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Impairment of the protective properties of the blood–brain barrier (BBB) is a key event during numerous neuro-
logical diseases, including multiple sclerosis (MS). Under these pathological conditions, the specialized brain en-
dothelial cells (BECs) lose their protective function leading to neuroinflammation and neurodegeneration. To
date, underlying mechanisms for this loss of function remain unclear. Endothelial to mesenchymal transition
(EndoMT) is a dynamic process by which endothelial cells (ECs) dedifferentiate into mesenchymal cells and as
a result lose their specific phenotype and function. As yet, little is known about the involvement of this process
in the impaired function of the BECs under pathological conditions such as MS. Interestingly, several signaling
pathways that can induce EndoMT are also involved in different central nervous system (CNS) pathologies asso-
ciatedwith BBB dysfunction. In this review, we first discuss the structure and function of the BBB highlighting the
changes that occur duringMS. Next, wewill summarize recent findings on the pathways underlying EndoMT, and
finally, we will discuss the potential role of EndoMT during BBB dysfunction in neurological disorders. This article
is part of a Special Issue entitled: Neuro Inflammation edited by Helga E. de Vries and Markus Schwaninger.

© 2015 Elsevier B.V. All rights reserved.
1. The blood–brain barrier

The BBB is a selective barrier composed by specialized BECs tightly con-
nected through specific proteins present in the tight junction (TJ) and
adherens junction (AJ) structures (Fig. 1). This close interconnection
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between the BECs provides a ‘physical barrier’ to solutes from the
blood to the brain [1–3]. The BBB has a major role in maintaining
brain homeostasis: it supplies nutrients to and excludes waste products
from the brain; it limits both transcellular and paracellular passage of
cells and molecules from the systemic circulation into the CNS and
vice versa, thereby controlling the critical microenvironment necessary
for proper neuronal function. Transcellular diffusion of hydrophilicmol-
ecules is limited due to a low rate of transcytotic vesicles, an extremely
low pinocytotic activity and expression of active efflux membrane
pumps of the ATP-binding cassette family such as P-glycoprotein,
which drive cellular exclusion of more lipohilic compounds. In order
to regulate the crucial influx of components needed within the CNS,
BECs possess specific transporters that actively transport nutrients
into the CNS, for instance glucose transporters (GLUT 1-3) [4].
Paracellular diffusion of hydrophilic molecules and immune cells traf-
ficking is restricted by a complex network of TJ proteins which seal
the inter-endothelial space [1,3]. The junction complexes that provide
the characteristic phenotype of the BBB are not static but are dynamic
structures that respond to the local microenvironment of the brain en-
dothelium [5]. TJ complexes in itself can activate intracellular signaling
pathways directly by engaging signaling proteins or growth receptors,
or indirectly by capturing transcription factors at the plasmamembrane
[6]. Moreover, the transmembrane junctional proteins are connected to
the cytoskeleton through the interactionwith intracellular adaptor pro-
teins [1,5,7]. Important proteins regulating TJ complex formation
include occludin, whichwas the first of the TJ proteins to be discovered,
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Fig. 1. Simplified scheme showing the molecular composition of endothelial TJs and AJs.
Occludin and the claudins proteins are the most important membranous components of
the TJs. ZO-1, -2, and -3 are scaffolding proteins and provide structural basis for the assem-
bly of the TJs. JAMs and endothelial selective adhesion molecule (ESAM) are members
of the immunoglobulin superfamily involved in the formation and maintenance of TJs.
VE-cadherin is themost importantmolecule of endothelial AJs. In addition to VE-cadherin,
PECAM-1 mediates homophilic adhesion.
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claudins (in particular claudin-1, -3, -5, and -12) and junctional
adhesion molecules (JAM-A, JAM-B, and JAM-C) [1,5,8,9]. The most im-
portant adaptors include proteins from the zonula occludens family
(ZO-1, ZO-2, and ZO-3) which are scaffolding proteins that bind several
effector proteins [4,13].
Vascular endothelial cadherin (VE-cadherin) plays a major role in cell–
cell contacts and function of the AJ by binding binds to β-catenin and
γ-catenin which anchor the complex to actin cytoskeleton [7,10]. In ad-
dition to VE-cadherin, platelet endothelial cell adhesion molecule 1
(PECAM-1) mediates homophilic adhesion. It is currently accepted
that the functionality of the BBB is only possible through close contact
between the brain endothelial cells and other cell types like astrocytes,
pericytes, and neighboring CNS cells, such asmicroglia and neurons, cre-
ating a dynamic structure named the neurovascular unit (NVU) [11–13].

