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Chapter 6

General discussion

Multiple sclerosis (MS) is a progressive neurodegenerative disease of the central nervous 
system (CNS) characterized by inflammation, demyelination and neuronal loss. Importantly, 
blood-brain barrier (BBB) dysfunction has often been reported to be a major hallmark of 
MS pathogenesis as it represents an early event during the course of disease1,2. The BBB is 
a selective barrier composed of specialized brain endothelial cells (BECs) tightly connected 
to each other and has a major role in maintaining brain homeostasis and limiting passage 
of immune cells and harmful molecules from the circulation into the CNS and vice versa. 
Despite the profound progress in the field, the underlying mechanisms for BBB dysfunction 
still remain elusive. A better understanding of such mechanisms may ultimately lead to the 
development of new therapeutic strategies to restore BBB function, thereby fighting MS 
pathology. Furthermore, MS is associated with chronic and excessive inflammation. 
Recent studies suggested that chronic inflammation may be a consequence of failure in 
the process called resolution of inflammation, mediated by a new genus of specialized pro-
resolving lipid mediators (SPMs). Nevertheless, the role of the resolution of inflammation 
and SPMs in MS pathology largely remains unknown. In the first part of this thesis, we 
provided evidence for different molecular mechanisms and signaling pathways involved 
in BECs dysfunction during neuro-inflammation. In the second part, we demonstrated an 
impaired resolution process during MS pathology and highlighted the potential use of SPMs 
as novel biomarkers for MS diagnosis and progression as well as new therapeutic tools 
to prevent BECs dysfunction and limit MS disease pathogenesis. Here, our results will be 
summarized, discussed and put into perspective. 

1. Molecular regulation of the BBB during health and neuro-inflammation

1.1. The Notch signaling pathway

The first evidence regarding the uniqueness of the brain vasculature dates back to the 
study of Paul Ehrlich in 18853, and relied on the observation that systemically injected dyes 
were excluded from the CNS. Nevertheless, Edwin Goldman, Ehrlich’s student, further 
developed his teacher’s studies and contributed to the progress of the understanding 
of the BBB as an entity at the level of the endothelium of cerebral blood vessels that 
separates the blood from the brain4, by observing that direct injection of a dye into the 
cerebrospinal fluid (CSF) did not diffuse into other organs. Finally, at the beginning of the 
20th century, Lewandoswsky was the first to introduce the term BBB (or “bluthirnschranke” 
as described in his original publication) to explain his observations3,4. With the development 
of the electron microscope, further insights on the structure of the BBB became possible 
and the BECs were identified as the anatomical site of the BBB3. The BBB is a selective 
and dynamic barrier that has a major role in maintaining brain homeostasis5. Importantly, 
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inflammation of the BECs and loss of their neuroprotective function is an early key 
event associated with several neurological disorders, including MS6. The BBB gains its 
protective properties early in development, in a process called “barrierogenesis” when 
BECs become phenotypically and functionally specialized to fulfill the needs of the CNS 
tissue7,8. Several signaling pathways are essential for the development and maintenance 
of endothelium properties, including brain endothelium features9,10. The Notch signaling 
pathway is a highly conserved pathway involved in cell-cell communication and of pivotal 
importance for proper vascular development11. In fact, deficiencies in the Notch signaling 
cascade have been found in cardiovascular disorders12,13, CADASIL syndrome (cerebral 
autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy)14 
and Alzheimer’s disease (AD)15,16. Nevertheless, whether Notch signaling is involved in the 
specialized barrier function of BECs, and whether this is affected by neuro-inflammation 
remains unknown. 
In chapter 2, we aimed to address these questions and we showed that proper Notch 
signaling is needed in order to maintain homeostatic barrier properties in vitro. Furthermore, 
we demonstrated for the first time that inflammation-driven impairment of the Notch 
signaling pathway promotes BEC dysfunction. Finally, as an underlying mechanism, we 
provided evidence that inflammation altered the expression of the Maniac Fringe (MFNG) 
and Lunatic Fringe (LFNG) glycosyltransferases, two key enzymes for Notch glycosylation, 
a central mechanism for the regulation of the receptor function. Particularly, we showed 
that LFNG-deficient BECs displayed altered barrier function which can be restored by 
overexpression of LFNG itself. However, it has to be mentioned that in-depth study of 
Notch glycosylation in relation to its function can become extremely complex in cells 
expressing different types of Notch receptors, ligands and Fringe variants. Previous studies 
have shown that LFNG-mediated NOTCH1 glycosylation increased DLL1-mediated signaling 
and inhibited JAG1-induced signaling in the HEK293T and fibroblast (3T3) cell lines17,18.  
On the other hand, LFNG-mediated NOTCH2 glycosylation was shown to potentiate both 
JAG1- and DLL1-mediated signaling in mouse myoblast (C2C12) cell lines17. Therefore, 
future investigations on the Notch glycosylation in BECs in health and under inflammatory 
conditions are needed to better understand such complex processes. 
Inflammation is pivotal for leukocyte migration across the BBB since it promotes an activated, 
inflammatory phenotype of the BECs, characterized by increased expression of adhesion 
molecules like intracellular adhesion molecule 1 (ICAM-1), vascular cell adhesion molecule 
1 (VCAM-1), E-selectin and PECAM-11,2. Interestingly, DLL1 and JAG1 may also function as 
adhesion molecules19,20 and it has been shown that activated antigen-specific CD8+ T cells 
upregulate NOTCH1 and NOTCH2 expression levels upon activation21. However, whether 
Notch-ligand interactions between BECs and immune cells facilitates diapedesis of auto-
reactive T-cells is unknown. 
Therefore, further research is needed in order to characterize the expression of Notch 
ligands on BECs, Notch receptors on auto-immune T-cells from MS patients and ligand-
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receptor involvement in potential immune cell activation, adhesion and transmigration 
across the BBB.

