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ABSTRACT

Platelets, the cytoplasmic fragments of megakaryocytes, play a primary role in hemostasis. In addition,
current evidence demonstrates the contribution of platelets in inflammation. Platelet-associated cell surface
proteins (e.g. CD40L, P-selectin, GPVI and CLEC-2) and secretory molecules (e.g. PF4 and RANTES) regulate
inflammatory response in various conditions, including cardio-cerebrovascular diseases, inflammatory bowel
disease, rheumatoid arthritis and infection/sepsis. Anti-platelets and anti-inflammatory drugs have been shown
to reduce the expression and/or function of these platelet-derived molecules, in association with the improved
clinical outcomes in patients with inflammatory diseases. Moreover, the novel anti-inflammatory agents that act
against platelet-specific targets have been being developed, which might be a potential therapeutic approach in

thrombo-inflammatory diseases.
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1. INTRODUCTION

Since 1865, platelet have been recognized to
play a physiological role in hemostasisl. However,
platelet overactivation leads to detrimental blood
vessel occlusion, which contributes to the pathogenesis
of thrombotic diseases?. Recently, the growing evidence
has illustrated that platelets not only generate hemostatic
plug but also stimulate the inflammatory responses. In
atherosclerosis, platelets recruit immune cells to the site
of plague rupture®*. Furthermore, platelets act as a key
player in various inflammatory diseases*®. Interestingly,
it has been demonstrated that anti-platelet therapy (e.g.
aspirin and clopidogrel) attenuated inflammation and
leukocyte infiltration in atherosclerosis® and non-
atherosclerotic inflammatory conditions, including in
experimental models of inflammatory bowel disease
(IBD)®, acute lung injury’, and chronic renal injury?®.
This review discusses the relevant mechanisms how
platelets regulate inflammation and describes the role of
platelet-derived molecules in various inflammatory
conditions. The impact of antiplatelets, anti-inflammatory
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agents and potential drug candidates on the expression
and function of platelet-specific inflammatory molecules
is also addressed.

2. INTERACTION BETWEEN PLATELETS,
LEUKOCYTES AND ENDOTHELIAL CELLS
DURING INFLAMMATION

Basically, inflammatory process describes the
movement of leukocytes toward the site of inflammation
to fight against invading pathogens or to repair tissue
damage®. At present, it has been shown that platelets are
recruited during the early phase of inflammation. Instead
of forming hemostatic aggregates, platelets interact with
endothelial cells, endothelial-lining gaps and preceded
endothelial-adhered leukocytes, facilitating vascular
permeability as well as leukocyte recruitment and
activation®®, Several platelet-expressed molecules have
been recently reported to mediate this process (Figure 1),
depending on specific inflammatory context. Further-
more, platelets are able to release microparticles
containing proinflammatory molecules which contribute
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Figure 1. Interaction between platelets, leukocytes, and endothelial cells during thrombo-inflammation. Various platelet-derived molecules
contribute to inflammatory response. Platelet-expressed CD40L binds CD40 on cell surface of other platelets or endothelial cells or leukocytes
(e.g. neutrophils and monocytes) which is not only contributing to leukocyte arrest but also capable of activating these cells. Moreover, SCD40L
released from platelets remains active in stimulating CD40. Similarly, platelet P-selectin is present in both membrane-bound and soluble forms.
It interacts PSGL-1, providing leukocyte tethering. In addition, P-selectin-PSGL-1 interaction, resulting in leukocyte activation (e.g. Mac-1
expression for firm adhesion to endothelial cell and for inflammatory cytokine secretion). Furthermore, platelet releases chemokines such as
PF4 (to stimulate pathogen killing activity of leukocytes) and RANTES (as chemotactic agent). Platelet ITAM-associated receptors also play
a part in inflammation, particularly in the setting of exposed subendothelial layer. For example, GPVI-collagen interaction mediates the release
of platelet microparticles while CLEC-2 binds podoplanin-expressing perivascular cells, which possibly regulates inflammation. Noticeably,
extravascular migration of intact platelets (along with leukocytes) is observed in some conditions, contributing to the inflammatory response.
CD40 = cluster of differentiation 40, CD40L = CD40 ligand, sSCD40L = soluble CD40 ligand, PSGL-1 = P-selectin glycoprotein ligand-1,
Mac-1 = macrophage-1 antigen, PF4 = platelet factor-4, RANTES = regulated upon activation, normal T cell expressed and secreted, ITAM =
immunoreceptor tyrosine-based activation motif, GPVI = glycoprotein VI, CLEC-2 = C-type lectin-like receptor 2, Pdpn = podoplanin.