1.1. Cellular composition of the neurovascular unit

One of the most important cell type for the function of the NVU are the
astrocytes, star-shaped glial cells, that provide support to other cell
types, often through uptake and dispense of biochemical compounds.
Astrocytes have beenwell known for their regulatory functions inmain-
taining neurotransmitter and ionic homeostasis in neuronal signaling,
as well as providing feedback to neurons and to the vasculature of the
CNS [14,15]. An additional role of astrocytes has been identified at the
BBB, where astrocytic processes, called end-feet, enclose the BECs of
the brain capillaries and closely regulate ion flow, blood volume, and
cerebral blood flow [16]. Within the CNS, astrocytes consist of a
heterogenic population of cells, including fibrous astrocytes and proto-
plasmic astrocytes. Fibrous astrocytes are predominantly found in the
white matter (WM) of the CNS and posses a “star-like” appearance.
Their main functions are to promote myelination of axons and mainte-
nance of myelin aswell as remyelination after myelin damage [17]. Pro-
toplasmic astrocytes are found in the gray matter (GM) of the CNS and
show more irregular processes which contact both synapses and blood
vessels. Unlike the fibrous astrocytes, the main role of the protoplasmic
astrocytes is to contribute to proper BBB function [18–20].
Another cell type in theNVU involved in the induction andmaintenance
of barrier properties are the pericytes, perivascular cells that wrap
around small blood vessels and thereby communicate with BECs
through direct physical contacts [21]. Pericytes coordinate the imper-
meability of the BBB and regulate cerebral blood flow [22,23]. The cru-
cial importance of the pericytes in the NVU has recently been
demonstrated in vivo using pericytes deficient mice [22].
The third cell type of the NVU is the neurons which are strictly depen-
dent on both influx and efflux of molecules across the BBB. In order to
exert their function, neurons require high amounts of glucose, which
is used as energy source. Neuronal signaling is a process which is high
in demandof energy consumption, but it is far frombeinghomogeneous
throughout the different brain regions and it varies over time. Feedback
mechanisms between neuronal tissues and the NVU are crucial to meet
this fluctuating demand. Whether neurons are critical in the develop-
ment of the BBB phenotype is still unclear, few reports suggest that
they canmodulate the barrier phenotype by secreting factors that influ-
ence BBB maintenance [1,13,24].
In addition to astrocytes, pericytes, and neurons, the extracellular ma-
trix (ECM) also interacts with the cerebral microvascular endothelium.
The ECM is a dynamic, physiologically active component of all living tis-
sues and it is made up of water, proteoglycans, minerals, and fibrous
proteins. The main function of the ECM is to provide structural and bio-
chemical support to the BBB [11]. Furthermore, the ECM has also been
implied to contribute to the functionality of the BBB since the expres-
sion of matrix proteins can influence the expression of endothelial TJs
[13,25]. Since the disruption of the ECM is strongly associated with in-
creased BBB permeability in pathological states [13], an intact structure
of the ECM is required for the correct functioning of the BBB [13,26].
Perivascular macrophages are also part of the NVU [27]. They arise from
monocyte-derived macrophages that reside in the proximity of blood
vessels and are regularly replaced [28]. It has been shown that
perivascular macrophages are able to alter the function of the BBB by
decreasing its paracellular permeability in vitro [27].
The last components of the NVU are themicroglia cells, a type of mono-
nuclear phagocytes that are located within the parenchyma of the CNS.
Unlike macrophages, which are either monocyte or yolk-sac derived
[29,30], microglia are formed from differentiated yolk-sac derived mac-
rophages [31]. Microglia resides on the nervous part of the BBB and thus
forms one of thefirst defensemechanisms against pathogens and harm-
ful compounds that cross the BBB. Additionally, several studies also
imply that microglia, once activated, can directly alter BBB function
through secretion of matrix metalloproteinases (MMPs), enzymes that
may degrade the ECM and thereby increase BBB permeability [32–34].
Overall, the function of the BBB is dynamically regulated by the concert-
ed action of the different cell types and proteins to maintain the proper
functioning of the BBB to ensure optimal neuronal function.

2. The blood–brain barrier under inflammatory conditions

2.1. Multiple sclerosis

Aneurological disorderwhich ismarked by a dysfunctional BBB isMS.MS
is a progressive neurodegenerative disease of the CNS with an autoim-
mune component in which reactive lymphocytes recognize and attack
myelin antigens. It has beenestimated that approximately 2.5millionpeo-
ple suffer fromMSworldwidewith a typical age of onset between 20 and
50 yearswith a female:male ratio of 3:1 [35,36].MS is characterized by in-
flammation, immune cell infiltration into the CNS, demyelination, and ul-
timately axonal loss [37,38]. In MS, lesion formation is a local
phenomenon that occurs predominantly in the WM of the CNS, mostly
in the spinal cord, brain stem, optic nerve, and periventricular areas [39].
Because the neurological symptoms are highly dependent on the location
of the lesions within the CNS, MS is seen as a heterogeneous disease.
Based on the course of the disease, MS can be divided into four major
categories: Relapsing-remitting MS (RR-MS), secondary progressive
MS (SP-MS), primary progressive MS (PP-MS), and progressive-
relapsing MS (PR-MS) [40]. RR-MS is the predominate form of MS and
affects approximately 85% of MS patients. It is characterized by acute