1.2. Endothelial to mesenchymal transition (EndoMT) of the BBB

A major breakthrough in the field of BBB function and BECs phenotype came from a study by 
Maddaluno and collegues in 2013, where the authors showed for the first time the capability 
of BECs to de-differentiate into mesenchymal cells, through a process called endothelial 
to mesenchymal transition (EndoMT). This transition is characterized by an increase in 
EndoMT-related transcription factors (TFs), such as SNAI1, a downregulation of BEC markers 
and an upregulation of mesenchymal markers accompanied by morphological changes 
associated with cytoskeletal reorganization. Originally, EndoMT was thought to be a purely 
developmental process, particularly during cardiac ontogeny22, but it has now been shown 
to occur in adult tissues during different pathological disorders, including brain diseases 
such as cerebral cavernous malformation, bacterial meningitis and brain tumors23-25. 
In contrast to its role in other tissues and diseases, the role of EndoMT in human BECs upon 
neuro-inflammation, as seen in MS, remains poorly understood. 
In chapter 3 we showed that stimulation of human BECs with transforming growth factor 
(TGF)-β1 and interleukin (IL)-1β promotes EndoMT and BECs dysfunction (Figure 1). 
Particularly, we showed that SNAI1 expression is essential and sufficient to induce EndoMT 
and promote BECs dysfunction. Furthermore, we demonstrated the involvement of TGF-β 
activated kinase 1 (TAK1) and NF-κB as upstream signaling pathways in EndoMT induction 
in BECs. TAK1 is a kinase involved in the control of TFs like SNAI1, thereby influencing the 
process of EndoMT26,27. Treatment with 5Z-7-oxozeaenol (OZ) compound, a potent irreversible 
inhibitor of TAK1, resulted in an inhibition of TGF-β1/IL-1β-induced TAK1 activation and NF-
κB signaling, partially reversed the EndoMT gene signature and prevented BECs dysfunction. 
Our in vitro data are in line with previous studies reporting that NF-κB activation in BECs is 
associated with increased BBB permeability28-31 and that TAK1-mediated NF-κB inhibition 
can inhibit epithelial and endothelial cell de-differentiation32-35. Finally, we observed 
EndoMT features in MS brain vasculature, suggesting that EndoMT might represent a novel 
pathological mechanism underlying BBB dysfunction during MS pathophysiology.
Taken together, our results provided a better understanding of the molecular mechanisms 
underlying BECs dysfunction during inflammation, as seen in MS pathology, and can be 
used to develop new potential therapeutic strategies to restore BBB function. Nonetheless, 
given the complexity of both EndoMT and MS, it seems likely that multiple pathways 
might interact and regulate BBB deterioration through its de-differentiation upon neuro-
inflammation. Interestingly, the Notch signaling pathway has also been associated with 
epithelial to mesenchymal transition (EMT) and EndoMT36-40 and a cross-talk between 
the Notch and the TGF-β signaling pathways in the induction of EMT/EndoMT has been 
reported41-44. TGF-β and Notch signaling pathways cooperate to induce EndoMT by inducing 
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SNAl mRNA expression and promoting its stability via post-translational modifications. 
Notably, notch intracellular domain (NICD) overexpression induced SNAI1 protein 
stabilization by promoting β-catenin transcriptional activity and consequently regulating 
GSK3β phosphorylation, a key protein responsible for the degradation of SNAI proteins45. 
Interestingly, the interaction between GSK3β and β-catenin plays a central role in another 
essential pathway during development of the CNS vasculature, the Wnt signaling pathway10. 
Like the Notch and the TGF-β signaling, also the Wnt pathway can promote EMT and EndoMT6.  
Moreover, Bravi and colleagues have reported that sustained β-catenin signaling, also plays 
a pivotal role in EndoMT and in the development of brain vascular malformation in vivo46. 
In this scenario, β-catenin signaling is required for the initiation of cerebral cavernous 
malformation lesions formation, whereas TGF-β signaling sustains lesions maintenance 
and development46. These results highlight once more how different signaling pathways, 
involved in the development and maintenance of vascular integrity, are altered in different 

