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There is now a large body of evidence that platelets are central actors of inflammatory reac-
tions. Indeed, platelets play a significant role in a variety of inflammatory diseases. These
diseases include conditions as varied as atherosclerosis, arthritis, dermatitis, glomeru-
lonephritis, or acute lung injury. In this context, one can note that inflammation is a
convenient but imprecise catch-all term that is used to cover a wide range of situations.
Therefore, when discussing the role of platelets in inflammation, it is important to clearly
define the pathophysiological context and the exact stage of the reaction. Inflammatory
reactions are indeed multistep processes that can be either acute or chronic, and their
sequence can vary greatly depending on the situation and organ concerned. Here, we
focus on how platelets contribute to inflammatory reactions involving recruitment of neu-
trophils and/or macrophages. Specifically, we review past and recent data showing that
platelets intervene at various stages of these reactions to regulate parameters such as
endothelial permeability, the recruitment of neutrophils and macrophages and their effec-
tor functions, as well as inflammatory bleeding. The mechanisms underlying these various
modulating effect of platelets are also discussed.
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PLATELETS CONTROL ENDOTHELIAL PERMEABILITY AND
LEUKOCYTE INFILTRATION

While platelets have long been known to promote the semi-
permeable barrier function of the resting endothelium (1), it
has become equally clear that under inflammatory conditions,
platelets can promote vascular permeability. Indeed, both edema
formation and leukocyte infiltration have been shown to be
markedly reduced by thrombocytopenia in multiple models of
acute or chronic inflammation. For instance, immunodepletion
of platelets was shown to inhibit neutrophil extravasation and the
efflux of Evans blue from mesenteric venules in a mouse model
of thioglycollate-induced peritonitis (2). Thrombocytopenia also
resulted in reduced skin edema and infiltration of neutrophils,
eosinophils, and mast cells in models of cutaneous leukocyto-
clastic vasculitis (3) and of chronic contact hypersensitivity (4).
These pro-inflammatory effects of platelets were also reported in
the inflamed lungs (5-7), the very same organ where the anti-
permeability effect of platelets was demonstrated in unchallenged
thrombocytopenic animals (8).

Notably, while in the above-cited examples the efflux of leuko-
cytes and plasma were both promoted by platelets, situations where
only one of these parameters was impacted by platelet depletion
have also been reported. In a mouse model of irritant contact
dermatitis, experimental thrombocytopenia led to reduced edema
formation without affecting neutrophil infiltration (9). Platelet
depletion also resulted in complete abrogation of protein leak-
age without affecting neutrophil recruitment to the lungs in a
model of transfusion-related acute lung injury (7). Concordantly,

thrombocytopenia fully prevented endothelial gap formation and
vascular leakage during experimental arthritis but only partially
reduced the overall arthritis severity (10). Therefore, although
promotion of plasma and leukocyte extravasation by platelets
may share common mechanistic aspects, they are clearly distinct
parameters with their own distinct regulatory mechanisms. Inter-
estingly, it was recently shown that leukocyte extravasation and
vascular permeability can be controlled separately by different
tyrosine residues of VE-cadherin (11). Whether such a mechanism
contributes to differential regulation of vascular permeability and
leukocyte infiltration by platelets remains to be demonstrated but
these results suggest that distinct and selective regulation of these
two parameters is possible at the endothelial junction level.
Recruitment of platelets to the inflamed vasculature and local
release of soluble compounds from activated platelets likely con-
stitute the predominant basic mechanisms common to regula-
tion of both vascular permeability and leukocyte extravasation
by platelets. Interactions between platelets and inflamed vessels
have been shown to be an early event in various models of
acute and chronic inflammation (7, 9, 10, 12—19). Various adhe-
sion receptors can support the early recruitment of platelets to
inflamed microvessels and the subsequent actions of platelets on
vascular permeability and leukocyte extravasation. The nature of
these receptors is highly dependent on the inflammatory con-
text. While platelet P-selectin was crucial for platelet recruitment
and leukocyte extravasation in experimental colitis (20), acute
lung injury (5), chronic cutaneous hypersensitivity (4), allergic
asthma (21), glomerulonephritis (17), and cerebral and intestinal
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ischemia/reperfusion (13, 14), it played only a minor role in the
recruitment of neutrophils in thioglycollate-induced peritonitis
(2). Likewise, GPIb was critical for platelet recruitment and leuko-
cyte invasion at atheromatous lesion-prone sites in hypercholes-
terolemic mice (12) and during peritonitis (2) but dispensable for
early recruitment of platelets to the inflamed glomerulus (19).
In addition to P-selectin and GPIb, GPVI, GPIIb-IIIa, CD40L
are among the other platelet receptors that have been reported
to be involved in platelet recruitment and action on vascular
permeability and/or leukocyte recruitment (Table 1).
Remarkably, immunohistological and intravital analyses have
revealed that platelet recruitment during the early phase of the
inflammatory reaction mostly occurs through transient and firm
adhesion of individual platelets to endothelial cells and gaps in
the endothelial lining, and/or to adherent leukocytes rather than
through platelet aggregation and thrombus formation (7, 9, 10,
12-14, 16, 18-20). Binding of platelets to adherent leukocytes
illustrates the fact that while platelets support the recruitment
of leukocytes during inflammatory reactions, the opposite is also