454 C. Derada Troletti et al. / Biochimica et Biophysica Acta 1862 (2016) 452–460
attacks (relapses) that last for days to weeks, followed by a period of
partial or full recovery (remission) of the clinical symptoms. A greatma-
jority of RR-MS patients (around 60%) will develop SP-MS which is
characterized by initial relapses followed by a more progressive phase
with gradual deterioration of neurological function. PP-MS patients ex-
perience a steady functional decline from the onset of the disease, with-
out suffering from attacks. Similar to PP-MS, PR-MS is characterized by
steady functional decline from the onset of the disease. However, PR-
MS patients suffer from acute attacks, particularly in the late stage of
the disease progression.
Due to its heterogeneous nature, there are no single tests or specific
clinical diagnostic tools for MS. MS is often clinically diagnosed by neu-
rological and cognitive evaluation, clinical history of the patients com-
bined with magnetic resonance imaging (MRI) scans to visualize the
lesions in the CNS [41]. Because MS is considered to be an autoimmune
disease, themajority of currently developed therapies consist of cortico-
steroids administration and anti-inflammatory agent, such as the inter-
feron beta (IFN-β), in combination with physical therapy [37,40].
Despite the benefit of immunosuppressing strategies in reducing the
number of attacks, this therapeutic approach does not halt disease pro-
gression, nor can it offer relief in progressive forms of MS. Moreover,
immunosuppressing therapies may lead to serious side effects, and
therefore, there is a strong need to develop more specific drugs that
can modulate disease's progression.
As the breakdown of the BBB is a key early event occurring during MS
pathogenesis, disease-modifying therapies that prevent BBB dysfunc-
tion or accelerate its recovery may well provide a novel way of treating
MS patients [42].

2.2. Dysfunction of the blood–brain barrier during multiple sclerosis

In MS, the BBB is inflamed and loses its protective function both during
the relapsing-remitting and the progressive phases of the disease. Due
to the BBB disruption and inflammation, numerous blood-derived lym-
phocytes and monocytes enter the brain by crossing the damaged BBB
[43,44]. It is known that activated leukocytes and CNS-resident cells se-
crete pro-inflammatory cytokines, such as interleukin-1 beta (IL-1β),
tumor necrosis factor alfa (TNFα), and interferon gamma (IFNγ)
which can alter the structural architecture of the junctions of the BBB
thereby increase BBB permeability [43].
A large number of imaging studies indicate the enhanced permeability
of the BBB already in early stages of diseases [45]. Leakage of the BBB
has also been characterized using the MRI enhancing contrast agent
gadopentate dimeglumine (Gd-DTPA) in mice with experimental auto-
immune encephalomyelitis (EAE), the experimental animal model for
MS [46,47]. In addition to Gd-DTPA, other studies have used very
small super-paramagnetic iron oxide particles or ultra small particles
of iron oxide to detect monocyte infiltration in the CNS [48,49].
As it seems likely that alterations in BECs junctions contribute to perme-
ability enhancement of the BBB as seen in MS, several studies have tried
to understand the changes in junction proteins. One study examined the
role of ZO-1 by measuring leakage of the blood endogenous fibrinogen
protein [50]. Altered localization of ZO-1 expression in blood vessels
was found in active MS lesions in postmortem material of patients, and
to a lesser extent in normal appearing whitematter (NAWM). These de-
fects in correct localization of ZO-1 to the TJ complexes were thought to
be correlatedwith BBB leakage. Moreover, Kirk et al. have also described
that irregularities in the TJ protein ZO-1 and BBB leakage persisted also in
inactive lesions, suggesting that increased BBB permeability can persist
evenwhen the inflammation is absent [50]. Furthermore, inmice suffer-
ing from EAE, cell-specific ectopic expression of claudin-1 in ECs reduces
BBB leakiness and ameliorates the chronic phase of EAE without affect-
ing leukocyte migration across the BBB [51]. This could be explained by
the fact the transendothelial migration of leukocytes may occur via
two pathways: paracellular, in which the leukocyte crosses the BBB by
passing between adjacent endothelial cells, or transcellular, in which
the leukocyte travels through the BECs, leaving the junctions intact
[52]. Using a murine model of MS, which makes use of a virus to cause
inflammation in the CNS [53], it was found that CD8+ T-cells may acti-
vate astrocytes. This activation of astrocytes in turn leads to a decreased
level of claudin-5 and occludin of ECs, thereby aggravating disease. In ad-
dition, cytokines like interleukin-17 (IL-17) and interleukin-22 (IL-22)
produced by T helper 17 cells have also been shown to down-regulate
the expression of ZO-1 and occludin in BECs [54].
Importantly, the effect of inflammation is not limited to changes in the
junctional proteins, but it also promotes an activated inflammatory phe-
notype of ECs of the BBB. Inflamed BECs show increased expression of
adhesion molecules, like intracellular adhesion molecule 1(ICAM-1),
vascular cell adhesion molecule 1 (VCAM-1), E-selectin, and PECAM-1
[43,55], which are essential for leukocytes migration into the CNS
during MS lesions formation. Moreover, inflamed BECs can directly en-
hance both leukocytes adhesion and migration by producing several
chemokines like chemokines (C-C motif) ligand 2 (CCL2), CCL5 and
the chemokines (C-X-C motif) ligand 8 (CXCL8) and CXCL10 [55,56].
Furthermore, the expression and function of several efflux pumps of
BBB, such as P-glycoprotein, is also altered during MS [57], illustrating
that multiple aspects of proper BBB function are impaired.
It is important to note that BBB dysfunction has often been reported to
be a major hallmark of MS and it is an early event during the course of
disease [43,55]. Nevertheless, it is still not clear whether the BBB break-
down is a consequence ofMS or if it precedes and enables the formation
of MS lesions [58–60].

