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Figure 2 Molecular structure of the endothelial barrier of the BBB. Two major divisions of the endothelial barrier are tight and adherens
junctions. Tight junctions seal intercellular clefts and contain several protein components, e.g., occludin, claudins, ZO-1, ZO-2, ZO-3,
cingulin, and 7H6. The junctional adhesion molecules (JAMs) are also located at tight junctions. Cerebral endothelial adherens junctions
are formed mainly by cadherins (mainly VE-cadherin), which interact with catenins and desmoplakins to bind the cytoskeleton. PECAM
also binds to the cytoskeleton via catenins and may be regulated by SHP-2 interactions.

Figure 3 MRI scans of the brain of a 32-year old woman with RRMS. An axial FLAIR (fluid-attenuated inversion recovery) image reveals
multiple hyperintense lesions in the periventricular white matter. (B) A gadolinium-enhanced axial T1-weighted image of the same
patient reveals an enhanced lesion, which is indicative of BBB disruption during active inflammation.
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check by anti-inflammatory cytokines, like IL-10 or IFN-
B.31,32

CEC activation by Th1 cytokines can modulate the BBB
phenotype by induction of several inflammatory genes.
Cytokines induce expression of endothelial cell adhesion
molecules (ECAMs), including ICAM-1, VCAM-1, E-selec-
tin, and PECAM-1.%*>* Elevated levels of ICAM-1 have
been described in MS during relapses and are associated
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Figure 4 Possible mechanisms leading to BBB disruption in MS.
Following exposure of genetically susceptible individual to as yet
unknown environmental factor(s), leukocytes are activated
against CNS antigens. Activated leukocytes, mainly CD4 T
Iymphocytes and macrophages set in motion cerebral endothelial
activation and injury by releasing proinflammatory cytokines (e.g.
IFN-y and TNF-o) and chemokines. Expression of endothelial cell
adhesion molecules (ECAMs) such as VCAM-1, ICAM-1, MAd-
CAM-1, E-selectin, and PECAM-1 by activated cerebral endothe-
lial cells is upregulated. Some ECAMs are shed as vesicles from
endothelial membranes carrying ECAMs from the parent EC
known as ‘endothelial microparticles’ (EMP). The molecular
organization of the tight/adherens junctions of the BBB is also
possibly altered by effects of proinflammatory cytokines (particu-
larly IFN-y) on expression of occludin and other junctional
elements. Activated leukocytes also secrete matrix metalloprotei-
nases (MMPs) which may promote transendothelial migration of
these cells into the CNS by degrading extracellular matrix
macromolecules. Binding of putative MS antigen(s) within the
CNS to CD4 T lymphocyte receptor and MHC (trimolecular
complex) further promotes the inflammatory cascade against
bound antigen(s).
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with enhancing lesions on MRI.**"* Conversely, ICAM-1
expression decreases in MS during remission, or following
treatment with high-dose corticosteroids.®® Similarly,
soluble forms of ECAMs are also increased in MS sera/
CSF (soluble E-selectin, VCAM-1, and PECAM-1)3339- 41
and correlate with disease activity. Elevated plasma levels
of insoluble PECAM-1 also have been reported in patients
with RRMS (Figure 4).** Since PECAM-1 (CD31) is a guide
molecule in leukocyte emigration, the release of PECAM-1
might limit leukocyte binding and extravasation, but this
has yet not been examined.

CEC exposure to Th1 cytokines, particularly IFN-7, can
alter the architectural organization of the tight and
adherens junctions of the CEC. Two of the major structural
proteins in tight and adherens junctions are occludin and
vascular endothelium-cadherin (VE-cadherin), respec-
tively. We have observed that chronic exposure of several
types of endothelial cells to Th1 cytokines, such as IFN-
7.%3 While cytokines like TNF-% and IL-1B may induce
inducible nitric oxide synthase (iNOS) (which promotes
injury to the BBB), the role of these cytokines in MS is
complex and they may also aid in repair processes, such
as remyelination.**