Figure 1. EndoMT of the BECs contributes to BBB dysfunction. Adapted from Derada Troletti C. et 
al., Biochim Biophys Acta. 2016. The figure shows a schematic representation of the EndoMT process 
occurring during BBB breakdown. First, activated leukocytes and CNS-resident cells contribute 
to inflammation via secretion of pro-inflammatory cytokines. This leads to an induction and/or an 
up-regulation of endothelial adhesion molecules and mediates the adhesion and transendothelial 
migration of circulating leukocytes. Second, the inflammatory environment, together with other key 
signaling molecules, induces EndoMT. As result, endothelial cells dedifferentiate into mesenchymal 
cell and contribute to BBB disruption. 
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vasculature-related diseases and participate in their development by interacting with each-
other at multiple levels. However, to date, not much is known about the potential role of 
the Notch signaling pathway and its interaction with the TGF-β cascade in the induction of 
EndoMT in BECs upon neuro-inflammation. Our preliminary results show hyper-activation of 
the Notch signaling in TGF-β1/IL-1β, EndoMT-induced BECs, suggesting that Notch signaling 
might play a key role in BEC de-differentiation (Figure 2). Notably, different from the effect 
of TNF-α on LFNG, as described in chapter 2, we have now observed a significant increase 
in the level of LNFG in EndoMT-induced BECs leading to an activation of the Notch pathway, 
marked by increased HES1 mRNA expression (Figure 2). 
Together, these results point towards a key role of Notch signaling and its glycosylation in 
the regulation of the downstream pathway during neuro-inflammation.
In light of our findings and based on previous studies, BBB function and its molecular 
regulation upon neuro-inflammation can be described as multi-phase process, regulated by 
different cytokines, pathways and downstream effector molecules (Figure 3). 
Finally, investigation on how multiple signaling pathways interact with each-other and 
regulate BBB function during neuro-inflammatory diseases may reveal common therapeutic 
targets to prevent or revert pathological EndoMT of the BBB.

1.3. Epigenetic regulation of the BBB and EndoMT: The role of microRNAs 

An essential mechanism involved in gene regulation and cellular differentiation is 
epigenetic regulation. Epigenetic modifications are stable, heritable phenotypes resulting 
from changes in the chromatin structure without alterations in the DNA sequence and 
comprehend different mechanisms including DNA methylation, histone modifications and 
mircroRNAs (miRNAs)47,48. Interestingly, all of these three modifications are known to play an 

