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The blood-brain barrier (BBB) is composed of specialized cerebrovascular endothelial 

cells lining the inner walls of the brain capillaries, which together with glial cells, as 

astrocytes, microglia and neurons form the neuro-vascular unit (NVU). The function of 

the BBB is in great part dependent on proper endothelial cell contacts, mediated by 

adherens (AJ) and tight (TJ) junctions1,2. They provide a tight barrier between blood and 

brain guaranteeing the healthy microenvironment necessary for proper neuronal 

function. These complex protein-protein interactions mediate the intercellular 

communication and most importantly limit the free access of molecules and cells into 

the brain. The influx of molecules as amino acids, sugars or protein is tightly regulated 

by specific transporters as Glut-1 while the efflux of harmful compounds is mediated by 

ABC transporters, like P-gp1,2. In 1973, a new method for the isolation of cerebral vessels 

was developed which marked the start of the in vitro research of the cellular and 

molecular mechanisms regulating BBB function. Nearly 30 years later, the mechanisms 

underlying barrier function in health and disease are still not completely understood. In 

this section, we discuss the results from this thesis and their implication for MS 

pathogenesis and BBB research.  

 

1. New regulators of BBB function in health and disease  

In MS, the inflammatory environment has been shown to have a damaging effect in the 

structural architecture and function of brain endothelial junctions1,2. Under 

inflammatory conditions, brain endothelial cells (BECs) upregulate adhesion molecules 

which mediate immune cell trafficking into the brain during MS lesion formation. 

Therefore, a clear understanding of the mechanisms underlying these detrimental 

processes is essential for the understanding of MS pathogenesis and the development of 

new therapies aimed at restoring BBB function in neuroinflammation. 

 

1.1.  Notch signaling  

The signaling via Notch receptors is a conserved pathway shown essential for vascular 

development and recently been implicated in endothelial inflammation3-6. Since Notch 

signaling is important in cell-cell communication, the study of this pathway in the 

context of barrier function is of particular interest. Furthermore, the role of Notch 

signaling in BBB function in health and disease has not been addressed. We provide 

evidence in chapter 2 for the essential role of Notch signaling in the homeostasis of the 

BBB. Importantly, our data show that this signaling pathway is reduced in inflamed 

brain endothelial cells (BECs) and that this decreased Notch signaling leads to barrier 

dysfunction. Notch signaling is therefore an essential signaling component in regulating 
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barrier phenotype in both resting and inflammatory conditions (fig. 1). The modulation 

of Notch activity by inflammatory cytokines has been described in endothelial cells from 

other vascular beds7,8. However, if this was also the case with BECs was not known. 

Exposure of rat BECs to oxidative stress resulted in decreased expression of Notch4, an 

effect associated with decreased expression of the tight junction protein ZO-19. Overall, 

Notch expression in the brain vasculature is possibly tightly regulated under 

homeostatic conditions, which is then affected not only by inflammatory cytokines but 

also by oxidative stress. Our data further reinforce the importance of Notch signaling in 

endothelial inflammation.  

Interestingly, molecules involved in Notch signaling have been shown to be re-expressed 

in both astrocytes and oligodendrocyte precursor cells (OPC) in MS lesions. Reactive 

astrocytes express Jagged1 while OPCs upregulate Notch1 in active MS lesions10. 

However, in re-myelinated lesions, Jagged1 expression was negligible. In vitro studies 

have suggested that Jagged1 inhibited the maturation of Notch1-expressing OPCs, which 

could explain the remyelination failure in MS10. However, this is still a controversial 

idea11. Overall, Notch signaling has been implicated in impaired remyelination in MS 

and, as we show in chapter 2, an important regulator of BBB function, showing the 

involvement of deregulated Notch signaling in MS pathogenesis.  

 

1.2.  Glycosylation of Notch 

Glycosylation of Notch is a central mechanism for the regulation of receptor function. 

Glycosylation is a post-translational modification of Notch that occurs via the action of 

glycosyltransferases, as Fringe. In mammals, three Fringe enzymes have been described, 

namely Lunatic, Radical and Manic Fringe12-14, which are responsible for the addition of 

N-acetylglucosamine (GlcNAc) to the extracellular region of the receptor15-17. These 

modifications on Notch receptors regulate the binding and signaling via different 

ligands. It is generally accepted that glycosylation of Notch increases the signaling via 

DLL1 and reduces the signaling via Jagged118-20. However, the study of Notch 

glycosylation can become complex when studying its function in cells that express 

several of the different receptors, ligands and Fringe variants. Besides its function in 

Notch receptor glycosylation, Fringe has also been shown to glycosylate Notch ligands21. 

