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Abstract

Multiple sclerosis (MS) is an autoimmune disease, characterized by multiple demyelination of axons in both white and gray
matter in the Central Nervous System (CNS). There is increasing evidence to support the notion that angiogenesis and chronic
inflammation are mutually related. Different immune cells, including monocytes—macrophages, lymphocytes, neutrophils,
mast cells (MCs) and dendritic cells are able to secrete an array of angiogenic cytokines, which promote growth, migration,
and activation of endothelial cells. MCs play various roles in MS pathogenesis, influencing the innate immune response in
peripheral tissues and in CNS. The aim of this review article is to discuss the role of MCs in MS pathogenesis with particular
reference to the involvement of these inflammatory cells in the angiogenic processes occurring during MS.
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Introduction

Multiple sclerosis (MS) is an autoimmune disease, charac-
terized by multiple demyelination of axons in both white
and gray matter in the Central Nervous System (CNS).
The course of the disease involves an early, predominantly
inflammatory demyelinating disease phase of relapsing
remitting MS (RRMS), accounting for~85% of cases,
which evolves into a progressively degenerative stage asso-
ciated with axonal loss and scar formation, causing physical
and cognitive disability. MS has been considered an adap-
tive immune response through the activation of CD4+ and
CD8+T cells, specifically identifying myelin fragments
that induce tissue damage [1]. Myelin destruction is initi-
ated by myelin-reactive T cells, and is further amplified
by the inflammatory response of myeloid cells, including
brain-resident microglia and infiltrating inflammatory mac-
rophages [2].

There is increasing evidence to support the notion that
angiogenesis and chronic inflammation are mutually related.
Different immune cells, including monocytes—macrophages,
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lymphocytes, neutrophils, mast cells (MCs) and dendritic
cells are able to secrete an array of angiogenic cytokines,
which promote growth, migration, and activation of endothe-
lial cells.

MCs have been identified in different components of the
CNS, including leptomeninges, where MCs play a role in
limiting infections of the brain parenchyma [3], thalamus
and hypothalamus the dura mater of the spinal cord the
infundibulum, pineal organ, area postrema, choroid plex-
uses, supraoptic crest, the subfornical organ and the ven-
tricles [4, 5].

The aim of this review article is to discuss the role of
MCs in MS pathogenesis with particular reference to the
involvement of these inflammatory cells in the angiogenic
processes occurring during MS.

Mast cells and MS

Most of our knowledge concerning MS immunopathogen-
esis derives from studies conducted utilizing the experi-
mental autoimmune encephalomyelitis (EAE) experimental
model, which is induced in rodents via immunization with
CNS-derived antigens [myelin basic protein (MBP); prote-
olipid protein (PLP); myelin oligodendrocyte glycoprotein
(MOG] emulsified with complete Freund’s adjuvant in the
presence of pertussis toxin [6—8]. These antigens induce
an acute demyelinating process mediated by T cells and
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macrophages which can have a chronic relapsing course
similar to MS. Also, similar to MS in EAE, the blood brain
barrier (BBB) is altered, allowing infiltration of inflamma-
tory cells in the brain parenchyma and destruction of myelin
and oligodendrocytes.

MC:s play a critical role in both initiation and progres-
sion of MS and EAE, and accumulate in the demyelinating
plaques found in the CNS associated with immune cell infil-
trates, but also in the CNS parenchyma and the leptomenin-
ges of MS patients [9]. Increased numbers of MCs and their
activation products are detected in the brain and spinal cord
of MS patients and mice with EAE [10].

In EAE, meningeal MCs promote cellular influx into the
CNS by altering BBB integrity through release of hista-
mine, leukotriens, and chemokines, and expression of tumor
necrosis factor alpha (TNF-a), which recruits neutrophils
and leads to increased permeability and number of cells
that invade CNS. Rats and mice with EAE exhibit increased
degranulation of their brain MCs [11] and elevated levels
of the demyelinating MC protease [12]. EAE autoimmune
demyelination of CNS is accompanied by an increased den-
sity of both total MCs and degranulated MCs upon recogni-
tion of MBP and purinergic P2 receptor [13, 14]. MBP could
induce MC activation and superstimulation of activated T
cells [15, 16].

Activators/receptors involved in mast cell
stimulation in MS

MC degranulation occurs within minutes of activation and
results in the rapid release of substances from pre-formed
granules (Table 1). Degranulation begins with the activa-
tion of receptors with high affinity for IgE (FceR1) and Fcy
RIIA and their cross-linking with a rearrangement of F-actin
and microtubule formation. As a late response, MCs release
cytokines and chemokines that are synthesized de novo
(Table 1). The mechanism for activation involves IgE recep-
tors in cooperation with the toll-like receptor (TLR). TLRs
also recruit CD14 or CD48 for the effect of TLR ligands
[17].