Figure 2. Notch signaling patway in EndoMT-induced BECs. Confluent monolayers of BECs were 
cultured in the presence or absence of TGF-β1 and IL-1β (10 ng/ml each) for 24 h. The expression of 
Notch receptors (A), Notch ligands (B), LFNG and HES1 (C) was determined by qRT-PCR. Values were 
normalized to GAPDH. Data presented are the mean of triplicate values ± SEM of three independent 
experiments. Statistical analysis was carried out using Student’s t-test where * p < 0.05, ** p < 0.01, 
*** p < 0.001.
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important role in the induction of EMT in different pathological conditions49,50 and to be 
regulated by both the TGF-β and Notch signaling pathways48. However, the role of epigenetic 
regulation during EndoMT still remains elusive. MiRNAs are small (about 22 nucleotides) 
endogenous non-coding RNA sequences which regulate protein expression by sequence-
specific binding to the 3’ untranslated regions (3’UTRs) of target mRNAs, leading to altered 
protein expression51. Notably, miRNAs are known to be involved in vascular function and to 
be regulated by inflammation52. Studies by our group and others have identified a unique 
inflammation-regulated miRNA signature profile which affects BBB function in vitro and in 
vivo53-55. Moreover, a subset of the identified miRNAs (including miR-30 family members and 
miR-125) were reduced in BECs isolated from post-mortem MS lesion areas as compared to 
normal appearing white matter (NAWM)54. Instead, increased expression of miR-155 was 
observed at the neurovascular unit (NVU) of MS patients as well as mice with experimental 
autoimmune encephalomyelitis (EAE)55. Inflammation-induced miR-155 expression 
promotes junctional disruption and increased BBB permeability53. 
Another important miRNA increased in MS active lesions and in the spinal cord (SC) of 
EAE mice is miR-146a. In contrast to miR-155, miR-146a represent an anti-inflammatory 
miRNA capable of inhibiting NF-κB activity in various cell types, including inflamed BECs55. 
Overexpression of miR-146a in BECs diminishes cytokine-stimulated adhesion of T cells, 
whereas knockdown of miR-146a increases nuclear translocation of NF-κB, and expression 
of adhesion molecules in BECs. These results identify miR-146a as an endogenous NF-κB 
inhibitor in BECs associated with decreased leukocyte adhesion during neuro-inflammation55. 

Figure 3. Working model of Notch and EndoMT pathway in the regulation of the BBB during neuro-
inflammation.
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Importantly, several studies have shown that miRNAs potently regulate EMT, and to a lesser 
extent EndoMT, via targeting key components associated with their respective signaling 
pathways56. Indeed, miRNAs, TGF-β and Notch signaling pathways all interact with each-
other and strongly participate in the induction of  EMT/EndoMT56-62. Particularly, TGF-β-
increased expression of miR-155 leads to disruption of tight junctions in a RhoA dependent 
manner, in normal murine mammary gland (NMuMG) epithelial cells, and correlates with 
invasive breast cancers63. 
In cardiac fibrosis, high levels of miR-155 have been found and silencing of miR-155 inhibited 
TGF-β-induced EndoMT by targeting c-Ski, an important regulator of the TGF-β signaling 
pathway64. In a different mechanism, TGF-β upregulates miR-125b, consequently inhibiting 
anti-fibrotic genes and promoting cardiac fibrosis65,66. Furthermore, inhibition of the miR-
146a leads to SNAI induction and EMT progression in oesophageal squamous cells (ESCC) in 
a Notch2-depent manner67.
Finally, TGF-β1 is able to induce EMT in murine hepatocytes by reducing the expression of 
miR-30 family members, and overexpression of miR-30b significantly inhibits TGF-β-induced 
EMT68. Nevertheless, the interactions between the BBB-specific miRNAs, EndoMT-related 
signaling pathways and BBB dysfunction during MS pathology have not been addressed so 
far and represent an interesting and exciting field for further investigation.

2. The resolution of inflammation 

2.1. The resolution pathway in MS patients

Failure to resolve inflammation lead to excessive inflammation which is a unifying component 
observed in many chronic diseases69. The active process of resolution of inflammation is a 
series of events, mediated by specialized pro-resolving lipid mediators (SPMs)69,70, that starts 
upon the onset of an inflammatory response and aims to restore tissue homeostasis and 
prevent chronic inflammation71,72. Generally, SPMs decrease and regulate the secretion of 
pro-inflammatory cytokines, chemokines and inflammatory mediators69,73, reduce leukocyte 
recruitment and transmigration to the inflammatory site and enhance macrophage 
phagocytosis. However, whether chronic neuro-inflammation observed in MS patients is 
associated with an impaired resolution response remains largely unknown and is of high 
interest in view of potential future clinical applications. Therefore, by using a targeted lipid 
mediator-metabololipidomics approach, in chapter 4 we revealed that each disease form 
was associated with distinct lipid mediator profiles in the blood that significantly correlated 
with disease severity. In particular, acute and progressive MS were associated with high 
eicosanoids levels, whereas the majority of SPMs were significantly reduced or below limits 
of detection and correlated with disease progression (major findings are summarized in 
figure 4). Altogether, these findings reveal peripheral defects in the resolution pathway in 
MS. These defects are marked by changes in the LM and SPMs plasma levels and impaired 
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expression of several SPM biosynthetic enzymes and receptors in blood-derived leukocytes 
of MS patients.
Our results support the current hypothesis by which alterations in properly resolving 
inflammation, evaluated as impaired production or function of SPMs, is a key determinant 
in the onset and/or progression of neurodegenerative diseases with an inflammatory 
component (especially in AD)74-81. Furthermore, our novel findings are in line with the only 
other study that analyzed few of such LMs in MS, showing induction of RvD1 and PD1 in 
highly active MS patients82. However, this study was performed on CSF samples and has 
several limitations such as a small cohort of patients and the lack of healthy subjects.
In this respect, our analysis was performed on three clinically distinct MS forms, allowing 
us to study the resolution pathway differentially between disease phases and progression. 
Finally, we propose that specific SPM signatures may be used as novel biomarkers for 
MS diagnosis and monitoring of disease progression. According to literature, the term 

