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Abstract

Inflammation is an underlying feature of a variety of
human diseases. Because inflammatory diseases are
a major cause of morbidity and mortality in developed
countries, understanding the interaction of the most
important factors involved is an important challenge.
Although platelets are widely recognized as having a
critical role in primary hemostasis and thrombosis, basic
and clinical evidence increasingly identifies these enucle-
ated cells as relevant modulators, as both effector and
target cells, of the inflammatory response. The cross-talk
between platelets, endothelial cells and leukocytes in
the inflammatory milieu mat be seen as a double-edged
sword which functions not only as an effective first-line
defense mechanism but may also lead to organ failure
and death in the absence of counter-regulation systems.
The molecular mechanisms involved in the reciprocal
activation of platelets, endothelial cells and leukocytes
are beginning to be elucidated. In the light of the ex-
isting data from experimental and clinical studies it is
conceivable that platelet adhesion molecules and platelet
mediators provide promising targets for novel therapeu-
tic strategies in inflammatory diseases. The potentially
adverse effects of these approaches need to be carefully
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addressed and monitored, including alterations in hemo-
stasis and coagulation and particularly the impairment
of host defense mechanisms, given the recently identi-
fied pivotal role of platelets in pathogen recognition and
bacterial trapping. In this review we discuss the most
important recent advances in research into the cross-talk
between platelets and vascular cells during inflammation
and the clinical consequences of these interactions.
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INTRODUCTION

Inflammation is an underlying feature of a variety of hu-
man diseases. Although platelets are widely recognized as
having a critical role in primary hemostasis and thrombosis,
increasing basic and clinical evidence identifies these enucle-
ated cells as relevant modulators, both as effector and target
cells, of the inflammatory response. Here we discuss the
most important recent advances in research into the cross-
talk between platelets and vascular cells during inflamma-
tion and the clinical consequences of these interactions.

CROSS-TALK BETWEEN PLATELETS,
LEUKOCYTES AND ENDOTHELIAL
CELLS IN THE INFLAMMATORY
MICROENVIRONMENT

A traditional concept in vascular biology was, that under
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normal conditions, platelets circulate without interact-
ing with the intimal endothelial lining of the vessel wall,
and only after endothelial injury do they firmly adhere to
adhesive proteins exposed on the subendothelial matrix,
thereby allowing thrombus formation. In this sense, the
endothelium comprises several mechanisms that prevent
platelet adhesion to the intact endothelium and maintains
platelets in a resting state. These include the release of
nitric oxide and prostacyclin, potent inhibitors of platelet
function'. However, during the last decade, substantial
experimental and clinical data have revealed that even in
the absence of any apparent morphological damage but
during inflammatory states, platelets can bind to the intact
endothelium, partly because the physiological inhibitory
mechanisms are impaired, and partly because new adhe-
sion molecules are expressed on the surface of activated
endothelial cells®?. These findings have not only created
a new paradigm in vascular biology but also opened a
new, growing and extensive research area concerning the
physiological and pathophysiological consequences of
platelet-endothelial cell interaction.

Platelet adhesion to the intact endothelium is coordi-
nated by a sequence of events that comprise initial tether-
ing of platelets, followed by rolling and subsequent firm
adhesion. Whereas the tethering and rolling of platelets
to activated or injured endothelium is primarily mediated
by selectins, firm adhesion depends on the activation of
platelet integrins and expression of adhesion molecules
on the endothelial surface. During the sequential steps
of the adhesion process, platelets become activated and
eventually secrete an arsenal of potent inflammatory
molecules from their a-granules. In fact, platelets con-
tain numerous chemokines [CCL5 (RANTES), CXCL4
(PF-4), CXCL12 (SDF-1av), CCL2 (MCP-1), CCL3 (MIP-
1a), CXCL5 (ENA-78), CXCL2 (GROB), CXCLS8 (IL-8)],
cytokines (IL-1pB), and surface molecules (CD40L and
P-selectin) that can be released or exposed on the cell
surface after platelet activation by rolling over inflamed
endothelium™’.