However, the exact role of ligand glycosylation is unclear.  

While several reports have shown the importance of Notch for endothelial cell 

quiescence and its role in inflammation, the regulation of Notch function via 

glycosylation has not been described. We show in chapter 2 the importance of 

glycosylation for proper Notch signaling in BECs. In resting condition, glycosylation of 
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Notch by Lfng is necessary for its signaling and function in barrier regulation. However, 

this regulatory mechanism is altered in inflammatory conditions in BECs, decreasing the 

expression of Fringe glycosyltransferases, consequently leading to decreased Notch 

signaling and endothelial barrier disruption.  

Although not related to the Notch signaling, altered glycosylation has been implicated in 

endothelial cell function. In particular, a study demonstrated the importance of 

glycosylation of P-selectin for its surface expression in HUVEC cells. This reduced 

glycosylation led to a diminished adhesion of leukocytes to the endothelial cells22. This is 

an interesting finding since P-selectin has been proposed to mediate the migration of T 

cells into the cerebrospinal fluid (CSF) across the meningeal and choroid plexus vessels 

during CNS immune surveillance. If P-selectin in meningeal and choroid plexus vessels is 

also regulated by glycosylation in MS is still undetermined. 

 

2. Immune function of BECs – implication for T cell migration across the BBB 

Immune surveillance of the CNS is an important mechanism to ensure brain 

homeostasis. Compared to other organs, the CNS presents small numbers of infiltrated 

immune cells, which constantly patrol the brain microenvironment for harmful agents. 

These immune cells access the brain via the meningeal vessels and the choroid plexus, 

then accessing the CSF23. Most of the cells present in the healthy CSF are activated T 

cells24, which in the absence of antigen recognition will remain in the CSF without 

affecting the brain homeostasis. However, if their cognate antigen is presented by 

antigen presenting cells (APCs), these T cells are re-activated and will mount an 

inflammatory response. Importantly, these inflammatory events will ultimately lead to 

the activation of BECs. It seems clear that antigen presentation by local APCs is an 

important initiator of brain inflammation23. Interestingly, while antigen presentation by 

professional APCs seems to have an important function in initiating an inflammatory 

response, antigen presentation by the endothelium has been associated with regulating 

T cell migration. In peripheral tissues, antigen-presentation by endothelial cells via 

major histocompatibility complex (MHC)-class I and MHC-II has been shown to influence 

the migration of antigen-specific CD8+ and CD4+ T cells, respectively25-28. However, it is 

still debated if T cell migration across the BBB is an antigen-dependent process. We 

show in chapter 4 that BECs take up and process myelin particles in a time- and 

concentration-dependent manner. These results demonstrate the importance of the 

brain endothelium as an active contributor to CNS inflammation as a non-professional 

APC. The data in chapter 4 also show that presentation of antigens derived from ingested 

myelin by BECs via MHC-II facilitates the migration of antigen-specific CD4+ T (helper) 
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cells. Whether only antigen specific T cells migrate into the brain in models of EAE is 

debated29-34. The apparent contradictory reports might be explained by the different 

duration of T cell retention in the CNS35. It was proposed that only antigen-specific T 

cells are retained in the CNS in the course of EAE, and that non-CNS-specific T cells can 

only traffic to the brain in the presence of encephalitogenic T cells35,36. Importantly, in 

the adoptive transfer EAE model, infusion of pro-inflammatory IFN-gamma-producing 