Chemokines

Chemokines are small (8—-10 kDa) chemotactic peptides
released by activated macrophages, microglia,* * astro-
cytes and inflammatory cells.*>*%*® Chemokines direct
leukocyte chemotaxis and adhesion. In MS, proinflamma-
tory cytokines, e.g., IFN-v, IL-1B, and TNF-%, may be the
main stimuli for chemokine production.*>*° The chemo-
kines affecting CEC interactions with activated leukocytes
belong to two families: ®-chemokines (CXC), chemotactic
for neutrophil/T cells, and B-chemokines (CC), which are
chemotactic for monocyte/macrophages. The two major
chemokine groups involved in MS pathogenesis are the
CXC and CC. Elevated levels of these two subfamilies,
which include CCL2, -3, -4, -5, -7, -8, and CXCL10, have
been described in MS.?" During active MS inflammatory
responses, chemokine signals convert low affinity, selec-
tin-mediated interaction of leukocytes with CEC into the
higher affinity, integrin-mediated interaction that leads to
transendothelial migration of lymphocytes, monocytes,
and macrophages.®® >* Berger et al. have shown that the
CCR3 and CXCR4 chemokines are abundantly expressed
in CEC, indicating that these may be key elements in
controlling leukocyte migration across the BBB.?® There-
fore, chemokines, cytokines and adhesion molecules
cooperate in the control of leukocyte-endothelial adhesion
and motility and determine the cellular composition of
inflammatory infiltrate in MS®*“*® and BBB properties.®”

BBB junction remodeling in MS

The tight junctions of the CEC contain occludin,®® %°

claudin-1 and claudin-5,°"" ®* junctional adhesion mole-
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cules 1-3,%" % 7H6, and cingulin.”® In patients with MS,

disturbances in the BBB may reflect 1) diminished
expression and/or 2) increased destruction of tight and/
or adherens elements, 3) changes in junctional binding, 4)
internalization/repositioning of junctional elements, and
5) increased cytoskeletal tension.

Changes in junctional protein expression in MS

Proinflammatory cytokines like IFN-Y and TNF-% are
elevated in MS, and can affect barrier integrity through
several mechanisms, particularly inhibition of junctional
proteins expression. In vitro, we reported that, IFN-Y
decreased endothelial expression of occludin.*® TFN-Y
decreased endothelial occludin expression and affected
barrier function over 48 hours, without concomitant
reductions in VE-cadherin.**** Similarly, TNF-® and
IFN-Y reduced expression of occludin and barrier in
epithelia® and might be expected to do the same in
CEC. However, Wachtel et al. reported in CEC that TNF-&
does not affect occludin expression; on the other hand,
astrocytes (which express occludin, claudin-1, ZO-1, and
Z0-2) show decreased occludin after TNF-%, with no effect
on ZO-1. This is presumed to be an NF-kB dependent
phenomenon. ®°

We observed that occludin structure and content in
endothelial cells were diminished by IFN-7,”° an effect
that was blocked by IFN-B1b or IFN-P1a.”" Interestingly,
we also observed that, alone, both IFN-B1a and IFN-B1b
could enhance occludin expression in cultured EC.”* This
phenomenon is currently under study in our laboratory
and could in part explain some of the therapeutic effects
of IFN-B in MS therapy.

Possible dlterations of junctio nal binding in MS

It is generally accepted that microfilament organization
parallels junctional bond strength (and thus barrier); this
has only recently been demonstrated.”” The mechanisms
through which inflammatory mediators (cytokines, auta-
coids, oxidants) fragment the cytoskeleton and might lead
to barrier failure remain unknown.

Oxidant stress and cytokines decrease endothelial
barrier” and increase the tyrosine phosphorylation of
occludin, zonula occludens (ZO-1), E-cadherin, and beta-
catenin, which dissociates these complexes.”*”® Similarly,
we have shown in EC that oxidants decrease EC barrier by
disintegrating occludin and ZO-1 binding, events that are
MAPK dependent.”® Cytokines like TNF-® can induce the
phosphorylation of VE-cadherin,”®> which controls its
integration into cell junctions and barrier function.

