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Abstract 

Migration of autoreactive T cells into the central nervous system is one of the main 

mechanisms in multiple sclerosis (MS) lesion formation. This multi-step process is 

highly dependent on close contact between brain endothelial cells (BECs), that form a 

barrier, and T cells, and is mediated by specific surface molecules on both cell types. 

Since current therapies for MS do not halt disease progression, a better understanding of 

the mechanisms of T cell migration into the brain is essential for the identification and 

development of selective therapeutics.  

On endothelial cells, binding of Notch receptors to Notch ligands, such as DLL1 and 

Jagged1, is essential for vascular development.  However, whether these ligands play a 

role in barrier function of BECs is unclear. Since DLL1 and Jagged1 may function as 

adhesion molecules, and activated T cells express high levels of Notch receptors, we 

hypothesized that Notch ligands on BECs mediate the adhesion and possibly trans-

migration of T cells. We here show that BECs upregulate DLL1 and Jagged1 mRNA under 

inflammatory conditions. Furthermore, these ligands were also present on the inflamed 

vasculature of human brain tissue. While the interactions between endothelial Notch 

ligands and T cell-expressed Notch receptors are not involved in the adhesion of T cells, 

engagement of BEC-expressed Notch ligands by T cells is important for their 

transendothelial migration. Therefore, we show that endothelial Notch ligands play an 

important role by mediating endothelial-T cell contacts and specifically aiding in the 

diapedesis of T cells. Importantly, understanding how T cell diapedesis of T cells is 

regulated under inflammatory conditions might lead to new therapeutic targets to halt 

deregulated T cell migration to the brain in MS.   



CHAPTER 3 

 

59 

 

Introduction 

Multiple sclerosis (MS) is a chronic inflammatory and demyelinating disease of the 

central nervous system (CNS) characterized by the presence of lesions or plaques in the 

brain1. In these lesions, immune cells traffic to the brain parenchyma initiating an 

autoimmune response against myelin antigens leading to neurodegeneration, 

oligodendrocyte injury, microglia activation and astrogliosis2-4. In healthy conditions, 

the blood-brain barrier (BBB) limits the entrance of immune cells into the brain. The 

BBB is composed of specialized endothelial cells which constitute a highly impermeable 

barrier in order to maintain adequate brain homeostasis. However, the inflammatory 

processes observed in MS leads to BBB disruption and inflammation, allowing immune 

cell trafficking into the brain, which contributes to disease progression. Lymphocyte 

transendothelial migration is a multi-step process that is highly dependent on close 

contact between lymphocytes and brain endothelial cells (BECs)5. These cell-cell 

contacts are mediated by cell surface molecules on both the lymphocytes and BECs. It is 

known that during inflammation BECs upregulate the expression of several cell 

adhesion molecules, which are necessary for the firm adhesion of lymphocytes to the 

endothelium as well as for the trans-migration process6-9. Important adhesion molecules 

involved in these processes are Inter-Cellular Adhesion Molecule (ICAM)-1, Vascular Cell 

Adhesion Molecule (VCAM)-1 and Activated Leukocyte Cell Adhesion Molecule 

(ALCAM)6-9. Although these adhesion molecules expressed by BECs have been shown 

important for the transendothelial migration of leukocytes, the complexity of this 

interaction and the molecules involved remain poorly understood. 

The Notch pathway is a conserved signaling pathway and essential for vascular 

development10,11. In mammals, the receptors Notch1-4 and the ligands Jagged1 and 

Jagged2 and Delta-like ligands DLL1, DLL3 and DLL4 are members of the Notch signaling 

pathway. Most knowledge on the role of the Notch pathway in vascular development 

comes from studies in mice deficient for specific Notch ligands. DLL4 mutant mice die 

early in development (i.e. at embryonic day 8.5 (E8.5)) mainly due to impaired arterial 

specification and arteriovenous malformations, with its severity increasing with the 

number of mutant alleles (dosage-dependent)12,13. DLL1 expression is detected at a later 

stage of mouse development (i.e. E13.5) and is restricted to arterial endothelial cells. 

