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Abstract

Neurodegenerative diseases are an increasing problem in the modern world. Multiple sclerosis (MS) is a major
human demyelinating and degenerative disease of the central nervous system (CNS). There are many reports
that point to the significant role of platelet—leukocyte interaction in neurodegenerative diseases and cardio-
vascular disturbances. Epidemiological studies confirm the high risk of cardiovascular diseases in patients
with MS. The pathophysiology mechanisms of this multi-component disease are very complex and involve
various types of cells. There is increasing evidence that some co-stimulatory pathways affect the function
of inflammatory cells, both in the periphery and in the CNS. Interactions of leukocytes and endothelial cells
(ECs) could be significantly modulated in the presence of activated blood platelets. The supposed role
of activated platelets in the development of vessel inflammatory response is due to their ability to adhere
toinflamed ECs or proteins included in the subendothelial layer of the blood vessel wall, as well as to the ability
of platelets to form aggregates with leukocytes. Blood platelets are able to directly activate leukocytes through
areceptor-dependent mechanism or, indirectly, by biologically active compounds secreted from their granules.
Cell—cellinteractions provide critical mechanisms by which platelets link thrombosis, inflammation and related
processes, such as diapedesis and leukocyte infiltration, to the affected vessel. Determining the relationship
between platelet—leukocyte interactions and the development of neuroinflammation in the course of MS
may provide new therapeutic targets in the future.
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Introduction

Neuroinflammation is an inflammation of the nervous
tissue, whereas neurodegeneration is the progressive loss
of structure and function of neurons in specific regions
of the central nervous system (CNS), which is a significant
microenvironment for the proper functioning of neurons.?
The neurodegeneration is a term that embraces a broad range
of clinical diseases with chronic inflammation, of which
the most common are multiple sclerosis (MS), Alzheimer’s
disease (AD) and Parkinson’s disease (PD). Multiple sclerosis
is one of the most frequently occurring disorders of neuro-
logical disability among young adults, typically appearing
between the age of 20 and 40. It affects around 2.3 million
people worldwide, of whom roughly 600,000 live in Europe.?
Multiple sclerosis is a chronic, demyelinating neurodegener-
ative disease of the CNS with a complex of different clinical
courses and a number of pathophysiological mechanisms,
such as axonal/neuronal damage, neuroinflammation, de-
myelination, gliosis, and remyelination. The pathomecha-
nism of MS is based on alterations of the immune system
together with biochemical disturbances and a disruption
of blood-brain barrier (BBB). The blood—brain barrier
is a structural complex composed of matrix components
and several cell types (e.g., endothelial cells (ECs), pericytes,
perivascular microglia, and astrocytes). These barriers are
responsible for supporting metabolic homeostasis and im-
mune regulation of CNS.*

Blood platelets are a key element in maintaining physi-
ological hemostasis. Hemostasis is a complex of physiologi-
cal processes that ensure vascular tightness and circulating
blood flow, and inhibit bleeding after breaking the continu-
ity of a blood vessel. Numerous interacting elements are
involved in the maintenance of normal hemostasis, includ-
ing blood vessel wall, blood platelets, coagulation cascade,
fibrinolytic system, and phagocytic cells. Damage to ECs
and exposure of the thrombogenic adhesion proteins lead
to platelet activation and initiation of coagulation cascade.
This is accomplished by forming a stable platelet plug via
adhesion to the revealed subendothelial matrix proteins
(e.g., von Willebrand factor (vWF) and collagen). The plate-
let membrane is rich in glycoproteins (GP Ia-Ila/of;, GP
Ib-V-IX, GP Ic-IIa/as3;, GP IIb-IIIa/ayy,Ps, and GP IV), which
bind to activate platelets and serve a primarily adhesive
function. Throughout the interaction with the ECs, platelets
become partly active, accordingly changing their shape from
adiscoid to a pseudopodia state.> Activation results in plate-
let aggregation by binding GP IIb-IlIa to fibrinogen, which
ultimately results in the formation of a stable platelet plug.®

Interestingly, epidemiological studies confirm that there
is an increased risk of cardiovascular disease in patients
with MS, especially of prothrombotic events fairly associ-
ated with decreased hemostatic platelet activity. Platelets
have been recognized as the smallest blood cells that fulfill
a complex role in hemostasis/thrombosis and also in in-
flammation. Platelets possess a large variety of molecules
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stored in their granules, including numerous membrane
receptors, immunomodulatory mediators and cell adhe-
sion molecules. There is a link between platelets and patho-
physiology of MS, and these small cells may be a key player
in neuroinflammation. Activated platelets are responsible
for the interaction with leukocytes and initiate increased
infiltration of autoreactive T cells, which form new neu-
roinflammatory lesions in CNS.”