CD4+ T cells (Th1) into MHC-II deficient recipient mice does not induce EAE37, which 

argues in favor of our results on the importance of antigen presentation by the brain 

endothelium in regulating cell migration to the CNS. While the aforementioned studies 

have assessed the migration pattern of Th1 cells, our study aimed at discerning the 

migratory conditions necessary for the migration of pro-inflammatory Th1 and IL-17-

producing CD4+ T cells (Th17) but also regulatory CD4+ T cells (Treg). It is tempting to 

speculate that the lack of immune regulation in MS lesions could be due to the deficient 

migration of Treg cells across the BBB to the sites of inflammation. Our study, however, 

demonstrates that the migration of Th1, Th17 and Treg cells is enhanced by antigen-

presentation by the inflamed endothelium. Interestingly, it has been shown that 

compared to non-Treg cells, Treg from RRMS patients do have a dysfunctional migratory 

pattern across non-inflamed endothelium suggesting that immune surveillance in these 

patients is already  impaired38 and could be a factor accounting for the initiation of the 

disease. Treg cells have been shown to accumulate in the peak of EAE but unable to 

suppress pro-inflammatory Th1 cells39. Also in MS patients, Treg cells have been shown 

unable to exert their anti-inflammatory function. Taken together, these results suggest 

that the inflammatory milieu in MS lesions hinders the suppressive function of Treg 

while their migration across the activated BBB might not be affected in MS. 

Although we have only investigated the antigen-presentation in MHC-II to CD4+ T cells, 

also CD8+ T cells are present in MS lesions40,41. Presentation of antigens via MHC-I by 

BECs has been shown important for the migration of antigen-specific CD8+ T cells, 

reinforcing the role of the brain endothelium in regulating immune cell trafficking into 

the CNS42. Interestingly, presentation of exogenous antigens via MHC-I (cross-

presentation) by liver sinusoidal endothelial cells leads to the recruitment of antigen-

specific CD8+ T cells and induction of tolerance43-45. If BECs can also cross-present 

antigens is currently unknown, but overall the existing data and our own suggest that 

BECs can regulate immune cell migration to the brain.  

As mentioned, BECs are regarded as non-professional APCs since they are capable of 

taking up, process and present peptides to antigen-specific T cells but are unable to 

induce T cell priming and activation of naïve T cells, since they lack the expression of co-
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stimulatory molecules as CD80 and CD86.  However, like other APCs, BECs also express 

Notch ligands. Interestingly, upregulation of DLL1 and Jagged1 was observed in 

inflamed BECs as described in chapter 3. Expression of Notch ligands by professional 

APCs is known to affect T cell differentiation and activation46-48. However, we 

demonstrate in chapter 3 that in BECs, the Notch ligands DLL1 and Jagged1 have an 

important role in endothelial-T cell contacts specifically mediating the diapedesis of 

CD4+ and CD8+ T cells. While some reports have shown that Notch ligands mediate cell 

adhesion49,50, this was not observed for BECs-expressed Notch ligands. Instead, we show 

that DLL1 and Jagged1 were involved in T cell migration possibly by interacting with 

Notch on activated T cells. These results suggest that endothelial Notch ligands are 

mainly present in endothelial junctions, which are disrupted during T cell migration, 

leaving the ligands available for interaction with T cells.  

If endothelial Notch ligands play a role in T cell differentiation is unlikely because of the 

lack of co-stimulatory molecule expression by the brain endothelium. However, 

endothelial Notch ligands could play a role in T cell re-activation, an important process 

in MS lesion formation. Since T cells upregulate Notch receptors upon activation, by 

interacting with endothelial Notch ligands during migration, a re-activation signal could 

be induced on migrating T cells. Since T cells are already activated upon diapedesis it is 

possible that a lower threshold for Notch receptor activation is developed and therefore 

shorter interactions between endothelial Notch ligands and T cells could be enough to 

trigger this reactivation signal after exposure to the cognate antigen. Therefore, 

determining if BECs can trigger a reactivation signal on T cells by presentation of 

cognate antigen on MHC-II and by providing a signal via Notch ligands would further 

lead to the understanding of how T cell migration is regulated in both health (immune 

surveillance) and disease (e.g. MS lesion formation).  