Table 1. Representative platelet-derived molecules and their functions*1415,

Sources Molecules

Known functions

Membrane proteins Receptors for primary agonists, glycoproteins (e.g.

GPVI), P-selectin, CD40L, CLEC-2

Various functions, including platelet activation
and inflammation (e.g. leukocytes recruitment)

Secreted microparticles

Various functions, including platelet
activation/inhibition

Biologically active Thromboxane Az

Strong amplifier of platelet activation

metabolites (molecules that  Sphingolipids e.g. sphingosine-1 phosphate

Mitogenesis, osteoclast differentiation

is synthesized by activated  |ysophosphatidic acid

Endothelial cell migration

platelets) Platelet-activating factor

Cell migration (endothelial cell, leukocytes),
Toll-like receptor ligands

Leukotriene B4

Toll-like receptor ligands

Secretion from dense - ADP, ATP, inorganic POa, PPi

Primarily regulate platelet

granules -5-HT activation/aggregation
_ Ca2+

Contents from a granules - Adhesive proteins e.g. VWF* pro-peptide, fibrinogen,  Primarily contribute to coagulation process
fibronectin

- Clotting factors (e.g. factor V/Va, XI) and their
inhibitors (e.g. protein S)

- Fibrinolytic factors (e.g. plasminogen, u-PA) and their
inhibitors (e.g. PAI-1)

Proteases (e.g. MMPs, ADAMs) and their inhibitors
(e.g. TIMPs 1-4)

Cell migration and angiogenesis

Growth factors (e.g. PDGF, VEGF, IGF-1)

Cell growth and angiogenesis

Chemokines and cytokines (e.g. PF4, TGF-B1,1L-1, IL-8)

Inflammation and cell growth

Antimicrobial proteins (e.g. thrombocidins, kinocidins
and microbicidal cytokines, including RANTES)

Inflammation (e.g. leukocyte recruitment)

ADP = adenosine diphosphate, ATP = adenosine triphosphate, 5-HT = 5-hydroxytryptamine (or serotonin), PPi = pyrophosphate, VWF = von
Willebrand factor, PAI-1 = plasminogen activator inhibitor-1, MMPs = matrix metalloproteinases, ADAMs = A disintegrin and metalloproteases,
TIMPs = Tissue inhibitors of metalloproteinases, PDGF = platelet-derived growth factor, VEGF = vascular endothelial growth factor, IGF-1 =
insulin-like growth factor 1, PF4 = platelet factor-4, TGF-B1 = transforming growth factor-p1, IL = interleukin, RANTES = regulated upon
activation, normal T cell expressed and secreted, CD40L = cluster of differentiation 40 ligand, CLEC-2 = C-type lectin-like receptor 2
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to pathogenesis of inflammatory diseases*>%1!, Interes-
tingly, extravasation of platelets (along with leukocytes)
has been observed in inflammatory conditions (e.g. in
experimental models of inflammatory bowel disease®?,
allergic asthma'® and acute lung injury’), which is
proposed to mediating tissue inflammation.

3. PLATELET-EXPRESSED MOLECULES AND
THEIR ROLE IN INFLAMMATION

Several surface proteins (e.g. receptors and
adhesion molecules) are constitutively expressed on
resting platelets, and some of them are expressed upon
activation. In addition, data of proteomic technology
indicate that more than 300 proteins are secreted from
a single activated platelet (Table 1)*'*'. Moreover,
platelet contains thousands of (pre)-mRNA which are
capable of translating into proteins. The changes of
platelet mMRNA expression have also been observed in
human disease*!®. With the complex role of platelets in
inflammation, this review focuses on six potential
platelet-expressed inflammatory-associated molecules,
including cluster of differentiation 40 ligand (CD40L),
P-selectin, platelet factor-4 (PF4), regulated upon
activation, normal T cell expressed and secreted
(RANTES) chemokine, glycoprotein VI (GPVI) and C-
type lectin-like receptor 2 (CLEC-2)*519:20,