Biological active substances
derived from blood platelets

Platelets are one of the most abundant cells in the circula-
tory system, which contain numerous biologically active
compounds that are stored in their granules and release
them during activation. Those signaling substances play
a key role in the continuous communication of platelets
with other platelets, immune cells and ECs. The capacity
of blood platelets to secrete from their storage vast amounts
of cytokines, chemokines and other related molecules ap-
pears closely related to their role in hemostasis and inflam-
mation. Circulating platelets are inactive until they adhere
to exposed subendothelial matrix proteins or are stimu-
lated by soluble agonists. Each activating event is associated
with a change in platelet shape, cytoskeletal reorganiza-
tion and the secretion of platelet granules.® Proteins in-
volved in the behavior of physiological hemostasis include
fibrinogen, vWF, vitronectin, fibronectin, thrombospondin,
factor V, factor VIII, coagulation factors, fibrinolytic inhib-
itors, mitogens, adhesion molecules, and membrane glyco-
proteins (GP Ib, IIb and I11a).” During activation, the plate-
lets expose a vast number of surface-bound molecules
stored in their a-granules, such as inflammatory cytokines
(e.g., CD4OL or interleukin (IL)-1p), resulting in endo-
thelial activation and the secretion of chemoattractants,
such as platelet activation factor (PAF), chemokines plate-
let factor (PF4) and RANTES/CCLS5 (regulated on activa-
tion normal T-cells expressed and secreted). Furthermore,
dense granule constituents, such as serotonin, adenosine
5-triphosphate (ATP), adenosine 5-diphosphate (ADP),
polyphosphates, and glutamate, are known as modifiers
of platelet activation and thrombus formation, but many
have also immune cell-modifying effects.!® PF4/CXCL4
is one of the most abundant proteins belonging to the CXC-
subfamily of chemokines, synthesized in megakaryocytes,
enclosed in vesicles and transferred to the a-granules from
which it is secreted during platelet activation (it represents
25% of a-granule storage). Basal concentration of PF4 in hu-
man plasma is 2—20 ng/mL. The PF4 has many cell targets,
such as neutrophils, monocytes/macrophages and T-cells.
It has a wide scope of activities related to innate immunity,
including effects on monocyte and neutrophil chemotaxis.!!
The PF4 initiates a signal transduction cascade in mono-
cytes, leading to the induction of a wide spectrum of func-
tions, including phagocytosis, respiratory burst, monocyte
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survival, and the secretion of cytokines. It activates neu-
trophils by binding to the proteoglycan chondroitin sul-
fate on the surface of neutrophils. The PF4 can promote
the release of neutrophil granules and enhanced adhesion
neutrophils to ECs. It induces monocyte release of cyto-
kines, such as CXCL3, CXCLS, IL-1q, IL-1pB, IL-6, IL-19, tu-
mor necrosis factor o (TNF-a), CCL2, CCL3, and CCL22.1?
Moreover, CXCL4 also expresses immunomodulatory ac-
tivities, such as downregulation of interferon production
by type 1 T-helper (Th1) cells, up-regulation of IL-4, IL-5,
and IL-13 in type 2 T-helper (Th2) cells. The PF4 inhibits
the production of Thl cytokines and promotes the pro-
duction of Th2 cytokines through the interaction with
CXCR3-B receptor.!* Chemokine (C-C motif) ligand 5
(CCL5), also known as RANTES (regulated on activation,
normal T cell expressed and secreted), is a CC-subfamily
of chemokines produced by extravascular cells. Chemo-
taxis induced by RANTES is dependent on the activation
of p38 mitogen-activated protein kinase (MAPK) pathway.
The RANTES and monocyte chemoattractant protein-1
(MCP-1/CCL2) induce tissue fibroblasts to produce IL-6
and IL-8. The RANTES can also promote IL-2 and IL-5 ex-
pression in T cells. The synthesis of IL-1, TNF-a, and IL-6
can be stimulated by macrophages-derived inflamma-
tory protein-1 (MIP-1/CCL3).} Schober et al. observed
that the blockade of RANTES is a powerful tool to inhibit
monocyte recruitment on different ECs types, which im-
pairs macrophage infiltration.'®