 

3. Regulation of receptor function in the plasma membrane by lipid mediators 

Under inflammatory conditions, BECs have been shown to contribute to immune cell 

infiltration not only through the presentation of antigens as shown in chapter 4, but also 

high expression of adhesion molecules such as Intercellular Adhesion Molecule-1 (ICAM-

1),  Vascular Cell Adhesion Molecule-1 (VCAM-1), E-selectin and Platelet Endothelial Cell 

Adhesion Molecule-1 (PECAM-1)51,52 and production of chemokines as chemokine (C-C 

motif) ligand 2 (CCL2), CCL5 and CCL10 and chemokine (C-X-C motif) ligand 8 

(CXCL8)53-56. Therefore, understanding how adhesion molecules are regulated at the 

surface of the brain endothelium could lead to new ways to reduce deleterious T cell 

infiltration into the brain in MS. Although not much was known on the role of ASM in 
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BECs, we show in chapter 5 that ASM is an essential enzyme involved in regulating 

ICAM-1 function in BECs. ASM-derived ceramide facilitates the association of actin-

binding proteins as filamin and ezrin with clustered ICAM-1 facilitating T cell migration. 

Importantly, we provide evidence for how lipids regulate immune cell trafficking across 

the brain endothelium. Although ASM is present in the lysosomes, several studies have 

demonstrated that upon several stimuli ASM can translocate to the extracellular leaflet 

of the plasma membrane57. Importantly, sphingomyelin, the substrate of ASM, is 

restricted to the outer leaflet of the plasma membrane; therefore, this is also the location 

where ceramide is generated58. By generating ceramide in the plasma membrane, ASM 

could in this way alter the membrane composition and dynamics and consequently 

function of surface receptors, as ICAM-1. This has also been described for receptors 

present in immune cells as CD14, CD40, CD95, FcγRII59-63 where ceramide generation at 

the plasma membrane influences their clustering and function by stabilizing raft 

structures and trapping receptors and signaling proteins64,65.  

Clustering of receptors seems to be a fundamental process for proper function. 

Interestingly, it has been suggested that the glycosyltransferases Egghead and Brainiac 

involved in the synthesis of glycosphingolipids were necessary for proper Notch 

signaling in Drosophila66. It was suggested that these lipid mediators indirectly 

influenced the organization of Notch receptors in membrane domains66,67. Other studies 

have shown that clustering of MHC-II molecules in specific membrane microdomains of 

APCs enhances their antigen presentation capacity68-70. We could then speculate that 

during inflammatory conditions, either via ASM or other enzymes, a different lipid 

regulation occurs at the level of the plasma membrane of BECs, possibly affecting not 

only ICAM-1 function, but also MHC-II clustering and function. Additionally, our data 

suggests that antigen-presentation by BECs is possibly part of the endothelial-T cell 

synapse, which together with ICAM-1 mediate cell migration. Overall, regulation of 

membrane-associated receptor function by lipids seems to be a generalized mechanism 

in BECs as well as in other cell types.   

 

4. Inflamed BBB and new biomarkers for neuroinflammation 

As described in section 3, inflamed BECs secrete several pro-inflammatory molecules 

which reflect BBB inflammation. Therefore, the discovery of new molecules that could 

show BBB inflammation and/or dysfunction could help in establishing new disease-

related biomarkers. Importantly, development of new blood-based biomarkers for MS 

diagnosis, prognosis and evaluation of treatment responses is urgent. Due to its 

heterogeneity in symptoms and disease course, it is currently difficult to diagnose 
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patients with the different MS forms in early stages of the disease. In chapter 6 we show 

for the first time that BECs secreted ASM in inflammatory conditions and was also 

detected in the serum of MS patients, which makes BBB inflammation an interesting 

topic in biomarker research. For this reason, the understanding of how ASM is regulated 

under inflammatory conditions is important for the development of biomarker study 

strategies and to potentially halt its deleterious function.  

As discussed in section 1.2., besides Notch receptors, also ASM is regulated by 

glycosylation. The lysosomal form of the enzyme (L-ASM) possesses a high mannose N-

glycan composition, while the secreted form (S-ASM) exhibits a complex type pattern71. 

Besides its role in intracellular trafficking of the two forms, glycosylation of ASM is 

essential for its proper folding, stabilization and function of the mature enzyme and 

protection of L-ASM against proteolysis in the lysosomes72-74. If inflammation of BECs 

also modulates the function of the ASM-trafficking enzymes is still not studied. However, 

we observed an increased expression and secretion of ASM by BECs under inflammatory 

conditions (chapter 6), which suggests that also in BECs inflammation leads to the 

preferential shuttling of ASM to the secretory pathway, suggesting an altered function of 

the Golgi enzymes involved in ASM trafficking. Interestingly, a study has shown that 

inflammatory cytokines enhanced the secretion of S-ASM by endothelial cells with 

concomitant reduction in L-ASM activity75. This differential regulation might have 

implications for the secretion of ASM by BECs and its potential as a biomarker.  