3.1. CD40L (also known as CD154)

CDA40L belongs to the tumor necrosis factor o
(TNF-o)) family. It is a transmembrane glycoprotein
which is expressed on activated CD4" T-cells,
monocytes, macrophages, endothelial cells, mast cells
and platelets?. In resting platelets, CD40L is located, at
a-granule membrane, inside the cell. Upon platelet
activation by agonists (e.g. thrombin, collagen, adenosine
diphosphate [ADP] and thromboxane A. [TXA.]),
CD40L is rapidly translocated to cell surface which is
then cleaved (in minutes to hours) by matrix metallopro-
teinases (MMPs). As a result, soluble CD40L (sCD40L)
is released from platelet cell surface*?223, GPIIb/Illa (or
integrin allbp3) may also promote the cleavage of
CD40L?2. To mediate physiological functions, a trimeric
active form of either membrane-bound CDA40L or
SCD40L binds to its receptor (CD40), which is widely
expressed (e.g. on activated CD4* T-cells, B-cells,
monocytes, macrophages, neutrophils, dendritic cells,
endothelial cells, mast cells, platelets, smooth muscle
cells, fibroblasts and keratinocytes). The potential
functions of CD40L are*®>21:24;

(1) sCD40L binds CD40 on cell surface of
platelet itself, results in platelet activation (e.g. the
secretion of serotonin and B-thromboglobulin as well as
the expression of P-selectin). In addition, sCD40L can
bind GPIIb/llla, which subsequently activate platelets
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and stabilize the thrombus.

(2) The interaction of CD40L with CD40 on
endothelial plasma membrane leads to increase the
number of adhesion molecules (e.g. E-selectin, inter-
cellular adhesion molecule-1 [ICAM-1] and vascular
cell adhesion molecule-1 [VCAM-1]), which facilitate
the adhesion of circulatory neutrophils and T cells at
the vessel wall. Moreover, pro-inflammatory cytokines
and chemokines (e.g. interleukin-6 [IL-6], IL-8, monocyte
chemoattractant protein-1 [MCP-1] and RANTES) are
secreted from CDA40L-activated endothelial cells. These
pro-inflammatory mediators involve monocyte and
neutrophil recruitment.

(3) CD40L can also stimulate cytokine release
from macrophages (e.g. IL-1p, IL-6, IL-12 and TNF-a),
contributing to inflammatory processes.

3.2. P-selectin (also known as CD62P)

P-selectin is a glycoprotein which is expressed
on platelets and endothelial cells. Constitutively, it is
located as transmembrane protein at dense and a-
granules of resting platelets. Within minutes upon
activation by platelet agonists, the increased numbers of
P-selectin are translocated to platelet cell surface. It has
been estimated that activated platelet expressed 10
times higher density of P-selectin on its cell surface,
compared with activated endothelial cell?>. Furthermore,
P-selectin exists in an active soluble form, either as a
result of alternative mRNA splicing or MMP cleavage*?.
Both membrane-bound and soluble P-selectins bind P-
selectin glycoprotein ligand-1 (PSGL-1) on leukocytes.
P-selectin not only plays a role in leukocyte adhesion
and rolling at the vessel wall but also stimulates
signaling downstream of PSGL-1-barring leukocytes*
%, For example, the binding of P-selectin and PSGL-1
enhances expression of macrophage-1 antigen (Mac-1)
on leukocytes, thereby facilitating a firm adhesion
between leukocytes and endothelial cells (via Mac-1-
ICAM-1 interaction)®?’, In addition, P-selectin has
been demonstrated to promote cytokine release from
monocytes (e.g. TNF-o, IL-1p, IL-6, IL-8, IL-12 and
macrophage inflammatory protein-1g  [MIP-1p]),
potentiating the inflammatory cascade®®?. As
mentioned, platelet CD40L-CD40 interaction also
induces P-selectin expression, which possibly enables
the formation of platelet-leukocyte aggregates at the
site of inflammation®.

3.3. PF4 and RANTES chemokines

PF4 (also known as chemokine (C-X-C motif)
ligand 4 [CXCL4]) is a platelet-derived chemokine,
which is secreted (within minutes) from a-granule upon
agonist-mediated platelet activation (e.g. thrombin,
ADP and arachidonic acid). To a much lesser extent,

404



PF4 is secreted by other cells, including macrophages,
microglia, T cells and smooth muscle cells?*%°,
Although PF4 receptor is not clearly identified, it has
been shown that PF4 enhances neutrophil adhesion to
endothelial cell. However, PF4 is unlikely to produce
chemotactic activity. Rather, it appears to activate host
defense mechanism against invading microorganisms
by stimulating the activity of monocytes/macrophages,
including phagocytosis and ROS generation (in a strong
and long-lasting manner)-3,

Platelets are a major source of RANTES (also
known as chemokine (C-C motif) ligand 5 [CCL5])
although this chemokine is expressed in several cell
types, especially CD8" T lymphocytes®®2, RANTES is
rapidly released, along with PF4, upon platelet activa-
tion3133, Unlike PF4, RANTES is a strong chemotactic
agent for monocytes. The CC chemokine receptor 5
(CCR5), which is expressed on monocytes, T lymphocytes
and activated endothelial cells, is one of the receptors
contributing to RANTES-mediated leukocyte chemo-
taxis. In addition, RANTES accumulates on endothelial
cells of inflamed vessels through binding with glyco-
saminoglycans, resulting in RANTES immobilization
which further allows leukocyte arrest3%, Noticeably,
RANTES secretion is observed upon stimulation by
CD40L*.