The MC mediators involved in EAE/MS immunopatho-
genesis include histamine, TNF-a, interleukin-1 beta and

Table 1 Pre-formed and de novo formed mast cell mediators

-6 (IL-1p and IL-6), matrix metalloproteinesases (MMPs),
tryptase, and protease-activated receptors (PARs).

MC-derived histamine causes the disruption of BBB
tightness and passage of lymphocytes and their myelin-
directed antibodies, granulocytes that together with micro-
glia/macrophages, and MC-secreted proteases, participate
in demyelination and neuronal damage implicated in the
pathogenesis of MS [18].

TNFa expression has been correlated with CNS inflam-
mation, degeneration and disease activity in MS [19-21].
TNF-a recruits neutrophils and leads to increased perme-
ability and number of cells that invade CNS. The entry of
neutrophils into the meninges and the CNS parenchyma was
abrogated in the absence of MC-derived TNF-« [16, 22].

Neutrophils and MCs promote B cell proliferation con-
tributing to the organization of B cell follicle-like structures
that are found in the meninges of MS patients [23]. MCs
influence Th1 differentiation in EAE [15, 24, 25] and menin-
geal MCs modulate T lymphocyte effector function through
their expression of cytokines and other co-stimulating mol-
ecules [3].

The increased MC production of IL-1f and IL-6 promotes
the shift of regulatory T cells (Tregs) into active T helper
type 17 (Th17) lymphocytes producing IL-17 and IL-22
[26-29]. The small intestine microenvironment is involved
in the immunopathogenesis of EAE and MS by promoting
Th17 expansion [30]. Expression of CXCL12 MC chemoat-
tractant at lumen surface of endothelial cells facilitates traf-
ficking and accumulation of CXCR4-expressing MCs [31].
Granulocyte—macrophage-colony-stimulating factor (GM-
CSF) is involved in neuroinflammation in EAE. Meningeal
MCs contribute to myelin-specific T cell accumulation
and GM-CSF expression, as T cells neither accumulate in
meninges nor produce GM-CSF in the absence of MCs [32].

Elevated levels of tryptase are present in the cerebrospi-
nal fluid of MS patients [33], and can activate peripheral
mononuclear cells to secrete TNFa, IL-1p and IL-6 [34] as
well as stimulate PARS, that can lead to microvascular leak-
age and widespread inflammation [35]. Nitric oxide (NO),
oxygen radicals, TNFa and proteases have been implicated
in neuronal apoptotic cell death [36, 37]. Microarray analy-
sis of MS lesions shows that transcripts encoding tryptase,
chymase, histamine, osteopontin, and FceRI are significantly
increased in chronic disease [38-43].

Pre-formed (histamine, heparin, tryptase, chymase, cathepsin G, carboxypeptidase A3, granzyme B, renin)

De-novo formed

Cytokines (SCF, TNF-a, IL-1p, IL3, IL-5, IL-6, IL-9, IL-10, 1I-11, IL-13, IL-16, IL-17, IL-18, IL-22, IL-25, TGF-f, NGF, FGF-2, GM-CSF)
Chemokines (CXCL-8/IL-8, CCL-3/MIP-1a, CXCL-10/IP-10, CCL-1/1-309, CCL-2/MCP-1, CXCL-1/GRO-)

Angiogenic and lymphangiogenic factors (VEGF-A, VEGF-B, VEGF-C)
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Studies in mast cell deficient animal models

MCs depend on c-kit signaling for their growth and long-
term survival. In 1978, a MC-deficient mouse (WBX C57
BL/6) F1-W/Wv (WBB6 Kit"'"") was first described [44],
in which ~80-90% reduction activity of c-kit signaling
was induced. Other MC-deficient mice have since been
described, including KitW=s"W=sh mice, which have a muta-
tion upstream from the Kir promoter that interferes with
c-kit expression [45]. Lack of MCs in Kif mutant mice can
be selectively repaired by the transfer of genetically com-
patible wild-type MCs. Cpa3“"“* mice contain a transgene
encoding Cre-recombinase under the control of the car-
boxypeptidase 3 (Cpa3) promoter [46]. Cpa3°™* mice are
deficient in both mucosal and connective-tissue MCs and
has a partial reduction of splenic basophils [46].

These experimental animal models have been used in
the study of EAE. In detail, female (in this study were
used only female) Kit""""” develop significantly less severe
EAE, in terms of significantly reduced disease incidence,
delayed disease onset, and decreased mean clinical scores,
than wild-type counterparts [22]; KitV=*""=s" mice
develop more severe EAE, in terms of the presence of
more inflammatory foci in the CNS and increased T cell
response against myelin, than wild-type counterparts [47];
no differences in EAE disease severity were observed in
side-by-side experiments with wild-type, Cpa3<™* and
Kit""" mice [46]. These latter authors concluded that “the
correlations between the numbers and the distribution of
MCs and EAE pathology do not reflect an active role of
MCs in this disease” [46].