If indeed BECs secrete ASM upon inflammation in MS, it reaches the peripheral 

circulation, suggesting that ASM secretion occurs apically. However, we cannot exclude 

the possibility of ASM secretion through the basal membrane, which in this case would 

affect perivascular cells, where it could act extracellularly. ASM has been shown 

essential for granzyme and perforin secretion by CD8+ T cells76. In this scenario, BEC-

derived ASM could affect the cytotoxic function of perivascular T cells, possibly having a 

detrimental effect in lesion formation. Furthermore, it has been shown that ASM 

mediates the release of microparticles containing IL-1β from glial cells77. In this 

scenario, endothelial-derived ASM could also affect the release of this pro-inflammatory 

cytokine from glial cells and in this way further enhance the inflammatory milieu of the 

brain parenchyma.  

Deregulated sphingolipid metabolism has been associated with the pathogenesis of 

several neurological disorders as Alzheimer’s disease, Huntington’s disease, Parkinson’s 

disease and prion78-82. Moreover, we and others have demonstrated that upregulation of 

ASM expression and ceramide in reactive astrocytes in MS lesions was associated with 

BBB disruption and oligodendrocyte injury, both hallmarks of MS83,84.  
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Furthermore, ceramide was suggested as a potential biomarker for disease progression 

in MS, since high levels of different ceramide species are present in the CSF of MS 

patients which correlated with their Expanded Disability Status Scale (EDSS)85. 

Additionally, our study suggests a correlation between ASM levels and inflammatory 

status of MS patients. Therefore, ASM as a biomarker in MS further demonstrates the 

lipid deregulation in the brain of these patients. Increased ASM secretion has been 

associated with several diseases including Alzheimer’s disease86, chronic heart failure87, 

diabetes mellitus type 288, sepsis89, systemic vasculitis90 and Wilson’s disease91.  

Interestingly, polymorphisms in the Smpd1 gene, which encodes for ASM, were 

associated with allergy, in which patients presented reduced levels of peripheral S-

ASM92. If these polymorphisms are also associated with MS development is currently 

unknown.  
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Figure 1: Inflammation at the BBB: implications for barrier function, T cell diapedesis and 

biomarker discovery. (A) In homeostatic conditions, barrier function of BECs in regulated by 

endothelial-endothelial cell interactions mediated via (glycosylated) Notch receptors and Notch ligands. 

Notch signaling, regulated by LFng-mediated Notch glycosylation is represented by basal expression of 

Hes1. (B) In inflammatory conditions, LFng is downregulated, leading to altered Notch glycosylation, 

decreased binding to Notch ligands, reduced expression of Hes1 and consequent barrier dysfunction. In 

the other hand, endothelial Notch ligands DLL1 and Jagged1 interact with Notch receptors on T cells 

during diapedesis. MHC-II is upregulated and presentation of myelin-derived peptides facilitates the 

migration of antigen-specific T cells. ASM is upregulated by inflammation and ASM-derived ceramide 

mediates ICAM-1 clustering and function at the plasma membrane facilitating T cell migration. 

Furthermore, ASM secretion might influence ICAM-1 function extracellularly.  

 

 

5. Final remarks and future perspectives 

In healthy conditions, proper brain homeostasis is guaranteed through the optimal 

function of the BBB. This function is tightly regulated by TJ and AJ proteins and their 

associated signaling mechanisms. This regulation is, however, disrupted under 

inflammatory conditions as observed in MS lesions. In this thesis, we provide novel 

evidence on how inflammation alters the function of the BBB and its implications for T 

cell migration into the brain in MS. Importantly, the discovery of new regulators is 

essential for the understanding of the underlying mechanisms of neuroinflammation 

and might lead to the discovery of new therapeutic targets aiming at reducing barrier 

dysfunction.  
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We describe a novel role for the Notch signaling pathway and its regulator, Fringe, as a 

mechanism mediating the functional properties of the brain endothelium in both resting 

and inflamed conditions. Our results suggest that Notch signaling has an anti-

inflammatory role in the inflamed brain endothelium. Therefore, further research on the 

cross-talk between Notch and TNFα signaling pathways is needed to elucidate the 

underlying mechanisms. This could therefore lead to more targeted anti-inflammatory 

drugs aimed at reducing specifically BBB inflammation. Since glycosylation of Notch 

seems to be altered in inflamed BECs, restoring the function of Lfng and/or restore the 