3. Dedifferentiation of epithelial and endothelial cells

3.1. Epithelial to mesenchymal transition

The epithelium is a protective cell lining which delineates cavities and
structures such as organs, and it is formed by epithelial cells, which
can provide both protection as well as transport of chemicals through
specialized intercellular junctions. Thus, epithelia functions as an imper-
meable barrier that delineates organs [61]. The idea that epithelial cells
can dedifferentiate into mesenchymal cells begins in the early 1990s by
Elizabeth Hay who first described epithelial to mesenchymal transfor-
mation (EMT) using a model of chick primitive streak formation [62].
Nowadays, the term “transformation” has been replaced by the more
appropriate “transition,” highlighting the reversibility of the process. In-
deed, it is known that mesenchymal cells can differentiate into epitheli-
al cells in a process called mesenchymal to epithelial transition. EMT is
not involved only during the developmental stage but has also been
linked to pathologies like metastatic cancer and organ fibrosis [63,64].
During EMT, the most remarkable changes affecting epithelial cell phe-
notype include altered signaling pathways and gene expression, loss of
cell polarity and cell–cell adhesion, reorganization of cytoskeleton, and
ultimately gain of migratory and invasive properties [65]. The changes
in gene expression which result in the repression of epithelial or endo-
thelial phenotype and in the expression of themesenchymal phenotype
involved many different transcription factors such as Snail1, Snail2,
ZEB1, ZEB2, TWIST1, and TWIST2 [65,66] in which Snail1 and Snail2 ap-
pear to be the most important transcription factors driving EMT. Snail1
and Snail2 are both members of the Snail family, which also consists of
the less studied and uncharacterized Snail3 and have several conserved
domains in common [66]. Since Snail3 has not been characterized and
has not been linked to EMT thus far, from here on the “Snail family”
will be referring to Snail1 and Snail2 throughout the review.

3.2. Endothelial to mesenchymal transition

Not only epithelial cells can dedifferentiate into mesenchymal cells but
endothelial cells have also been reported to be able to undergo this tran-
sition. Similar to the epithelium in EMT, during EndoMT, the
endothelium acquires mesenchymal and stem cell-like characteristics
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[63,64,67]. Like EMT, also EndoMTwas first thought to be a purely devel-
opmental process, and many studies on EndoMT focused on heart devel-
opment, where endothelial cells dedifferentiate to form both the valves
and septa of the adult heart [68]. However, recent work showed that
EndoMT also takes place in adult tissue and that mature endothelial
cells can acquire stem cell-like properties and differentiates into adipo-
cytes, chondrocytes, or osteoblasts [63,67]. Moreover, EndoMT has also
been described in different pathological conditions such as cardiac fibro-
sis, cancer, cerebral cavernous malformation (CCM), vein stenosis, retina
diabetes, and others [63,69–75]. During EndoMT, similar to EMT, endo-
thelial cells show degradation of their vascular basement membrane,
loss of cell–cell contact, and acquire amigratory phenotype. Furthermore,
the endothelial cells lose their endothelial phenotype due to reduced ex-
pression of specific endothelialmarkers like the VE-Cadherin and gain ex-
pression of mesenchymal markers like fibronectin and alpha smooth
muscle actin (α-SMA) [63,67,76]. Interestingly, EMT and EndoMT drive
the epithelial and endothelial cells into mesenchymal cells with a similar
phenotype, suggesting that similar signaling pathways are responsible for
both processes [72]. However, further studies are needed to investigate
these similarities in more detail, since endothelial and epithelial cells dif-
fer in their expression of cell–cell junction proteins, cytoskeleton proteins,
and the signaling machinery used [72].