Furthermore, platelet-derived IL-1a (but not IL-1) stored
in a-granules is capable of activating peripheral ECs, and me-
diates platelets-promoted leukocyte infiltration in periph-
eral tissues, which also enhances transendothelial migration
of neutrophils (TEM). Measurements of platelet and leuko-
cyte IL-1a level indicate that the expression of platelet-derived
IL-1a was 3.6-fold higher compared with the levels expressed
by leukocyte populations, suggesting that blood platelets are
the main source of IL-1at. The study conducted by Thornton
et al. showed that platelet-secreted IL-1a drives endothelial
activation in a mouse brain, which can lead to the release
of endothelial intercellular adhesion molecule 1 (ICAM-1),
vascular cell adhesion protein 1 (VCAM-1) and CXCL1 che-
mokine. Low concentrations of IL-1a released from platelets
during activation induce significant brain endothelium acti-
vation. Mouse brain endothelium is very sensitive to IL-1q,
with concentrations as low as 1.5 pM being able to induce
CXCL1 secretion and enhance CAM expression, which sug-
gests that local release of platelet IL-1a could mediate cere-
brovascular inflammation in vivo.!®

Interactions between platelets
and leukocytes in inflammation

The proinflammatory activity of blood platelets occurs
through a variety of mechanisms, including receptor-li-
gand connection and activation of different cells, as well
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as through the release of severe biologically active molecules
stored in their granules. This bidirectional process is called
cellular cross-talk.l” Platelets possess a wide array of glyco-
protein membrane receptors that are crucial for their inter-
actions with other platelets, leukocytes and ECs. Platelets are
expressed by a few members of the f1-subfamily integrins
(o pr and oy By), and P3-subfamily integrins (o33 and oy, P3),
that support platelet adhesion to the endothelial cell-matrix
proteins, such as collagen, fibronectin and laminin.!® GP
IIb-IIIa (also known as ay,P3) is a receptor for fibrinogen,
vWTE, fibronectin, and vitronectin, which is definitely a ma-
jor initiator of platelet aggregation. The formation of hemo-
static plug is determined, to a large extent, by the integrin
GP IIb-Illa-mediated interactions of platelets with their
receptors.!® There are several possible connections between
platelets and leukocytes. The main interaction between
platelets and leukocytes, which is responsible for the for-
mation of platelet-leukocyte aggregates (PLAs), is the con-
nection between platelet P-selectin (CD62P) and leuko-
cyte P-selectin glycoprotein ligand-1 (PSGL-1). Platelets
are a major source of CD62P in the circulatory system.?
CD62P is a membrane glycoprotein heavily present in plate-
let a-granules and Weibel-Palade bodies in ECs that is ex-
posed on the platelet surface during activation. CD62P/
PSGL-1 interaction has a functionally key role in leukocyte
rolling and adhesion to platelets and endothelium, which
are the main step in the process of leukocyte recruitment
and extravasation.?! PSGL-1 protein is also expressed on all
T-cells types. In murine models, CD62P-positive platelets
mediate adhesion of leukocytes into endothelium leading
to the recruitment of T-cells to the place of inflammation/
injury.?? Individual leukocyte subpopulation demonstrates
different affinity for CD62P present on platelets surface.
From all leukocytes, monocytes show the greatest affinity
for platelet CD62P, and thus to the formation of platelet-
leukocyte aggregates.?? It is known that PSGL-1 is likely
to be a prevailing ligand for CD62P. Interestingly, Hirata
et al. have confirmed that PSGL-1 on Thl cells functions
is the only ligand for CD62P and E-selectin in vivo.?*
Itis worth noticing that most lymphocytes express PSGL-1
on their surface, but only 10-20% of them are actually
able to bind platelet CD62P. To make a connection with
P-selectin, PSGL-1 ligand needs to be post-translationally
modified by protein glycosylation and tyrosine sulfation.?
Abundant adhesion connections have been identified
and implicated in the leukocyte transmigration process.
Leukocyte recruitment occurs at the sites of vascular injury,
where the subendothelial proteins have been externalized
and activated platelets have been deposited. The initial teth-
ering and rolling of leukocytes are followed by their strong