Studies using endothelial-specific DLL1 mutant mice suggest that DLL1 is important for 

the maintenance of arterial identity11,14,15. Mice knockout for Jagged1 also die in early 

stages of development (i.e. E10) due to hemorrhage16. Because the expression of Notch 

ligands varies both spatially and temporally during development, the localization of each 

ligand is likely to be critical for Notch receptor activation in blood vessels11. Besides its 
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importance during vascular development, the function of Notch ligands on the adult 

brain endothelium has not been studied. Interestingly, it was shown that adhesion of 

stromal cells to mast cells was mediated via the interaction of Notch receptors and 

ligands17,18. Therefore, in this study we investigated whether Notch ligands on BECs 

have a similar role in the interaction with activated T cells and how this interaction can 

contribute to T cell trans-migration. 

 

 

Materials and Methods 

Immunohistochemistry  

Brain tissue from non-neurological controls and MS patients was obtained at rapid 

autopsy and immediately frozen in liquid nitrogen or fixed in formalin (in collaboration 

with The Netherlands Brain Bank, coordinator Dr. Huitinga). For immunohistochemical 

analysis, 5µm cryo sections of brain tissue were fixed in acetone for 10min and 

incubated with an antibody against DLL1 (mouse IgG2B, R&D Systems, Oxon, United 

Kingdom) or Jagged1 (goat IgG, R&D Systems, Oxon, United Kingdom) overnight at 4oC. 

Subsequently, sections were incubated with EnVision Dual Link-HRP (DAKO, Glostrup, 

Denmark) for 30min at RT. Diaminobenzidine tetrachloride (DAB; DAKO, Glostrup, 

Denmark) was used as the chromogen. Between incubation steps, sections were 

thoroughly washed with PBS. After a short rinse in tap water, sections were stained with 

haematoxylin for 1 min and extensively washed with tap water for 10min. Finally, 

sections were dehydrated with ethanol followed by xylol and mounted with Entellan 

(Merck, Darmstadt, Germany). All antibodies were diluted in PBS containing 1% bovine 

serum albumin (BSA, Boehringer-Mannheim, Germany).  

To study the co-localization of DLL1 with the vasculature, sections were incubated for 

30min with 10% normal goat serum, incubated overnight at 4oC with anti-DLL1 and 

subsequently with Alexa488-labeled goat anti-mouse antibody (Molecular Probes, 

Leiden, The Netherlands). To visualize endothelial cells, sections were incubated with a 

rabbit anti-Glut-1 (Abcam, Cambridge, United Kingdom), for 1h at RT. Then, sections 

were incubated with Alexa-555-labelled goat anti-rabbit (Molecular Probes, Leiden, The 

Netherlands). After washing, slides were covered with Vectashield (Vector laboratories, 

Burlington, CA, USA) supplemented with 0.4% DAPI to stain nuclei. Fluorescence 

analysis was performed with a Leica DM6000 (Leica Microsystems, Heidelberg, 

Germany). 
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Cell culture 

The human brain endothelial cell (BEC) line hCMEC/D319 was kindly provided by Dr. P.-

O. Couraud (Institut Cochin, Universite Paris Descartes, Paris, France). BECs were grown 

in EBM-2 medium supplemented with hEGF, hydrocortisone, GA-1000, VEGF, hFGF-B, 

R3-IGF-1, ascorbic acid and 2.5% fetal calf serum (Lonza, Basel, Switzerland). Human 

peripheral blood lymphocytes were recovered from buffy coats by depleting 

monocytes20. Activated T cells were obtained by culturing them in the presence of 

1mg/ml phytohaemagglutinin (PHAL: Sigma Aldrich, Zwijndrecht, the Netherlands) and 

10ng/ml IL-2 (Miltenyi Biotech, Germany) for 48h. Human CD4+ and CD8+ T cells were 

purified from peripheral blood lymphocytes using MACS® magnetic cell sorting kit 

(Miltenyi Biotec) according to manufacturer’s instructions21. Purity of isolated T cell 

subsets was >96% and determined by flow cytometry. 