3.3. Signaling pathways involved during EMT/EndoMT: A role in blood–
brain barrier dysfunction in multiple sclerosis?

The transition of epithelial cells into mesenchymal cells during EMT is a
process that is tightly regulated by different molecules, such as tran-
scription factors, cell-surface proteins, cytoskeleton proteins, and pro-
teins that degrade the ECM [64,65]. Over the last years, research has
been focused on unraveling the mechanisms that initiate and influence
the process of EMT, but less data exist on the regulators of EndoMT.
Since both epithelial and endothelial cells show similar changes in
gene expression during their transition into mesenchymal cells, several
studies attempted to confirm if the signaling pathways involved in EMT
are also able to induce and regulate the EndoMT (Fig. 2). Interestingly,
several signaling pathways, which can induce both EMT and EndoMT,
Fig. 2. Simplified scheme of themost important signaling pathways that have been shown
to induce EMT and EndoMT. TGF-β, BMPs, Wnt, Notch, and Hh signaling all exert their ef-
fects on epithelial and/or endothelial cells via activation of different transcription factors.
As a result, epithelial/endothelial cells dedifferentiate into mesenchymal cells, identified
by loss of specific epithelial/endothelial markers and gain expression in specific mesen-
chymal markers.
are also involved in different CNS pathologies associated with BBB dys-
function. In the following sections, we will highlight the molecular reg-
ulators of the process of EndoMT.

3.3.1. Transforming growth factor beta
Transforming growth factor beta (TGF-β) is a cytokinewhich is found in
most cell types and controls several processes such as cell proliferation
and differentiation. After activation, TGF-β binds to the type 2 TGF-β re-
ceptor, and this interaction leads to recruitment and subsequential
phosphorylation of a type 1 TGF-β receptor. In turn, intracellular pro-
teins Smad2 and Smad3 are recruited, and after forming a complex
with Smad4, it translocates to the nucleus, where it activates down-
stream gene transcription [77]. Since MS is considered to be an autoim-
mune disorder, it is important to highlight the role of TGF-β in the
immune system. The major role of TGF-β in this context is to maintain
immune tolerance since it can regulate lymphocyte proliferation, differ-
entiation, and survival [78]. However, TGF-β also plays an important
role under inflammatory conditions. In the presence of IL-6, TGF-β
drives the differentiation of T helper 17 cells, a T-cell subpopulation in-
volved in MS and EAE pathogenesis [79,80]. Moreover, local expression
of TGF-β1 in the CNS parenchyma can enhance immune cell infiltration
and amplify CNS impairment during EAE [81]. These findings are in con-
trast to previous observations where a suppressive role of TGF-β1 ex-
pression during EAE was demonstrated. Therefore, TGF-β may exert a
dual role as either pro- or anti-inflammatory molecule based on the
local environment.
Pericytes and astrocytes may also release TGF-β which contributes to
BBB integrity and function [1,11,82]. Changes in the correct communica-
tion between BECs and cells from the NVU or deficiency in the TGF-β
signaling results in an abnormal distribution of junctional proteins of
BECs and show increased vascular permeability [82–85]. Furthermore,
the cellular localization and distribution of three different isoforms of
TGF-β were analyzed on frozen MS brain tissue sections with different
stages of lesion activity. In active demyelinated lesions, perivascular
foamy macrophages as well as hypertrophic reactive astrocytes show
abundant TGF-β immunoreactivity compared to the normal control
brain tissue sections where TGF-β immunoreactivity was only present
on resting microglia cells. Interestingly, De Groot et al. also found that
the high expression of TGF-β correlated with an astrogliotic reactivity
in the lesion site. They argue that increased TGF-β expression in active
MS lesions, where inflammation is elevated, might play a role in the in-
duction of astrogliosis and overproduction of ECM [86]. However, it is
important to note that the exact role of TGF-β during MS is not clear
and it depends on the concentration as well as on the cellular context.
While some studies on the effects of TGF-β on brain endothelial cells
point toward a protective role of TGF-β, other reports state the opposite.
Indeed, Dohgu et al. show that TGF-β stimulation of immortalized
mouse brain capillary endothelial cells result in decrease of BBB
permeability [85], whereas another study demonstrated that TGF-β1
stimulation of both bovine retinal ECs and human BECs increase
BBB permeability. Particularly, the increased BBB permeability was
mediated by tyrosine-phosphorylation of both claudin-5 and VE-
cadherin [87].
Interestingly, TGF-β is one of the major signalingmolecules that can in-
duce EndoMT [63,70] since it is able to induce the expression of both
Snail family members [72,88,89]. Moreover, a recent paper by Xiao
et al. showed that EndoMT is characterized by a spectrum of intermedi-
ate and reversible mesenchymal-cell phenotype in response to TGF-β.
Authors show that a subpopulation of ECs, isolated from a spontaneous
mammary tumor, undergo distinct forms of EndoMT in response to
TGF-β stimulation, suggesting that not all ECs respond identically to
TGF-β [90].