adhesion and platelet migration, which depends on macro-
phage antigen 1 (Mac-1,0p[,, CD11b/CD18). The initial link
between platelets and leukocytes (CD62P/PSGL-1) leads
to increased expression of Mac-1 on leukocytes, which itself
supports interactions with platelets. Mac-1 can also interact
with GP IbA present on platelets, which mediate adhesive
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interactions between leukocytes and platelets. Wang et al.
had observed that leukocyte recruitment markedly had
been decreased by 73% in the case of CD62P deficiency
on the platelet surface and 67% in the lack of Mac-1, sug-
gesting that leukocyte recruitment is largely dependent
on the aforementioned interactions.?® Simon et al. observed
that the binding of neutrophils from wild-type (Mac-1*/*)
and Mac-1-deficient (Mac-17") mice to GP IbA. Mac-1*/*
neutrophils bound to adherent platelet; however, Mac-17/~
neutrophils demonstrated markedly reduced adhesion
to platelets, which implies that the predominant interaction
between neutrophils and platelets occurs between Mac-1
and GP IbA. The specificity of the interaction was that neu-
trophils from wild-type mice (but not from Mac-1""~ mice)
bound to adherent platelet GP IbA. These studies dem-
onstrate that GPIbA is a physiologically relevant ligand
for Mac-1 and is critical to leukocyte function in vivo.?”
Binding of platelet endothelial cell adhesion molecule-1
(PECAM-1/CD31), ICAM-2/CD102, CD99, and mem-
bers of the junctional adhesion molecule (JAM) family
(e.g, JAM-A and JAM-C) with leukocyte ligands may assist
in leukocyte transendothelial migration. ICAM-2, JAM-A
and PECAM-1 are all members of the immunoglobulin
superfamily of adhesion molecules. Woodfin et al. have
observed that the lack of ICAM-2 in a murine asthma model
has delayed the increase in eosinophil infiltration. Those
findings indicate that the adhesion molecules ICAM-2,
JAM-A and PECAM-1 can support neutrophil emigration
through venular walls in a highly organized and regulat-
ed manner after local ECs activation. These studies may
suggest that adhesion molecules may play a crucial role
in mediating physiologic leukocyte infiltration as part
of the immune response. There is a vast number of evidence
demonstrating that the EC molecules support neutrophil
transmigration in vivo in a stimulus-dependent way.?®
Despite the lack of cell nucleus, the platelets contain
stable mRNA transcripts that can synthesize de novo
the proteins involved in maintaining physiological he-
mostasis and inflammatory process. For hemostasis,
platelets synthesized proteins, including coagulation fac-
tor XI, tissue factor (TF), GP Lib-IIIa,? and cyclooxygen-
ase (COX).223° Proteins involved in inflammation, synthe-
sized by platelets, are IL-1B and chemokine RANTES.3
The mRNA transcript for IL-1f are constitutively present
in platelet polysomes. Platelet activation induces a rap-
id and sustained synthesis of pro-IL-1p protein. A por-
tion of the IL-1f is shed in its mature form in membrane
microvesicles and induces adhesiveness of human ECs
for neutrophils. Lindeman et al. recently found that IL-1B
acts in concert with CD62P to induce expression of COX-2,
when human monocytes interact with activated platelets.3?
Interleukin 1-f and IL1R1 are associated with the innate
immune system and can regulate both megakaryocyte
and platelet functions in human models. Platelet IL-1f
through IL1R1 can stimulate megakaryocyte maturation
and modify the RNA profiles in the evolving platelets
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to be prothrombotic and proinflammatory. The pres-
ence of IL-1pB stimulates ECs to secrete their chemotac-
tic proteins. Interleukin 1p affects the endothelium layer
and smooth muscle cells by stimulating inflammation,
and initiates platelet adhesion to ECs. NF«B pathway can
be activated by myeloid differentiation primary response
gene 88 (MYDS88), which stimulates it through IL1R1
and its ligand IL-1f. This process also enhances the expres-
sion of other immune-related cytokines, growth factors
and adhesion molecules.® Studies conducted by Dixon
et al. show that activated platelet interactions with PSGL-1
on the monocytes enhance COX-2 expression and increase
synthesis of prostaglandin E2 by monocytes via molecu-
lar mechanisms involving cellular adhesion and cytokine
signaling.3®