Figure 4. Heatmap of lipid mediator blood profiles during health and different MS phases. Columns 
represent different groups of patients, while rows represent specific lipid of interest. The relative value 
for each lipid is depicted by color intensity, with blue indicating downregulated and red indicating 
upregulated lipid mediators
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“biomarker” refers to any substance that can be objectively measured and evaluated as 
an indicator of normal and pathogenic processes as well as pharmacological responses 
to a specific treatment83. In MS, three main types of biomarkers can be identified. The 
first type includes biomarkers allowing prediction of the risk of conversion from clinical 
isolated syndrome (CIS) to MS; the second type are biomarkers for disease progression 
and the third group include biomarkers for treatment response84. To date, the clinically 
used biomarkers for MS are limited to diagnostic- and treatment response biomarkers. 
Particularly, IgM oligoclonal bands85 and Chitinase 3-like protein 1 (CHI3L1)86 are commonly 
used diagnostic biomarkers, while JC viral titers and anti IFN-β antibody and Natalizumab 
are mostly measured to monitor treatment response87. A novel promising biomarker for 
monitoring MS disease activity and progression is neurofilament (Nf), a protein component 
of the axonal cytoskeleton which, upon axonal damage (neurodegeneration) is released 
into the extracellular fluid. 
Nf Light chain (Nf-L) level in body fluids is believed to reflect early, acute inflammatory-
mediated axonal damage88,89 while Nf heavy chain (Nf-H) levels correlate with disease 
progression and disability89. Currently, no biomarkers are available for the progressive form 
of MS. In our study, progressive MS patients are characterized by a unique SPM signature 
compared to other sub-groups of MS patients, thereby highlighting the potential of SPMs 
as biomarkers for diagnosis of different MS subtypes as well as disease progression. 
Nevertheless, prospective cohort studies with comprehensively characterized and 
heterogeneous participants followed over long periods are pivotal in order to determine 
whether SPMs can be adopted as a novel biomarker in clinical practice. An important 
advantage in the potential use of SPMs as blood-based biomarkers, compared to CSF-
based biomarkers, is that the CSF needs to be collected by lumbar puncture, a delicate and 
invasive procedure. Therefore, blood-based biomarkers are to be preferred, especially when 
repeated sampling is required89. Nevertheless, because of its direct contact with the CNS 
tissue, the CSF still represents an ideal source for the detection of potential biomarkers for 
brain diseases and our group is currently performing targeted metabololipidomics profiling 
of human CSF from different clinical forms of MS, including CIS, to provide a comprehensive 
overview of the resolution pathway alterations in MS. Finally, evaluation of the potential 
therapeutic effects of SPMs in animal model for MS is a critical step towards their use as 
a tool to re-instate a proper resolution response, potentially fighting disease progression. 

2.2. Effect of SPMs on BECs and monocytes migration 

Importantly, in MS, activated/autoreactive peripheral immune cells enter the CNS by 
crossing the inflamed BBB90. In chapter 2 and chapter 3 we have highlighted the importance 
of the BECs in BBB integrity and the effect of inflammation on their phenotype and function. 
Although many types of leukocytes are involved in disease progression, activated monocytes 
are believed to be one of the first to arrive to the brain and initiate inflammation91. Therefore, 