In the adjoining endothelial cells, the platelet-secretory
mediators alter the chemotactic, adhesive and proteolytic
properties of endothelium, further promoting the switch
to an inflammatory endothelial phenotype. In sum, firm
adhesion of platelets to the endothelium causes platelets
to spread and secrete the platelet releasate, promoting the
activation of inflammatory signaling cascades not only
in endothelial cells but also in platelets. This, in turn, ac-
celerates the recruitment and activation of leukocytes, a
fundamental event in the inflammatory response””

Similar to the multistep paradigm undetlying platelet
adhesion to endothelium, leukocyte adhesion to the in-
tact endothelium is coordinated by a sequence of events
that comprise initial tethering of leukocytes, followed by
rolling, activation, adhesion, and transmigration of leu-
kocytes across the endothelium®®. Activated platelets ad-
hered to an activated endothelium, further promote each
of these local recruitment steps by inducing “secondary
capture” of leukocytes (mainly polymorphonuclear and
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monocytes) which induces interaction of platelets with
leukocytes first, followed by leukocyte-endothelial interac-
tion""”. The initial ligation between platelet P-Selectin and
leukocyte PSGL-1 induces activation of integrin oMpB2
(CD11b/CD18 or Mac-1) through a molecular cascade
that includes downstream effectors such as tyrosine ki-
nases belonging to the Stk family, PI3 kinases, and small
GTPases'™. Leukocyte Mac-1 can interact with platelets
directly or indirectly. In the first scenatio, Mac-1 binds to
both GPIb"" and JAM-C!"" constitutively expressed on
platelets. In the second setting, fibrinogen acts as a bridge
between Mac-1 and its platelet surface receptor, integrin
all bB3m’18]. In addition to fibrinogen, Mac-1 also binds
to high molecular weight kininogen which in turn recog-
nizes GPIb on the platelet surface!”. Bridging by throm-
bospondin and CD36 antigens (present in monocytes
and platelets) has also been shown to mediate platelet
interaction with leukocytes™.

The numerous chemokines and cytokines that can
be released or exposed on the cell surface of activated
platelets can bidirectionally stimulate leukocytes and en-
dothelial cells™. These molecules can accumulate on
the luminal-endothelial surface and interact with the leu-
kocytes through specific G-protein-coupled chemokine
L initiating
on leukocytes a second wave of intracellular signaling

receptors expressed on the leukocyte surface®

cascades which eventually lead to further up-regulation
of Mac-1 expression and activity, and to the activation
of other™ integrins such as q4f1 (VLA-4) and aL2
(LFA-1)®". These interactions also induce delayed acti-
vation responses including the activation of the nuclear
translocation of the transcription factor kB (NF-kB),
which triggers the synthesis of key pro-inflammatory
molecules and endows leukocytes with an inflammatory
phenotype. Simultaneously, platelets stimulate the expres-
sion of counter-receptors for leukocyte integrins on the
endothelial cell surface. These include the intercellular
adhesion molecule 1 and vascular cell adhesion molecule
154 that recognize LFA-1 or Mac-1 and VLLA-4 respec-
tively, contributing to consolidate the firm adhesion of
leukocytes to the endothelium™'. Activated leukocytes
generate reactive oxygen species (ROS), release serino-
proteases, myeloperoxidase and pentraxin 3, all molecules
that are able to stimulate platelets and endothelial cells
thus assuring and strengthening the cross-talk between
the vascular cells at the inflammatory site!"****",