true. Inhibition of neutrophil recruitment by immunodepletion
of neutrophils or by pharmacological or genetic targeting of
their adhesion receptors was indeed shown to induce a reduc-
tion in platelet recruitment in various inflammation models (7,
13, 14, 19, 27). It is also noteworthy that interactions between
activated platelets and leukocytes do not only occur at the inflam-
matory site but also in the circulation. The signals triggered by
these interactions notably induce integrin activation, thus priming
leukocytes for adhesion to inflamed vessels (24, 28). Increased for-
mation of neutrophil/platelet and/or monocyte/platelet complexes
has been reported in patients with various inflammatory dis-
eases including rheumatoid and psoriatic arthritis (29-31), allergic
asthma (32), perionditis (33), ulcerative colitis (34), ischemic
stroke (35), dengue infection (36), and atherosclerosis (37). Con-
sidering the contribution of platelet/leukocyte interactions to the
pathogenesis of various inflammatory diseases in experimental
models, in part, via promotion of neutrophil infiltration, increased
platelet/leukocyte complexes in human diseases may not only
reflect platelet activation but also participate in disease regulation.

Table 1| Regulation of vascular permeability and leukocyte recruitment by platelets.

Inflammatory model

Receptors and/or

References

soluble factors involved

Vascular permeability  Arthritis GPVI/Serotonin Cloutier et al. (10)
Peritonitis GPIb/NVWF Petri et al. (2)
Leukocytoclastic vasculitis P-selectin/PSGL Hara et al. (3)

Chronic cutaneous hypersensitivity ND

Tamagawa-Mineoka et al. (4)

P-selectin

Acute lung inflammation Hidalgo et al. (7), Zarbock et al. (5)
Leukocyte recruitment  Glomerulonephritis P-selectin/PSGL-1 Kuligowski et al. (17)
P-selectin Devi et al. (19)

Atherosclerosis

GPVI/EMMPRIN
CD40L and MCP-l

GPlIb, GPllbllla
P-selectin
Cerebral I/R GPllIbllla
CD40/CD40L/sCD40L
Intestinal I/R P-selectin
Abdominal sepsis Serotonin
ND/Mac-1
Peritonitis GPIb/VWEF
Serotonin
Experimental colitis CD40L
P-selectin/PSGL:1
Aseptic wound Serotonin

Acute Lung inflammation
Leukocytoclastic vasculitis

Chronic cutaneous hypersensitivity
Allergic asthma

Serotonin, TXA,, P-selectin

P-selectin/PSGL:1
P-selectin
P-selectin, Serotonin

Schulz et al. (22)
Lievens et al. (23)
Massberg et al. (12)
Huo et al. (24)
Massberg et al. (15)
Ishikawa et al. (14)
Ishikawa et al. (14)
Duerschmied et al. (25)
Asaduzzaman et al. (6)
Petri et al. (2)
Duerschmied et al. (25)
Vowinkel et al. (20)
Vowinkel et al. (20)
Duerschmied et al. (25)

Duerschmied et al. (25), Hidalgo et al. (7), Zarbock et al. (5)

Hara et al. (3)
Tamagawa-Mineoka et al. (4)
Pitchford et al. (21), Durk et al. (26)

Examples of various inflammatory situations in which platelets were shown to regulate vascular permeability and/or leukocyte recruitment. If identified, the adhesion

receptors and/or soluble factors involved are indicated. Platelet-derived factors are underlined.