General discussion 

155

6

in chapter 4, we also examined whether monocytes isolated from healthy subjects and MS 
patients were responsive to the immunomodulatory activity of specific SPMs. We showed 
that SPMs initially induced in relapsing MS patients, (LXA4, LXB4, RvD1 and PD1) were able 
to affect the activation and cytokine production (TNF-α, IL-1β, IL-6 and IL-12) of MS patient-
derived monocytes. Furthermore, we addressed the question whether the differentially 
expressed SPMs were able to counteract inflammation-induced BECs dysfunction and 
inhibit monocyte migration. We showed for the first time that BECs expressed several 
SPMs receptors, such as ALX/FPR2, GPR18 and GPR32, among which FPR2 was significantly 
increased upon inflammatory stimulation. Moreover, LXA4, LXB4, RvD1 and PD1 treatment 
of the BECs prevented inflammation-induced BEC dysfunction, reduced CCL2 chemokine 
and ICAM-1 expression and ultimately blocked monocyte transmigration across the BECs. 
Our results are in line with previous findings showing that AT-LXA4, RvD1, RvD2, and MaR1 
were able to reduce monocyte/macrophage infiltration and chemotaxis both in vitro and  
in vivo92,93. 
Furthermore, SPMs have also been shown to directly affect ECs. LXA4 and RvD1 protect 
from LPS-induced barrier dysfunction via suppression of reactive oxygen species (ROS) 
production94, induction of the antioxidant protein Nrf295 and inhibition of the NF-κB 
pathway96, thereby pointing towards an important role of SPMs on endothelial homeostasis 
and subsequent barrier function. Moreover, AT-LXA4 and LXA4 have been described to inhibit 
VEGF-induced permeability through VE-cadherin stabilization and to inhibit ECs inflammatory 
responses, reducing IL-6, TNF-α, IFN-γ and IL-8 secretion as well as ICAM-1 expression levels 
in HUVECs and HMEC-197,98. Next, LXA4 prevented BBB breakdown, increased functional 
capillary density and reduced ICAM-1 expression in the brain tissue of a mouse model for 
malaria99. Together with these findings, our data confirmed the ability of SPMs to promote 
EC function and prevent inflammation-driven responses.
Interestingly, while SPMs have been shown to regulate EMT, their role during EndoMT is 
much less understood. In pancreatic and liver cancer cells, LXA4 reversed mesenchymal 
phenotypes and attenuated cell invasion and metastasis via inhibiting TGF-β1 signaling 
pathway100, phosphorylation of Akt and GSK-3β101. Finally, AT-RvD1 inhibited TGF-β1-
induced EndoMT via increasing the expression of Smad7, a key regulator of the TGF-β/Smad 
canonical pathway. Since RvD1 has been shown to inhibit the NF-κB signaling pathway and 
restore endothelial barrier function96, the authors investigated whether the inhibitory effect 
of AT-RvD1 was associated with inhibition of NF-κB. However, they found that blocking 
the NF-κB pathway had no significant effect on TGF-β1-induced EndoMT but was able to 
enhance endothelial expression of Nrf2, a potent anti-oxidant TF102. Collectively, despite the 
many similarities shared by EMT and EndoMT, major differences are present between the 
two processes and within the processes in relation to the tissue of interest and to the local 
microenvironment. 



156

Chapter 6

Based on our findings discussed in chapter 3 and chapter 4, together with other studies in 
literature, it is tempting to speculate that SPMs might be able to prevent/revert the ability 
of BECs to undergo EndoMT upon neuro-inflammation. Interestingly, our very preliminary 
results show that LXA4 treatment negatively regulates SNAI1 and SNAI2 in TGF-β1/IL-1β-
driven EndoMT in BECs (Figure 4), which together warrants the need for further research 
on the role of SPMs during BBB de-differentiation, from which new therapeutics targets and 
approaches might emerge.

2.3. LXA4 attenuates neuro-inflammation and reduces EAE

Studies coming from animal models for different neuro-inflammatory and neurodegenerative 
diseases provide valuable insights on the resolution process and its therapeutic potential. 
Those studies include research on animal models for focal cerebral ischemia74,77,78, SC 
injury75, traumatic brain injury103,104 and finally EAE76, the commonly used animal model for 
MS. Particularly, it has been shown that RvD1 treatment ameliorates EAE clinical symptoms 
in mice suffering from EAE, through a reduction in the number of CD4+ T cells infiltrating the 
CNS and promoting polarization of the infiltrating monocytes/macrophages and resident 
microglia into an M2 phenotype (or alternatively activated) compared to vehicle-treated 
EAE group76. Another study reported that the ω-3 polyunsaturated fatty acids (PUFA) 
docosahexaenoic acid (DHA) administration, subsequently metabolized into DHA-derived 
SPMs, suppressed EAE by affecting dendritic cell maturation and CD4+ T cell proliferation105. 
In line with these observations, in chapter 5 we investigated whether LXA4 treatment may 
represent a novel approach to limit neuro-inflammation during EAE, and therefore halt 
disease progression. We found that LXA4 treatment was able to reduce the severity of the 
disease in the LXA4-treated mice compared to the vehicle-treated group. Furthermore, 
we provided evidence for substantial lipid mediator alterations in the SC during EAE and 
show that LXA4 administration normalizes these effects by specifically dampening pro-
inflammatory lipid mediators like prostanoids (PGE2, PGD2, PGF2a and TBX2). 
Importantly, from the adaptive arm of the immune system, T cells are abundantly present in 