Upon binding of leukocytes to the vessel wall, che-
mokines from the underlying intima stimulate them
to migrate through the endothelial monolayer into the
subendothelial space. The endothelial cells participate ac-
tively in the transmigration event. During transendothe-
lial migration, the cell-cell junctions disengage transiently
and locally to allow the leukocyte to cross”™*. Platelet-
leukocyte complexes show increased transmigration
by two mechanisms, when compared with leukocytes
alone. First, platelet-leukocyte association could induce
endothelium permeability through the inflammatory mol-
ecules released after platelet-mediated leukocyte activa-
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tion. These proinflammatory mediators may trigger ROS
production from circulating and adherent leucocytes,
which strongly increases vascular permeability inducing
morphological and molecular responses of endothelial
cells®. The second mechanism involves the attach-
ment of platelets and leukocytes mediated by P-selectin
and its ligand, PSGL-1P", Interestingly, van Gils ez al™
demonstrated that although platelets facilitate monocyte
transmigration, dissociation of the platelet-leukocyte
complex during transmigration occurs due to both me-
chanical stress and a PSGL-1 redistribution-mediated
platelet translocation towards the trailing end of the mi-
grating monocytes. Whether migrated monocytes from
the mixed cell aggregate are additionally different due to
the platelet interaction, as compated to migrated platelet-
free monocytes, is an intriguing question that remains to
be studied. The platelet mediated leukocyte migration
process could also be enhanced by microenvironment
inflammatory conditions such as low pH. In this context,
it was recently reported that platelet P-selectin expression
is increased under extracellular acidosis. This phenom-
enon not only results in promotion of platelet-neutrophil
aggregate formation, but also enhances the neutrophil
migration processm]. Moreover, during the inflamma-
tory response neutrophil death can be delayed by, several
cytokines, bacterial products such as LPS, low pH of the
(430, Although the mechanisms by
which platelets promote leukocyte survival are still not

media and platelets

clear, the release of soluble mediators, as well as platelet-
leukocyte contact appears to be involved in this phenom-
enon®”
prevent neutrophil apoptosis to a higher degree than

platelets or low pH alone, reinforcing the notion that

. Interestingly platelets under acidic conditions

conditions of the inflammatory milieu further enhance
the inflammatory response mediated by platelets™. How-
ever, our group has also shown that unlike low pH values,
exposure of platelets to high temperatures results in a de-
crease of P-selectin expression on the platelet surface!™
These data suggest that hyperthermia may dampen the
proinflammatory activity of platelets. Therefore, since
the inflammatory focus is characterized not only by the
low pH values but also by several other features including
swelling, heat and high levels of cytokines, experiments
using a combination of the inflammatory stress signals
ot 7n vivo approaches are necessary to further understand
the influence of the inflammatory milieu on platelet-
mediated inflammatory responses.

Besides intracellular phagocytosis, a novel mechanism
in pathogen killing by neutrophils has been recently de-
scribed. This involves the extracellular release of nuclear
DNA and microbicidal protein content upon activation
with different stimuli such as PMA, IL-8, bacterial and
fungal species. These DNA structures, named neutrophil
extracellular traps (NETSs), provide a highly effective an-
timicrobial mechanism, which results in neutrophil death
and contributes to pathogen control and elimination of
several pathogens[41’43]. Remarkably, Clatk ez al*" described
that 7z vivo, bacterial trapping through NET formation is
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dependent on the expression of TLR4+ on the surface
of platelets, allowing them to sense and recognize bac-
teria. These fascinating findings unveiled a novel mecha-
nism wherein platelets, acting as sentinels, have the ability
to interact with bacterial molecules, allowing the activa-
tion of the innate immune system during sepsis. How-
ever, much research still remains to be done to elucidate
the mechanisms and mediators through which platelets
are able to spur neutrophils to release these extracellular
traps.