Overall, even if the results of these studies are not uni-
vocal, they support the involvement of MCs in the EAE
mouse model of MS. Nevertheless, more studies are
needed to exclude that other variables may be involved;
for example, it may be that there is a difference between
induction of disease effects and other factors involved
in disease progression. Moreover, the discrepant results
obtained by different groups may be related to different
protocols of immunization used to elicit EAE.

Mast cells and angiogenesis

Several lines of evidence indicate that MCs synthesize and
release potent angiogenic cytokines, including vascular
endothelial growth factor (VEGF), fibroblast growth fac-
tor-2 (FGF-2), the serine proteases tryptase and chymase,
IL-8, transforming growth factor beta (TGF-p), TNF-«
and nerve growth factor (NGF) [48]. MC-secreted mol-
ecules facilitate neo-vascularization not only by a direct

angiogenic effect, but also by stimulating other inflam-
matory cells of the microenvironment to release angio-
genic mediators and cytokines as well as extracellular
matrix-degrading proteases. MCs store in their secretory
granules pre-formed active serine proteases, including
tryptase and chymase [49]. Tryptase stimulates the pro-
liferation of endothelial cells, promotes vascular tube for-
mation in vitro, is angiogenic in vivo in the chick embryo
chorioallantoic membrane (CAM) assay [50] degrades
connective-tissue matrix, and activates MMPs and plas-
minogen activator (PA), which induce the release of VEGF
or FGF-2 from their extracellular matrix-bound state [51].
MCs are recruited early in tissue microenvironment and
play a critical role in both angiogenesis and tissue remod-
eling. In turn, MCs recruit eosinophils and neutrophils and
activate T and B cell immune responses [52], and MC-
derived MMPs degrade the interstitial stroma and, hence,
release extracellular matrix-bound angiogenic factors.

Mast cells and angiogenesis in MS

Several evidences indicate a role for angiogenesis in MS [53,
54]. Indeed, increased blood vessel density and endothe-
lial cell proliferation have been demonstrated in MS white
matter (WM) [55], elevated VEGF expression has been
detected in reactive astrocytes of both active and inactive
chronic demyelinated lesions [56, 57] in normal-appearing
WM from postmortem MS brains [58, 59] and also in sera
of MS patients during clinical relapses [60, 61]. In the late
MS phase, VEGF acting as a neuroprotective agent, is
decreased in cerebrospinal fluid (CSF) of MS patients and
also in peripheral blood mononuclear cells from secondary
progressive MS patients [62, 63]. Finally, the first in vivo
demonstration of a pro-angiogenic activity of CSF from MS
patients has been reported using the chick embryo CAM
assay (Fig. 1) [64].

Several studies demonstrated that osteopontin (OPN) is
highly expressed within MS lesions [65, 66] and signifi-
cantly high levels of OPN are detected in MS blood and CSF
samples [67-69]. OPN correlated with disease activity and
progression [67], and it was found that high CSF levels of
OPN also correlated with disease severity in primary pro-
gressive MS [70]. Baseline plasma OPN levels and vessel
density were significantly correlated in active RRMS [71].
OPN is produced by a variety of immune cells including
macrophages, activated T cells, dendritic cells, and MCs, can
induce VEGF [72] or VEGF can induce OPN [73] and both
molecules can function in synergy. Natalizumab treatment
induces a significant reduction of the pro-angiogenic activity
in sera from highly active MS patients tested in the CAM
assay, indicating that NTZ could exert its anti-inflammatory
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Fig. 1 12-day-old chick embryo chorioallantoic membranes (CAMs)
incubated on day 8 for4 days with gelatin sponges loaded with differ-
ent CSF samples and50 ng VEGF used as positive control. Note that
samples from relapsing—remitting (RR), secondary progressive (SP)
and primary progressive (PP) patients induce a strong angiogenic

properties also by inhibiting the angiogenetic mechanisms
in RRMS patients [71].

Therefore, two major roles of the angiogenic response
in MS may be hypothesized: early in the disease course,
the increase of angiogenesis may allow greater peripheral
immune/inflammatory response leading to a worse disease
activity; later in the disease course, the increased angiogen-
esis may represent a rescue attempt to address the hypop-
erfusion due to the reduction in vascular permeation into
the CNS.

Therapeutic strategies

Available anti-MC drugs are restricted to Imatinib and other
c-kit-related antibodies, MC stabilizers (sodium cromogly-
cate or ketotifen), or MC mediator antagonists (anti-hista-
mines, anti-leukotrienes).