Figure 5. LXA4 significantly reduces inflammation-induced 
SNAI1 and SNAI2. Confluent monolayers of BECs were 
left untrearted or stimulated withTGF-β1 and IL-1β (10 
ng/ml each) for 24 h in the presence or absence of LXA4  
(10 nM). The expression of SNAI1 and SNAI2 mRNA levels 
was determined by qRT-PCR. Values were normalized to 
GAPDH. Data presented are the mean of triplicate values ± 
SEM of three independent experiments. Statistical analysis 
was carried out using Student’s t-test where * p < 0.05, ** 
p < 0.01.
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the CSF of MS patients106. Both CD4+ and cytotoxic CD8+ T cells have been described in MS 
lesions, with CD4+ T cells being mostly concentrated in the perivascular cuff, whereas CD8+ 
T cells are widely distributed within the brain parenchyma107. Moreover, the importance 
of autoreactive T cells in EAE and MS pathology has been demonstrated108. Because of the 
autoimmune component of MS, the majority of currently developed drugs target the immune 
system, T cell activation and entry to the CNS. Despite the beneficial effects in reducing the 
number of relapses, those therapeutic strategies come with the risk of immunosuppression, 
resulting in the development of opportunistic viral infections in the CNS of treated patients, 
possibly due to the induced blockade of the immune surveillance of the CNS109.
In chapter 5 we described that LXA4 treatment strongly reduces the inflammatory profile 
of both activated cytotoxic human CD8+ T cells as well as CD4+ T cells. These data are 
supported by recent findings that other SPMs like RvD1, RvD2 and Mar1 can modulate T cell 
responses110. From our results, it appears that CD8+ and CD4+ T cells from RR-MS patients are 
less responsive to the immunomodulatory activity of LXA4 compared to T cells from healthy 
controls. A possible explanation might be that these cells express reduced levels of ALX/
FPR2 receptor, an hypothesis that requires further investigation. 
Collectively, LXA4 treatment in EAE might represents a novel tool to fight neuro-inflammation 
and inhibit T cell effector functions. Therefore, LXA4 and potentially other SPMs can be 
regarded as a novel and safer strategy to fight MS progression.
Further research is needed in order to better characterize molecular mechanisms associated 
with the protective effect of LXA4, and other SPMs, treatment during EAE. Finally, optimization 
of the injection route, doses, therapeutic approach and mode of action are vital steps to be 
undertaken towards human clinical translation. 