3.4. GPVI and CLEC-2

GPVI1 is specifically expressed on cell surface
of megakaryocytes and platelets. It acts as a receptor
for collagen and laminin, the component of subendo-
thelial matrix3+%, To provide a high affinity for collagen
binding, GPVI associates with a dimer of FcR-y chain,
and this GPVI-FcR-y chain complex further undergoes
dimerization. Upon receptor activation, the immune-
receptor tyrosine-based activation motif (ITAM) region
(i.e. two YXXL sequences, located 6-12 amino acids
apart) on FcR-y chain is phosphorylated by sarcoma
(Src) family Kkinases, allowing the binding and
activation of spleen tyrosine kinase (Syk). This enzyme
then stimulates downstream molecules such as
phospholipase Cy2 (PLCy2), which involves platelet
activation (e.g. ADP and TXA; secretion). GPVI
primarily mediates hemostasis and thrombosis. In
addition, it functions in vascular repair to prevent
inflammation-mediated bleeding®*%®. Interestingly,
GPVI appears to play pro-inflammatory role during
inflammation. For example, GPVI stimulates platelet
microparticle generation, which subsequently contributes
to inflammatory reaction in arthritis model'!. During
skin inflammation, it also promotes polarization of
macrophages to M1 inflammatory phenotype®.

CLEC-2 is a new receptor identified for a
decade. Unlike GPVI, CLEC-2 has only a single YXXL
sequence (called hemITAM) on its own structure. This
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transmembrane protein is highly expressed as
homodimer on megakaryocyte/platelet lineages. It is
also present in lower extent on neutrophils, monocytes,
dendritic cells, natural Kkiller cells, macrophages,
Kupffer cells and liver sinusoidal endothelial cells®**'.
Activation of platelet CLEC-2 results in stimulation of
Syk or Src, which subsequently mediates the function
of downstream molecules, including PLCy2. So far,
podoplanin is the only identified endogenous CLEC-2
ligand whereas the exogenous ligands include snake
venom toxin called ‘rhodocytin’ and brown seaweed-
derived sulfated polysaccharide called ‘fucoidan’3437:3,
Podoplanin is a transmembrane glycoprotein, mainly
expressed on perivascular cells and mostly extravascular
sites. These include pericytes, fibroblasts, macrophages,
kidney podocytes, type | alveolar epithelial cells,
lymphatic endothelial cells and several types of tumor
cell3*37:3940 It has been reported that platelet CLEC-2
contributes to lung development and the separation of
blood and lymphatic vessels during embryonic develop-
ment3+373%, CLEC-2 on platelet possibly interacts to its
ligand (e.g. podoplanin), inducing platelet activation/
aggregation and regulating inflammatory response®. It
has been demonstrated in vivo that CLEC-2-podoplanin
interaction plays anti-inflammatory activity during
inflammation, including acute lung injury** and
sepsis®. In addition to GPVI, platelet CLEC-2 functions
in vascular repair, possibly via binding to perivascular
podoplanin-expressing cells, preventing hemorrhage
generated by inflammatory reaction (e.g. following
leukocyte diapedesis)**“3, However, CLEC-2 contributes
to thrombus formation within hepatic micro-vessels in
animal model of Salmonella typhimurium infection*.
Podoplanin-expressing tumors, once enter blood
circulation, may bind platelet CLEC-2. This platelet-
tumor cell interaction protects against shear rate-
induced cell damage and NK cell-mediated cytolysis,
which allows tumor metastasis3437:3945,

4. THE CONTRIBUTION OF PLATELET-DERIVED
MOLECULES IN INFLAMMATORY DISEASES

Several lines of evidence examine the function
of platelets in inflammatory diseases, including
cardiovascular and cerebrovascular diseases, autoim-
mune diseases, infection and sepsis*®. The roles of
aforementioned six platelet-derived molecules in
inflammatory conditions are described in the following
section. In addition, the effects of cardiovascular drugs
(mainly antiplatelets), anti-inflammatory agents (Table
2) and potential novel drug candidates (Table 3) on the
expression or function of these proteins are discussed.