Role of blood platelets
in neuro-inflammation
and neurodegenerative diseases

One of the major hallmarks of MS is chronic inflam-
mation. There are a vast number of different inflamma-
tory effectors, which can be responsible for the neuronal/
axonal pathology in MS.3* Multiple sclerosis is a chronic
inflammatory disease of the CNS. The association between
chronic inflammation and subsequent cancer is well-es-
tablished, and chronic inflammation is thought to have
arole in both the initiation and promotion of neoplasms.
Chronic inflammation has been hypothesized to play
a role in triggering clonal evolution in myeloproliferative
neoplasms (MPNs) which are stem-cell-derived disorders
causing overproduction of 1 or more of blood elements,
including essential thrombocythemia. In this context,
it is important to note the unusual concurrence of MS
and MPNs in 5 patients from a localized geographic area
in Denmark. It is highly interesting to recognize the po-
tentially common factors predisposing patients to both
MS and MPNs.3> Further studies are needed to clarify
if any association between MS and MPNs indeed exists,
especially that essential thrombocythemia may contribute
to the increased risk of cardiovascular disease, especially
ischemic stroke, myocardial infarction and thrombosis
observed in MS.2¢-38 Symptoms of MPNs associated with
essential thrombocythemia may be underdiagnosed in MS
patients, since many different possible reasons of high
risk of tromboembolism events have inclinations in MS.
Multiple sclerosis patients lead a more sedentary lifestyle,
which promotes the occurrence of stroke,* and, above
all, is associated with the risk of venous thrombosis.**4!
Treatments for MS may also increase the risk for cardio-
vascular diseases.*?

There are a number of studies which indicate that plate-
lets, apart from their major role in cellular hemostasis,
also participate in the development of autoimmune
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mechanisms, neurodegeneration and neuroinflamma-
tion.*34 There are many reports suggesting that platelets
are chronically activated in neurodegenerative diseases.
Platelet activation, degranulation and platelet-leukocyte
interactions may affect the pathophysiology of neurode-
generative diseases, including MS.

There is quite a long history of studies conducted
on the pathogenesis of MS, dating back to the middle
of the previous century. Nathanson and Savitsky were
the first to indicate increased platelet adhesiveness in pa-
tients suffering from MS.* In the following years, platelet
overactivation in MS was confirmed. Sheremata et al., us-
ing a flow cytometer, showed increased platelet activation
in MS, expressed in a high percentage of microparticles
and platelet aggregates, and increased surface exposure
of P-selectin, a platelet activation marker that plays an im-
portant role in their interaction with ECs and leukocytes.*®
The latest research also confirms that MS patients dis-
played higher levels of platelet activation parameters
in the circulation.?”*® Moreover, cyclooxygenase-depen-
dent arachidonic acid metabolism (a key pathway of plate-
let activation) is significantly increased in blood platelets
of patients with MS.%

The chronic activation of platelets in MS has been prov-
en, although their role in this pathology still needs to be
clarified. Patients with MS experience various general-
ized disruptions, depending on the number and placement
of active lesions in the CNS. In physiological conditions,
there is an extremely low level of immune cells, such as neu-
trophils and lymphocytes, in CNS. Platelets may contribute
to inflammation by enhancing leukocytes adhesion to ECs
and promote CNS inflammation. Moreover, Langer et al.
proved that platelets are trapped in chronic active demy-
elinating MS lesion. They also observed that after inhibit-
ing the main platelets receptors — GP IIb/IIIa (responsible
for binding of Fg and aggregation), the paralysis and ex-
perimental autoimmune encephalomyelitis (EAE) were
respectively ameliorated and reduced. Similarly, reduction
of platelet count markedly alleviated the symptoms and in-
hibited the inflammation process.’®! The hematological
profile of patients with MS indicates an increased number
of platelets in the circulation of patients, which may sug-
gest their immunological involvement.>? Therefore, the de-
crease in platelet count in MS patients may be a positive
force for protecting against the development of the disease.
Farrokhi et al. showed a statistically significant decrease
in platelet level for patients taking fingolimod oral medi-
cation (reducing classic autoimmune cells). Platelet count
was decreased in the entire cohort taking fingolimod for 1
month.* Probably, a similar thrombocytopenia effect may
be demonstrated by the treatment with alemtuzumab.>*