3. Concluding remarks

During MS, an autoimmune and neurodegenerative disorder of the CNS, chronic/unresolved 
inflammation plays a pivotal role in the disease development by inducing BBB dysfunction and 
promoting immune cell activation and migration into the CNS. Resolution of inflammation 
and optimal BBB function are pivotal to ensure proper brain homeostasis and prevent 
immune cell extravasation. The work described in this thesis has expanded our understanding 
of the molecular mechanisms regulating the BBB integrity during neuro-inflammation and 
has shed light on the resolution of inflammation in MS pathophysiology. Particularly, we 
have described two novel, important mechanisms underlying BBB dysfunction during 
acute and chronic inflammation: the Notch signaling pathway and EndoMT, respectively.  
Importantly, Notch glycosylation is a central mechanism in the regulation of the receptor 
function and we showed this to be affected by acute inflammation. Therefore, restoring 
proper Notch glycosylation and, thus signaling might represent a potential therapeutic 
approach to repair barrier dysfunction. Interestingly, GlcNAc oral administration has been 
shown to reduce EAE by inhibiting T-helper 1 (Th1)/T-helper 17 (Th17) cell responses111. 
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From this perspective, it would be interesting to determine if administration of GlcNAc in 
MS patients could improve BBB function, reduce immune cell infiltration in the CNS and 
ultimately halt disease progression. 
In the more chronic phase of MS, we observed EndoMT features in MS brain vasculature, 
suggesting that EndoMT might represent a novel pathological mechanism underlying 
BBB dysfunction during MS pathophysiology. Moreover, chronic inflammation drove BECs 
into EndoMT and promoted barrier dysfunction in vitro and could be partially prevented 
by interfering with TAK1 activation, highlighting the potential therapeutic applications of 
these findings. Our results are in line with recent findings indicating that EndoMT occurs 
in different brain disorders23-25. Nonetheless, given the complexity of both EndoMT and 
MS, it seems likely that, during neuro-inflammation, multiple pathways might interact and 
cooperate in the induction of EndoMT and BBB dysfunction. Our preliminary data have laid 
the foundation for a future investigation on the role of Notch signaling, its glycosylation and 
interaction with TGF-β1/IL-1β pathway during EndoMT and, hence, BBB function. 
An important step towards a potential clinical application of our findings will be to validate and 
characterize the EndoMT process in vivo. To accomplish that, two valid animal models might 
be the zebrafish and the EAE mouse model. Notably, a previous study demonstrated that 
group B streptococcus (GBS) brain infection in zebrafish promoted EndoMT, BBB disruption 
and bacterial barrier penetration via a SNAI1-dependent mechanism23. Injection of TGF-β1 
and IL-1β in the CNS of a transgenic zebrafish line and subsequent inspection/visualization 
of the blood vessels may represent a powerful approach to investigate EndoMT features of 
the BBB in vivo. A second approach should aim to explore the occurrence of EndoMT and 
its molecular mechanisms during different phases of EAE. New insights from these types of 
studies will help us to have a better understanding of such complex mechanisms and will 
pave the way for the discovery of new therapeutic targets and repair of BBB function. 
In the second part of this thesis, we demonstrated that chronic inflammation in MS patients 
might be due to a failure in their endogenous process of resolution of inflammation, a 
mechanism mediated by different types of SPMs and their receptors. Particularly, we have 
identified unique LMs signature in plasma from MS patients in different clinical disease stages 
compared to healthy subjects. Moreover, we have revealed that SPMs supplementation 
significantly inhibited the inflammatory responses in both healthy monocytes and those of 
RR-MS patients. Our results confirmed and extend earlier reports in which such SPMs were 
shown to reduce the inflammatory profile of human monocytes upon a pro-inflammatory 
stimulus112-114. Furthermore, we have highlighted the potential use of SPMs as novel 
biomarkers for MS diagnosis and progression as well as new therapeutic tools to prevent 
BECs dysfunction, immune cell activation and transmigration, thereby limiting neuro-
inflammation. Nevertheless, validation of our findings in an independent cohort of patients 
and a long-term follow-up study are pivotal in order to determine whether SPMs can be 
adopted as biomarkers in clinical practice. Also, a similar approach to characterize LMs 
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profile in the CSF of MS patients will provide valuable insights on the temporal and spatial 
production of LMs during MS. Identification of the cell types responsible for the production 
of these SPMs within the CNS and of CNS resident cells that are able to respond to them 
might deserve future attention. 
Importantly, we provided evidence that LXA4 treatment ameliorates EAE clinical signs during 
neuro-inflammation. Moreover, we found a profound suppression of the inflammatory 
profile of different human T cell subsets. Although we are the first to show direct effects of 
LXA4 treatment on neuro-inflammation during EAE, our findings confirm and extend previous 
observations where DHA105 and RvD176 ameliorated neuro-inflammation and reduce EAE 
clinical signs, as well as recent studies showing LXA4-mediated inhibition of microglial 
activation and reduction of neuro-inflammation in spinal cord injury75 and ischemic stroke115. 
Nevertheless, further research is needed in order to better characterize new potential 
molecular mechanisms, identify other players and optimize doses and injection route of 
LXA4 (and other SPMs) to further corroborate the potential clinical values of our findings. 
In conclusion, this thesis reflects that our current knowledge of inflammation-induced BBB 
dysfunction and resolution of inflammation is MS is still evolving. The findings presented 
in this thesis have contributed to the knowledge in these two fields of research, where 
inflammation represents the common denominator. Finally, it illustrates how interfering 
with such processes might serve as novel therapeutic avenue in the treatment of MS and 
emphasizes the importance of the combination of fundamental and applied scientific 
research in unraveling how neuro-inflammation contributes to MS pathology. 
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