and gradual loss of mural cell 

coverage in the vasculature [52, 55]. Additionally, a disruption of the blood-brain barrier was 

also observed in Notch3-/- mice [52]. JAG1 expression in EC has been shown to trigger 

NOTCH3 in VSMC, with an autoregulatory loop sustaining NOTCH3 expression in VSMC 

[56]. The PDGF signaling pathway is a crucial downstream effector in this process, and the 

platelet-derived growth factor-B receptor (PDGFR-β) is increased by Notch3 activation [57]. 

In mice with deletion of Notch3 in conjunction with Notch1 haploinsufficiency, researchers 



 

 7 

identified that Notch3 is required for pericytes formation. These mice also developed 

arteriovenous malformations and exhibited a CADASIL-like phenotype in the developing 

retinal capillaries [58]. EC specific expression of constitutively active Notch1 [59], Notch4 

[60], and overexpression of endothelial Jag1 [41] and Dll4 [61] also result in significant 

vascular defects and embryonic lethality in mice, indicating the sensitive complexity of Notch 

expression levels in the developing vasculature. 

Notch3, like other Notch proteins, also has an important role in the function of the adult 

organism. Adult Notch3-/- animals have more advanced abnormalities in the brain and retinal 

vasculature due to VSMC degeneration and cell death [62]. The vascular integrity is then lost, 

bleeding occurs, and the blood-brain barrier is breached. Notch3 expression in mouse VSMC 

is also important for the regulation of blood flow and vascular tone in the arteries in the brain 

and tail. Furthermore, Notch3 deficiency in adult mice also affects physiological blood pressure 

adaptation, and under hypertension, mice lacking Notch3 were more likely to suffer heart 

failure [62]. Another role that has been proposed for Notch3 is the mediation of 

mechanotransduction. The phenotypic flexibility of VSMC is essential for normal vascular 

function. In contraction, VSMC controls vascular tone, but to account for mechanical inputs, 

VSMC can alter its shape and participate in vascular growth and remodeling [63]. In a recent 

report, it was shown that Jag1-induced Notch3 signaling decreases as mechanical stress 

increases. At the same time, the thickness of the VSMC wall surrounding the EC that forms 

the artery varies with the contractile VSMC phenotype [64]. In another report, shear stress has 

also been related to EC signaling potential via modulation of Jag1 endocytic trafficking that 

regulates Notch signaling in vitro studies [65]. To summarize, Notch3 signaling is essential for 

the maintenance of VSMC and pericytes integrity, the regulation of normal blood flow and 

vascular tone and the maintenance of blood pressure in brain arteries. Notch3 has further 

functions in adults that go beyond the vasculature, including the development of neural stem 

cells and the maintenance of neuronal differentiation, in the regulation of stem cells involved 

in the maintenance of skeletal muscle repair, and esophageal homeostasis [63].  

1.1.3 Notch signaling in disease 

As stated above, Notch signaling has a wide variety of functions in development and adulthood, 

so it is no surprise that mutations in this system may cause a range of abnormalities [3, 11, 66]. 

Due to the pleiotropic effect of Notch, mutations in the different members of the Notch 

signaling pathway cause developmental phenotypical disorders that disrupt the proper function 

of the heart, vasculature, skeleton, kidney, liver, eye, nervous system, and brain [67]. Humans 
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develop a number of congenital disabilities as a result of mutations in the genes encoding Notch 

receptors or ligands. For example, Adams-Oliver syndrome, Alagille syndrome, 

spondylocostal dysostosis, and congenital heart disorders are caused by Notch loss of function. 

In contrast, serpentine fibula polycystic kidney syndrome, Hajdu-Cheney syndrome, IMF (see 

Paper I), and lateral meningocele syndrome are caused by Notch gain of function. At the same 

time, causative NOTCH3 mutations of CADASIL are likely neomorphic or toxic due to the 

aggregation of NOTCH3 ECD, as further discussed in section 1.3.4 [3, 11, 68].  

Notch and Notch3 signaling is not only important for homeostasis in the adult but has also been 

implicated in many different forms of cancer [68, 69]. As discussed above, the first time 

abnormal Notch signaling was related to human cancer was when a chromosomal 

rearrangement was identified in T-ALL [8]. More than 50% of patients with T-ALL have 

NOTCH1 mutations in the NRR and PEST domains [70]. NOTCH3 has also been linked to T-

ALL, and mutations in the NRR and PEST domains have been discovered in T-ALL cell lines 

[71]. However, just a few mutations in patients biopsy material have been found. Furthermore, 

almost always, NOTCH3 overexpression is associated with the illness [63, 72, 73]. 

Hyperactivated NOTCH3 mutations in the proline (P), glutamic acid (E), serine (S), and 

threonine (T) degradation (PEST) domain have been linked to triple-negative breast cancer 

[74]. 

Similarly, ovarian cancer is linked with Notch3 gene amplification and expression, and Notch3 

signaling has been demonstrated to enhance breast and ovarian tumor cell proliferation, 

survival, and metastasis [75, 76]. Notch3 is also linked with liver cancer since it was observed 

that the expression of NOTCH3 is upregulated in both intrahepatic cholangiocarcinoma 

patients and animal models of the disease [77]. Increased Notch gene dosage may be used to 

hyperactivate Notch in pancreatic ductal adenocarcinoma, and NOTCH3 gene amplifications 

have been reported [78]. Notch3 also plays a role in tumor suppression, and inactivating 

mutations in NOTCH3 have been found in small cell lung cancer [79], bladder carcinoma [80], 

and esophageal squamous cell carcinoma [81]. In conclusion, NOTCH3 mutations are present 

in a variety of distinct tumor types, and these mutations may be either oncogenic or work as 

tumor suppressors. 

Another disease in which Notch3 plays an important role is pulmonary arterial hypertension 

(PAH), which develops as a consequence of thickening of the arterial artery wall and lumen 

blockage caused by increased proliferation of VSMC and EC [82, 83]. It is a condition that 

worsens with time, resulting in high pulmonary artery pressure and mortality. NOTCH3 

expression is upregulated in VSMC from PAH patients’ lung biopsies as well as rat and mouse 
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models of PAH [84]. PAH can also be induced by hypoxia, as shown by upregulation of the 

NOTCH3 and HES5 genes in PAH patients and mice maintained in hypoxic environments [84]. 

On the other hand, inhibition of the Notch pathway reversed PAH in animal models, and 

Notch3-/- mice did not develop PAH [84]. A NOTCH3 mutation has also been identified in 

PAH, even though most of the inherited forms of the disease are associated with mutations in 

the TGF-β pathway [85]. 

Notch3 has probably received less attention than other members of the Notch family with more 

apparent pleiotropic functions. However, as novel developmental functions of Notch3 are 

discovered and their importance for adult tissue homeostasis is recognized, the importance of 

Notch3 for human health and disease is becoming more evident. In this thesis, I contributed 

new insights to the role of mutated NOTCH3 receptor signaling in different diseases (Papers 

I and II) and explored two different therapeutic approaches to stop or halt NOTCH3 ECD 

aggregation and thus the progression of CADASIL (Papers III and IV).  

1.2 CEREBRAL SMALL VESSEL DISEASES 

Cerebrovascular disease is a leading cause of mortality in several developed countries and one 

of the principal causes of cognitive impairment and motor disability. Dementia in conjugation 

with stroke are the two leading health problems worldwide [86].  Cerebral small vessel diseases 

(SVD) are diseases that affect the small perforating arteries, arterioles, capillaries, and venules 

in the brain and the ensuing damage to the white and deep grey matter of the brain [87]. SVD 

are responsible for approximately 25% of ischemic strokes and over 90% of intracerebral 

hemorrhage (ICH), the most lethal form of stroke; they also account for up to 45% of dementia 

occurrences in the elderly [87, 88]. Clinically, SVD may appear with sudden-onset stroke 

symptoms or gradual indications such as cognitive problems or physical disabilities and 

typically develop slowly over many years [89]. Due to the difficulty of detecting small arteries 

in the brain in vivo, the diagnosis of SVD is based on neuroimaging of parenchymal changes 

believed to result from small vessel disease [89]. These changes manifest as microbleeds, 

lacunes, small subcortical infarcts, white matter hyperintensities (WMH), enlarged 

perivascular spaces, and brain atrophy. These characteristics often exist prior to the onset of 

symptoms of the SVD [87]. Cerebral SVD can be broadly classified as cerebral amyloid 

angiopathy (CAA), and non-amyloid SVD often known as arteriolosclerosis [88, 90]. Non-

amyloid SVD is defined by the gradual degeneration of smooth muscle cells (SMC), which 

results in artery wall thickening and lumen narrowing, which itself may result in decreased 

blood flow, a buildup of extracellular matrix proteins, and, in some cases, plasma protein or 
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lipid infiltration [87, 91]. In comparison to CAA, non-amyloid SVD mostly impact small 

penetrating arteries within the white matter and profound areas of the brain, where they 

typically appear as microbleeds, lacunar infarcts, or ICH within these brain areas, as well as 

diffuse WMH [87]. Apart from the sporadic SVD, many monogenic variants have been 

discovered that share major clinical and pathological characteristics with SVD making them 

ideal models to study the mechanisms that affect the vascular changes that lead to vascular 

dementia and for the development of precision therapies [88]. Among those are the most 

common hereditary SVD CADASIL [92], cerebral autosomal recessive arteriopathy with 

subcortical infarcts and leukoencephalopathy (CARASIL) [93], retinal vasculopathy with 

cerebral leukodystrophy (RVCL) [94], and type IV collagen α1 or 2 (COL4A1/2)-related 

cerebral  SVD [95, 96], which are related to highly penetrant mutations in six different genes: 

NOTCH3, COL4A1, COL4A2, HTRA1, TREX1, and FOXF2 [97]. Interestingly, lacunar 

strokes, ICH, and WMH have been linked to common genetic variations in the NOTCH3, 

COL4A1, COL4A2, and HTRA1 genes, suggesting a link between genes causing monogenic 

SVD and sporadic forms of SVD [88, 97]. 

A major focus of this thesis is on the development of novel therapies for the treatment of 

CADASIL, work which is presented in Papers III and IV.  

1.3 CADASIL 

The first CADASIL family was reported as “hereditary Binswanger’s disease” by van Bogaert 

in 1955 [98]. Other families with similar phenotypes were reported under various names [98-

100], and were described as a separate disease entities in the early 1990s [101, 102] until the 

acronym CADASIL (OMIM# 125310) was coined in 1993 by Tournier-Lasserve et al. [103]. 

In the same year, CADASIL was linked to chromosome 19 [103], and the causative NOTCH3 

gene on the 19p13 chromosome was discovered by Joutel et al. in 1996 [92]. 

CADASIL is the most common familial form of stroke and dementia. It affects approximately 

2-5/100 000 individuals [98, 104-106], which is most likely an underestimation due to the fact 

that specific mutations may cause a much milder phenotype, making them go clinically 

undetected—it has been proposed that the prevalence could be as high as 1 per 10 000 people 

[104] to 3.4 per 1 000 [107]. 

1.3.1 Genetics and NOTCH3 mutations in CADASIL 

Mutations that cause CADASIL as stated above are restricted to a single gene, NOTCH3, and 

a distinctive cysteine-altering mutation in NOTCH3 can confirm the clinical diagnosis.  The 
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NOTCH3 gene encodes a 300 kDa cell surface receptor that is comprised of a large ECD 

dominated by 34 EGF-like repeats, a transmembrane spanning sequence and a large 

intracellular domain that mediates signals to the nucleus; see Figure 2 [10, 12, 108]. To date, 

more than 200 CADASIL-causing mutations have been identified in CADASIL families [107, 

109]. Interestingly, almost all mutations are concentrated in the ECD of the receptor and 

specifically target one of the 34 EGF-like repeats (encoded by exons 2-24). The six cysteine 

residues in the EGF-like repeats form disulfide bridges important for proper folding and 

function of the NOTCH3 ECD [98, 110]. Almost all CADASIL-causing mutations affect the 

number of cysteine residues of an EGF-like repeat, leading to a gain or loss of a cysteine 

residue. Therefore, a CADASIL mutation results in an odd number of cysteine residues in an 

EGF-like repeat [111]. The odd number of cysteine residues has been hypothesized to lead to 

folding problems, increasing the likelihood of receptor misfolding, aggregation, and aberrant 

activity of the receptor around the vessels [110-113]. This also occurs in patients with 

CADASIL with NOTCH3 aggregates and accumulation of the NOTCH3 ECD observed at the 

cell surface of VSMC in patient-derived tissue (see Figure 3) [114, 115].  

 

Figure 3. Immunohistochemistry of human CADASIL brain tissue using a NOTCH3 ECD-directed 
antibody. VSMC in small and middle-sized arteries show increased NOTCH3 staining due to accumulated 
NOTCH3 ECD. 

Indeed, in different experimental systems, CADASIL-mutated Notch3 receptors appear to 

misfold and form aggregates [114, 116]. While missense mutations account for the vast 

majority of mutations, minor deletions, duplications, and mutations resulting in altered splicing 

also exist [109], with the retained consequence of the formation on unpaired cysteine residues. 