3.3.2. Wnt/β-catenin
Proteins of the wingless-type murine-mammary-tumor virus integra-
tions site family (Wnt) were initially discovered for their role in
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carcinogenesis. It is known that theWnt proteins control numerous dif-
ferent biological processes and take part in several Wnt pathways. Two
non-canonical/β-catenin independent pathways co-exist together with
the canonical/β-catenin dependent pathway. During the canonical Wnt
signaling,Wnt ligands bind to the Frizzled receptors and thereby inhibit
glycogen synthase kinase 3 beta (GSK3β) activities. GSK3β is a proline-
directed serine–threonine kinase which normally phosphorylates β-
catenin. Subsequently, β-catenin is ubiquinated and degraded in the
proteasome [91]. In the presence ofWnt proteins, β-catenin is no longer
degraded through the effects of GSK3β, but translocates to the nucleus
where it forms a complex with the TCF/LEF transcription factors and ac-
tivates genes transcription. The Wnt pathway has been found to play a
role during CNS angiogenesis as well as in the BBB formation [11,
92–94]. Initial evidence by Stenman et al. showed that a canonical
Wnt signaling pathway is essential to promote formation and differen-
tiation of the CNS vasculature [94]. Subsequently, using transgenic mice
expressing LacZ specifically in cells in whichWnt/β-catenin signaling is
active, Daneman et al. demonstrate the essential role ofWnt signaling in
CNS, but not non-CNS, angiogenesis [92].Moreover,Wnt signalingpath-
way has also been found to be important for the maintenance of the
adult BBB and thus could be an important target during BBB dysfunction
occurring during several brain disorders including MS [93,95,96]. Inter-
estingly, theWnt signaling pathwayhas been found to promote EMTvia
β-catenin-Snail1 induction [64,65]. Wnt signaling inhibits GSK3β activ-
ity, thus promoting Snail1 stability and function. GSK3β is involved in
Snail1 post-transcriptional regulation, therefore regulating its localiza-
tion and activity [97]. As expected, Wnt/β-catenin signaling pathway
is also involved in the EndoMT process, since β-catenin-deficient mice
show reduced cell–cell adhesion of vascular ECs. Moreover, vascular
ECs that are β-catenin deficient showmarked changes in actin cytoskel-
eton, as well as decreased cell–cell adhesions strength and increased
paracellular permeability [98], which are hallmarks of the EndoMT pro-
cess. In contrast, Bravi et al. have reported that sustained β-catenin sig-
naling, independently fromWnt-receptor activation, also plays a pivotal
role in EndoMT and in the development of brain vascular malformation
in vivo [99]. Therefore, the exact role of Wnt/β-catenin signaling path-
way during BECs-EndoMT remains to be investigated in more details.