Sequestration of classical cadherins and VE-cad-
herin”””® may provide an additional mechanism for
regulating junction assembly and barrier and has been
reported following endothelial exposure to oxidants and
other proinflammatory mediators.

Multiple Sclerosis

Many groups support tyrosine phosphorylation as the
critical trigger for junctional disorganization in response
to several inflammatory mediators, which include oxi-
dants and growth factors. Conversely, re-establishment of
the barrier and junctional restitution also requires activity
of tyrosine kinases as well.”®

cAMP has been shown to play a significant role in
organizing elements in the BBB, like microfilaments, and
may act through vasodilator stimulated phosphoprotein
(VASP), which is an important regulator of actin-tight
junction interactions.®®

Endothelial growth factors in MS: possible role in
reorganization of the junctions

In addition to cytokines, endothelial growth factors may
also modulate junctional molecular structure and function
in MS. Vascular endothelial growth factor (VEGF) med-
iates various aspects of endothelial cell physiology,
including regulation of growth, permeability, and inflam-
mation. Kevil et al.®" demonstrated that VEGF increases
albumin permeability across endothelial monolayers in
vitro and suggested that permeability increases through
rearrangement of two major endothelial junctional pro-
teins, occludin and VE-cadherin. Increased expression of
VEGF is seen both in active and chronic MS lesions.®
Thus, it is possible that, particularly during acute relapses
of MS, excessive expression of VEGF contributes to
disruption of the BBB and alters the endothelial barrier
function by the lowering the expression of key junctional
proteins.

Role of matrix metdlloproteinases in MS patho genesis

Transendothelial trafficking of leukocytes from vascular
compartment into the brain parenchyma involves matrix
metalloproteinases (MMPs), which remodel extracellular
matrix (ECM) and junctional components. MMPs consist
of a group of >20 Zn*'-dependent endopeptidases,
which are implicated in the pathogenesis of MS. Expres-
sion of MMPs is regulated at transcriptional, translational,
and post-translational levels with tissue inhibitor of
metalloproteinase (TIMP). There is growing evidence
that MMPs are involved in various steps of pathogenesis
of MS, e.g., focal BBB damage, perivascular lymphocyte
infiltration, destruction of myelin, formation of demyeli-
nated plaques, and loss of axons.?®®* Nearly all cells in
the BBB (astrocytes, microglia, CEC, T cells, macrophages)
can form MMPs, which can disrupt the BBB.?>® Immu-
nochemical studies of brain tissue from MS patients have
shown elevated production of MMPs-1, -2, -3, -7, -9 by
macrophages in active lesions.?””#® MMP-9 levels in MS
serum are elevated compared with controls;®® ' the
serum levels of MMP-9 rise rapidly during relapses of
MS and are correlated with gadolinium-enhancing lesions
on MRL*
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Barrier modulation by leukocyte emigration: possible
role in MS

CEC activation is the initial step in enhanced trafficking of
leukocytes, particularly CD4 + T cells into the CNS of MS
patients. Transendothelial migration of activated leuko-
cytes during the inflammatory cascade of MS is perhaps
the most significant consequence of the BBB disruption.
While some forms of leukocyte migration do not alter
barrier or junctional integrity.® In other cases, leukocyte
migration itself may be enhanced by reduced junctional
integrity in MS, and may further contribute to structural
modification of endothelial junctions during chronic
inflammation like that in MS.%*°® This remodeling pro-
cess may involve NF-kB-dependent signaling,”*%* secre-
tion of proteases, e.g., elastases,®**®> and may target
components in both tight and adherens junctions. Thus,
while modest levels of leukocyte migration might not
damage the BBB, the large numbers of cells migrating
during active episode of MS, or the level of their activation
could potentially remodel junctions with destructive
consequences.