The severity of EAE can be reduced by preventing activa-
tion of MCs by administration of the MC stabilizer picrox-
imil, the H1 receptor antagonist hydroxyzine, or intracister-
nal administration of C48/80, a systemic MC degranulating
agent, before immunization [74, 75]. Histamine H3 receptor
blockade with GSK239512 enhances lesion remyelination in
MS patients [76], and hydroxysine, a first generation anti-
histamine molecule controlled the initiation and progression
of an EAE experimental model [75]. The administration of
cladribine, an apoptotic drug that reduces the numbers of

@ Springer

response, inform of new-forming blood vessels radially converging
toward the gelatin sponges, comparable to the angiogenic response
induced by VEGF, while samples from neurological control (NC) and
clinical isolated syndrome (CIS) induce a lower angiogenic response.
(Reproduced from [64])

MCs, T and B cells, exerts positive effects in both clinical
and neuroimaging settings in RRMS [77]. Patients showed
significant lower relapse rate, higher relapse free rates, and
a significant reduction of brain lesions determined by MRI.
Pinke et al. [78], investigated the effect of ketotifen fumarate
(Ket), a stabilizer of MC activity and a second-generation
anti-histamine substance used in the treatment of allergic
disorders, on EAE development and demonstrated that Ket
significantly reduced disease prevalence and severity, and
restored BBB permeability levels. Ket through MC stabiliza-
tion may inhibit the release of chemotactic mediators from
neutrophils [79].

Long-term treatment of patients with chronic myeloid
leukemia with Imatinib (Gleevec), a receptor tyrosine kinase
inhibitor, resulted in a reduction of bone marrow MC num-
ber to 5% of pre-treatment values [80]. Imatinib blocks
MC proliferation in vitro and reduces the severity of EAE
through reduction of CNS inflammation, demyelination, T
cell recruitment, and enhancement of BBB integrity [81,
82].

MCs generated Sphingosine-1-phosphate (S1P) [83],
which plays an important role in MS [84]. The S1P1 modu-
lator FTY720 is currently used as MS-immunosuppressant
therapeutic agent potentially able to decrease MC trafficking
into CNS as it reduces the number of MCs in the intestinal
mucosa and prevents allergic diarrhea in mice [85].

Overall, these evidences indicate that inhibition of the
release of MC mediators may be suggested as a therapeutic
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Fig. 2 Interactions between mast cells and other cells of brain microenvironment involved in brain angiogenesis and alterations of blood—brain

barrier permeability

strategy in the treatment of MS patients. However, while
most of these effects responsible of BBB disruption and
recruitment of inflammatory cells in the CNS, have been
attributed to soluble factors released by MC granules, their
contribution to other stages of EAE/MS pathogenesis,
should be further clarified. The definition of this matter is
fundamental to define how MCs contribute to each of the
pathological steps of EAE/MS development to define the
most responsive disease stages.

Concluding remarks

Innate immune cells, including neutrophils and mac-
rophages, are involved in initiation and progression of EAE/
MS. More recently, an important role in neuroinflammation
and neurodegeneration occurring in the course of the disease
has been attributed to MCs [54, 86].

MC:s play various roles in MS pathogenesis as it has been
extensively investigated using the EAE model, influencing
the innate immune response in peripheral tissues and in
CNS. These cells are activated in early disease and express
mediators that affect BBB integrity and recruit T cells for
pathogenic activation [8]. In addition to their ability to
express many mediators including TNF-a, IL-6, and IL-1p,
that promote the pathogenic immune response in MS and
EAE, MCs can also directly provoke demyelination in vitro
[87]. Increased vascular permeability has been found in the
CNS where MC degranulation compromises the BBB and
allows further entry of inflammatory substances into the
brain [88].

MCs could, therefore, participate in the pathogenesis
of MS different ways: they could be stimulated to release

cytokines/chemokines inducing inflammatory cells recruit-
ment and activation; disrupt BBB and permit entry of active
T cells in brain parenchyma; stimulate angiogenesis (Fig. 2).

Although angiogenesis is likely not the first event in the
pathogenesis of MS, its role in the different phases of dis-
ease progression makes it an important target in therapeutic
options. The advantages of inhibiting angiogenesis in the
early phase of MS are related to reduction of the vascular
supply of nutrients and inflammatory cells to the demyelinat-
ing lesions, inhibiting the production of endothelial-derived
pro-inflammatory molecules. Blocking VEGF signaling and
angiogenesis reduced clinical and pathological signs of dis-
ease in the early phase in an animal model of MS [89].

Here, we have suggested a potential role of MCs in the
regulation of angiogenic processes occurring during MS
progression. MCs are considered a potentially useful tar-
get for pharmacological strategies in the treatment of MS,
through the selective inhibition of angiogenesis and prevent-
ing MC-mediated immune suppression.
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