The majority of the CADASIL cysteine-altering mutations do not affect Notch3 signaling, 

ligand binding, or receptor maturation [116-121]. As described above, CADASIL mutations 

have been reported across all EGF-like repeats, with previous reports describing an increased 

clustering with a higher concentration of pathogenic mutations in the first to sixth EGF-like 

repeats (with a “hotspot” of mutations on exon 4, which encodes for some of these EGF-like 
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repeats) [111]. It was recently reported that NOTCH3 cysteine-altering mutations in EGF-like 

repeats 7–34 had been linked with a milder CADASIL phenotype and enhanced survival 

compared to NOTCH3 mutations in EGF-like repeats 1-6 [122]. In a more recent study, Masek 

and colleagues performed a missense mutation mapping that was standardized to exon length 

and identified four distinct “hotspots” for CADASIL-related mutations instead of the one or 

two previously reported [11]. One of these additional “hotspots” covers exon 8, which encodes 

for the EGF-like repeats 10 and 11, which are located in the ligand-binding domain of the 

NOTCH3 receptor. Mutations located in the ligand-binding domain have been shown to lead 

to reduced NOTCH3 signaling [113, 118, 119, 123]. In addition to the cysteine-altering 

mutations, several recent reports have also identified cysteine-sparing mutations that lead to an 

SVD phenotype [124]. It has been suggested in a recent report that some patients with the 

cysteine-sparing NOTCH3 mutations—R61W, R75P, D80G, and R213K—show clinical 

features that resemble CADASIL, such as the usual clinical manifestations and magnetic 

resonance imaging (MRI) profile, WMH, granular osmiophilic dense material (GOM) which 

contain NOTCH3 ECD, and do not represent low-frequency polymorphisms [124]. However, 

ongoing controversy persists about whether these mutations are pathogenic and completely 

lead to all CADASIL phenotypic characteristics [109]. Most CADASIL mutations are 

heterozygous, but some CADASIL individuals have been found to have homozygous NOTCH3 

mutations [125-129]. The phenotype was found to be more severe in some of these individuals, 

whilst others had clinical symptoms comparable to heterozygous mutation carriers. However, 

in general, the patients described so far fall under the classical phenotype of the CADASIL 

spectrum, and the variance observed can be easily ascribed to the natural variability of 

CADASIL [109]. Even though CADASIL is a familial disease there have been reports of 

CADASIL patients with de novo NOTCH3 cysteine-altering mutations [130-132]. 

How the mutations in NOTCH3 causing CADASIL leads to VSMC degeneration has not yet 

been established. There are no consistent outcomes for NOTCH3 mutations with respect to 

Notch3 signaling activity, rather NOTCH3 misfolding and aberrant aggregation is the common 

denominator across the spectrum of CADASIL causing NOTCH3 mutants.  

1.3.2 CADASIL pathophysiology 

Patients suffering from CADASIL experience migraines with aura, subcortical ischemic 

events, apathy, mood disturbances, and cognitive impairment. The disease symptoms often 

start with migraines between the second and fourth decade of life and progress with age 

resulting in more severe symptoms and eventually death [98]. Mean life expectancy is 64.6 
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years for men and 70.7 years for women [133].  At the pathological level, CADASIL results in 

white matter loss, neuronal loss and outbred vascular pathology characterized by degenerating 

VSMC that are surrounded by aggregated NOTCH33, granular osmiophilic dense material 

(GOM) and thickening of the arterial wall (fibrosis), leading to lumen stenosis. Pericytes, the 

other major form of Notch3-expressing mural cell in the vasculature, have also been reported 

to be affected [98, 108]. Although the clinical symptoms of CADASIL are central nervous 

system (CNS)-related, the vascular pathology of CADASIL is systemic and found in small and 

middle-sized arteries throughout the body. Therefore, vascular pathology and GOM presence 

can be assessed in skin biopsies and serve as a vital determinant in CADASIL diagnosis [115]. 

NOTCH3 ECD and other extracellular matrix proteins have been shown to be part of GOM. 

The other currently know extracellular matrix proteins that have been found to be part of GOM 

are vitronectin (VTN), metalloproteinase inhibitor 3 (TIMP3), amyloid P (SAP), latent TGF-

β–binding protein 1 (LTBP-1), periostin, and annexin 2 indicating that GOM is composed of 

aberrant protein aggregates [134]. GOM can be visualized in capillaries and in the tunica media 

of small arteries by electron microscopy (see Figure 4) [113, 135, 136].  

  

Figure 4. Granular osmiophilic material and NOTCH3 ECD colocalization. A) Electron microscopy of a 
CADASIL patient's arteriole in the deep dermis. Deposition of granular osmiophilic material (GOM) in a small 
artery surrounded by numerous smooth muscle cells, adapted from [135]. B) Anti-Notch3 ECD antibodies were 
used to treat frozen brain slices from a CADASIL patient for immune-electron microscopy. Yellow asterisks 
indicate deposits of GOM. Immunolabelling is shown by black dots (arrows), adapted from [136]. 

 

GOM deposits are found in the basement membranes of murine cells, such as VSMC and 

pericytes [137-141]. In a recent study, Gravesteijn et al. tried to elucidate how GOM deposits 

evolve in a transgenic mouse model of CADASIL. They observed that in the microvessels of 

the transgenic mouse brain, GOM deposits evolved in size, shape, and quantity over time [142]. 

However, little is known regarding the progression of GOM deposits over time in CADASIL 

patients, even though many studies have shown the existence and morphology of GOM in 
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individuals with CADASIL [139, 141, 143-145]. GOM deposits are seen months after the first 

appearance of NOTCH3 ECD granular immunostaining in both a humanized CADASIL mouse 

model and a rat Notch3 CADASIL mouse model [49, 146], suggesting that NOTCH3 ECD 

aggregates may function as seeds for GOM formation. Given that NOTCH3 ECD aggregates 

recruit proteins [135, 136] that have been shown to be part of GOM, it seems that there is a 

direct correlation between NOTCH3 aggregation and GOM formation. Below we describe the 

genetics and signaling of NOTCH3 involved in the pathology of CADASIL known to date.  

1.3.3 Role of NOTCH3 mutations on vascular degeneration in CADASIL 

GOM accumulation is a pathognomonic hallmark of CADASIL and is considered an essential 

pathogenic mechanism leading to mural cell degeneration and increased stroke risk in afflicted 

individuals [147]. However, the mechanisms underlying the association of GOM aggregation 

with cerebrovascular abnormalities and clinical symptoms remains unknown. Another 

possibility is that NOTCH3 mutations result in abnormal signaling or activation of the 

NOTCH3 receptor. These two mechanisms can also be linked and be co-dependent of each 

other since the cysteine-altering mutations misfolding and recruitment of other extracellular 

proteins may be the most efficient way to turn down Notch3 signaling, thus loss of Notch3 

signaling may be a key mechanism of CADASIL. 

It has been proposed that vascular degeneration in CADASIL can be due to the following: 

NOTCH3 mutations causing misfolding and aggregation of the NOTCH3 receptor, resulting in 

the creation of GOM and impairing the structural and functional integrity of vessels; or 

NOTCH3 mutations impair the NOTCH3 receptor function, resulting in mural cell malfunction 

and degeneration [148]. Below, I will discuss the evidence that supports these two claims. 

1.3.4 Role of protein accumulation and GOM in CADASIL 

The observation that the majority of CADASIL-causing mutations result in an unpaired 

Cysteine residue and NOTCH3 aggregation and GOM formation strongly suggest that 

NOTCH3 ECD oligomerization and possible neomorphic function is the key pathogenic driver 

in CADASIL [110, 112]. Studies in mouse models have also suggested that Notch3 

accumulation is an early event in pathogenesis, indicating that it may be the proximate cause 

of cellular pathology [136]. Recent investigations have identified a range of proteins important 

for normal vessel function that co-aggregate with NOTCH3 in CADASIL, including TIMP3, 

TGFβ binding protein 1, and vitronectin [136, 149]. Capone et al. have reported that TIMP3 

selectively inhibits ADAM17, a metalloprotease that initiates a signaling cascade essential for 
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the adjustment of blood flow to the needs of the brain [150]. However, the mechanism 

described by Capone et al. led to a decrease in myogenic tone and did not account for other 

CADASIL pathologies. Another protein that was recently shown to co-localize with NOTCH3 

ECD was high-temperature requirement protein A1 (HTRA1) [151]. The levels of several 

HTRA1 substrates were elevated, indicating that HTRA1 could be less active after being 

recruited by NOTCH3 ECD in patients with CADASIL. Interestingly, CARASIL is caused by 

loss of function mutations in HTRA1. This may suggest a shared link and possibly a shared 

disease mechanism between different SVD. Together, these studies suggest that NOTCH3 

ECD aggregation sequesters other proteins which are vital for vascular function and this 

phenomenon likely contributes to the vascular pathogenesis of CADASIL. Protein misfolding 

and aggregation is a widespread feature among neurodegenerative disorders [152]. There is 

strong evidence from Alzheimer's disease (AD), Parkinson’s disease (PD), Huntington disease 

(HD), and frontotemporal lobe degeneration (FTD) that protein aggregation is pathological 

[152]. Therefore, it is likely that CADASIL represents another example of a protein misfolding 

disorder. 

1.3.5 CADASIL-like diseases associated with mutated NOTCH3 

As mentioned above, most of the CADASIL mutations are due to alterations that involve a 

cysteine residue. However, in the last 20 years, various reports have associated mutations that 

do not involve a cysteine residue—the now widely called cysteine-sparing mutations—with 

CADASIL or with a CADASIL-like phenotype [109, 153-159]. It was reported that some of 

these mutations showed some features associated with a CADASIL phenotype, namely that 

GOM was present in the skin biopsies, and they presented MRI abnormalities. However, these 

MRI abnormalities in the brain were different from the MRI abnormalities in typical CADASIL 

patients [109]. In a recent systematic review, the authors identified 25 different cysteine-

sparing NOTCH3 missense mutations with typical clinical CADASIL syndrome, such as 

mental health problems, migraine, early stroke and dementia onset and WMH [124]. From 

these 25 mutations, they further analyzed the mutations that had all 33 exons of NOTCH3 

sequenced to eliminate mutations involving cysteine residues. They identified a total of seven 

mutations with all the exons sequenced and five of these mutations were located in NOTCH3 

exons that encode part of the ECD domain—R61W [160]; R75P [154]; D80G [161]; G149V 

[158]; R213K [162]—and two—L1515P [163] and V1762M [164]—in NOTCH3 exons that 

encode for the ECD outside the EGF repeats and the ICD domain, respectively [124]. These 

mutations developed GOM except for the two mutations located outside of the EGF repeats 

[124]. The mutations located outside of the EGF repeats were not deemed pathogenic due to 



 

16 

the absence of GOM. It was also observed that WMH in the anterior pole was not present in 

these seven cysteine-sparing NOTCH3 mutations. Thus, the absence of WMH in the temporal 

pole may be a feature of cysteine-sparing NOTCH3 mutations [124]. Interestingly, the four 

mutations—R61W, R75P, D80G and R213K—identified as probable pathogenic cysteine-

sparing NOTCH3 mutations by the authors, are all located in the first six EGF-like repeats 

[124]. Since three-dimensional structural studies have demonstrated that proline helps maintain 

the structure of β-sheets [165], Mizuno et al. postulated that alterations in the NOTCH3 

structure might be related to substituting one amino acid by proline in the R75P mutation 

(without the involvement of a cysteine) and thus could lead to changes in protein conformation 

[154]. In an in silico study, some of these cysteine-sparing mutations were linked to structural 

alterations in the NOTCH3 receptor [166], comparable to the process described for 

conventional cysteine-altering mutations. Therefore, mutations comprised of other amino acid 

alterations, in addition to cysteines, could cause the receptor to misfold. This was observed by 

a significantly increased aggregation of D80G and R75P mutations in vitro similar to what 

occurs with cysteine-altering mutations [161]. It will be very interesting to learn whether the 

remaining cysteine-sparing disease-causing mutants also result in NOTCH3 aggregation 

thereby supporting the hypothesis that NOTCH3 aggregation drives the formation of GOM and 

vascular pathogenesis. 

As stated before, cysteine-sparing mutations outside of the EGF repeats are generally not 

viewed as pathogenic since they do not show GOM deposition. A patient harboring the L1515P 

mutation did not show GOM deposition but had other typical CADASIL phenotypes such as 

migraine with aura throughout life, WMH and familial history of strokes and dementia [163]. 

This mutation was also shown to hyperactivate Notch3 signaling in a ligand-independent 

fashion in vitro [163]. We have also recently identified a novel NOTCH3 A1604T cysteine-

sparing mutation (Paper II) located in the NRR of NOTCH3 [167]. The patient presented 

migraine with aura, WMH with mild or no temporal lobe involvement, a feature present in 

other cysteine-sparing mutations, and did not show signs of ischemic strokes or GOM 

deposition [167]. In vitro analysis showed aberrant receptor processing of NOTCH3 A1604T 

receptor and was shown to be a ligand-activated hypomorphic receptor [167]. With the growing 

number of new studies reporting patients with SVD with mutations in the NOTCH3 gene that 

do not show GOM deposition or affect cysteine-residues, a new denomination to classify this 

new class of mutations has been proposed as “NOTCH3-associated small vessel disease” [148]. 
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1.3.6 The role of aberrant Notch3 signaling in CADASIL 

As discussed above, there is presently no agreement about whether CADASIL mutations 

result in hyperactive or hypoactive NOTCH3 proteins in downstream signaling, or if 

CADASIL mutations are Notch signaling neutral. While the R169C mutation seemed to 

result in hyperactive Notch signaling, the R1031C and C455R mutations were shown to be 

hypoactive, although the R1031C mutation, was able to restore stroke susceptibility in 

Notch3-/- mice younger than 12 months [113, 168].  