 

Quantitative PCR 

Messenger RNA was isolated from BECs using the TRIzol® method (Life Technologies, 

Bleiswijk, the Netherlands) and cDNA was synthesized with the Reverse Transcription 

System kit (Promega, Leiden, the Netherlands). The following primer sequences were 

used: GAPDH forward 5-ccatgttcgtcatgggtgtg-3’, GAPDH reverse 5’-

ggtgctaagcagttggtggtg-3’, DLL1 forward 5-cttccccttcggcttcac-3’, reverse 5’- 

ctttctgggttttctgttgcg-3’, DLL3 forward 5- ctcccggatgcactcaac-3’, reverse 5’-

gtagatggaaggagcagatatg-3’, DLL4 forward 5- cattggactataatctggcccc-3’, reverse 5’-

atccgacactctggcttttc-3’, Jagged1 forward 5- ggactatgagggcaagaactg-3’, reverse 5’-

aaatataccgcaccccttcag-3’, Jagged2 forward 5- aaggagtgcaaggaagctg-3’, reverse 5’-

cagactcatcgcagaacctc-3’. Oligonucleotides were synthesized by Invitrogen (Bleiswijk, the 

Netherlands). Quantitative PCR (qPCR) reactions were performed in an ABI7900HT 

sequence detection system using the SYBR Green method (Applied Biosystems, New 

York, USA). Expression levels were normalized to GAPDH expression levels. 

 

Flow cytometry  

Notch receptor expression was quantified in activated peripheral blood lymphocytes. 

Staining was performed on ice in PBS/0.1% BSA. Antibodies specific for human Notch1 

(clone MHN1-519), CD4-PE (clone OKT4) and CD8-PE (clone SK1) were purchased from 

eBiosciences (San Diego, CA), Notch2-biotin (clone MHN2-25) was purchased from 

Miltenyi (Auburn, CA). CD3-AF488 (clone OKT3) and streptavidin-APC were obtained 

from BD Pharmingen (San Diego, CA). Fluorescent staining was measured using a FACS 

Calibur flow cytometer (Becton & Dickinson, San Jose, CA, USA). 
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Adhesion assay 

To determine adhesion of activated T cells to BECs, BECs were seeded in 96 well plates 

and, upon confluence, treated with tumor necrosis factor-α (TNFα) (5ng/ml) for 24h. 

BECs were cultured in the presence of either anti-DLL1 (mouse IgG2B, R&D Systems, 

Oxon, United Kingdom), anti-Jagged1 (mouse IgG1, Enzo Lifesciences, Raamsdonksveer, 

the Netherlands) blocking antibodies or isotype control antibodies (10µg/ml; 

monoclonal mouse IgG2b and mouse IgG1 (Abcam, Cambridge, United Kingdom)) for 1h 

before adding fluorescently labeled activated T cells.  T cells were labeled with 0.5μM 

calcein-AM (Molecular Probes, Eugene OR, USA) and resuspended in RPMI/0.5% 

BSA/25mM Hepes to a final concentration of 1×106 T cells/ml. BECs were washed and T 

cells were let adhere for 30min in a 37°C incubator with 5% CO2. Non-adherent cells 

were removed by washing and adherent cells were lysed with 0.1M NaOH. A standard 

curve of labeled T cells was made with 0, 12.5, 25, 50, and 100% of the T cell suspension 

and concentration of the cells was correlated with their fluorescence intensity. 

Fluorescence intensity was measured (FLUOstar Galaxy, BMG Labtechnologies, 

Offenburg, Germany; excitation 480nm, emission 520nm) and the number of adhered T 

cells was calculated using the standard curve. 