The direct interaction of platelets with ECs and inflam-
matory cells promotes leukocyte recruitment to the in-
flamed tissue through platelet receptors. The pathomech-
anism of MS involved alterations of the immune cells
together with biochemical disturbances and a disruption
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of the BBB.! Enormous influx of inflammatory cells (lym-
phocytes, neutrophils, monocytes, and macrophages) re-
cruitment, along with the proinflammatory stimulation
of microglia cells, altogether result in the destruction
of the myelin sheath, which accelerates demyelinating
lesions.>®

CD40 ligand (CD40L; CD154) and its receptor CD40,
co-stimulatory molecules of the TNF-family receptor, have
an important role in inflammation. CD40L is expressed
in many cell types, such as platelets, T-cells, macrophages,
neutrophils, smooth muscle cells, and ECs. CD40L affect
platelet—platelet, platelet—leukocyte and leukocyte—en-
dothelium interactions. CD40L is responsible for trans-
ferring adhesion signals into the cell “outside-in” signal-
ing by reaction within ECs, and integrins that mediate
platelet-endothelium adhesion. Platelet CD40L enhances
the expression of endothelial adhesion receptors, including
E-selectin, VCAM-1, ICAM-1, as well as chemokines (e.g.
CCL2, CXCL4 and CCL5) and MMPs (MMP-1, MMP-2,
MMP-9, and MMP-14).%®> All these molecules can mediate
the attachment of neutrophils, monocytes and lympho-
cytes to the inflamed vessel wall. Ligation of CD40 on ECs
by CD40L, expressed on the surface of activated platelets,
increases the release of IL-8 and MCP-1, which is the prin-
cipal chemo-attractants for neutrophils and monocytes
recruitment.’® The CD40/CD40L pathway at sites of im-
mune reactivity in chronic inflammatory and autoimmune
disorders is constantly activated, as shown by the presence
of abundant CD40-positive and CD40L-positive cells. This
pathway is designed to generate signals for the recruit-
ment of leukocytes at the site of inflammation. CD40L
molecules are highly expressed in activated T-cells and ac-
tive platelets, and they induce ECs to secrete chemokines
and to express adhesion molecules. CD40 is present in B
cells, monocytes, macrophages and ECs. Firstly, platelets
are activated through binding with CD40L-positive T-cells.
Secondly, through the release of RANTES, platelets can re-
cruit more T-cells to create an amplification loop promot-
ing leukocytes’ recruitment to the site of inflammation.
CD40L-positive T-cells induced platelet activation result-
ingin RANTES release, which binds to ECs and mediates
T-cell recruitment. Furthermore, CD62P/PSGL-1 connec-
tion could increase the intensification and maintenance
of immune and inflammatory responses.!” Lievens et al.
have demonstrated that platelet CD40L promotes platelet
and leukocyte adhesion to the endothelium and stimulates
the formation of PLAs. Activated platelets can indirectly
support leukocyte recruitment via formation of PLAs.
The lowest numbers of PLAs were detected with both
platelets and leukocytes lacking CD40L, which indicates
that the interaction between platelet CD40L and leukocyte
CD40 facilitates PLAs formation. Repeated intravenous
injection of activated CD40L-negative platelets into ApoE-
negative mice prevented the increase of atherosclerosis
and the disruption of T-cell homeostasis that was observed
after injection of activated CD40L-positive platelets.
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This study suggests that CD40L plays an important role
in hemostasis/thrombosis and in modulating immune
responses.”’