Notch3 is described to maintain vascular integrity, such as promoting growth and homeostasis 

of VSMC [57, 169, 170]. Thus, dysregulated Notch3 signaling is thought to play a role in 

cerebrovascular dysfunction and vascular degeneration. Indeed, mouse models with Notch3 

knockout developed cerebrovascular defects, loss of VSMC, and blood-brain barrier leakage, 

and expression of WT NOTCH3 rescued the cellular degeneration [52, 62, 171]. Furthermore, 

many CADASIL NOTCH3 mutations give rise to cerebrovascular abnormalities partially 

similar to Notch3 knockout mouse models [50, 52, 55, 172]. Case studies in patients with 

cerebrovascular defects that presented NOTCH3 mutations have been reported to display loss 

of NOTCH3 function, suggesting that loss of Notch3 signaling may lead to cerebral SVD and 

ischemic phenotype [173, 174], and often promote an autosomal-dominant form of 

transmission [175, 176]. 

However, the relationship between the different NOTCH3 mutations and the pathological 

outcome is not simple. Some mutations do not affect Notch3 signaling but can promote the 

deposition of protein aggregates in vascular tissue, as in CADASIL. Other mutations increase 

or decrease Notch3 signaling or alter the severity of the pathological consequences depending 

on the localization or type of mutation. For example, mouse embryonic fibroblasts expressing 

homozygous NOTCH3 C455R decreased Notch3 signaling more strongly than heterozygous 

mutant alleles [113]. Furthermore, NOTCH3 C455R leads to more severe disease and a more 

pronounced reduction in Notch3 signaling than NOTCH3 R1031C [113, 177]. Moreover, 

NOTCH3 mutations in different EGF repeats lead to different outcomes, such as NOTCH3 

C428S localized in EGFR 10 causes impaired Notch3 signaling. However, transgenic mice 

with mutations located in EGFR 1-6 did not impair Notch signaling [123], while recently, 

however the transgenic mouse model harboring the Notch3 R169C mutation has shown 

increased Notch3 signaling despite previously being reported as a neutral Notch3 signaling 

model [168]. 
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While cysteine-altering NOTCH3 mutations in EGFR 10-11 cause GOM deposition and loss 

of NOTCH3 function, the pathologic phenotype among patients has not been consistent. 

NOTCH3 C455R in EGFR 10 has been reported in some cases to cause severe cerebral SVD 

phenotype, a strong reduction of Notch3 signaling, early-onset strokes and eventual loss of 

cognitive function. However, other reports showed lower lacunar infarct volume, milder 

cognitive defects, and increased white matter hyperintensity volume [113, 122, 123, 177]. 

Patients with cysteine-altering CADASIL mutations in EGFR 7-34 often remain 

asymptomatic, possibly because the mutations are outside of the classical hotspot EGFR 1-6 

[107, 122, 178], but have also been reported to display more severe small vessel disease and 

increased risk of stroke [179-181]. Additionally, several family members with the same 

NOTCH3 mutation in EGFR 11 displayed variable penetrance of the mutation [182]. Hence, 

NOTCH3 mutations that cause loss of NOTCH3 function display various degrees of 

penetrance, ultimately leading to heterogeneity in disease phenotype. 

In summary, these studies suggest that dysregulated Notch3 signaling resultant from NOTCH3 

mutations are correlated with small vessels pathologies and CADASIL-like phenotypes, and 

even without deposition of NOTCH3 ECD aggregates and GOM. Although some mutations 

do not affect Notch3 signaling, other mutations do, but they all lead to vascular degeneration, 

albeit with different mechanisms. 

Due to the literature discussed so far, I believe that NOTCH3 ECD aggregation has an 

important role in CADASIL aetiology. We have therefore decided to target (in Papers III and 

IV) NOTCH3 ECD aggregation in order to develop novel therapeutic approaches to cure or 

halt the progression of CADASIL. 

1.3.7 CADASIL mouse models 

In order for a therapy to be approved for patient treatment the pharmaceutical market, it needs 

to be evaluated in a set of clinical trials (phase 1 to phase 3/4). However, before clinical trials 

can take place in humans, normally, therapies need to be tested in an animal model of the 

disease. The majority of the causative disease mutations in CADASIL patients identified until 

now are mutations that affect the NOTCH3 ECD [110, 183-185]. These mutations lead to 

aberrant protein-protein interactions between the mutated and bystander/neighboring proteins. 

Whether this constitutes a loss or gain of function is still heavily debated [110, 185-187]. In 

order to test these two hypotheses, researchers have employed different kinds of genetic 

manipulations ranging from knock-out, knock-in, and transgenic overexpression. Notch3 null 

mice display abnormal arterial wall morphology and degeneration of VSMC but do not reflect 
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the pathology hallmarks that characterize CADASIL [50, 51, 54, 188]. Several research groups 

have generated Notch3 CADASIL mutant mouse models using knock-in and transgenic 

insertions of either genomic or cDNA origin [49, 113, 123, 189-192]. Some of the models show 

some of the pathological hallmarks of CADASIL, such as Notch3 ECD aggregation and GOM 

deposits, while others do not. A similar characteristic of all the models that displayed 

pathological hallmarks of CADASIL is that they are based on the overexpression of Notch3. 

The model that recapitulates most of the CADASIL hallmarks to date is the transgenic model 

that was generated by Joutel et al. [49] by inserting a genomic rat Notch3 gene with the R169C 

mutation into a large P1-derived artificial chromosome. However, the phenotype obtained from 

all these different models and the expression level of Notch3 varies, which could be caused by 

the different genetic constructs and genetic background of the mouse lines used to establish 

these mouse models (see Table 1) [171, 190, 193]. Despite these differences in the CADASIL 

phenotype, the Notch3 CADASIL mutant mouse models have, until today, provided excellent 

opportunities to explore the physiological and molecular mechanisms of CADASIL. Dr. 

Lesnik-Oberstein's research group recently developed a new CADASIL transgenic mouse by 

overexpressing the full-length human NOTCH3 gene from a genomic construct containing the 

archetypal R182C mutation [146]. They made four mutant strains with varying levels of 

NOTCH3 mRNA expression compared to endogenous mouse Notch3 mRNA expression. 

These various levels of NOTCH3 mRNA expression have the advantage of generating a 

vascular CADASIL phenotype, namely the NOTCH3 ECD deposition, to appear at different 

times during the lifetime of the mice, opening up new therapeutic avenues. This CADASIL 

mouse model appears to be a better fit for testing techniques to reverse or postpone NOTCH3 

accumulation. (see Table 1 for a summary of the CADASIL mice models). For this reason, we 

decided to use this particular mouse model for our active immunization strategy in Paper III, 

allowing us to test whether our treatment could reverse or halt the accumulation of human 

NOTCH3 ECD, in contrast to the R169C model, which shows the accumulation of Notch3 

ECD from rat origin. Another advantage of this model is the ability to start our immunization 

upon the onset of NOTCH3 ECD accumulation, and in this way, this model is ideal for 

monitoring and following the aggregation and the clearance of NOTCH3 ECD from the brain 

vasculature. 
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Table 1: CADASIL mouse models 

Year 
generated 

Strategy 
Notch3 
Species 

Inserted 
Mutation 

Notch3ECD 

Accumulation 
GOM 

White 
Matter 
Lesions 

References 

2003 

2009 

transgenic 
cDNA 

human 
p.Arg90Cys 

p.Cys428Ser 

Yes 

Yes 

Yes 

Yes 

No 

No 
[123, 189] 

2005 knock-in mouse p.Arg142Cys No No No [191] 

2010 
transgenic 
genomic 

rat p.Arg169Cys Yes Yes Yes [49] 

2011 knock-in mouse p.Arg170Cys No Yes Yes [192] 

2011 
transgenic 

cDNA 
human 

p.Cys455Arg 

p.Arg1031Cys 

No 

No 

Yes 

Yes 

No 

No 
[113] 

2015 
transgenic 
genomic 

human p.Arg182Cys Yes Yes No [146] 

 

1.3.8 Protein misfolding in disease 

Life is very dependent on proteins being functional, which is determined by their intrinsic 

capacity to fold into their native three-dimensional structures. However, protein folding is not 

flawless, and proteins may not fold appropriately. Mammalian cell proteomes generally include 

between 10 000 and 20 000 unique proteins. To ensure the integrity of the proteome and cellular 

homeostasis, protein synthesis, folding, and degradation must be balanced, and the abundance 

of each protein type must be carefully managed [194]. Though thermodynamically 

advantageous, the physiologically active conformation is often only partially stable under 

physiologic conditions. Thus, it is unsurprising that the folding process is error-prone, resulting 

in misfolded states and off-pathway aggregates (Figure 5) [194, 195]. The folding process is 

supervised and regulated cooperatively by molecular chaperones and proteases. Only when 

these mechanisms fail or become overwhelmed, abnormal behaviors related to protein 

misfolding become visible. Changes in the cellular environment, such as temperature 

fluctuations, increased oxidative stress, aging as well as changes at the protein level, such as 

mutation insertion, results in an increase in the burden of misfolded proteins and subsequently 

the breakdown of the proteostasis network [195-197]. 
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Figure 5. Role of chaperones in the proteastasis network. Molecular chaperones play an important role in the 
cellular proteostasis network, ensuring a well-balanced proteome. They aid in the folding of freshly produced 
proteins, help maintain conformation, and avoid potentially harmful off-pathway aggregation. Chaperones also 
interact with other proteostasis network components including the proteasome system and autophagy to remove 
misfolded and aggregated proteins through proteolytic degradation. Reproduced from Balchin et al [195].   

 

Protein misfolding and aggregation are associated with a vast and varied range of disorders 

dubbed protein misfolding or protein conformational diseases [198]. Furthermore, protein 

misfolding and aggregation are constant pathogenic hallmarks of several neurodegenerative 

diseases, and a causal relationship has been demonstrated between aggregate formation and 

neurodegeneration [199, 200]. These diseases may occur as a consequence of loss of function 

or toxic gain of function. Typically, diseases linked with loss of function, such as cystic fibrosis 

with a wide range of metabolic defects, occur from a high rate of proteolytic degradation of a 

particular protein. If a protein misfolds significantly and cannot refold correctly, it is destroyed 

by the proteolytic system, resulting in decreased functional quantities of that protein [201]. On 

the other hand, protein misfolding might result in a gain-of-function if it adds cytotoxicity to 

the disease protein, increasing improper interactions that lead to protein aggregation. Disorders 

such as AD and PD are two instances of illnesses linked with a toxic gain-of-function. Heritable 

mutations may also trigger aggregation in disease proteins, such as early-onset AD and PD, 

HD and CADASIL [194, 197, 198]. Increases in hydrophobicity or changes in overall/global 
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protein charge promotes intramolecular interactions and promote aggregate formation. 

Additionally, modifications of proteins that result in insufficient processing may result in the 

accumulation of protein fragments that function as seeds for the aggregation process [198, 202, 

203]. 

1.3.9 Molecular chaperone Bri2 BRICHOS 

To prevent cellular damage and thus maintain homeostasis, the cell has devised ways to prevent 

misfolded and aggregated proteins. Hence, molecular chaperones promote the correct protein 

folding and prevent the accumulation of functional proteins in self-assembled aggregates [204]. 

Chaperones are divided into two categories, the ATP-dependent, such as heat shock-proteins 

(HSP) [205], and the ATP-independent, such as the BRICHOS family [206]. The ATP-

independent chaperones are also denominated as holdases, as they bind to substrate proteins in 

a non-native state, inhibit their aggregation, and release them before folding [207]. 

The protein families surfactant protein-C, chondromodulin-1 and Bri2, contain a domain 

denominated BRICHOS, with around 100 amino acid length, found to be associated with 

several diseases, such as cancer, dementia and respiratory distress syndrome [208]. Bri2 

BRICHOS proteins are comprised of a cytosolic N-terminal domain, followed by a TM or 

signal peptide (SP) domain, a linker domain, a BRICHOS domain, and a C-terminal domain 

with high β-sheet propensity (Figure 6) [209].  

 

 

Figure 6. Schematic representation of Bri2 BRICHOS protein. Bri2 BRICHOS protein includes an N-terminal 
region shown in green, a TM region depicted in black, a linker depicted in blue, a BRICHOS domain depicted in 
purple, and a C-terminal domain depicted in orange. The secretory route begins with furin processing in the C-
terminal region, followed by processing by ADAM10 in the linker region and SPPL2a or SPPL2b in the 
transmembrane region. 
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Recombinant human Bri2 BRICHOS delays in vitro aggregation of the AD linked β-amyloid 

peptide Aβ42 through inhibition of secondary nucleation and elongation pathways. It 

presumably binds to the surface and ends of Aβ42 fibrils, resulting in a decrease in oligomer 

formation and fibril growth, respectively [210-212]. Furthermore, overexpression of Bri2 

BRICHOS reduced Aβ42 aggregation and toxicity in CNS and improved the locomotor 

function and lifespan in Drosophila [213, 214]. Furthermore, Bri2 also reduced aggregation 

and toxicity in mice expressing a Bri2-Aβ fusion protein [215, 216]. Recombinant Bri2 

BRICHOS displayed chaperone activity as it prevented aggregation of destabilized citrate 

synthase (CS). Bri2 BRICHOS appears to function as an endogenous anti-amyloid chaperone 

in the brain, as shown by its activity against Aβ fibrillation and CS accumulation, association 

with amyloid precursor protein (APP), and increased levels of Bri2 in AD brains [215]. Bri2 

BRICHOS was shown to be able to spontaneously cross the blood-brain barrier in mice [217] 

and was present in the cerebrospinal fluid (CSF) and reached the brain parenchyma [218]. 