 

Migration assays 

BECs were grown to confluence in 96-well plates and subsequently exposed to TNFα 

(5ng/ml) for 24h. Blocking antibodies against DLL1 (mIgG2b) and Jagged1 (mIgG1) and 

correspondent isotype controls were added 1h prior to addition of T cells. After 

extensive washing, human activated T cells, CD4+ or CD8+ T cells (7.5x105 cells/ml) were 

added to BEC monolayers and the number of transmigrated T cells was assessed after 

4h20. To monitor T cell migration, co-cultures were placed in an inverted phase-contrast 

microscope (Nikon Eclipse TE300, Lijnden, The Netherlands) housed in a temperature-

controlled (37oC), 5% CO2 gassed chamber. A field (220x220µm) was randomly selected 

and recorded for 10min for 50 times by using a digital video camera using Cell F imaging 

software (Olympus, Heidelberg, Germany). Diapedesis was assessed by enumerating the 

number of T cells within the field that had either adhered or migrated through the 

monolayer. Transmigrated cells (phase-dark) could be readily distinguished from those 

remaining on the cell surface by their highly refractive (phase-bright) morphology.  

 

Statistical analysis 

Results are shown as mean values with standard error of the mean. Statistical analysis 

was performed using GraphPad Prism software (v5.01 GraphPad Software, La Jolla, CA, 



CHAPTER 3 

 

63 

 

USA) using either unpaired Student t-test or one-way ANOVA followed by posthoc 

Bonferroni correction. All statistical tests are described in the figure legends. 

 

 

Results 

Inflammation alters the expression of Notch ligands in BECs 

We previously described that inflammation alters the expression pattern of Notch 

receptors in BECs (chapter 2 of this thesis). We here determined whether also the 

expression of Notch ligands is altered on BECs stimulated with TNFα. As expected, 

VCAM-1 expression was significantly induced by TNFα treatment (p<0.001, fig. 1). 

Interestingly, both DLL1 and Jagged1 mRNA were significantly upregulated by TNFα 

treatment while the expression levels of DLL4 mRNA were downregulated (p<0.01, fig. 

1). 

 

 
Figure 1: Expression of Notch ligands is altered in activated BECs. BECs were stimulated with 5ng/ml 

rhTNFα for 24h and the relative expression (RE) of Notch ligands DLL1, DLL3, DLL4, Jagged1 and Jagged2, 

and VCAM-1 was determined by rt-PCR. Expression values were normalized using GAPDH. Data presented 

are mean triplicate values ± SEM of at least three independent experiments. Statistical analysis was 

carried out using student t-test where *p<0.05, **p<0.01, ***p<0.001.  
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By contrast, the ligands DLL3 and Jagged2 were not significantly affected by TNFα 

treatment.  

To determine the vascular localization of the ligands, the expression of DLL1 and 

Jagged1 was verified in human post-mortem tissue of non-neurological controls and MS 

patients by immunohistochemistry (fig. 2A). The expression of DLL1 and Jagged1 was 

observed in the human brain vasculature in brain tissue of non-neurological controls 

and in active lesions from MS patients, as shown by the co-localization with Glut-1, used 

as a marker for endothelial cells (fig. 2B). However, no altered expression could be 

detected in MS cases. 

 

 

 
Figure 2: Notch ligands are expressed by the brain vasculature. (A) Immunohistochemical analysis of 

post-mortem brain tissue from non-neurological controls and in MS active lesions showed DLL1 and 

Jagged1 expression in the brain vasculature (arrows show vascular staining) (magnification 200x). (B) 

Immunofluorescent staining shows co-localization of vascular marker Glut1 with DLL1 (magnification 

400x).  
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Endothelial DLL1 and Jagged1 facilitate T cell diapedesis 

Since it was previously described that DLL1 and Jagged1 can also act as adhesion 

molecules17,18, we hypothesized that on inflamed endothelium DLL1 as well as Jagged1 

facilitate T cell-endothelial cell contacts by interacting with Notch receptors on T cells. 

We first analyzed the expression of Notch receptors on activated human CD4+ and CD8+ 

T cells. We observed a significant increase in Notch1 expression on activated CD8+ T 

cells as well as on activated CD4+ T cells (fig. 3A). Notch2 was also upregulated upon 

activation of both T cell subsets, although to a lesser extent than Notch1 (fig. 3B).  