4.1. CD4OL in inflammatory diseases

The elevation of CD40L, which contributes to
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Table 2. Alterations of platelet-associated inflammatory molecules during disease progression and following drug treatment.

Inflammatory settings CD40L P-selectin PF4 RANTES GPVI CLEC-2
CVD - During disease 1214647 125 PN T(surface)85:86 T(surface)®2
T(soluble)?” T(soluble)®
- Drug effects IClod, Abci*,  |Clo3%, ACEI ND  lClo™, High- ISoluble level: ND
Statins*’, Rosi®® & CCB3%, dose statins™ ASA8
Statins3%5, Rosi® JActivity: Rosi®®,
Losa®®
IBD - During disease 15052 (not 166 (XCEEN ND ND
platelet-
specific)
- Drug effects dInfs2 ND ND  |5-ASA” ND ND
RA - During disease 154 (not platelet- 1% T8 17 (notplatelet-  ND ND
specific) specific)
- Drug effects IPred® ND ND  JEta®, Lefel, JActivity: ASA + ND
MTX82 Clo (animal study)®
Infection/ - During disease 756 (not platelet- 1586869 ND ND T(soluble)®” ND
sepsis specific)
- Drug effects dStatins (animal 4 Clo (animal ND ND ND ND
study)5? study)™

Data are derived from human studies unless indicated. Clo = clopidogrel, Abci = abciximab, Rosi = rosiglitazone, ACEI = angiotensin-
converting enzyme inhibitor, CCB = calcium channel blocker, ASA = aspirin, Losa = losartan, Inf = infliximab, 5-ASA = 5-aminosalicylic
acid, Pred = prednisolone, Eta = Etanercept, Lef = leflunomide, MTX = methotrexate, ND = no data, surface = membrane-bound form, soluble
= soluble form, T = increased, { = decreased, <> = unchanged. References as superscript.

Table 3. Examples of drug candidates that target platelet-derived molecules in thrombo-inflammatory diseases.

Targets Candidate molecules Mechanism of action Status of development
CD40L - VIB4920 (MEDI4920)%3 - A fusion protein that blocks interaction - Phase I clinical trial in RA
between CD40L and CD40
- Dapirolizumab pegol®? - Anti-CD40L monoclonal antibody - Phase I1 clinical trial in systemic lupus
erythematosus
- CFZ533, BI-655064%3 - Monoclonal antibodies that inhibit CD40, a - Phase I clinical trial in RA
receptor of CD40L
- ch5D12, FFP104%3 - Monoclonal antibodies that inhibit CD40, a - Phase II clinical trial in Chron’s disease
receptor of CD40L
P-selectin - Crizanlizumab® - Anti-P-selectin monoclonal antibody - Approved by US FDA for the
prevention of vaso-occlusive crises in
patients with sickle cell disease
RANTES - Met-RANTES antibody** - Inhibits CCRS5, a receptor of RANTES - Animal model of atherosclerosis
- [44AANA4T]-RANTES™ - Avariant RANTES with specific mutation - Animal model of atherosclerosis
that inhibits oligomerization after binding
with endogenous RANTES
- MKEY peptide® - Inhibits PF4-RANTES heteromer - Animal model of sepsis- or acid-
formation induced acute lung injury
PF4 - MKEY peptide®* - Inhibits PF4-RANTES heteromer - Animal model of sepsis- or acid-
formation induced acute lung injury
GPVI - Glenzocimab (ACT017)%°!  _ Anti-GPVI monoclonal antibody - Phase Il clinical trial in ischemic stroke
CLEC-2 - Cobalt hematoporphyrin®® - Inhibits CLEC-2 - Animal model of arterial and venous

thrombosis
- Animal model of cancer metastasis

US FDA = United States of America Food and Drug Administration, RA = Rheumatoid arthritis

chronic inflammation, has been reported in patients
with cardiovascular diseases, including atherosclerosis
and diabetes (both type 1 and 2). In addition, the
increase in plasma level of sSCD40L signifies the high
risk of adverse cardiovascular events in these patients?®
4647 Clopidogrel (a P2Y1, ADP-receptor antagonist)?,
abciximab (a GPIIb/Illa inhibitor)*, statins (hydroxy-
methylglutaryl-coenzyme A [HMG-CoA] reductase
inhibitors)*’ and rosiglitazone (peroxisome proliferator-
activated receptor gamma [PPARy] agonists)*® have