BRICHOS chaperone domains are also incorporated by the hippocampus and cortical neurons 

after their delivery to the mouse brain parenchyma by focused ultrasound and microbubbles 

[219]. These findings make Bri2 BRICHOS attractive as a potential treatment strategy for other 

aggregation diseases.  

Since, many neurodegenerative diseases are caused by protein misfolding and aggregation, i.e., 

both non-fibrillar amorphous structures and fibrillar amyloid aggregates. Therefore, molecular 

chaperones are essential for promoting proteins to fold accurately [195]. It is theorized that the 

oligomers can act on these aggregates since the BRICHOS protein have a hydrophobic region. 

Thus, oligomers will have larger and/or more hydrophobic regions exposed, making them 

sticky to non-fibrillar structures with more hydrophobic regions on the surface [206, 220].  

However, how BRICHOS interact with aggregates on a molecular level remains unknown. 

BRICHOS could potentially interact with the NOTCH3 protein as an efficient molecular 

chaperone and prevent aggregation, thus delaying CADASIL progression. To address this 

question in Paper IV, we have explored the NOTCH3 multimerization/aggregation process 

with a familiar and well-established NOTCH3 CADASIL mutation (R133C). We assessed if 

this process could be prevented or reduced in the presence of the Bri2 BRICHOS chaperone.  

1.3.10 Immunotherapies and active vaccines 

Immunity is described as the body's capacity to defend itself against infection. Immunity may 

be innate or adaptive. Innate immunity, often referred to as natural or genetic immunity, refers 
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to an organism inherent immunity. Adaptive immunity is the mechanism through which an 

organism defends itself against a particular disease. Adaptive immunity may be further 

classified into two subtypes: active and passive immunity. Active immunity may develop 

spontaneously or as a result of vaccination. Since the late 18th century, when Edward Jenner 

utilized the closely similar cowpox virus to immunize patients against smallpox, vaccination 

has been a therapy in the clinician's toolbox for virus-based diseases. Active immunization's 

fundamental premise is to condition the immune system to detect an antigen as a foreign protein 

and to build a reaction against it [221]. With the recent Coronavirus disease 2019 (COVID-19) 

pandemic, vaccines have gained again a renewed interest in the research community to treat 

the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). These newly developed 

vaccines are highly effective and new active vaccines were developed ranging from the newly 

mRNA vaccines, which currently are the only approved mRNA vaccines, to the classic active 

vaccines. These mRNA vaccines use messenger RNA to instruct cells to make copies of a 

protein on the coronavirus's outer surface known as the spike protein. Researchers are 

investigating the possibility of using mRNA to create vaccinations against new infectious 

illnesses, but recently researchers have also sought to use the human immune system to clear 

the body of endogenously generated potentially dangerous or toxic proteins. The immune 

system has been educated to overlook the proteins as "self" antigens in this case [221]. 

Antibody-making cells (B cells) undergo a maturation process that involves elimination of any 

cells that may develop antibodies against proteins previously produced by the body in what is 

referred to as B cell tolerance. This prevents the immune system from producing antibodies or 

mounting an immunological response against itself inadvertently [221].  

Treatments using an immunotherapeutic strategy can be classified into two categories: active 

and passive immunotherapy. Passive immunotherapy has shown more effectiveness in the 

treatment of illnesses caused by "self-antigens." Rather of priming the human immune system 

to mount and maintain an immune response against a new antigen, the assumption, in this case, 

is to discover an epitope in the laboratory, produce antibodies ex vivo, and then injecting the 

produced antibodies into the patients. The benefits of this method include the ability to control 

the epitope to which antibodies are directed, the antibody isotype generated, the antibody 

dosage delivered, and the interval between antibody doses. One drawback of passive 

immunization is that the antibody may need to be dosed continuously which leads to a high 

cost of monoclonal antibody manufacturing [221].  

In contrast to passive immunotherapy, which needs repeated re-administrations, active 

immunotherapy induces a natural immune response capable of achieving permanent antibody 
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titers with a modest antigen dosage and a few administrations. Additionally, this technique can 

produce polyclonal antibodies against various epitopes, which may be beneficial for increased 

effectiveness. Moreover, peak titers are obtained gradually with a lower maximum plasma 

concentration than monoclonal antibodies administered intravenously, which may be critical 

for safety. Active immunotherapies are also associated with a decreased risk of anaphylaxis 

when administered subcutaneously or intramuscularly. Additionally, fewer injections may 

make treatment more acceptable for long-term therapy in primary care or the home 

environment, increase compliance, and result in considerable cost savings. Finally, affinity 

maturation by repeated injections should result in higher-quality antibodies and the prospect of 

an enhanced therapeutic response [222].  

Active immunotherapy also presents several obstacles. First, the method of action depends on 

the patient's immunological response, which differs from person to person. Second, it is 

necessary to prevent pathological autoreactive T-cell responses. Third, tolerance may develop 

over time with repeated injections and should be closely monitored, particularly with a self-

antigen. Finally, another consideration when working with a self-antigen is the risk of 

developing an autoimmune reaction [222]. Autoimmunity is believed to begin with the 

activation of antigen-specific T cells similarly to adaptive immune response. T-cell responses 

to self-antigens may directly or indirectly cause tissue damage. Cytotoxic T-cell responses and 

improper macrophage activation by TH1 cells—also called inflammatory CD4 T cells and are 

mostly engaged in macrophage activation—may result in severe tissue damage, while T-cell 

assistance to self-reactive B cells can result in damaging autoantibody reactions leading to 

autoimmune disease [223]. 

1.3.11 Targeting misfolded proteins in aggregation diseases 

Efforts to develop therapies for protein misfolding disorders have used various approaches, 

including inhibiting the production of disease-relevant proteins that are prone to misfolding. 

To avoid toxicity caused by misfolded proteins, a simple solution is to lower the relevant 

protein expression selectively [224]. A plethora of therapeutic approaches have been trialled in 

AD targeting the reduction of Aβ peptide levels by using β- and γ-secretase inhibitors by 

inhibiting APP proteolytic enzymes [225-227]. The majority, if not all, of these inhibitors, also 

block Notch signaling, and as such, they may be more selective for Notch than for β- or γ-

secretase processing of APP [228] and thus lead to severe side effects. An alternate technique 

to reduce the translation of a misfolded protein is antisense oligonucleotides (ASOs). ASOs 

have been utilized in HD to decrease huntingtin (HTT) [229], in ALS to decrease superoxide 
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dismutase 1 (SOD1) [230], and in a tau-lowering therapy for the treatment of AD and FTD 

[231]. 

While inhibiting the generation of proteins prone to misfolding and aggregation may address 

the underlying cause of disease, this therapeutic method may have unintended repercussions 

owing to the depletion of an endogenous protein and consequent loss of a cellular function 

linked with it [224]. To avoid this, another strategy can be to inhibit the aggregation of 

misfolded proteins. Polyphenol substances found in natural products such as curcumin, 

resveratrol, tannic acid, and caffeine have been demonstrated to inhibit aggregation [232]. 

Molecular chaperones such as Bri2 BRICHOS have also been shown to inhibit the aggregation 

of fibrillar amyloid and its related toxicity [233]. In addition, several compounds have been 

developed and tested against α-synuclein aggregation in PD [234], tau and Aβ in AD [235]. 

In the absence of a preventative medication that inhibits protein production or aggregation, 

another treatment strategy is to decrease aggregate build-up by increasing clearance, removing, 

and preventing the spread of aggregated misfolded proteins. This led to the development of 

aducanumab, an antibody targeting aggregated forms of Aβ which increased the clearance of 

the amyloid plaque burden and has recently been approved by the FDA to be used as therapy 

for AD [236]. Emerging encouraging results suggest a clinically meaningful effect from 

immunotherapies aimed at clearing Aβ-amyloid. Promising preclinical and clinical results have 

been obtained in particular for the clearance of Aβ deposits in AD [236-238]. Therapies based 

on both active and passive immunization can clear amyloid in the brain with great efficiency 

in preclinical mouse models of Aβ-amyloidosis as well as in disease [239-241]. Several 

different monoclonal antibodies targeting Aβ aggregates have recently demonstrated promising 

clinical improvement in association with amyloid clearance in Phase II clinical trials [242-244]. 

This is important not only for the AD field but also for the development of immunotherapies 

for other disorders where protein misfolding and aggregation are believed to play a pivotal 

pathological role. 

Immunobased therapies have become a leading and prioritized therapeutic strategy for other 

proteinopathies and neurodegenerative diseases during the last 20 years [245]. Similar research 

approaches are being pursued to increase the clearance of α-synuclein and tau and inhibiting 

intercellular transmission. These misfolded proteins may spread from cell to cell, promoting 

more α-synuclein and tau misfolding in a prion-like process, which immunotherapy may inhibit 

[224, 246]. AFFITOPE is an active vaccination strategy using short α-synuclein peptides, and 

effectively produced anti-α-synuclein antibodies that penetrated the CSF and plasma with high 

titers, specifically targeted α-synuclein aggregates The vaccine prevented neuronal 
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degeneration by inhibiting oligomeric α-synuclein accumulation in neurons, and have shown 

encouraging results in clinical trials demonstrating the drug's safety and tolerance in patients 

of multiple system atrophy [247, 248]. Similarly, Takeuchi et al. examined the efficacy of an 

extracellular SOD1-targeted vaccination in immunizing transgenic mice against ALS [249]. 

Recent results by Zhou et al. suggest that poly-GA combined with ovalbumin (OVA-(GA)10), 

may be used as an active immunization agent in ALS and FTD [250]. In transgenic GA-CFP 

mice, OVA-(GA)10 effectively triggered a strong immunological response and increased anti-

GA antibody titers, and they were highly selective for poly-GA aggregates, resulting in their 

removal from the brain of transgenic mice, thus alleviating motor impairment, stopping 

neurodegeneration and reducing neuroinflammation [250]. Vaccination treatment is an 

intriguing strategy since vaccinations are widely regarded as critical components of preventive 

medicine and public health. Additional studies into the pathophysiology and architectures of 

Aβ, tau, and α-synuclein will help develop more effective vaccines capable of building 

particular immune responses against the aggregation of these proteins. It is critical to prevent 

severe subsequent adverse effects such as meningoencephalitis or the triggering of an 

autoimmune response as discussed above [251]. 

Each treatment strategy outlined above aims to alleviate disease caused by protein misfolding 

and aggregation. However, these strategies do so via fundamentally distinct processes with 

immunotherapies leading the research pack. 

1.3.12 Therapeutic strategies for CADASIL 

As discussed above in this thesis, there are currently no treatments available to cure CADASIL. 

Thus, there is a need to investigate possible new therapeutic methods. Aggregation of 

NOTCH3 ECD is a key hallmark of CADASIL pathology and it is believed to play a critical 

role in the pathogenesis of CADASIL. As a result, emerging biomedical interventions focus on 

preventing NOTCH3 ECD accumulation (Figure 7) [252, 253]. Other treatment methods seek 

to enhance Notch3 signaling and to reduce the degradation of endothelial and mural cells [172].  

Rutten et al. established a therapeutic method for preventing and reversing the development of 

mutant NOTCH3 ECD by correcting the number of cysteine residues in the EGF-like domains 

of the mutant protein by deleting the mutated EGF-like domains [252]. Correction of NOTCH3 

cysteine may be accomplished by a splice modulating therapy known as exon skipping (Figure 

7). Exon skipping occurs when short strands of transformed RNA (antisense oligonucleotides, 

ASO) attach to the NOTCH3 pre-mRNA, effectively hiding the exon from the splicing 

machinery and ultimately eliminating it from the mature mRNA. This results in the formation 
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of a NOTCH3 protein devoid of the mutant EGF-like domain. This changed protein is expected 

to retain the canonical NOTCH protein structure, including the presence of fully functional 

disulphide bridges. NOTCH3 cysteine correction via exon skipping has been demonstrated in 

vitro, revealing that the shorter NOTCH3 protein produced after NOTCH3 exon skipping 

retains signaling activity [252]. However, it was not possible to determine whether NOTCH3 

cysteine correction still inhibits NOTCH3 ECD aggregation in vitro. The NOTCH3 cysteine 

correction concept can also be implemented at the DNA level through CRISPR/Cas9 gene 

editing. Recently, it was demonstrated in vitro that NOTCH3 cysteine correction is possible 

utilizing CRISPR/Cas9-mediated genomic deletion of cysteine-affected exons [254]. An 

shRNA-based strategy to mute the expression of the CADASIL-mutated allele has also been 

explored in cultured VSMC, but its effectiveness in vivo has yet to be validated [255]. Recently, 

Gravesteijn et al. reported a family with a distinct cysteine-altering NOTCH3 mutation that 

results in exon 9 skipping, thereby eliminating the mutant exon and correcting the number of 

cysteines in the NOTCH3 ECD EGF domains [254]. This is similar to the in vitro approach 

and allowed them to assess the viability of the NOTCH3 cysteine correction approach in vivo. 

The authors reported for the first time in humans that cysteine correcting NOTCH3 exon 

skipping results in minimal vascular NOTCH3 ECD aggregation and a very mild late-onset 

phenotype [254]. Another study explored a strategy to prevent EC and VMSC degeneration 

caused by CADASIL by administering in a CADASIL mouse model two hematopoietic growth 

factors that have been shown to be neuroprotective, namely stem cell factor and granulocyte 

colony-stimulating factor [256]. Administration of these substances in a CADASIL mice model 

resulted in decreased mural cell degeneration, enhanced vascular density, diminished capillary 

EC damage, substantially decreased the development of thrombosis in the capillary branching 

area, reduced neuron loss in regions near thrombotic capillaries, and preserved cognition [256-

258]. Nonetheless, it is yet unclear whether the reported therapeutic benefits are attributable to 

a particular impact of the therapy on CADASIL symptoms or an unrelated effect. 