 

 

Figure 3: Activated T cells 

upregulate expression of Notch 

receptors. Peripheral blood 

lymphocytes were isolated from 

buffy coats and activated using 

PHAL/IL2 for 48h. As a control, 

cells were cultured in the presence 

of IL-2 only. Expression of Notch1 

(A) and Notch2 (B) was determined 

by flow cytometry on CD3+CD4+ 

and CD3+CD8+ T cells. Data 

presented are mean values ± SEM 

of two different donors. Statistical 

analysis was carried out using 

student t-test where *p<0.05, 

**p<0.01, ***p<0.001. 

 

 

 

To test our hypothesis we performed adhesion assays in the presence of an anti-DLL1 or 

anti-Jagged1 antibodies. As observed in fig. 4, no difference was observed in adhesion of 

T cells to BECs when the Notch ligands were blocked compared to those cultured in the 

presence of an isotype control antibody. However, these Notch ligands could play a role 

in the migration process. Therefore, we quantified the number of T cells that trans-

migrated over inflamed BECs in the presence or absence of anti-DLL1 or anti-Jagged1 

antibodies. We observed that by blocking the interaction of endothelial DLL1 with the T 

cells, migration across BECs was reduced (fig. 5A).  
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Figure 4: Adhesion of PBLs is not impaired by DLL1 or Jagged1 

blockade. BECs were stimulated for 24h with 5ng/ml rhTNFα and 

incubated with Isotype control, anti-DLL1 and anti-Jagged1 

antibodies for 1h. T cells were labeled and let adhere to the 

confluent monolayers for 30min. BECs not exposed to TNFα 

(resting) were set as 100%. Data presented are mean values ± SEM 

of two independent experiments (4 wells per condition). Statistical 

analysis was carried out using one-way ANOVA where *p<0.05, 

**p<0.01, ***p<0.001. 

 

 

 

 

Next, we purified CD4+ and CD8+ T cell subsets to determine whether blocking this 

ligand had a specific effect on the migration of CD4+ or CD8+ T cells. We observed that 

the migration of both T cell subsets was reduced by blocking DLL1 on BECs (fig. 5B and 

5C).  

 

 

Figure 5: T cell migration is decreased by DLL1 blockade. To determine the function of DLL1 during T 

cell transmigration, BECs were stimulated with 5ng/ml rhTNFα for 24h and anti-DLL1or isotype control 

antibodies were added during the migration experiment. Migration was assessed by time-lapse 

microscopy. (A) Migration of T cells was decreased by the blocking antibodies. The function of DLL1 was 

also determined in the migration process of purified (B) CD4+ and (C) CD8+ T cells. Data presented are 

mean values ± SEM (3-4 wells per condition) of two independent experiments. Statistical analysis was 

carried out using one-way ANOVA where *p<0.05, **p<0.01, ***p<0.001. 
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When analyzing the influence of Jagged1 on T cell migration, a similar effect was 

observed (fig. 6A). Endothelial Jagged1 blockade also reduced the migration of CD8+ T 

cells (fig. 6B). Surprisingly, a different result was obtained with CD4+ T cells, since for 

this T cell subset Jagged1 seemed to not play a role, leaving the migration of CD4+ T cells 

unaffected (fig. 6C). However, since the assays involving Jagged1 blockade were 

performed just once, we can only assume these results are inconclusive. Nevertheless, 

we provide evidence that endothelial Notch ligands promote T cell migration across 

BECs. 

 

 

Figure 6: T cell migration is decreased by Jagged1 blockade. To determine the function of Jagged1 

during T cell transmigration, BECs were stimulated with 5ng/ml rhTNFα for 24h and anti-Jagged1 or 

isotype control antibodies were added during the migration experiment. Migration was assessed by time-

lapse microscopy. (A) Migration of T cells was decreased by the blocking antibodies. The function of 

Jagged1 was also determined in the migration process of purified (B) CD4+ and (C) CD8+ T cells. Data 

presented are mean values ± SEM (3-4 wells per condition). Statistical analysis was carried out using one-

way ANOVA where *p<0.05, **p<0.01, ***p<0.001. 