shown to reduce sCD40L level in patients with
atherosclerosis and/or diabetes (Table 2), whereas the
effect of aspirin (a cyclooxygenase-1 [COX-1] inhibitor)
is controversial®. Moreover, in mouse model of atheros-
clerosis, anti-CD40L monoclonal antibody reduces size
and number of atherosclerotic plagues, number of macro-
phages, T-lymphocytes and lipid content within the
plagues*’. However, there is no current development of
anti-CD40L antibody for the treatment of atherosclerosis,
possibly because it could promote thrombotic events*.
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During an active phase of inflammatory bowel
disease (IBD), a chronic inflammation of intestinal
tract, it has been found that platelet count in patients
was higher than 450 x 10%L, which is called “reactive
thrombocytosis™. In addition, activated platelets appear
to involve in the pathogenesis of inflamed colons*>C,
Platelets were observed, colocalized with polymor-
phonuclear neutrophils, in crypt abscesses of IBD
patients®>!2, sCD40L and membrane-bound CD40L are
upregulated in IBD patients (both ulcerative colitis and
Crohn’s disease) compared with healthy controls (Table
2)%°5L In addition, sCD40L is postulated to link the
inflammation and thromboembolic complication
(thrombo-inflammation) in IBD patients®. Treatment
with infliximab (anti-TNF-a chimeric monoclonal anti-
body) has demonstrated to reduce CD40L expression
and sCD40L secretion in IBD patients (Table 2).
However, peripheral blood T-cells appear to be the
major source of SCD40L in this study. This could be due
to a limited capacity of platelets (anucleate cells) in
producing new proteins, in contrast to activated T-cells
which play a predominant role for the production of
inflammatory mediators in chronic (long-term) inflam-
mation®2. Clopidogrel has been reported to reduce
inflammation in rat models of IBD. However, the
changes in expression or function of platelet-derived
molecules have not been measured®. More recently, the
monoclonal antibodies against CD40, a receptor of
CD40L, have been shown to inhibit inflammation in
IBD and being studied in patients with Chron’s disease
(Table 3)%.

In rheumatoid arthritis (RA), an autoimmune
disease primarily affects peripheral joints, it has been
revealed that plasma CD40L level is higher, especially
in patients with vasculitis, compared with controls
(Table 2). However, such elevated sCD40L has not been
identified as platelet-origin. Notably, sCD40L level in
vasculitis RA patients is decreased after treatment with
prednisolone for 2-4 weeks (although some patients
receive plasmapheresis)®*. At present, antibodies®® and
synthetic molecules® targeting CD40L-CDA40 interaction
have been shown to reduce pathogenic inflammation in
RA, and some of them are being investigated in Phase
Il clinical studies (Table 3).

In patients with severe sepsis, SCD40L level is
higher than healthy controls (Table 2). In addition,
non-survivors exhibit higher serum sCD40L than in
survivors®, In cecal ligation and puncture (CLP) mouse
model of abdominal sepsis, the increased sCD40L level
activates neutrophils in mediating acute lung injury®’.
Antiplatelets (e.g. aspirin, P2Y1, inhibitors and GPIIb/
Illa inhibitors) have demonstrated the beneficial effects
(e.g. the improvement in end-organ damage or mortality)
in animal models of sepsis. In addition, several reports
have revealed that antiplatelets (especially aspirin and
clopidogrel) reduce mortality and the occurrence of
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acute lung injury in patients with sepsis®®. However,
it is unknown whether this effect correlates with CD40L
expression. The role of statins in prevention and
treatment of sepsis has also been studied®®®!. Simvas-
tatin reduces CD40L expression (Table 2) and prevents
its shedding from platelet surface into the circulation,
contributing to the attenuation of acute lung injury in
CLP mice®.

4.2. P-selectin in inflammatory diseases

High level of soluble P-selectin is observed in
various types of acute and chronic cardiovascular disease
(e.g. hypertension, hypercholesterolemia, diabetes,
coronary artery disease [CAD], ischemic stroke and
atrial fibrillation). Antihypertensive drugs, including
angiotensin-converting enzyme inhibitors and calcium
channel blockers decrease both membrane-bound and
soluble P-selectin in patients with hypertension (Table
2)%. In addition, rosiglitazone diminishes plasma P-
selectin in diabetic patients®®. Statin treatment in
patients with hypercholesterolemia and stable CAD also
attenuates P-selectin expression. Moreover, starting
statin on admission in patients with acute coronary
syndrome (ACS) appeared to lower P-selectin level at
post-myocardial infarction?. Similarly, pretreatment
with clopidogrel in patients with ACS has shown to
reduce P-selectin after percutaneous coronary inter-
vention (Table 2). A reduction of P-selectin is also
observed following clopidogrel treatment in patients
with diabetes and acute ischemic stroke (AIS)325.