Two other explored research avenues to treat CADASIL are focused on immunotherapy. One 

of those strategies is to use passive immunization to prevent the accumulation and aggregation 

of NOTCH3 ECD [253]. Passive vaccination using a monoclonal antibody directed against 

NOTCH3 ECD improved cerebrovascular dysfunctions such as decreased blood flow and 

myogenic tone, but there was no reduction in NOTCH3 ECD or GOM deposition and did not 

prevent myelin debris in the brain of the mice [253]. 

The other immunotherapy strategy developed by Machuca-Parra et al. uses an agonistic 

antibody directed towards the NRR in NOTCH3 ECD, in a mouse model overexpressing 
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C455R NOTCH3, which results in a hypoactivated version of NOTCH3 and VSMC loss. 

C455R NOTCH3 mice injected with A13 antibody [259] exhibited a significant recovery of 

the VSMC coating of retinal vasculature, as well as a restitution of the blood NOTCH3 ECD 

levels [172]. This strategy could be advantageous for patients who have a NOTCH3 mutation 

in the ligand-binding domain, which are hypomorphic. However, it is still unknown if patients 

with a NOTCH3 mutation outside the ligand-binding domain can profit from this strategy, since 

it is still unknown if Notch3 signaling is diminished in the majority of CADASIL mutations 

and, if so, if this leads to the disease pathogenesis [113, 122, 260]. 

For CADASIL, active vaccination is particularly attractive for a variety of reasons. First, since 

the NOTCH3 deposits are situated in the vessel walls, they are easily accessible to the 

circulating humoral defense, allowing for efficient NOTCH3 aggregate targeting. Second, 

since NOTCH3 mutations are dominant and have high penetration, a significant number of 

patients with CADASIL and mutation carriers may be discovered at an early age, when an 

active vaccination has a greater chance of raising an effective immune response. Third, 

CADASIL is a lifelong chronic disease, and limiting vaccine injections to a few times a year, 

rather than monthly or even more frequent injections, as may be the case with passive 

vaccinations, could benefit patients. For this reason, we have applied this strategy in Paper III. 

Given the evidence that NOTCH3 ECD accumulation in mutant NOTCH3 carriers is one of 

the key hallmarks of CADASIL pathognomonic, it is possible that clearing NOTCH3 ECD 

deposits can halt or reverse CADASIL, and this can be achieved with active immunotherapy. 

We describe in Paper III the development of an active immunization therapy directed against 

the NOTCH3 pathology associated with CADASIL as a new disease-modifying therapy for 

CADASIL. We took advantage of a CADASIL mouse model (TgN3R182C150) that expresses 

the human NOTCH3 R182C receptor and develops a progressive cerebrovascular NOTCH3 

ECD and GOM deposition phenotype in arterioles, making it an appropriate preclinical model 

for the development of therapies targeting CADASIL-associated NOTCH3 pathology. 
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Figure 7. Therapies under development targeting Notch3 for the treatment of CADASIL. A) NOTCH3 
cysteine correction using ASO to exclude mutant exons from mature mRNA. B) CRISPR/Cas9 to delete mutation 
from the NOTCH3 gene. C) Passive immunotherapy with NOTCH3 ECD-targeting antibodies. D) Agonistic 
antibody targeting the NRR region in the mutated NOTCH3.  
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1.4 OTHER DISEASES CAUSED BY NOTCH3 DYSFUNCTION 

NOTCH3 mutations in both autosomal dominant and recessive forms have been described and 

linked to at least four distinct disorders: CARASIL, lateral meningocele syndrome, early-onset 

arteriopathy with cavitating leukodystrophy, and IMF. 

NOTCH3 gain of function is related to lateral meningocele syndrome [261, 262] and IMF [263] 

and is mediated by loss of the PEST degradation domain or instability of the HD domain. 

Below I will focus and expand more on the role of NOTCH3 in IMF since we in Paper I 

investigated a NOTCH3 mutation that causes IMF. 

1.4.1 Infantile myofibromatosis 

IMF (OMIM 228550) is a benign fibrous tumor that may grow in the skin, muscle, bone, 

subcutaneous tissue, or viscera. The majority of events occur in neonates or babies under the 

age of 24 months, with just a few records of adult-onset. Although the precise occurrence is 

uncertain, it is believed to occur in approximately 1 in 150 000-400 000 live births [264, 265]. 

It was first reported in 1954 by Stout [266] but as a different disease, and in 1981 Chung and 

Enzigerdue—because the cells exhibited characteristics of differentiated fibroblasts as well as 

smooth muscle cells (myofibroblasts)—termed the disease as “infantile myofibromatosis” 

[267]. IMF tumors in the soft tissues typically develop through childhood but can occur at any 

point in life and are generally benign and, most intriguingly, can unexpectedly revert. Visceral 

lesions, on the other side, are correlated with a high rate of morbidity and mortality [268]. 

While the majority of cases of IMF are sporadic, some familial cases of an autosomal recessive 

and dominant inheritance have been recorded. In 2013, it was discovered that IMF is caused 

by mutations in the platelet-derived growth factor receptor β gene (PDGFRB), with two distinct 

mutations identified in the autosomal dominant variants [268, 269]. Cheung et al. identified the 

p.Arg561Cys (R561C) mutations in the PDGFRB as responsible for the autosomal form of 

IMF, and Martignetti et al. using a whole-exome sequencing on members of nine unrelated 

families with an autosomal dominant form of IMF identified in eight families mutations in 

R561C as well as p.Pro660Thr (P660T) in PDGFRB [268, 269]. Surprisingly, one of the 

families did not carry any of these two mutations but instead showed a p.Leu1519Pro (L1519P) 

mutation in NOTCH3 on the affected individuals [268]. In the absence of natural ligands, 

hereditary IMF constitutively activates PDGFRB signaling, which means that most likely IMF 

is caused by gain of function PDGFRB mutations. [270, 271]. Fouillade et. al. identified a 

heterozygous missense mutation p.Leu1515Pro (L1515P) in the heterodimerization domain of  

NOTCH3 in a patient with cerebral SVD but missing some of the hallmarks of CADASIL, that 
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increased Notch signaling in a ligand-independent manner [163]. Since the L1519P and the 

L1515P mutations are located in such proximity, it is interesting to wonder about the links that 

lead these two mutations to give rise to two different diseases that two different genes can 

cause. A possible link could be because Notch signaling occurs prior to PDGF signaling since 

it was shown in VSMC that PDGFRB expression was upregulated by Notch ligand induction 

which makes PDGFRB a Notch target gene [57]. The association of the Notch and PDGF 

signaling pathways in VSMC can provide new insights into how signal transduction via these 

critical signaling pathways is coordinated to regulate vascular differentiation and how this can 

be disrupted in diseases such as IMF. 

In Paper I of this thesis, we explored the molecular implications of the L1519P mutation on 

NOTCH3 and the interaction between Notch and PDGF signaling in IMF [265]. 
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2 RESEARCH AIMS 

This thesis aimed to develop novel therapies to target NOTCH3 misfolding in CADASIL and 

to study how different mutations in the NOTCH3 receptor, associated with IMF and a familial 

small vessel disease resulting in neurological symptoms, may affect NOTCH3 receptor 

signaling. 

More specifically, the objectives of each study were as follows: 

 Paper I: to analyze the molecular consequences of the NOTCH3 L1519P IMF-causing 

mutation and its relationship to PDGF signaling in IMF. 

 Paper II: to perform a clinical study of a family with neurologic symptoms carrying a 

novel NOTCH3 mutation and to investigate the mechanistic implications on NOTCH3 

receptor processing and signaling. 

 Paper III: to develop and test in a preclinical mouse model a novel active 

immunization therapy specifically designed to target aggregated NOTCH3 ECD 

associated with CADASIL. 

 Paper IV: to explore the NOTCH3 multimerization/aggregation process with a 

common and well-established CADASIL mutation (R133C) and whether this process 

can be prevented or reduced in the presence of the Bri2 BRICHOS chaperone. 

 





 

 35 

3 MATERIALS AND METHODS 

This thesis project included a variety of approaches and systems. In this section, the main 

techniques of this thesis are briefly described and explained. The methodology is described in 

more detail in the corresponding publications. 

3.1 CELL MODELS 

To assess the molecular consequences of the NOTCH3 L1519P mutation in Paper I, we 

engineered cell lines expressing wild-type or L1519P forms of NOTCH3 into HEK293T cells 

that were deprived of NOTCH1, NOTCH2, and NOTCH3 by CRISPR/Cas9. We did this to 

remove endogenous Notch signaling in these cell lines. The wild type and L1519P mutated 

cDNA of NOTCH3 were inserted into a tetracycline stable AAVS1 locus, allowing the levels 

of NOTCH3 receptor to be regulated by doxycycline. This allowed us to analyze the 

intracellular routing, trafficking, and signaling of the NOTCH3 L1519P receptor. 

To assess whether the mutated receptor activated the Notch downstream signaling, we 

transfected the NIH3T3 cell line, which expresses low levels of endogenous Notch, with the 

wild type and L1519P NOTCH3 cDNA together with the Notch receptor reporter gene, 12X-

CSL-luc [272]. 

To assess the proteolytic processing, cell morphology, receptor routing, and receptor signaling 

of the NOTCH3 A1604T receptors in Paper II, we produced a HEK293T cell line in which 

the three NOTCH genes (NOTCH1, NOTCH2, and NOTCH3) were ablated using 

CRISPR/Cas9 genome editing. We transfected wild type and A1604T NOTCH3 cDNA and 

selected cells with similar expression levels of the full-length NOTCH3 wild type or NOTCH3 

A1604T receptors.  

In Papers III and IV we generated stable HEK293 cells expressing NOTCH3 EGF1-5 WT and 

R133C by transfecting the constructs that contained the EGF-like 1-5 repeats (NOTCH3 EGF1-

5, amino acids 1-234) and a poly-Histidine tag and a c-Myc tag at the C-terminus [114]. The 

NOTCH3 EGF 1-5 cDNAs were codon-optimized using the piggyBac transposon system to 

increase the secreted protein yield. These cells secrete NOTCH3 EGF1-5 WT and R133C into 

the medium and can then be purified by metal affinity chromatography to be used in our 

immunization and aggregation assays.  
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3.2 PURIFICATION OF NOTCH3 EGF1-5 WT AND R133C PROTEINS 

To purify the NOTCH3 EGF1-5 WT and R133C proteins, we collected the secreted conditioned 

medium from the stable HEK293 NOTCH3 EGF1-5 WT and R133C. We performed the 

purification of the WT and R133C proteins as represented in the schematic representation in 

Figure 8.  

 

Figure 8. Schematic representation of the purification procedure of the NOTCH3 EGF1-5 WT and R133C 
proteins. 

The pooled fractions of the NOTCH3 EGF1-5 WT and R133C were concentrated to 1 mg/mL 

in a concentration column. This methodology was used in Papers III and IV to obtain freshly 

purified protein for the immunization procedures and the in vitro aggregation assays. 

3.3 MOUSE MAINTENANCE, BREEDING AND GENETICS 

TgN3R182C150 mice, which overexpress the full-length human NOTCH3 gene from a genomic 

BAC construct with the archetypal R182C mutation, were generated in a C57BL/6J genetic 

background. Four mutant strains with different levels of NOTCH3 mRNA expression relative 

to endogenous mouse Notch3 mRNA expression, including the TgN3R182C150 strain, were 

developed and have been previously described [146]. Mice were provided with water and food 

ad libitum and were maintained in 12 hour light/dark cycles, and housed in enriched cages. All 

experimental animal procedures were performed according to local regulations and rules and 

approved by the Stockholm Animal Ethics board (ethical permit No 4433-2020). 
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3.4 IMMUNIZATION OF TGN3R182C150 MICE WITH AGGREGATED NOTCH3 

EGF1-5 PROTEIN 

NOTCH3 EGF1-5 WT and NOTCH3 EGF1-5 R133C proteins were incubated 1:1 to a final 

concentration of 0.5 mg/mL in PBS at 370C for 5 days with gentle agitation (350 rpm) and the 

presence of aggregated N3 EGF1-5 protein was verified using western blot and SDS-PAGE 

under non-reducing conditions. These aggregated proteins were then used to proceed with our 

immunization protocol, described in Figure 9. 

 

Figure 9. Schematic presentation of the treatment regime in the TgN3R182C150 mouse model. 

3.5 QUANTIFICATION OF NOTCH3 ECD DEPOSITS 

To assess NOTCH3 ECD deposits, tissues were stained with a mouse monoclonal anti-human 

NOTCH3 ECD primary antibody (1:100, clone 1E4, Millipore) followed by detection with 

Alexa 594 conjugated anti-mouse secondary antibody (1:1000, Life Technologies). Capillaries 

were identified by immunostaining with rat monoclonal anti perlecan antibody (1:100, clone 

A7L6; Millipore) followed by detection with Alexa 488 conjugated anti-rat secondary antibody 

(1:1000, Life Technologies). Arteries were identified by immunostaining with a mouse 

monoclonal anti-actin, α-Smooth Muscle - FITC antibody (1:500, clone 1A4; Sigma-Aldrich). 