CDA40, cluster of differentiation 40, CD40L, cluster of differentiation 40 ligand, EMMPRIN, extracellular matrix metalloproteinase inducer, Mac-1, macrophage-1

antigen, MCP-1, monocyte chemoattractant protein-1, ND, non-determined, PAF, platelet-activating factor, PSGL-1, P-selectin glycoprotein ligand 1, sCD40L, soluble

cluster of differentiation 40 ligand, TXA2, thromboxane A2, VEGF, vascular endothelial growth factor, vVWF, von Willebrand factor.
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The release of soluble factors by platelets is also central to
their ability to modulate endothelial permeability and leuko-
cyte infiltration. In the same way, platelets contain endothelial
barrier-enhancing factors [e.g., angiopoietin-1 and sphingosine-
1-phosphate (S1P)] (1), they also contain a large range of
chemokines, cytokines, and other soluble mediators capable of
loosening endothelial junctions and/or of activating or attracting
leukocytes. Among the platelet factors that can open interendothe-
lial junctions are factors that are not specific to platelets such
as vascular endothelial growth factor (38) or platelet-activating
factor (PAF) (39, 40), and serotonin, for which platelets are the
major peripheral source (41). In particular, platelet serotonin was
recently shown to mediate the GPVI-dependent pro-permeability
effect of platelets in inflamed joints during arthritis (10) and the
recruitment of neutrophils and/or eosinophils in various models
of acute inflammation (25, 26).

The panel of chemokines found in platelets is extensive
and includes platelet factor 4, stromal cell-derived factor-1,
macrophage inflammatory protein-la. (MIP-1a), regulated upon
activation, normal T cell expressed and secreted (RANTES), and
thymus and activation-regulated chemokine (TARC), to name but
a few (4, 24, 42). Like P-selectin, these chemokines are stored in
platelet granules and their contribution to recruitment of leuko-
cytes by platelets highlights the need for platelet activation in
this process. In agreement, ADP-dependent platelet activation was
required for glomerular recruitment of leukocytes by platelets
(19). Moreover, while some platelet-derived soluble factors directly
target endothelial cells and/or leukocytes, others like PAF, S1P,
and serotonin also target platelets themselves and could therefore
amplify their regulatory effects on vascular permeability and/or
leukocyte recruitment. Finally, another mechanism reported for
the stimulation of neutrophil recruitment by activated platelets
is the up-regulation of the expression of adhesion molecules on
the endothelium. Activated platelets were shown to increase the
expression of ICAM-1 and avB3 on endothelial cells through the
secretion of IL-1f (43), and to induce the secretion of Weibel—
Palade bodies (44). Importantly, together, these observations that
platelets can engage their adhesion receptors and release bioac-
tive factors independently of aggregation substantiate the concept
that platelet activation is a finely tuned and graduated process that
allows context-dependent responses (27, 45—48).

PLATELETS REGULATE NEUTROPHIL AND MACROPHAGE
EFFECTOR FUNCTIONS

Many studies have demonstrated the ability of platelets to regulate
most of the effector functions of neutrophils and macrophages
such as the production of reactive oxygen species (ROS), the
secretion of neutrophil granule content, phagocytosis, or the
formation of neutrophil extracellular traps (NETs). Thrombin-
activated platelets were shown to stimulate the respiratory burst
in unstimulated monocytes and neutrophils in vitro (49-51).
Zalavary et al. showed that resting platelets enhanced the respi-
ratory burst of neutrophils stimulated with IgG-opsonized yeast
particles (52). However, the opposite effect was found when
the chemoattractant formyl-methionyl-leucyl-phenylalanine was
used as an agonist (53-56). The fact that the pro- or anti-ROS
effect of platelets depends on experimental conditions such as