GlcNAc levels in these cells could be seen as a therapeutic approach to restore barrier 

function. It has been shown in EAE that administration of oral GlcNAc after symptom 

initiation had a positive effect in disease course93. It would be interesting to determine if 

administration of GlcNAc in MS patients could improve the function of the brain 

vasculature and potentially also provide a beneficial effect in disease progression.  

Interestingly, oral administration of GlcNAc to children with treatment-resistant 

inflammatory bowel disease had a beneficial effect in these patients94. 

While the brain was previously considered devoid of immune surveillance, it is now well 

accepted that immune cells patrol the brain, via the leptomeninges and choroid plexus, 

to guarantee a healthy environment. In inflammatory conditions as observed in MS 

lesions, T cell infiltration is described as deleterious since these cells are active 

participants in tissue damage and inflammation. Although current therapies in MS 

mainly target the infiltration of immune cells into the brain, patients often suffer from 

side-effects associated with lymphopenia. Therefore, understanding the complex 

mechanisms mediating cell migration during immune surveillance and in disease might 

lead to better and more efficacious targeted therapies to reduce detrimental immune 

cell trafficking to the brain.  For this, new studies are needed on the regulation of the 

different vessel architectures present in the brain, as the parenchymal endothelium, 

meningeal vessels and choroid plexus. In this regard, we show an upregulation on Notch 

ligands in inflamed BECs, possibly as a way to restore the reduced intercellular Notch 

signaling. If this signaling pathway could be a specific regulator of the parenchymal BBB 

endothelium is an interesting topic for further research. After migration, T cells are 

locally re-activated by perivascular APCs, a process necessary for T cell effector function. 

While APCs were suggested to re-activate T cells in the sub-arachnoid space after 

migrating through meningeal vessels, we show that under inflammatory conditions, 

BECs are capable of taking up, process and present myelin-derived antigens. 

Importantly, both antigen-presentation by BECs and Notch ligand expression could 

initiate a re-activation process on migrating T cell. This could represent a specific BBB 
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mechanism for the regulation of both T cell entry and T cell activation. However, further 

studies need to be performed to confirm this hypothesis. 

Currently, the diagnosis of MS relies in determining disease activity by MRI and in the 

presence of auto-antibodies in the CSF. However, blood-derived biomarkers for 

diagnosis and prognosis of disease type and progression are lacking. Importantly, we 

provide first evidence for ASM as a potential biomarker for MS. This project will be 

closely followed-up, since more patient material needs to be included to ascertain the 

potential value of ASM as a biomarker for MS. 

An interesting report has shown an increased prevalence of auto-antibodies against the 

Recombining binding protein suppressor of hairless (RBPJ), in the CSF of MS patients 

compared to control subjects95. RPBJ is a transcriptional regulator in the Notch signaling 

pathway and was suggested to be an auto-antigen in MS95. Since Notch signaling seems 

to be active in oligodendrocytes in MS lesions, it might be possible that RBPJ presence in 

the brain of MS patients is due to oligodendrocyte death, thereby leading to the release 

of RBPJ from these necrotic cells10,96. It would be interesting to determine if the presence 

of these auto-antibodies in the CSF of MS patients correlate with disease progression 

and neurodegeneration in secondary-progressive and primary-progressive forms of the 

disease. The development of better biomarkers in MS is essential for better diagnosis, 

prognosis and treatment options. However, due to its heterogeneity in symptoms and 

disease progression, biomarker discovery in MS still represents a great challenge. 

In conclusion, the results from this thesis demonstrate that the understanding of the 

fundamental mechanisms underlying barrier function of BECs is still evolving. We could 

show that different molecules and mechanisms are important and possibly 

interconnected in regulating T cell migration across the brain endothelium. This might 

shed new light in understanding MS pathogenesis and in particular, how new lesions are 

formed. Overall, these findings highlight the need for further research from which new 

therapeutic targets might emerge.  
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