Stained sections were imaged at 63x magnification using a Zeiss LSM880 microscope. Images 

were captured with identical settings across sections.  
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Quantitative image analyses were performed blinded to the genotype and using pre-established 

parameters (ImageJ software, Fiji distribution) [273]. We analyzed NOTCH3 ECD deposits on 

maximal intensity projections of image stacks applying the following pipeline: (1) manual 

delineation of arteries and delineation of capillaries by automated segmentation on the perlecan 

channel, and subsequent creation of a region of interest (ROI) for each vessel followed by the 

measurement of the vessel area; (2) on the NOTCH3 ECD channel the segmentation was 

achieved by performing automatic image thresholding (RenyiEntropy method), followed by 

automatic detection and counting of the number and the area of NOTCH3 ECD deposits within 

each ROI using the “Analyze Particles” function of Fiji. To quantify the NOTCH3 ECD 

deposits three nonadjacent sections (50 µm apart) were analyzed per mouse (10-14 images 

randomly selected per animal section). The mean of the randomly selected image fields (224.92 

× 224.92 μm) per section was used to quantify the NOTCH3 ECD load in the capillaries. The 

results are represented as the number and surface area of NOTCH3 ECD deposits in the vessel 

area. 

3.6 STATISTICAL ANALYSIS 

GraphPad Prism 8.4.3 or 9 was used to generate the graphs. All results are presented as mean 

± standard error of the mean (SEM). Shapiro-Wilk normality and lognormality and F tests were 

performed before choosing the statistical test to apply. Student’s t-test was used to assess 

statistical differences between the experimental groups. Multiple comparisons were evaluated 

by 1-way analysis of variance (ANOVA) followed by Brown-Forsythe and Welch ANOVA 

tests and followed by Dunnett's T3 multiple comparison test in cases where different groups 

did not have equal variance. P < 0.05 was considered significant (*p < 0.05, **p < 0.01, 

***p < 0.001, ****p < 0.0001).  

3.7 ETHICAL CONSIDERATIONS 

The primary ethical question in this Ph.D. thesis, since we are using animal models, is whether 

the use of animals was essential to characterize the disease mechanisms and achieve the goal 

of generating a reliable therapeutic strategy for CADASIL patients. Since it was the only viable 

option to develop a therapeutic strategy (Paper III), I ensured good research practice with the 

studied animals, compliant with the guidelines of the Swedish law and the principles of the 

3Rs, which emphasize reduction, refinement, and replacement of animals used in research. 

With these guidelines in mind, I actively limited the number of animals needed to perform the 

experiments without compromising the statistical power by performing power analyses and 

optimizing the experimental design to reduce any pain or discomfort in the animals during the 



 

 39 

experimental period and, whenever possible, used alternatives such as non-animal models. I 

also needed to take into account that animal models are not always the best approach, as their 

organisms are quite different and results may differ dramatically. However, for pathologies that 

involve organ degeneration, animal models are still a great resource, as they better mimic the 

microenvironment of the pathologies, which is not the case in most in vitro techniques. Since 

CADASIL is one of these difficult diseases to reproduce with in vitro techniques we, therefore, 

need to continue to use animal models to better characterize the disease. By applying all the 

European guidelines during the Ph.D. project, we minimized the harm done to the animals used 

in our experiments. I also strived, when possible, to use animals in the animal facility that are 

too old to reproduce, and that would be euthanized, and in this way use them to answer some 

of our fundamental cellular biology aspects involved in our research.  

Ultimately, regardless of the limitations and ethical obstacles associated with animal 

experimentation, I believe that adequate in vivo studies using the proposed animal model is, for 

now, the best strategy to answer our biological questions and work towards a better clinical 

outcome for the welfare of the CADASIL patients. For this, I believe that the gains that we 

have achieved from this project will outweigh the negative aspect that exists in animal 

experimentation. 

For Paper II the index patient was directed to the neurology department, where a genetic screen 

for CADASIL was performed within the clinical routine. We also acquire peripheral blood 

from the index patient and additional family members to sequencing the exons in the NOTCH3 

gene. We also performed an MRI of the brain of several family members. The index patient 

and several other family members were subjected to a physical and neurological examination. 

Both family members who participated in the study completed a questionnaire about headaches 

and migraines and a history of vascular events, vascular risk factors, and comorbidities. All 

participants signed a written informed consent document. The report was given the green light 

by the local ethics committee. All samples were used professionally and handled according to 

their ethical permits. Since this family has a relatively small genealogy tree, this makes them 

easily identifiable, and thus precautions must be taken to not disclose this data. All the data 

collected is also under protection by the General Data Protection Regulation directive 2016/679 

to protect the patient's classified data.
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4 RESULTS AND DISCUSSION 

This section briefly describes and discusses the main results of the papers and manuscripts that 

comprise this thesis. More in-depth information regarding all results and discussion can be 

found in the respective papers. 

4.1 PAPER I: THE INFANTILE MYOFIBROMATOSIS NOTCH3 L1519P 

MUTATION LEADS TO HYPERACTIVATED LIGAND-INDEPENDENT 

NOTCH SIGNALING AND INCREASED PDGFRB EXPRESSION 

As previously mentioned in section 1.4.1, IMF causes nonmetastatic tumours in skin, bone, 

and muscle [274]. Several IMF patients with the autosomal-dominant form can present the 

mutations R561C and P660T in the PDGFRB gene [268, 269]. These mutations induce ligand-

independent receptor activation, thus increasing PDGF signaling [271, 275]. Elevated 

expression of PDGF ligands and the PDGFR receptors are present in pediatric fibromatoses 

and myofibromatoses, suggesting that the activation of PDGF signaling leads to the 

development of IMF [276]. The PDGF signaling pathway consists of PDGF ligands that bind 

to the PDGFR receptors, causing their dimerization, autophosphorylation, and subsequent 

phosphorylation of their downstream targets, affecting several signaling pathways, including 

the PI3K/AKT, MAPK and JAK/STAT pathways [277]. However, several IMF patients also 

display NOTCH3 L1519P mutation, localized in the heterodimerization domain of the 

NOTCH3 receptor [263, 268]. Therefore, we hypothesized that the NOTCH3 L1519P mutation 

upregulates PDGFRB expression, ultimately leading to IMF development.  

We determined that the NOTCH3 L1519P mutation interfered with the ratio of the full-length 

and processed forms of NOTCH3 L1519P and mainly gave rise to the full-length form, in 

contrast to NOTCH3 WT which presented both full length and the transmembrane intracellular 

domain (TMIC) forms. This aberrant ratio could be due to altered intracellular routing, changes 

in S1 processing, or a decrease in the stability of the heterodimer ECD/TMIC.  

We discovered that, unlike NOTCH3 WT, the NOTCH3 L1519P was not present at the cell 

surface and accumulated in the ER, indicating aberrant intracellular routing. Additionally, we 

evaluated whether S2 cleavage was affected in NOTCH3 L1519P. The NOTCH3 WT 

presented an accumulation of TMIC and low levels of NEXT and NICD, in the absence of 

ligand-mediated activation, as expected. However, NOTCH3 L1519P cells presented lower 

levels of TMIC and higher accumulation of NEXT and NICD. This situation was reversed with 



 

42 

S2-cleavage inhibition, indicating the occurrence of S2 cleavage in NOTCH3 L1519P in a 

ligand-independent manner. 

Since the L1519P mutation is located in the heterodimerization domain, which could cause 

destabilization of the ECD-TMIC heterodimer, potentially explaining its absence at the cell 

surface due to a ligand-independent S2 cleavage. Furthermore, the proximity ligation assay 

(PLA) showed that NOTCH3 WT displayed ECD-TMIC interaction over the cytoplasm and in 

the cellular membrane. In contrast, NOTCH3 L1519P displayed a more robust localization in 

the cytoplasm around the nucleus. These results suggest that NOTCH3 L1519P may relocate 

the ECD-TMIC heterodimer and potentially promote its degradation before it reaches the cell 

membrane. Furthermore, we showed that in NOTCH3 L1519P, the ECD export did not require 

S2 cleavage or endocytosis but stemmed from autophagosome-lysosome fusion. This data 

indicates that the NOTCH3 L1519P receptor alters its subcellular location and induces the ECD 

out of the cell via autophagosome-lysosome fusion. 

We also observed that NOTCH3 WT produced NEXT and ICD only when activated by ligands, 

while NOTCH3 L1519P generated NEXT and ICD, regardless of ligand-mediated activation. 

Taking advantage of a Notch receptor reporter gene system, we confirmed that cells expressing 

NOTCH3 L1519P led to Notch reporter activation, both in the presence and absence of ligand 

activation and to the same extent as ligand-mediated activation of NOTCH3 WT. In all, this 

suggests that NOTCH3 L1519P constitutively activates Notch signaling. It has been previously 

reported that Notch signaling increases PDGFRB expression in vascular smooth muscle cells. 

We stably transfected the HMFDN2 cell line with either WT NOTCH3 or NOTCH3 L1519P. 

Only the NOTCH3 L1519P-expressing cell line presented increased PDGFRB expression at 

the protein and transcriptional levels and upregulated the transcriptional levels of Notch target 

genes. Moreover, the presence of the ligand PDGF-B in cells expressing NOTCH3 L1519P 

increased PDGFRB autophosphorylation, AKT and p42/44 MAPK phosphorylation, and cell 

proliferation, unlike WT NOTCH3. These results suggest that NOTCH3 L1519P leads to 

increased PDGFRB signaling. 

As stated before, the mutations R561C and P660T in the PDGFRB gene are present in IMF 

patients. If these mutations cause IMF, then they will be expected to cause a gain of function. 

We discovered that PDGF-BB ligand activation in cells transfected with PDGFRB R561C and 

PDGFRB P660T, increased phosphorylated PDGFRB, and downstream targets 

phosphorylation namely 42/44 MAPK and AKT. In all, the data shows that NOTCH3 L1519P 

upregulates PDGFRB expression, hence increasing PDGFRB signaling. Similarly, the 

PDGFRB IMF mutations are gain of function mutations that also increase PDGFRB signaling. 
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The discovery of a constitutively active NOTCH3 L1519P receptor that increases PDGFRB 

signaling and ultimately leads to IMF development, can have a significant impact on future 

IMF therapies. IMF can develop in tissues in the absence of NOTCH3 ligands, due to aberrant 

NOTCH3 signaling. Furthermore, the emergence of the NOTCH3 L1519P mutation can result 

in a positive feedback loop, with Notch3 signaling becoming constitutively active. Moreover, 

the role of NOTCH3 L1519P in IMF emergence the development of additional drug targets. 

Although we must consider that the lack of NOTCH3 receptors at the membrane prevents the 

use of antibody-based therapies, it may be possible to administer targeted therapy towards the 

NOTCH3 and PDGRB signaling pathways. 

4.2 PAPER II:  NOVEL CYSTEINE-SPARING HYPOMORPHIC NOTCH3 A1604T 

MUTATION OBSERVED IN A FAMILY WITH MIGRAINE AND WHITE 

MATTER LESIONS 

In this paper, a family with migraines and WML was identified displaying a novel cysteine-

sparing NOTCH3 mutation (NOTCH3 A1604T) in some of his members. The clinical 

symptoms and MRI analysis of members of the affected family revealed several features 

similar to CADASIL, which suggests that NOTCH3 mutations impact the homeostasis and 

function of VSMC, although no causal relationship was determined yet. Other members of the 

family who tested negative for the A1604T mutation experienced hypertension, neurologic 

abnormalities including polyneuropathy, and WML, although of a more microangiopathic 

nature. This might be due to a more severe version of the illness or a different kind of disease. 

We discovered that these family members had a pathogenic missense mutation in the COL4A1 

gene. COL4A1 mutations have been linked to SVD [95, 278], and the microangiopathic 

alterations seen in these family members were similar to those seen in COL4A1 mutant 

patients. We also evaluated the consequences of the A1604T mutation for Notch3 signaling, 

receptor processing and localization.  

We assessed the impact of the NOTCH3 A1604T on Notch3 signaling, in cells transfected with 

either wild-type NOTCH3 or NOTCH3 A1604T cDNA. The NOTCH3 A1604T receptor 

displayed a limited impact on the upregulation of Notch downstream targets, compared to 

NOTCH3 wild type receptor, in a ligand-dependent manner, suggesting that NOTCH3 A1604T 

does not increase Notch signaling. Moreover, we evaluated whether NOTCH3 A1604T would 

affect NOTCH3 receptor processing. In the absence of ligand-mediated activation, NOTCH3 

A1604T presented similar levels of the full-length receptor but decreased TMIC levels. Upon 

ligand activation, NOTCH3 led to a decrease in TMIC levels, and an increase in NEXT/ICD 
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levels in MG132-treatment conditions, as expected. On the other hand, NOTCH3 A1604T 

resulted in higher TMIC levels than NEXT/ICD, resulting from either problematic S1 or S2 

cleavage [167]. 

In Paper I, aberrant processing of NOTCH3 L1519P led to alterations in the subcellular 

localization of the receptor, including absence at the cell surface [265]. Therefore, we 

investigated if the aberrant processing of NOTCH3 A1604T would also impact the subcellular 

distribution of the receptor. NOTCH3 A1604T revealed a decreased presence of TMIC and 

full-length form of the receptor at the cell surface, compared to NOTCH3. Moreover, NOTCH3 

A1604T was detected in the endoplasmic reticulum (ER), Golgi compartment, and early and 

late endosomes, with no significant differences in the cellular distribution and levels of 

accumulation, compared to NOTCH3, suggesting that S1 processing may not be affected by 

NOTCH3 A1604T mutation.  