Interestingly, the upregulation of P-selectin
contributes to the pathological consequences of sickle
cell disease. A sickled-shape red blood cell and subse-
guent hemolysis stimulates intravascular inflammatory
response, including the expression of P-selectin on cell
surface of activated endothelial cells and platelets,
leading to aggregates of blood cells within the micro-
vessels. This reaction causes vaso-occlusive pain crises
and thrombosis in patients with sickle cell disease,
which result in multi-organ damage®®°. Crizanlizumab,
a humanized anti-P-selectin monoclonal antibody
(Table 3), has recently been approved for the prevention
of vaso-occlusive crises in patients with sickle cell
disease®.

Soluble P-selectin level is increased in active
phase of IBD (Table 2)® whereas membrane-bound form
is discovered to be upregulated on platelets of active RA
patients, which is in contrast to a low level of expression
in the remission phase as well as in controls (Table 2)%.

In patients with sepsis, it has been demonstrated
that surface P-selectin®® and soluble P-selectin®
(Table 2) are elevated, which positively correlate with
the severity of sepsis. In addition, the increased number
of intravascular platelet-neutrophil interactions has
been observed, which contributes to inflammatory
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response in sepsis®®®. In CLP mice, P-selectin has been
shown to involve neutrophil migration, which plays a
role in sepsis-induced acute renal injury’. Clopidogrel
treatment reduces the P-selectin level in these mice™

4.3. PF4 and RANTES in inflammatory diseases

It has recently been elucidated that the plasma
PF4 level in patients with or without CAD are not
different, possibly because of the local expression of
PF4 within the atheroma. In addition, there is no
correlation between plasma PF4 and plague progress-
sion’2, RANTES is highly expressed at atherosclerotic
plague, and its plasma level is contradictory in patients
with CAD. The lower RANTES level was observed in
stable CAD patients, compared with healthy controls
whereas it was temporarily increased in unstable
angina, compared with stable CAD patients®. High
dose statins”® and clopidogrel™ have demonstrated to
reduce plasma RANTES in stable CAD (Table 2). In
atherosclerotic mice, CCRS5 inhibitor (MET-RANTES
antibody®®) or [44AANA47]-RANTES (a variant
RANTES that prevents oligomerization of endogenous
RANTES)” has been demonstrated to decrease
infiltration of leukocytes and prevent the progression
of atherosclerosis (Table 3).

In active IBD patients, it has been reported that
plasma PF4 level is higher compared with controls. This
elevated level of PF4 is maintained in clinically inactive
phase of IBD during a 12-month period of follow-up,
which may associate with pre-thrombotic state in IBD.
RANTES level is unaltered in patients with ulcerative
colitis. However, 5-aminosalicylic acid (5-ASA) signi-
ficantly decreases RANTES in these patients (Table 2)".

During the course of RA, PF4 level is elevated
in early phase compared with resolving phase’®.
RANTES in serum and synovial fluid are also increased
in RA relative to osteoarthritis patients. However, it
remains unknown whether platelet is the predominant
source of RANTES™. Etanercept (a soluble TNF-a
receptor)® and immunosuppressants, including lefluno-
mide® and methotrexate®, significantly reduce serum
RANTES in RA patients during 1 year of treatment
(Table 2). The effect of infliximab on RANTES level is
controversial *83,

In patients with acute lung injury as well as in
mouse models of sepsis (e.g. CLP mice), PF4 and
RANTES formed heteromers, associating the
pathogenesis of sepsis-induced acute lung injury (i.e.
neutrophil infiltration, lung edema and lung tissue
damage). A synthetic peptide MKEY, which inhibits
PF4-RANTES heteromer formation (Table 3), has been
shown to attenuate pathologic inflammation in animal
model of acute lung imjury®.