the platelet and neutrophil agonists used again highlights how
the action of platelets may ultimately be context-dependent. Sev-
eral non-mutually exclusive mechanisms have been proposed to
support the modulation of the oxidative burst in innate immune
cells by platelets. The release of adenine nucleotide derivatives by
platelets has been consistently shown to inhibit ROS generation
in neutrophils (49, 53, 54). Evidence that direct cell—cell contact
between platelets and monocytes/neutrophils is also important for
regulation of the oxidative burst in these cells has also been pro-
vided. Prevention of platelet adhesion to neutrophils was indeed
shown to suppress the modulatory effect exerted by platelets on
ROS generation by neutrophils, whether it was stimulatory (50,
51, 54, 57, 58) or inhibitory (58). In vivo data on the actual
contribution of platelets to modulation of ROS generation by
innate immune cells during inflammatory reactions are, however,
scarce. Nevertheless, binding of platelets to adherent neutrophils
induced the generation of ROS by neutrophils in a mouse model of
transfusion-related acute lung injury (7), a mechanism that might
contribute to vascular damage and lung injury. Stimulation of
the neutrophil respiratory burst by platelets was also proposed
to contribute to proteinuria during immune-complex-induced
experimental glomerulonephritis (51), as ROS were previously
shown to be one of the main causes of glomerular damage in
this model (59).

Several in vitro studies have shown that platelets can inhibit
the release of myeloperoxidase and neutrophil elastase (57, 60).
In contrast, platelets amplified lysozyme secretion by neutrophils
stimulated with opsonized zymosan (61, 62). It is likely that as
for ROS generation and endothelial permeability, platelets reg-
ulate neutrophil degranulation in a stimulus-specific manner.
Some groups have demonstrated that in addition to regulat-
ing neutrophil degranulation and ROS production, platelets can
also stimulate neutrophil phagocytosis by both contact-dependent
and contact-independent mechanisms (52, 57). More recently, it
was shown that the uptake of oxidized low-density lipoproteins
(OxLDL) by monocytes was increased by direct platelet-monocyte
interactions in vitro and in vivo (63). These findings partly echoed
those of previous studies with the difference that the earlier stud-
ies focused on the ability of platelet secretion products to enhance
macrophage uptake of OxLDL (64-66).