Overall, this extensive experimental and clinical evi-
dence leaves little doubt about the contribution of plate-
lets to the inflammatory response. This phenomenon is
not surprising if we consider that from an evolutionary
point of view, platelets are related to hemocytes which in
arthropods are nucleated cells responsible for immunity
as well as for coagulation. It is clear that, in higher order
species, these functions have diverged into more special-
ized cells, the platelets. These have retained some of the
features of innate immunity, in particular their ability to
cooperate with neutrophils and monocytes in the initia-
tion, progression and resolution of inflammation. In
this context, platelets not only have all the cell adhesion
molecules and cytokines necessary to interact and activate
leukocytes, but also have the machinery to recognize and

present pathogens to the effector cells**

. Moreover,
platelets express all the components of NF-xB, a key
transcription factor responsible for the synthesis of the

(8.4, Interestingly, al-

main proinflammatory molecules
though platelets are enucleated cells, activation of platelet
NF-kB appears to be another mediator of platelet activa-
tion™", It has recently been shown that treatment of
platelets with specific inhibitors of NF-kB results in the
inhibition of several platelet responses, including platelet
adhesion and spreading, alIbf3 integrin activation, plate-
let aggregation, the release of dense and o granules, and
a decrease in clot retraction times and thrombus stabil-
ity In addition, the joint action of NF-kB activation
and p38 phosphorylation appears to be a key molecular
mechanism for the expression of P-selectin on the mem-
brane of activated platelets under inflammatory condi-
tions™”. These novel non-genomic activities of platelet
NF-kB suggest that the blockade of platelet function by
NF-kB inhibitors might be relevant in those clinical situ-
ations where these drugs are being considered for anti-
tumor and/or ant-inflammatory therapy.

PLATELET-ENDOTHELIAL-LEUKOCYTE
INTERACTION: A “DOUBLE-EDGED
SWORD”

In general, amplification of the leukocyte activation state

by platelets appears to have a positive and beneficial
physiologic role in both the inflammatory and innate im-
mune response. However, we should bear in mind that
a failure in the regulatory mechanisms of these cellular
responses may contribute to persistent vascular inflam-
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mation, and in this context, platelets contribute to the
enhancement of the physiopathology of chronic inflam-
matory diseases.

ATHEROSCLEROSIS

Although, for several decades, hypercholesterolemia and

lipid deposit on the vessel walls were considered major
events in the pathogenesis of atherosclerosis, abundant
recent data support the concept of atherosclerosis as
a chronic inflammatory disease of a multifactorial na-
ture!™""?. The contribution of platelets to the process of
atherosclerosis was unclear for decades, mainly because
the availability of conclusive data obtained in humans is
very limited. However, the beneficial effect of platelet
anti-aggregating therapies in secondary prevention of
cardiovascular diseases left no doubts about the major
role of platelets, at least in advanced atherosclerotic dis-
case states'. We now know that platelets not only are
major contributors to the final phases of atherosclerosis,
but also that platelet interaction with the intact endothe-
lium and leukocytes are critical events in the initiation and
progression of this inflammatory disease”". Activated
platelets and platelet—leukocyte aggregates adhere to the
endothelium at sites that are prone to plaque formation
and deliver diverse chemokines, which in turn amplify
the transmigration of monocytes and other mononuclear
1", Besides chemokines, plate-
lets also express functional chemokine receptors includ-
ing CCR1, CCR3, CXCR4 and CXsCR1"", Interestingly,
it has recently been reported that CXsCR1 expression
1s upregulated in platelets from hyperlipidemic mice

cells into the arterial wal

and promotes platelet-monocyte complex formation.
The detection of platelet-bound CX3CL1 on smooth
muscle cells from these mice suggests that the CX3CR1-
CX3CL1 axis might have a relevant role in platelet ac-
cumulation and monocyte recruitment at sites of arterial
injury in atherosclerosis'™.

Platelets not only promote monocyte differentiation
into macrophagesﬁgl, but also induce CD34+ progeni-
tor cells to migrate and differentiate into foam cells !,
Interestingly, a range of data give biological plausibility to
the epidemiological evidence of a significant association
between leukocyte count and the incidence of coronary
heart disease””. These findings highlight the necessity for
clinical studies that evaluate the efficacy of a long-term
antiplatelet strategy for primary prevention in high-risk
patients at an early stage of atherosclerotic disease.