Active tissue injury in MS lesions is associated with
activated microglia and massive infiltration of macro-
phages. Th cells are a type of T-cell that plays a major
role in the immune system, especially in the adaptive im-
mune system. These cells secrete a number cytokines,
such as interferon y (IFN-y) and IL-2, which activate
other immune cells and enhance vascular inflammation.
Th cells are well-known to potentiate atherogenesis, while
regulatory T-cells (Tregs) display atheroprotective effects.
Platelets can form PLAs, which may facilitate lymphocyte
into arterial thrombi, and gatheringon ECs. Platelets en-
hance Thcell cytokine production through CD40-CD40L
binding. Platelets may promote CD4-positive T-cell dif-
ferentiation by inhibiting their proliferation. Platelets
enhance the production of Thl and promote both Tregs
and Th17 differentiation, as evidenced by elevated level
of IL-10 and IL-17 production. Th1l and Th17 are 2 basi-
cally counteracting pathways of CD4-positive T-cell dif-
ferentiation.’®*° In most EAE models, which are driven
by Thl or Th17 cells, inflammation starts with profound
infiltration of the tissue by the major histocompatibility
complex (MHC) Class II restricted CD4-positive T-cells,
which is followed by microglia activation and macro-
phage recruitment into the lesions.*> In EAE and MS, Th1
and Th17 cells infiltrate into the CNS through the BBB,
where they become reactivated and initiate the destruc-
tion of myelin sheath (demyelination) and axonal/neuro-
nal degeneration in MS.2%°It has also been demonstrated
that IL-1p, IL-6, IL-23, and the transforming growth fac-
tor (TGF-P) are crucial for human Th17 differentiation
from naive CD4-positive and CD45-positive peripheral
blood lymphocytes. The TGE-f3 and IL-21 promote the po-
larization of Th17 cells from human naive CD4-positive
T-cells.®! Th1 cells also secrete proinflammatory cyto-
kines, such as IL-2 and TNF-a, which can activate other
lesional cells. Th17 cell secrets cytokine, including IL-17,
TNF-a and IL-6, which have both overlapping and distinct
roles in neuroinflammation.®? Interleukin 17 enhances
the production of proinflammatory cytokines and chemo-
kines by other cells via activating the nuclear factor kap-
pa B (NFkB) pathway. Interleukin 17 appears to play an es-
sential role in the pathogenesis of chronic inflammatory
disorders and in many autoimmune diseases, including
MS.%3 T-effector-cell responses and cytokine production
is modulated by platelet-derived soluble mediators, such
as IL-1P, PAF and PF4, which can stimulate the differen-
tiation of T-cells into pathogenic Thl, Th17 and IFN-y/
IL-17-producing CD4-positive T cells. At the later stages
of these neurodegenerative diseases, platelets became
exhausted in their capacity to produce proinflammatory
factors and to stimulate CD4-positive T-cells, but strongly
increase their ability to form complexes with CD4-pos-
itive T-cells. Formation of platelet-CD4-positive T-cell
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complexes involve the interaction of CD62P in activated
platelets with the adhesion molecule CD166 in activated
CD4-positive T-cells, contributing to the downmodula-
tion of CD4-positive T-cell activation, the proliferation
and production of IFN-y.*

Patients with MS displayed increased numbers of pro-
inflammatory cytokine producing Tregs. Furthermore,
Forkhead box P3 (FOXP3) Tregs are fundamental for im-
munity and homeostasis. FOXP3 expression is essential
for Treg suppressor function and Treg stability. The hu-
man peripheral blood CD4-positive T-cells comprise 5%
of expression of naturally occurring FOXP3 in Tregs.®*

Activated platelets release plasma membrane platelet-
derived microparticles (PMPs) into the circulatory sys-
tem. Platelet-derived microparticles play an important
role in the regulation of immunity by transferring mem-
brane receptors and microRNA to other circulatory cells.
These platelets and megakaryocyte-derived microparticles
are identified by the expression of platelet activation mark-
ers, such as CD62P and/or CD63. Thus, cell proliferation
may be one of the mechanisms, whereby PMPs prevent
[L-17 production by Tregs.5*