Considering that NOTCH3 A1604T mutation is localized in the HD, where S2 cleavage occurs, 

we also investigated whether NOTCH3 A1604T induced alterations in the protein 

conformation, which might explain the changes in Notch signaling. NOTCH3 A1604T 

mutation, together with NOTCH3 L1515P [163] and NOTCH3 L1519P [265] mutations 

(described in Paper I), decreased the stability of the HD domain, hence suggesting that 

NOTCH3 A1604T affects S2 processing by potentially altering the conformation of the S2 

processing site [167]. 

CADASIL induces VSMC to increase in size, decrease proliferation and modify the actin 

cytoskeleton [255]. Likewise, NOTCH3 A1604T correlated with slower growth, changes in 

cell phenotype, and more irregular filament distribution in the actin cytoskeleton. Additionally, 

there were more endpoints, fewer filament branches and focal adhesions. Thus, the results 

indicate changes in cell adhesion, resultant from NOTCH3 A1604T mutation. 

In all, our data points to NOTCH3 A1604T receptor to affect S2 processing, to decrease its 

presence at the cell surface, and to cause a decreased Notch signaling, although further 

elucidation of the exact mechanism needs to be established. Overall, dysregulation of Notch 

signaling seems to give rise to several SVD with neurovascular and neurologic effects 

comparable to CADASIL. 
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4.3 PAPER III: NOTCH3 ACTIVE IMMUNOTHERAPY DECREASES NOTCH3 

DEPOSITION IN CAPILLARIES IN A CADASIL MOUSE MODEL 

As described above, CADASIL patients develop a vascular pathology that consists of 

degenerating VSMC surrounded by NOTCH3 aggregates, GOM deposits and thickening of the 

arterial wall [108, 109]. CADASIL has often been termed an aggregation disease because 

NOTCH3 aggregation is believed to be the proximal pathological event responsible for 

vascular degeneration. 

In Alzheimer's disease, amyloid clearance has shown clinical improvement in Phase II/III 

clinical trials, using monoclonal antibodies targeting Aβ deposits and with Aducanumab being 

recently authorized by the FDA for the treatment of AD [236, 242, 243]. In addition, active and 

passive immunization has been reported to clear amyloid in Aβ-amyloidosis and tau in mouse 

models of the disease [244, 251, 279, 280]. Hence, this therapeutic strategy was appealing to 

treat other diseases of protein misfolding and aggregation, including CADASIL. Previously in 

pre-clinical CADASIL mouse models, passive immunization targeting NOTCH3 ECD 

improved cerebrovascular dysfunctions but did not decrease Notch3 ECD aggregation or GOM 

deposition [253]. As such, an active immunization targeting the NOTCH3 ECD may be 

beneficial because CADASIL is a monogenic disease with high penetrance. With this in mind, 

we developed a novel active immunization therapy in this study to target the NOTCH3 ECD 

aggregation in a CADASIL mouse model. 

Given the importance of Notch3 signaling in normal physiology, the immunogen targeting 

pathological NOTCH3 in CADASIL needs to be designed in a way that results in an immune 

response that are specific for pathological NOTCH3 but spares the signaling of the non-mutated 

normal allele. To achieve this goal, we generated a vaccine comprised of aggregates of 

recombinant NOTCH3 EGF1-5 [114] repeats, carrying the NOTCH3 R133C mutation. We 

argued that by steering the immune system against aggregates of NOTCH3 ECD, the signaling 

of non-aggregated normal NOTCH3 receptors will be spared. The NOTCH3 EGF1-5 repeats 

were chosen as antigens since this region of the NOTCH3 ECD represents a hotspot region of 

CADASIL-causing mutations [122]. We did the interesting observation that R133C EGF1-5 

aggregate formation in vitro was increased in the presence of the non-mutated EGF1-5 fragment. 

This may be of pathobiological relevance since CADASIL is a dominant disease and, indeed, 

the co-existence of non-mutated and CADASIL-mutated NOTCH3 has also been described in 

man [122]. We, therefore, decided to generate aggregates composed of a mixture NOTCH3 

EGF1-5 and NOTCH3 EGF1-5 R133C as antigens in order to achieve a most relevant and 

effective immune response against NOTCH3 ECD in CADASIL. We evaluated the immune 
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response to the aggregated NOTCH3 EGF1-5 antigen in the CADASIL mouse model 

TgN3R182C150. This mouse model expresses the human NOTCH3 R182C receptor and 

develops a progressive cerebrovascular NOTCH3 ECD and GOM deposition phenotype in 

arterioles, and therefore serves as an appropriate preclinical model for testing different 

treatments targeting the NOTCH3 pathology associated with CADASIL [145]. Briefly, mice 

were immunized with the aggregated NOTCH3 EGF1-5 antigen, and the immune response was 

evaluated at four, five and seven months of age. The immune response was only present in the 

vaccinated animals and increased with time.  

In subsequent proof of concept studies, young CADASIL R182C mice were treated with the 

active vaccine for 4 months and then analyzed for different study endpoints. We observed that 

NOTCH3 ECD depositions around capillaries were decreased by the NOTCH3-directed 

vaccination (see Figure 9), indicating that our active immunization therapy is effective in 

targeting and reducing vascular NOTCH3 pathology.  Interestingly, this treatment effect was 

mirrored by a parallel decrease in serum NOTCH3 ECD levels, indicating that the levels of 

VSMC-associated and serum NOTCH3 could be related. The mechanism by which the active 

immunization treatment results in the reduced vascular NOTCH3 pathology has not yet been 

elucidated and multiple potential mechanisms exist. The treatment may e.g. result in an 

immune response that interferes with the actual NOTCH3 aggregation process, i.e. with the 

build-up of NOTCH3 aggregates, or the clearance of existing NOTCH3 aggregates, or both 

mechanisms acting simultaneously. The clearance of NOTCH3 ECD aggregates may be 

mediated by microglia, similar to what has been reported with active and passive vaccines 

targeting Ab-amyloid plaques associated with Alzheimer's disease. Preliminary data indicate 

however novspecific microglia response in our experiments, as explored with 

immunohistochemistry.  

 

Figure 9. The number and size of NOTCH3 ECD deposits around the capillaries are reduced in vaccinated 
TgN3R182C150 mice. Quantification of NOTCH3 ECD deposits (numbers per 1,000 μm2) and NOTCH3-ECD 
stained area and average size per vessel revealed a significant increase in NOTCH3 ECD deposition in brain 
arteries and capillaries between non-vaccinated 3 months old TgN3R182C150 (n=3) and 7 months old 
TgN3R182C150 (n=6) mice and 18 months old TgN3R182C150 (n=3). Quantification of NOTCH3-ECD deposits 
(numbers per 1,000 μm2) and NOTCH3-ECD stained area and average size per vessel revealed a significant 
decrease in NOTCH3-ECD deposition in brain arteries and capillaries between N3 EGF1-5 -immunized (n=11), 
sham (n=9) and non-vaccinated TgN3R182C150 (n=6) mice. 



 

 47 

Interestingly, we could not observe a reduction in vascular NOTCH3 pathology in the 

arteries/arterioles. This discrepancy is hard to explain but may be due to the limited amount of 

NOTCH3 ECD deposition observed at 7 months in non-treated mice. This observation 

indicates that NOTCH3 ECD aggregation begins later in the arteries/arterioles as compared to 

the capillaries in this animal model, thereby masking the effects of clearance or inhibition on 

NOTCH3 ECD deposition. Another possibility is that the antibodies generated are incapable 

of penetrating the arteries/arterioles blood-brain barrier (BBB), and therefore cannot remove 

or suppress NOTCH3 ECD aggregation.  

The fact that NOTCH3 levels were lower in serum could support the “peripheral sink” theory, 

which states that there is a passive equilibrium between an aggregation-prone protein in the 

blood and the brain and that capturing the protein (in this case NOTCH3 ECD) in the blood 

causes a reduction in the brain, resulting in less aggregation surrounding the vasculature [281, 

282]. These two theories can act on their own or in synergy. However, more research is needed 

to establish if these theories are valid and to understand the mechanism by which this clearance 

of NOTCH3 ECD occurs (see Figure 10 for a proposed model of clearance of the NOTCH3 

ECD deposits).  

 

Figure 10. Proposed model of clearance of the NOTCH3 ECD deposits after the active immunization. The 
clearance of NOTCH3 ECD deposits in the vaccinated animals can occur due to microglia phagocytosis since it 
recognizes the aggregated NOTCH3 ECD as an external pathogen due to the acquired adaptative immunity from 
the active vaccination (1). The other proposed model is that the levels of NOTCH3 ECD are decreased in the 
bloodstream and this leads to a passive equilibrium between NOTCH3 ECD in the blood and in the vasculature, 
leading to clearance of the external deposits of NOTCH3 ECD surrounding the vasculature (2). 
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To clarify the underlying mechanism, further studies will be required, particularly in older 

TgN3R182C150 animals with more advanced disease. It will also be interesting to see whether 

reducing NOTCH3 ECD aggregation burden is therapeutic, altering GOM and improving 

behavioral cognition. Such research will need a mouse model that exhibits a wider range of 

CADASIL symptoms than our current animal model, which solely mimics the vascular 

phenotype of CADASIL. 

A very interesting and important outcome from our study is that a vaccine, based on the 

NOTCH3 R133C mutant, resulted in clearance of NOTCH3 pathology driven by a different 

CADASIL causing mutation, i.e. R182C, in the mouse. These results are extremely promising 

and suggest that a vaccine based on a specific CADASIL-causing mutation, may be effective 

in patients carrying other CADASIL-causing mutations. This has important implications for 

the developmental potential of the vaccine. Indeed, over 200 cysteine-altering CADASIL-

causing NOTCH3 mutations have been reported, making it virtually impossible to customize 

a vaccine tailored for each individual mutation. 

We developed the active immunization therapy to target the NOTCH3 ECD deposits 

selectively, but we were concerned whether the vaccination still would result in selectivity 

problems and reduce normal Notch signaling. As described in section 1.1.2, mice deficient in 

Notch3 expression (Notch3-/-). display a loss of VSMC in the retina. Therefore, we assessed the 

integrity of VSMC in the retina as an endpoint to ask whether the treatment with the active 

vaccine had affected important Notch3 signaling in VSMC. We could not observe any 

abnormal signs of VSMC degeneration in the retina, suggesting that normal Notch3 signaling 

was not affected by the treatment. Under these observations the animals did not show changes 

in behavior nor body weight, indicating that the active immunization treatment was tolerable. 

Combined these data suggest that it is possible to target NOTCH3 pathology in a selective and 

tolerable manner using a vaccine based on co-aggregates of non-mutated and CADASIL-

mutated NOTCH3 ECD. One caveat with our experimental setup, however, is that the therapy 

was tested in a mouse model expressing endogenous mouse Notch3 whereas the vaccine was 

derived from human NOTCH3. The mouse Notch3 and human NOTCH3 EGF1-5 repeats are 

not identical at the primary structure level but show 87.1% homology (Figure 11A). Thus, 

although the homology between mouse Notch3 and human NOTCH3 EGF1-5 repeats is high, 

there is still a potential risk that an immune response raised against the human NOTCH3 EGF1-

5 may fail to react with the mouse orthologue. Future studies will be needed to clarify whether 

the mixed expression of mNotch3 and hNOTCH3 give rise to confounding results. The optimal 

experiment would be to conduct the vaccination treatment in a CADASIL-mouse model that 
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has been humanized in the context of NOTCH3 expression. Besides normal NOTCH3 

signaling, it is also pivotal to spare NOTCH signaling overall.  The sequence homology 

between NOTCH1-4 in the EGF1-5 is however very low (see Figure 11B), and therefore the risk 

that the therapy would affect Notch1, 2 and 4 signaling appears minimal. This comes in line 

with the observation of no visible changes in Notch signaling in the vaccinated mice.  

Overall, to the best of our knowledge, this is the first study describing an active immunization 

therapy targeting NOTCH3 misfolding in CADASIL and also the first example of a therapy 

that successfully interferes with the process of NOTCH3 aggregation. In contrast, passive 

immunization therapies targeting Notch3 have been published. Joutel and colleagues described 

a passive immunization therapy targeting NOTCH3 R169C and that improved cerebrovascular 

function [253] but did not decrease NOTCH3 ECD aggregates. Arboleda et. al. described an 

alternative immunization strategy, administrating agonistic monoclonal antibodies directed 

against the NRR region, aimed to target the CADASIL-associated hypomorphic NOTCH3 

C455R mutant. Mice (CADASIL model C455R) treated with the vaccine displayed recovery 

of VSMC and restoration of circulating NOTCH3 ECD levels [172]. These are promising data 

and treatment with agonistic antibodies may be a viable strategy to enhance NOTCH3 signaling 

in VSMC in CADASIL. Collectively, there has been major pre-clinical progress with the 

development of different active and passive immunotherapies targeting Notch3 in mouse 

models of CADASIL recently, and there is indeed hope for the future to eventually develop a 

novel therapy for CADASIL.    

In conclusion, our research demonstrates the efficacy and tolerability of active vaccination in 

reducing NOTCH3 ECD aggregates surrounding capillaries and NOTCH3 serum levels in a 

CADASIL animal model. 
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Figure 11. NOTCH EGF1-5 alignments. A) Alignment of human NOTCH3 EGF1-5 versus the mouse Notch3 
EGF1-5 show 87.1% homology. B) Alignment of the human NOTCH3 EGF1-5 show 39%, 28.6% and 36.5% 
homology to NOTCH1 EGF1-5, NOTCH2 EGF1-5 and NOTCH4 EGF1-5, respectively. 