The observation that NETs act as a scaffold for
thrombus formation has given NETs a previously un-
recognized role, linking inflammation with thrombosis
in both infectious and non-infectious clinical settings.
Although, NETs were initially shown to be involved in

. 6264
venous thrombosis®*!

, they have also been recently
observed in murine and human atherosclerotic lesions,
suggesting that exploring the functionality of NETs in
atherosclerosis will lead to novel insights into the patho-

i . . 65 .
genesis of this inflammatory disease®. In this context,

(4 9

A
JBaishideng®

WJH | www.wjgnet.com

17

Etulain J et a/. Platelets and inflammation

histones and defensins are some of the proteins exposed
on the NETS scaffold. These molecules have been shown
to be inducers of platelet activation and fibrin forma-
tion !, Furthermore, extracellular histones are known
to be cytotoxic toward endothelium™™. Therefore, it
is conceivable that activation or even apoptosis of the
different cell types of the atheroma plaque, mediated by
histones or defensins, could be one of the mechanisms
through which NETs contribute to atherosclerosis devel-
opment and progression”’,

SEPSIS

Probably the best example of platelet contribution to the
pathophysiological inflammation response is sepsis and
multiple organ failure. Adhesion of activated platelets
within the microcirculation and formation of platelet ag-
gregates contributes to vascular hyperpermeability as well
as hypoperfusion”"’, During systemic inflammation and
infection platelets become activated, as indicated by an
increase in the number of CDG62P-positive (P-selectin)
platelets and platelet-leukocyte conjugates which are
thought to contribute to disease pathogenesis, potentially
through the occlusion of organ microvasculature ™",

Moreover, in patients with severe inflammatory response
syndrome, it was observed that activated platelets release
platelet microparticles (PMP) that express functional
surface receptors which allow them to adhere to leu-
kocytesm. However, the relative contribution of PMP,
compared with intact platelets, in mediating enhanced
platelet—neutrophil adhesion in sepsis is unknown.

Similar to atherosclerosis, platelet-mediated NET
formation, is an exciting newly-identified cellular event
that could account for the tissue damage during sepsis. In
fact, although the formation of NETs may be beneficial
to the host for the isolation and prevention of spread-
ing of the invading bacteria, uncontrolled or persistent
DNA traps may form at the expense of injury to the
host!*?. Tt appears that when LPS-activated neutrophils
bind endothelium little damage occurs, but if the bound
neutrophils encounter LPS-bearing platelets they become
significantly activated and release NETs that damage the
underlying endothelium?,

ARTHRITIS

Rheumatoid arthritis is a chronic inflammatory and auto-
immune disorder that typically affects the synovial joints
of the hands and feet. Relationships between platelet
activation and rheumatoid arthritis have been shown in
many studies. Using a combination of pharmacological
and genetic methods Boilard ez al™ recently demon-
strated that platelets amplify inflammation in rheumatoid
arthritis »ia collagen-dependent microparticle produc-
tion. The microparticles are pro-inflammatory, and bring
about cytokine responses from synovial fibroblasts vz
IL-1a and -1f. Taken together, these results suggest that
platelets and their microparticles may have an impor-
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tant role in promoting the joint pathology observed in
patients with rheumatoid arthritis. However, the role of
platelets in this inflaimmatory disease still needs further
investigation since experiments using a porcine model of
arthritis demonstrated that platelet-rich plasma can at-
tenuate arthritic changes, as assessed histologically, based
on protein synthesis of typical inflammatory mediators in

the synovial membrane and cartilage”.

between platelets and neutrophils does not end at the
vessel wall, because in IBD patients platelets have been
observed to infiltrate the colon interstitium and move
into the gut lumen along with neutrophils. Whether the
extravasation of platelets potentiates the inflammatory
response remains unclear, although there is evidence sug-
gesting that this process may exacerbate the fluid secre-

tion and diarrhea associated with IBD"".