Endothelial microparticles in multiple sclerosis

Another interesting feature of the CEC activation by the
cytokine and chemokine storm of MS is shedding of
endothelial microparticles (EMP) into plasma. Upon
activation by cytokines, IFN-Y and TNF-%, endothelial
cells shed small membrane vesicles, which bear adhesion
molecules from the activated parent endothelial cells.
EMP were first studied in vitro, but recently have been
studied in vivo as markers of endothelial stress.”% Some
of the markers carried by EMP include PECAM-1 (CD31),
CD51, endoglin (CD105), E-selectin, and VCAM-1. High
plasma levels of EMP carrying CD31 has shown a positive
association with the presence of contrast enhancing
lesions by brain MRI in MS patients and may represent a
new marker of disease activity.*

BBB disruption in MS
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Role of oxidative stress and NO in BBB disruption in
MS

Oxidative stress may, in the form of O,', H,O, OH®,
peroxyl radicals and hydroperoxides, contribute to devel-
opment of endothelial injury in MS.%®% While reactive
oxygen species (ROS) act as tertiary messengers, excess
oxidants reduce barrier function, and involve reorganiza-
tion of tight junction architecture involving ZO-1 and
occludin pairing.”® ROS also activate kinase pathways and
transcription factors, such as NF-kB'®'°", poly-ADP
ribose polymerase,’ to induce inflammatory genes,
including ECAMs, MMPs, and iNOS.

Levels of NO® and its metabolites are elevated in blood,
urine, and CSF of MS patients,’® but it remains con-
troversial whether NO® plays a protective, an injurious, or
both roles in pathogenesis of MS."® In the BBB, CEC form
NO® via endothelial NO* synthase (eNOS, NOSIII) and
may decrease or increase BBB. CEC sense NO*® by a cGMP-
pathway that may phosphorylate junction associated
proteins (like VASP),*®* which strengthen paraendothelial
barrier and limits endothelial permeability. Although by
scavenging oxidants NO may also serve as an important
antioxidant defense in CEC,"® several reactions between
oxidants and NO® can lead to formation of highly reactive
species, like peroxynitrite, which disintegrate the BBB."®
The induction of iNOS by cytokines in several cells within
the BBB could release sufficient NO* to form toxic levels
of NO® metabolites that disrupt the BBB."””

Therapeutic implications

The current treatments for MS, glatiramer acetate, IFN-B,
affect the cytokine milieu through different mechanisms
and result in a shift in cytokine pattern from proinflam-
matory to anti-inflammatory. IFN-P may also have bene-
ficial effects on the BBB and on the trafficking of the
activated leukocytes into the CNS. However, such effects
have not been fully investigated yet. New experimental
therapies for MS have been proposed, which restore the
normal cytokine balance, block transendothelial migration

Table 1 Current available and experimental treatments for MS with effects on the blood brain barrier

Treatment strategy

Target in the BBB

Adhesion molecules

Antiadhesion molecule(s) monoclonal antibodies

(Antegren: anti-VLA-4 monoclonal antibody)
Interferons (B1a and B1b)**°

Corticosteroids
Matrix metalloproteinase inhibitors
Tissue inhibitor of matrix metalloproteinase (TIMP)
Interferons
Corticosteroids
Nitric oxide synthase inhibitor(s)

Matrix metalloproteinase(s)

Chemokines/cytokines
Nitric oxide synthase

111

112,113

114
115

116

117
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of activated leukocyte, and/or endothelial adhesive deter-
minants, all of which apparently help to restore or
stabilize the BBB (Table 1). Monoclonal antibodies are a
new promising class of drugs that can potentially alter the
future of MS treatment. These monoclonal antibodies
against adhesion molecules block binding interactions of
these molecules to their ligands. Natalizumab (Antegren),
a humanized %4 integrin antibody, has been used in
clinical trials for treatment of patients with RRMS. %1%
Natalizumab binds 4 integrin on the surface of activated
lymphocytes and monocytes effectively and blocks their
adhesion to VCAM-1 and MAdCAM-1 on activated en-
dothelium. This effect potentially impairs leukocyte traf-
ficking across the failing endothelial barrier in MS
patients. Our expanding knowledge of the biochemical
and cellular events which drive MS (and other chronic
inflammatory states) should help improve existing thera-
pies and aid in the design of safer and more effective
treatments for MS.
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