 

4.4 PAPER IV: MOLECULAR CHAPERONE BRICHOS INHIBITS CADASIL-

MUTATED NOTCH3 AGGREGATION IN VITRO 

As mentioned previously, CADASIL mutations destabilize the NOTCH3 receptor and the 

resultant misfolding of the mutated NOTCH3 leads to the deposition of GOM containing 

accumulated non-fibrillar NOTCH3 ECD in VSMC, ultimately promoting VSMC 

degeneration. 

Several approaches are being investigated to treat CADASIL, such as active (see Paper III) 

and passive immunotherapy, promoting autophagy or ubiquitination, or reducing the 

aggregation believed to cause vascular degeneration. In Paper III, we described a novel active 

immunization approach that showed great clinical potential, as it aims to reduce the presence 

of NOTCH3 ECD aggregates in the vasculature. In addition, this study describes a potential 

alternative approach to decrease aggregation in CADASIL with a chaperone protein. 
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Molecular chaperones are recognized to be essential for adequate protein folding. BRICHOS 

is a functional domain present in numerous proteins and one of its functions is to promote the 

correct folding of proteins. Bri2 BRICHOS is part of this family and has been reported to 

interact with Aβ42 and reduce its neurotoxicity and fibrillation in Alzheimer disease. 

Furthermore, as Bri2 BRICHOS oligomers inhibited citrate synthase non-fibrillar 

aggregations, we proposed that Bri2 BRICHOS can interact with NOTCH3, preventing and 

diminishing its aggregation, hence delaying vascular degeneration in CADASIL. 

We generated WT and R133C-mutated NOTCH3 EGF1-5 proteins from HEK293 cells 

expressing these NOTCH3 receptors and evaluated whether these proteins form disulfide 

bridge-dependent oligomers under reducing and non-reducing conditions. The NOTCH3 

R133C EGF1-5 protein showed a different pattern of disulfide bridge formation. These results 

are in line with another study [114] that states that reducing conditions inhibit NOTCH3 

multimerization, but under non-reducing conditions, both proteins form complexes. 

We predicted the tertiary structure of WT and mutated NOTCH3 EGF1-5, and mutated 

NOTCH3 displayed a structure similar to the WT protein, but with one unpaired exposed 

cysteine that could potentially be able to disulfide bridges. By evaluating secondary structures, 

the WT and R133C mutated NOTCH3 EGF1-5 proteins displayed a similar transformation 

profile, indicating that the mutation only affected tertiary and quaternary structures. 

We evaluated the aggregation properties of WT and R133C-mutated NOTCH3 EGF1-5 proteins 

in vitro and discovered that the R133C-mutated protein aggregated at a higher rate, unlike the 

WT protein. Furthermore, when Bri2 BRICHOS was added to the WT and R133C mutated 

NOTCH3 EGF1-5 proteins, Bri2 BRICHOS was shown to stabilize the NOTCH3 R133C EGF1-

5 protein in the monomeric form and in a dose-dependent manner. Aggregation kinetics 

revealed that WT NOTCH3 EGF1-5 did not form aggregates, while the NOTCH3 R133C EGF1-

5 protein showed increased aggregation properties, according to the previous experiment, and 

the presence of Bri2 BRICHOS decreased the aggregation of the mutated protein. The WT and 

R133C-mutated NOTCH3 EGF1-5 proteins particles were visualized by transmission electron 

microscopy (TEM) at the beginning and the end of the aggregation kinetics experiment. 

Initially, both proteins were presented as small particles, indicating no aggregation. After 

incubation, only the R133C-mutated NOTCH3 EGF1-5 protein showed aggregation, as 

expected. Bri2 BRICHOS was added to these proteins and formed a complex with R133C-

mutated NOTCH3 EGF1-5 proteins and increased the stabilization of the mutated protein. The 

aggregation of the mutant protein was inhibited by Bri2 BRICHOS, as indicated by an increase 

of the monomeric form and a decrease of the oligomeric forms. 
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Taken together, only the R133C-mutated NOTCH3 EGF1-5 protein aggregated spontaneously, 

but since aggregates contain a mixture of WT and mutated proteins, it suggests that the mutant 

NOTCH3 starts the aggregation process and acts as a seed to form the GOM deposits by 

aggregating together with the WT NOTCH3 protein. As such, Bri2 BRICHOS shows potential 

as a therapeutic agent against aggregation mediated by NOTCH3 mutations in CADASIL. 

In conclusion, this suggests that Bri2 BRICHOS could act as an anti-CADASIL mutated 

NOTCH3 aggregating protein and pave the way for novel therapeutic strategies for CADASIL.
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5 CONCLUSIONS AND FUTURE PERSPECTIVES 

This thesis contributed to the understanding of the function and role of NOTCH3 in disease 

and the progress of novel treatments for CADASIL. In the context of studying NOTCH3 

dysfunction in disease, a novel mutation in the NRR was discovered that affects NOTCH3 

normal functioning and may play a pathogenic role. We characterized two mutations in the 

NRR of the NOTCH3 receptor that led to two disorders with distinct effects on Notch signaling. 

The accumulation and aggregation of NOTCH3 ECD is a defining feature of monogenic SVD 

CADASIL. Thus, it is necessary to investigate possible therapeutic methods. Currently, there 

are no treatments available for individuals with CADASIL that may reverse or alleviate the 

disease process, but given that NOTCH3 accumulation is a hallmark of the disease, we applied 

an immunotherapy approach targeting NOTCH3 ECD aggregation or aggregates in Paper III.  

In Paper III, we demonstrated the efficacy and tolerability of active vaccination in reducing 

NOTCH3 ECD aggregates around capillaries and serum NOTCH3 levels in a CADASIL 

mouse model. This is the first study to demonstrate a decrease in the development of vascular 

NOTCH3 pathology in response to treatment and will hopefully catalyze further attempts to 

develop immunotherapies for clinical translation to CADASIL patients. The present study has 

examined only a short treatment time on the course of the pathology. Therefore, in future 

studies we should increase the time of active immunization in order to see if there are further 

improvements in the decrease of NOTCH3 deposition and allow the treatment to proceed 

throughout a longer time span to assess if the decrease in NOTCH3 aggregation results in a 

subsequent decrease of GOM in this animal model. A downside of our animal model is that it 

does not develop WMH and blood flow impairments and only has a vascular phenotype. For 

future studies, it would be of interest to perform our active immunization in one of the animal 

models that develops WMH to assess whether our approach could achieve the same results in 

terms of NOTCH3 aggregation decrease as well as to assess whether it could ameliorate WMH 

and myogenic tone and blood flow. A different animal model with a different cysteine-altering 

mutation would additionally allow us to assess if our approach functions across different 

mutations improving our road to a broad application CADASIL therapy since as we mentioned 

before it would be of most interest to have a therapy that could work across the vast range of 

mutations. To answer the question of how general our vaccine is, one logical experiment would 

be to stain human tissue from different CADASIL patients, carrying different mutations, with 

serum from vaccinated mice. This would extend our knowledge of how our vaccine works 

across the different landscapes of NOTCH3 mutations. Taken together, our findings indicate 

that immunization with the NOTCH3 EGF1-5 vaccine effectively and relatively safely targets 
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CADASIL-like NOTCH3 aggregation without any overt side effects detectable in our 

experimental model. These are encouraging results and supports further development of the 

therapy with the goal to reach the clinic.  

In Paper IV, we show that Bri2 BRICHOS formed a complex with both WT and R133C-

mutated NOTCH3 EGF1-5 proteins and increased the stabilization of the mutated protein. This 

suggests that Bri2 BRICHOS may function as an anti-CADASIL-mutated Notch3 aggregating 

protein, paving the way for the development of new CADASIL treatment methods. Future 

studies should aim to assess whether Bri2 BRICHOS can indeed inhibit the aggregation of 

several different CADASIL-causing mutations, as the effectiveness across many mutations 

may be essential for the clinical application of a CADASIL therapy, as there are more than 200 

cysteine-altering variants identified so far. 

For future research, it will also be of interest to explore the potential of improving this approach 

by studying the effect of the Bri2 BRICHOS molecular chaperone in vivo. It is well described 

that BRICHOS prevents aggregation of Aβ, and therefore one can hypothesize that BRICHOS 

can also prevent NOTCH3 ECD aggregation in vivo.  These findings suggest the following 

directions for future research: 1) To assess whether the administration of Bri2 BRICHOS in 

our animal model could lead to a reduction in NOTCH3 ECD deposits. Some limitations should 

be considered. Bri2 BRICHOS has been shown to have a very short half-life, which limit the 

effectiveness of translating this approach into a valid clinical approach since it would need 

more frequent administrations to reach a therapeutic concentration and thus an increased cost 

of the therapy administration. 2) Another future approach could be applying this chaperone 

together with our active immunization approach and assess if the levels of clearance and 

aggregation of NOTCH3 ECD decrease at a higher level than in our active immunization alone. 

This would diminish the concern with more frequent administrations since we could potentially 

increase the time between doses.  

A very important aspect to consider with any therapy is the risk/benefit for the patient. This is 

of particular importance for a primary or secondary preventive treatment in a rather 

healthy/asymptomatic patient population, which asymptomatic CADASIL-mutation carriers 

may represent. The safety aspect is critical and a great challenge in terms of NOTCH3-directed 

therapies for the treatment of CADASIL. In that context, I see a strong benefit with the Bri2 

BRICHOS therapy as compared to the active vaccination therapy, since it lacks the potential 

safety liability related to the selectivity issue with affecting normal NOTCH3 (and NOTCH1, 

2 and 4) signaling. Considering all the suggested future and present results, I have proposed 
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models for the mechanism of action of both the potential of Bri2 BRICHOS administration in 

vivo as well as our recent active immunization which are represented in Figure 12. 

We also explore the role of NOTCH3 in two distinct diseases. In Paper I, we demonstrated 

that the NOTCH3 L1519P mutation activates Notch signaling in a ligand-independent manner 

and increases PDGFRB expression. Our data shows a link between NOTCH3 and PDGFRB in 

IMF, suggesting that Notch signaling may be epistatic to PDGFRB and that hyperactive 

mutations in NOTCH3 and PDGFRB can occur. This knowledge is important for the increased 

understanding on how PDGFRB signaling may be disrupted by missense mutations in the 

NOTCH3 receptor and for IMF treatment options. In keeping with NOTCH3 dysfunction in 

Paper II, we identified a family that carries a novel mutation (A1604T) in the NRR of the 

NOTCH3 ECD. We observed that dysregulation of Notch signaling seems to give rise to SVD 

with neurovascular and neurologic effects comparable to CADASIL. This is of particular 

interest and should pave the way to identify several new mutations that can cause an SVD 

phenotype with a genetic link to dysregulated Notch signaling and, in this way, investigate 

potential new avenues for the development of future therapeutics for SVD with a monogenic 

link. This result contributes to the debate of how dysregulated Notch signaling may play a role 

in cerebral SVDs more generally and may motivate the hunt for new NOTCH3 mutations in 

patients with neurologic and neurovascular diseases that are comparable to but not identical to 

CADASIL. 

In summary, we have expanded the landscape of the role of dysfunctional NOTCH3 in disease 

and opened new avenues for the identification of novel CADASIL-like mutations. We also 

demonstrated data suggesting that an active vaccination against aggregated NOTCH3 may be 

an effective and tolerable treatment for CADASIL. Many potential therapeutic methods are 

being explored for the treatment of CADASIL, but none have advanced to the point of clinical 

use. However, many more studies are needed to determine the applicability, efficacy, and safety 

of the various methods, including the active vaccination therapy described by us. 

With almost three decades after the identification of NOTCH3 as the causal gene for 

CADASIL, the field of CADASIL research has made great strides and gained a wealth of 

information about disease mechanisms and progression. Many animal models of CADASIL 

have been established, numerous preclinical and clinical indicators of disease severity have 

been characterized, and various treatment strategies have demonstrated encouraging results in 

preclinical proof of concept studies. Now is an ideal moment for the CADASIL research 

community to accelerate the pre-clinical development of the therapies and to prepare for 
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clinical trials and to follow and learn from the Alzheimer´s disease field in the quest for a novel 

therapy. 

 

 

Figure 12. Proposed mechanisms of action of Bri2 BRICHOS chaperone and active immunization 
inhibition/reduction of NOTCH3 aggregation. Aggregation of mutated NOTCH3 ECD in the absence of the 
Bri2 BRICHOS chaperone (1). In the presence of Bri2 BRICHOS, BRICHOS will bind to the mutated NOTCH3 
ECD and inhibit aggregation of NOTCH3 ECD around the vasculature (2). The complexed BRICHOS and the 
mutated NOTCH3 ECD are degraded either by lysosomal degradation (3) or by autophagy degradation (4) or it 
will be carried out to the bloodstream and cleared from the brain. Another potential mechanism of action for 
BRICHOS is that it can potentially target the mutated NOTCH3 in the cytoplasm (5). In our active immunization, 
the two proposed mechanisms of action are as follows: The mutated NOTCH3 ECD will aggregate around the 
vessel and establish a passive equilibrium with the levels of NOTCH3 ECD in the bloodstream, which the 
polyclonal antibodies capture and decrease (1). Alternatively, the mutated NOTCH3 ECD aggregate and form 
NOTCH3 ECD depositions (2), which can be targeted by the microglia that bind to the antigen-recognizing 
antibody (3) and prevent the deposition of NOTCH3 ECD. To remove the already aggregated NOTCH3 ECD, the 
microglia will phagocytize the aggregated NOTCH3 ECD and, subsequently, remove the deposits surrounding the 
vessels (4).
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