 

 

Discussion 

Although the importance of Notch signaling has been unraveled in vascular 

development, the function of Notch ligands on adult vasculature has not been 

determined.  In this study we provide evidence for the role of brain endothelial Notch 

ligands DLL1 and Jagged1 in the process of T cell diapedesis across the BBB.  

We showed that BECs alter the expression of Notch ligands upon inflammation. In 

particular, DLL1 and Jagged1 are upregulated and DLL4 is downregulated. These results 

are in line with other reports describing Jagged1 induction by TNFα through a NF-kB-
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dependent mechanism and the downregulation of DLL422,23. Furthermore, Jagged1, 

Jagged2 and DLL1 expression is increased on injured vascular endothelium24,25. It was 

suggested that the altered expression of these ligands play a role during remodeling 

events of the endothelium, such as occur in response to injury.  

To determine if Notch ligands play a role in T cell-endothelial cell interactions, we first 

determined the expression levels of Notch receptors on activated T cells. This is of 

particular importance since MS patients harbor T cells with an enhanced activation 

status26. It has been described that antigen-specific CD8+ T cells upregulate the 

expression of Notch1 and Notch2 upon activation27. We observed that under activating 

conditions, Notch1 and Notch2 expression levels were increased on CD3+CD4+ and 

CD3+CD8+ T cells. Therefore, this upregulation increases the chance to engage Notch 

ligands on BECs. In contrast to data suggesting the involvement of DLL1 and Jagged1 as 

adhesion molecules17,18, we did not observe any role for DLL1 or Jagged1 in this process. 

However, blocking these ligands in the endothelial surface had detrimental effects in the 

migration capacity of the T cells. These results suggest that Notch ligands might not be 

available in the BEC surface, but rather be present at endothelial cell-cell junctions. Since 

paracellular migration is dependent on junctional rearrangements28, it is possible that 

endothelial Notch-ligand interactions are disrupted during this process. This would 

make endothelial Notch ligands available for interaction with Notch receptors from T 

cells and in this way facilitate the diapedesis of these cells by strengthening of 

intercellular contacts. Interestingly, we do see a discrepancy in the role of Jagged1 in the 

diapedesis process of CD8+ and CD4+ T cells. While endothelial Jagged1 aids in the 

migration process of CD8+ T cells, it seems to not have a functional role for CD4+ T cells. 

This could be due to differences in threshold levels of ligand expression needed for the 

engagement of Notch receptors on the CD4+ and CD8+ T cells which could determine 

how these subsets respond to the ligands present in the endothelium.  

Interaction of lymphocytes with the brain endothelium is an important part of the multi-

step process of transendothelial migration. Because our data shown no effect of 

endothelial Jagged1 and DLL1 in mediating adhesion of T cells but only their 

transmigration, it is possible that T cells only contact the ligands during the 

transmigration process itself. This data suggests that endothelial ligands are present at 

endothelial contact sites which would be disrupted during the process of T cell 

migration, being thereafter available for interaction with Notch on T cells. 

Understanding the molecular requirements for efficient T cell diapedesis is important 

for the development of more specific modulators of migration to halt lesion formation 

and/or progression in MS. Importantly, reducing the migration of immune cells through 
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blocking antibodies is a therapeutic approach already in use for MS patient. The blocking 

antibody Natalizumab (Tysabri®) is a monoclonal antibody that blocks the interaction 

of very late antigen (VLA)-4 on immune cells with VCAM-1 in the endothelium, 

preventing the diapedesis of auto-reactive immune cells into the brain. However, some 

patients taking this drug develop an opportunistic CNS infection caused by the John 

Cunningham (JC) virus29,30. Therefore, new therapeutic targets are needed that can 

reduce the immune cell infiltration in MS, without altering the immune surveillance of 

the brain. Our data demonstrates that Notch ligands mediate T cell diapedesis and 

therefore abrogation of the interaction of endothelial ligands with Notch on T cells could 

be used as a new therapeutic target.   
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