3.3.3. The Notch pathway
TheNotch signaling is a conserved pathwaywhich ismediated by Notch
ligand–receptor interaction between neighboring cells [100]. Briefly,
theNotch signalingpathway ismediated by four transmembrane recep-
tors (Notch 1–4) and five ligands of the Jagged (Jagged 1 and Jagged
2) and Delta-like ligand families (DLL1, DLL3, and DLL4). Upon ligand
binding to its receptors, a signaling cascade is initiated, which induces
the proteolytic cleavage of the Notch intracellular domain (NICD) lead-
ing to its translocation to the nucleus and subsequent expression of
downstream target genes [100]. The Notch receptor family is known
to regulate differentiation of various cell types and tissues during em-
bryogenesis, but also postnatal. During embryogenesis, Notch signaling
is involved in vascular development and angiogenesis [101], while in
the postnatal CNS, Notch signaling regulates the formation of tip cells,
thereby controlling vessel sprouting and branching in the mouse retina
[102]. Moreover, Notch signaling pathway also regulates thematuration
of oligodendrocyte precursor cells into mature oligodendrocytes, as
well as myelination of axons and activation of microglia upon inflam-
mation [103,104].
The role of Notch signaling during inflammatory process in MS has also
been investigated. In EAE mice, the inhibition of the Notch receptor at-
tenuated Th1 response whereas enhanced remyelination and axonal
survival in lesioned sites [104,105]. Moreover, Delta1, has an opposite
effect on the autoimmunity induced in the EAE model compared to
Jagged1 [106].
The Notch pathway has also been linked to the integrity of the BBB. It
has been demonstrated that Notch-4 and ZO-1 expression were de-
creased in ECs as a result of exposure to exogenous compounds as
nicotine and saquinavir [107]. Moreover, a zebrafish model was used
to determine the effect of Notch3 and the Notch3 receptor on pericyte
proliferation and BBB integrity [108]. It was also found that zebrafish
homozygous for a nonsense mutation in Notch3 developed hemor-
rhages specifically in the brain. Moreover, leakage of fluorescent tracers
indicated thatmutant embryos have enhanced permeability, suggesting
that Notch3 is necessary for the functioning of the BBB. Taken together,
these results suggest that a loss of proper Notch signaling leads to a
reduced number of pericytes and subsequent loss of BBB integrity
[108]. Mutations in the Notch3 gene are also associated with the cere-
bral autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy syndrome, a rare autosomal dominant genetic
disease characterized by recurrent stroke, headache, cognitive deficits,
and hemorrhages [109].
The Notch signaling cascade may also contribute to the process of EMT
[110] where the NICD can activate the expression of Snail2 and thereby
induce EMT in epithelial cells [111]. In endothelial cells, the Notch sig-
naling pathway has also been found to be involved in EndoMT [111,
112]. In the study by Timmerman et al., it was shown that hyperactiva-
tion of Notch signaling in zebrafish embryos resulted in an excessive in-
duction of EndoMT in cardiac ECs during ontogeny of the heart of the
embryos. Conversely, Notch pathwaymutants exhibit a collapsed endo-
cardium, lack of mesenchymal cushion cells, as well as attenuated
Snail2 expression. Subsequent analysis revealed that Notch exerts its
function in inducing EndoMT through proteins of the Snail family. This
finding that Notch directly targets members of the Snail family was
also confirmed during experiments that showed that Snail2, but not
Snail1 was induced in embryonic mice cardiac ECs by Notch during
the process of EndoMT [111]. Additionally, Niessen et al. demonstrated
that Snail2 expression is required for acquiringmigration abilities of ECs
during the process of EndoMT. Interestingly, they also showed that the
Notch pathway can induce the expression of Snail1 if it acts synergisti-
cally with TGF-β, illustrating that different factors may act in concert
to induce EndoMT.
3.3.4. The Hedgehog signaling pathway
The Hedgehog (Hh) pathway plays a pivotal role during embryogenesis
in vertebrates and, postnatal, is involved in tissue homeostasis. Hh sig-
naling pathway has been demonstrated to promote the integrity of
the BBB and thereby prevents immune cells migration and diffusion
of molecules [113]. Sonic hedgehog (Shh), the most characterized pro-
tein of the mammalian Hh pathway, was specifically upregulated and
secreted by astrocytes during TNFα and IFNγ stimulation to mimic the
inflammatory state observed during MS. In contrast, Shh receptors
Patched-1 and Smoothenedwere strongly upregulated on ECs. Hhpath-
way activation in human ECs promoted an immune quiescence state
of the BBB by decreasing the secretion of the pro-inflammatory
chemokines, such as interleukin 8 (IL-8) and CCL2, as well as by reduc-
ing level of ICAM-1 [113]. Moreover, activation of the Hh pathway also
reduced CD4+ T-cells adhesion and migration across the BBB endothe-
lial cells. The authors propose that the inflammatory-mediated Shh
up-regulation functions to promote BBB repair and counterbalance in-
flammatory events, aiming to prevent further damage. Additionally,
the same study showed that Hh signaling pathway posses barrier
strengthening effects. Overall, the Hh signaling pathway was found to
provide a barrier-promoting effect and promotes an immune quies-
cence phenotype of the BECs.
Importantly, the Hh pathway has also been shown to be involved in
EMT since it can activate the transcription factor Gli-1 which can direct-
ly increase the expression of Snail1 [65]. In vitro experiments onmurine
skin cells showed that Gli-1 induction of Snail1 is an early event in EMT.
Moreover, blocking the activity of Snail1 inhibited Gli-1-induced EMT,
once again demonstrating the importance of Snail1 during EMT [114].
However, to date, the Hh pathway has not been reported to be involved
in EndoMT, and its role remains to be established.
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3.4. Linking endothelial tomesenchymal transition and altered blood–brain
barrier permeability