During circulation, platelets become reactive and re-
lease different types of constituents stored in their gran-
ules. An increased level of platelet-derived active com-
pounds (PF4, CD40L, PAF, MMPs, serotonin, RANTES,
and 5HT) has been taken as a marker of platelet activation
in MS.%%% Duerschmied et al. hypothesized that peripheral
serotonin/5-hydroxytryptamine (5HT) may be involved
in the migration of leukocytes during acute inflamma-
tory processes. They report that the targeted recruitment
of neutrophils into inflammation site is promoted probably
by platelet-derived 5HT. Thus, they play an important role
in neutrophil homeostasis that is reminiscent of the phe-
notype of CD62P-deficient mice.®® Blood platelets are
the exclusive source of 5HT, which is a main neurotrans-
mitter that can directly affect the functions of neurons
in the CNS and can modulate the functions of the im-
mune cells. It has an important role in neutrophil rolling
and adhesion to the endothelium; therefore, it can recruit
neutrophils at the site of inflammation. It can enhance
the stimulation of CD4-positive T-cells by a monocyte.?!
Adenosine 5-triphosphate can modulate inflammatory
pathways by activating dendritic cells. The ATP signaling
through T cell P2X7 receptor can increase the differentia-
tion of CD4-positive Th cells toward a proinflammatory
Th17 cell type. Polyphosphates may induce NF«B path-
way activation and the expression of endothelial adhesion
molecules.®” The glutamate transmission in the striatum
and dendritic spine loss lead to the chronic inflammation
in experimental autoimmune encephalomyelitis (EAE)
and murine model of MS. It is strongly independent of de-
myelination and associated with a huge release of TNF-«
from activated microglia cells. Excitotoxicity mediated
from glutamate is emerging as a critical determinant of ax-
onal/neuronal injury in MS, and T-cell migration. The level
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of glutamate have been found to be meaningfully higher
in the brains of MS patients.®®

Matrix metalloproteinases (MMPs) are enzymes that play
a major role in basic cell behaviors, such as cell prolif-
eration, migration, differentiation, angiogenesis, apopto-
sis, and host defense. There are 3 different mechanisms
of directing MMPs activity to specific target sites. Firstly,
platelets can concentrate the proteolytic activity of in-
flammatory cells at the site of a vascular injury. Secondly,
by forming cellular aggregates with leukocytes, platelets
may stimulate the production of MMPs in these cells.
Lastly, a great deal of evidence indicates direct platelet
expression of couple MMPs, including MMP-1, MMP-2,
MMP-3, and MMP-14.% All protein components of extra-
cellular matrix (ECM) can be degraded by MMPs. Another
negative function of MMPs in MS is thought to include
the disruption of the BBB. In vitro, inhibitors of MMPs
block the transmigration of T-cells across basement
membrane matrices. The abundance of MMPs expres-
sion occurs in monocytes, which emphasizes the key role
of monocytes, crucial for evolving the neuroinflammatory
process in MS. Bar-Or et al. have reported an increased lev-
el of MMP-2, MMP-7, MMP-9, and MMP-12 in MS brain
tissue. Young mice that are genetically deficient in MMP-9
are relatively resistant to EAE induction compared with
wild-type mice.”

Experimental studies conducted by Saluk-Juszczak et al.
showed that platelets are a source of reactive oxygen spe-
cies (ROS). Platelet activation by the typical agonists leads
to the production and/or release of TXA,, ADP and ROS,
which activates unstimulated platelets. For example,
the burst of H,O, enhances the formation of platelet ag-
gregates by phospholipid-derived arachidonate pathway.”!
Reactive oxygen species are natural products of oxidative
phosphorylation, but can also be generated by activated
inflammatory cells, including macrophages and microglia.
Markers of oxidative stress may be different across MS
lesions. Many studies suggest that antioxidant enzymes
activity is correlated with the presence of oxidative damage
and neuroinflammation.”?

Conclusions

Chronic neurodegeneration diseases are a serious prob-
lem, despite the advanced development of medicine. Mul-
tiple sclerosis is one of the most common causes of neuro-
logical disability among young adults. Knowledge about
the pathophysiology of this disease is insufficient and
still needs to be clarified. There is a great deal of evidence
to support the significant interaction between platelets
and leukocytes in neurodegenerative diseases, including
MS. There are many studies which indicate that platelets
are highly activated in some patients with MS. Platelets are
a rich source of proinflammatory agents and are capable
of interacting with leukocytes. The interaction between
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platelets and leukocytes is based on increased leukocyte
recruitment through BBB, and enhanced release of proin-
flammatory molecules from leukocyte and platelet gran-
ules. On the MS example, the major migration of leuko-
cytes to the CNS can cause a temporary loss of integrity
by BBB, which contributes to damage and neuronal death.
Accurate knowledge and determination of the relationship
between platelet interaction in immune cells and the me-
diators of inflammation in neurodegenerative diseases
is a challenge for modern research, which may provide new
therapeutic targets in the future. Understanding platelet
physiology in the pathobiological processes associated with
venules in the inflamed brain will provide new targets
for therapy in MS.
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