4.4. GPVI and CLEC-2 in inflammatory diseases

Pharm Sci Asia 2021; 48(5), 402-412

The upregulation of GPVI on platelet surface
(Table 2) is observed in patients with ACS before the
occurrence of myocardial necrosis (the release of
troponin and creatine kinase as biomarkers). Thus,
GPVI is postulated as a potential biomarker to early
identify the risk of myocardial infarction. Moreover,
patients with elevated surface GPVI exhibit a pattern of
high residual platelet reactivity after coronary stenting,
even in the treatment with dual antiplatelets (aspirin
plus clopidogrel). Higher percentage of these patients is
classified as a low responder to clopidogrel®. In patients
with transient ischemic attack and AIS, GPVI on
platelet surface is also increased, and may contribute to
poor clinical outcomes®. Furthermore, soluble GPVI
(inactive form) is highly detected in plasma of patients
with AIS, which might suggest the compensatory
mechanism to reduce platelet reactivity to collagen.
This elevated level of soluble GPVI is significantly
decreased after 3 to 6 months of aspirin treatment®’.
Remarkably, the in vitro study has demonstrated
that rosiglitazone inhibits collagen-mediated platelet
aggregation by reducing the phosphorylation of several
GPVl-associated signaling molecules (e.g. LAT, Akt/
PKB and PLCy2). In addition, it appears that the
inactivated state of PPARy generally associates with
Syk and LAT, correlating the phosphorylation and
activation of these molecules. Rosiglitazone, by acti-
vating PPARYy, prevents this interaction, accompanied
with a reduction of platelet aggregation®. Losartan
(angiotensin 11 receptor blocker) produces a certain
degree of antiplatelet activity via GPVI inhibition in
vitro (Table 2)®. At present, the antibodies against
GPVI or other GPVI-inhibiting approaches have been
developed as anti-thrombotic agents®. In particular,
glenzocimab (ACT017), an anti-GPVI Fab, is currently
investigated in phase Il clinical trial for the treatment of
ischemic stroke (Table 3)%°°,

A more recent phosphoproteomic study has
shown that surface expression of platelet CLEC-2,
together with GPVI, is upregulated in severe obesity
(cardiovascular risk population)®. In addition, high
level of soluble CLEC-2 in plasma is observed in
patients with CAD and ACS relative to healthy controls
(Table 2), which is associated with the risk of CAD®%, In
mice, it has been recently shown that blocking CLEC-2-
podoplanin axis protects against deep vein throm-
bosis®. Moreover, cobalt hematoporphyrin, a CLEC-2
inhibitor, could inhibit arterial and venous thrombosis
without increased risk of bleeding in vivo (Table 3)%.

In RA patients, GPVI has been reported to
stimulate platelet microparticle generation, which is
detected in the synovial fluid. These microparticles
contribute to inflammatory reaction in RA. In animal
model, it has been demonstrated that either aspirin alone
or dual antiplatelet therapy (aspirin plus clopidogrel)
improves radiologic findings in rats with collagen-

408



induced arthritis®®.

During sepsis, the increase in soluble GPVI is
detected (Table 2), and may act as a biomarker in
predicting sepsis progression and mortality in injured
patients”’. In contrast, the recent evidence demonstrates
that CLEC-2-podoplanin interaction provide benefits by
reducing inflammation in animal model of sepsis*? and
acute lung injury*'. However, inhibition of CLEC-2-
podoplanin axis could help alleviate thrombus formation
in the liver in mice with Salmonella typhimurium
infection*. Notably, the contribution of GPVI and
CLEC-2 in infection/sepsis appears to be model-
dependent and is currently the area of active
investigation, particularly in vivo®.

5. PERSPECTIVES

It becomes clear that platelets play a potential
role in inflammation. The contribution of various
platelet-derived molecules in inflammatory response
have been being reported. CD40L and P-selectin involve
in various inflammatory diseases. This is possibly
because these two molecules share a common function
for the interaction between platelets, endothelial cells
and leukocytes. PF4 and RANTES appear to play a role
largely in immune dysregulation (e.g. IBD and RA) and
infectious disease (e.g. sepsis). However, it remains
unclear whether platelets are the only major source of
these two inflammatory chemokines. Interestingly,
GPVI is a promising target for cardio-cerebrovascular
thrombosis, especially in patients with high residual
platelet reactivity, in which clopidogrel treatment is less
effective. Although the function of platelet CLEC-2 has
been actively studied in various in vitro and in vivo
preclinical models, including the role in thrombus
stabilization and thrombo-inflammation, the evidence in
patients with inflammatory diseases would provide
better understanding for the role of platelet CLEC-2 in
inflammation. Antiplatelets and other cardiovascular
drugs have shown to reduce the level of CD40L, P-
selectin and RANTES during inflammation. However,
there is a lack of well-controlled clinical studies to support
their use in practice, particularly in non-cardiovascular
settings. With recent advances in development of novel
drug candidates for the treatment of inflammatory
conditions, and some of them are being investigated in
clinical trials, therefore, it is possible that the specific
platelet-targeted anti-inflammatory drugs would be
available in the future.
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