Previous sections highlighted the role that TGF-β, Wnt, Notch, and Hh
pathways have during BBBmaintenance aswell as during EMT/EndoMT
processes. These signaling pathways have also been implicated inMS and
other neuropathologies, like Alzheimer's disease (AD), and thus raise the
suggestion that EndoMT might contribute to the pathogenesis of neuro-
logical diseases associated with BBB dysfunction. However, it should
also be noted thatmost of the research regarding EndoMTwas performed
in the context of development of the embryo or on non-brain-derived en-
dothelial cells. Nevertheless, recent studies have focused on the role of
EndoMT during different brain pathologies. In 2013, Maddaluno et al.
showed that theprocess of EndoMTcontributed todevelopment of vascu-
lar malformations in mice brains. Indeed, the disruption in any of the
three CCM genes, named after the vascular dysplasia CCM,was able to in-
duce EndoMT in brain microvascular ECs [71]. The authors state that in
iCCM1 mice, where the CCM1 gene is specifically ablated in ECs, the loss
of this gene will lead to an up-regulation of BMP-6. This up-regulation
of BMP-6 can in turn activate both TGF-β and BMP signaling pathways
leading to the induction of EndoMT. Conversely, inhibition of the TGF-β
and BMP pathways prevented EndoMT both in vitro and in vivo. Inhibi-
tion of EndoMT also resulted in less vascular lesions in CCM1 deficient
mice, confirming TGF-β-induced EndoMT in the vascular malformation
found in CCM. In addition, Bravi et al. observed that activation of β-
catenin precedes the initiation of TGF-β/BMP signaling in CCM3-ablated
ECs both in vivo and in vitro thereby delineating a sequence of signaling
steps in response to ablation of CCM3 [99]. Moreover, the mesenchymal
and pluripotent stem cells marker Kruppel-like factor 4 (KLF4) was also
upregulated in CCM1-deficient mice and it is known that KLF4 can be up-
regulated by CCL2 [115]. CCL2 expression is strongly increased during de-
generative and inflammatory conditions in the CNS [116]. Therefore,
production of CCL2 may also contribute to EndoMT. However, no direct
evidence involving CCL2 during EndoMT has been provided yet. A more
recent paper demonstrates that primary cultured rat BECs undergo
EndoMT upon TGF-β stimulation [117]. Although this paper focuses on
Fig. 3. Endothelial to mesenchymal transition of the human brain endothelial cells contribute
EndoMT process occurring during BBB breakdown. First, activated leukocytes and CNS-residen
to an induction and/or an up-regulation of endothelial adhesionmolecules andmediates the ad
environment, together with other key signaling molecules, induces EndoMT. As result, endoth
brainmetastatic invasion, the results indicate that, upon dedifferentiation
of BECs into mesenchymal cells, tumor cells gain access to the brain by
crossing the impaired BBB.
Evidence of brain endothelial dedifferentiation was recently provided
by Kim et al. [118]. Authors were the first to show that human brainmi-
crovascular endothelial cells infectedwith ameningeal pathogen Group
B Streptococcus (GBS) results in the induction of Snail1 which in turn af-
fects the expression of TJs molecules and impair the BBB functions. To
further examine a functional role of Snail1 during infection in vivo,
Kim et al. also showed that siRNA-mediated reduction of Snail1 resulted
in decreased brain penetration of the GBS in adult zebrafish [118]. Fur-
thermore, stimulation of primary rat ECs with activated cancer cell line
conditioned medium results in a TGF-β-dependent decrease of the
TEER, increase adhesion between metastatic and ECs, and enhanced
transendothelial migration of melanoma cells. Overall, the provided ev-
idence suggest that TGF-β-dependent EndoMT is a necessary mecha-
nism for metastatic migration and may be one of the potential
mechanisms leading to metastatic extravasations [117].
Moreover, inflammatory mediators which are known modulators of
BBB permeability [119] have also been linked to EMT and EndoMT,
highlighting also the role of transcription factor NF-ĸB during these pro-
cesses [120–124]. This last finding strengthens the hypothesis that
EndoMT may contribute to BBB breakdown during MS pathogenesis.
It is known that reactive astrocytes and microglia are potent contribu-
tors to endothelial inflammation during MS since they secrete pro-
inflammatory cytokines and chemokines like TNFα, IL-1β, IL12, and
CCL2 [1,125,126]. Those pro-inflammatory cytokines are considered
to mediate changes in gene expression in BECs toward an “inflamed”
phenotype. Indeed, increased permeability and expression of cell adhe-
sionmolecules on the brain endotheliumallow the trafficking of inflam-
matory agents and circulating leukocytes into the CNS, leading to
demyelination and axonal loss [55,127]. Based on these findings, it is
tempting to speculate that also in MS the process of EndoMT might be
the underlying mechanism occurring during BBB dysfunction thereby
playing a key role during the early phase of the disease pathogenesis
(Fig. 3).
s to blood–brain barrier dysfunction. The figure shows a schematic representation of the
t cells contribute to inflammation via secretion of pro-inflammatory cytokines. This leads
hesion and transendothelial migration of circulating leukocytes. Second, the inflammatory
elial cells dedifferentiate into mesenchymal cell and contribute to BBB disruption.
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3.5. Conclusions and future perspective

MS is a progressive neurodegenerative disorder of the CNS character-
ized by brain inflammation, axonal demyelination, and ultimately neu-
ronal loss. MS is accompanied by an infiltration from the blood vessels
into the CNS parenchyma and damage to myelin sheaths, which occurs
after the BBB is disrupted early in the course of the disease. In healthy
conditions, the BBB is composed of specialized BECs that are tightly con-
nected by specific proteins in tight and adherens junctions. They serve
as a protective barrier to prevent immune cells, pathogens, and poten-
tial molecules from diffusing into the brain from the blood circulation.
In MS, the BBB is inflamed and numerous immune cells enter the
brain by crossing it. The damage of the BBBmay be due to a loss of struc-
ture and proper functions of ECs, a phenomenonwitnessed in patholog-
ical events in other tissue linked to cancer, cardiac fibrosis, and other
diseases. In those cases, ECs change their phenotype and dedifferentiate
intomesenchymal cells, in a process known as EndoMT. In the past year,
the dedifferentiation of ECs into mesenchymal cells has also been ob-
served in brain disorders, showing that also BECs can dedifferentiate.
None of these studies, however, have investigated a potential role of
EndoMT in the specific context of BBB dysfunction duringMS pathogen-
esis. The fact that MS pathogenesis, BBB disruption, and EndoMT have
several common denominators suggests that there may well be a link.
Future research is needed in order to elucidate a possible role of
EndoMT in driving BECs dedifferentiation during BBB dysfunction that
accompanies MS pathogenesis. Discovering such a link might offer
new routs to novel therapies forMS that inhibit EndoMT, restore proper
BBB integrity, and prevent the destructive effects of immune cells on
brain tissue during the disease.
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