LUNG DISEASES

CONCLUSION

In several lung diseases, neutrophil accumulation into the
lungs is the most important contributor to pulmonary
destruction. However, there is evidence that platelets also
have an important role in the pathogenesis of inflam-
mation. In particular, platelets play a critical role in the
recruitment of leukocytes. Moreover, circulating platelet—
leukocyte aggregates have been detected in patients with
allergic asthma, cystic fibrosis, and experimental lung
injury[2,78-8(]].

Increased expression of P-selectin appears to be a
major event involved in the interaction of platelets and
leukocytes both on the activated pulmonary endothelium
and in the formation of mixed cell aggregates[gn’sﬂ. The
critical role of platelets in the initiation of lung injury was
substantiated by studies showing that, in experimental
models of acid aspiration and sepsis-induced acute lung
injury, platelet depletion reduces neutrophil infiltration
and protein leakage[sm. In addition, disruption of platelet-
derived chemokines prevents neutrophil extravasation in
LPS and sepsis-induced acute lung injury™”,

NET generation as a result of non-infectious inflam-
matory processes has been recently associated with the
pathogenesis of cystic fibrosis and transfusion-related
acute lung injury[%]. Moreover, targeting platelet activation
with either aspirin or integrin oIIbf3 inhibitors decreases
NET formation and lung injury™”.

INFLAMMATORY BOWEL DISEASES

The two major forms of IBD are Crohn’s disease (CD)
and ulcerative colitis (UC). Patients with IBD are at in-
creased risk for thromboembolism, which is one of the
causes of death in this population. As genetic factors
do not explain the greater risk of venous thrombosis in
CD or UC patients, a pathogenesis-oriented approach
has suggested that coagulation abnormalities are very
probably the result of the cells and cytokines involved
in the inflammatory nature of the diseases™. In this
context, platelets from these patients exhibit enhanced
homotypic and heterotypic (platelets-leukocytes) aggre-
gation responses”™”. Both platelets and neutrophils are
recruited to postcapillary venules in inflamed colons, with
each recruitment process influencing the other™, Cell-
cell interactions supported by selectins and both platelet-
associated CD40L and platelet-derived soluble CD40L,
are critical to the subsequent endothelial barrier dys-

% Tnterestingly, it appears that the interaction

function
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Circulating blood cells are increasingly perceived as criti-
cal mediators of sustained vascular inflammation. The
cross-talk between platelets and endothelial leukocyte
cells in the inflammatory milieu may be seen as a double-
edge sword, which functions not only as an effective first
line defense mechanism but may also lead to organ failure
and death in the absence of counter regulation mecha-
nisms.

The molecular mechanisms involved in the reciprocal
activation of platelets, endothelial cells and leukocytes
are beginning to be elucidated. Defining the specific, fine
regulation of their interaction is likely to yield novel tar-
geted approaches and therapeutic strategies to modulate
vascular inflammation, which will hopefully prove more
effective and less toxic than those that are currently avail-
able.

The era of genomics and proteomics has recently
been introduced in platelet research and will continue to
offer major tools to help understand platelet pathology in
the course of inflammation.

Because inflammatory diseases are a major cause
of morbidity and mortality in developed countries,
understanding the interaction of their most important
components is an important challenge. In light of the
existing data from experimental and clinical studies it is
conceivable that platelet adhesion molecules and platelet
mediators provide promising targets for novel therapeu-
tic strategies in inflammatory diseases. Given the recently
identified pivotal role of platelets in pathogen recognition
and bacterial trapping, there is a need to carefully address
and monitor the potentially adverse effects of these ap-
proaches, including alterations in hemostasis and coagu-
lation and particularly the impairment of host defense
mechanisms.
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