The production and release of cytokines by monocytes can
also be regulated by platelets. Thrombin-activated platelets were
shown to induce expression and secretion of MCP-1 and IL-
8 by monocytes in a P-selectin-dependent manner (67). The
contribution of P-selectin-mediated platelet—-monocyte interac-
tions to cytokine responses was recently investigated in patients
with dengue infection. Whereas P-selectin-dependent binding of
platelets from patients with dengue to monocytes from healthy
volunteers induced the secretion of the IL-1f, IL-8, IL-10, and
MCP-1, platelets from healthy volunteers only induced the secre-
tion of MCP-1 (36). Modulation of cytokine levels by platelets
was also reported in the cecal ligation and puncture mouse model
of sepsis, a model in which deficiency in platelet GPIba led to
reduced platelet-monocyte and platelet—neutrophil interactions,
and to increased circulating levels of TNF-a, MCP-1, IL-6, and
MIP-18 (68). A substantial contribution of platelets to the reg-
ulation of systemic inflammatory responses was also shown in
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a model of pneumonia-derived sepsis (69) and in a model of
thermal injury (70). In this latter model, plasma levels of TNEF-
a, IL-6, and MCP-1 were increased in thrombocytopenic mice,
which also displayed reduced levels of TGF-f compared to con-
trol mice. In line with these studies, it was shown that secretion
of PDGF by activated platelets was required for the release of
MCP-1 and subsequent monocyte infiltration and killing in tissues
infected with Leishmania parasites (71). It should be noted that
thrombocytopenia led to a higher mortality rate in sepsis and ther-
mal injury, and to reduced elimination of Leishmania parasites,
thus demonstrating an overall beneficial role of platelets in these
models. Thrombocytopenia also increased the mortality of mice
infected with encephalomyocarditis virus, a situation in which
platelet-TLR7-dependent formation of platelet-neutrophil aggre-
gates played a protective role (72). These various examples where
platelets exerted a beneficial effect under inflammatory conditions
in some way balance those where platelets were shown to play a
pathogenic role, as in glomerulonephritis (51), acute lung injury
(5), atherosclerosis (12, 15), and rheumatoid arthritis (10, 73).
Neutrophil extracellular traps are extracellular webs made of
DNA fibers decorated with neutrophil granule proteins that form
according to a specific cell death process (74, 75). The contri-
bution of platelets to NET formation was first demonstrated
by a series of experiments showing that TLR4- and integrin-
dependent platelet—neutrophil interactions led to the production
of NETs capable of trapping bacteria and also causing tissue dam-
age in models of endotoxemia and sepsis (27, 76). Stimulation of
NET formation by platelets has since been shown in models of
sterile acute lung injury where NETs contribute to lung endothe-
lial damage (77, 78). Importantly, while platelets stimulate NET
formation, in return, NETs cause platelet activation and aggrega-
tion, thus linking inflammation and thrombosis (79). This form
of thrombosis triggered by neutrophil-platelet interactions has
been called immunothrombosis and helps fight bacterial infection
(80, 81). The downside of immunothrombosis is that it can also
initiate deep vein thrombosis (82, 83) and contribute to cancer-
associated thrombosis (84). Finally,immunothrombosis illustrates
how interactions between platelets and leukocytes lead to recip-
rocal regulation, a notion previously introduced by earlier in vitro
studies showing the modulation of platelet reactivity and adhesion
properties by neutrophils and/or macrophages (48, 85-89).

PLATELETS PREVENT INFLAMMATORY BLEEDING

Inflammatory reactions have been identified as a cause of spon-
taneous bleeding during thrombocytopenia, thus demonstrating
that platelets also intervene to prevent bleeding during inflam-
mation. This protective role of platelets was notably established
in situations where platelets were also shown to promote vascular
permeability and/or leukocyte infiltration. For example, induction
of thrombocytopenia resulted in immediate and severe skin bleed-
ing during cutaneous leukocytoclastic vasculitis (90), the same
model in which it caused reduced skin edema and neutrophil
infiltration (3). Again, this highlights the duality of platelets that
can exert apparently opposed effects during the course of a given
inflammatory reaction. Nonetheless, though regulation of plasma
leakage and prevention of bleeding can both be referred to as main-
tenance of vascular integrity, the mechanisms underlying edema

formation and bleeding are essentially different. Opening of inter-
cellular junctions favors edema formation by allowing plasma fluid
and small molecules to filter out through endothelial gaps and
the basement membrane. Larger elements like platelets and red
blood cells are, however, retained by the vascular wall (91). For this
reason, injection of the pro-permeability factor vascular endothe-
lial growth factor (VEGF) did not cause any skin bleeding when
injected in thrombocytopenic mice (92). In a similar manner, mice
lacking the anti-permeability factor, S1P, in plasma exhibited basal
vascular leakage of proteins and fluid in the lungs, but no bleed-
ing (93). Therefore, while vascular permeability is tightly regu-
lated and controlled through modulation of endothelial junctions
bleeding implies vascular damage with rupture or distortion of the
basement membrane mesh. There is strong evidence suggesting
that neutrophils may cause this damage: in various inflamma-
tory models, bleeding in inflamed organs of thrombocytopenic
mice was prevented by depletion of neutrophils (18, 92). Preven-
tion of inflammatory bleeding by platelets most likely relies on
the inhibition or repair of neutrophil-dependent injury. Although
this is unlikely to provide the full explanation, this vasculoprotec-
tive action of platelets has been shown to be independent of their
ability to form thrombi. Indeed, it has been reported that platelet
interactions with inflamed microvessels occur before any sign of
thrombosis, and that prevention of this early initial platelet depo-
sition results in accelerated and exacerbated local hemorrhage (18,
90). Moreover, mice lacking platelet adhesion receptors required
for thrombus formation or with impaired G-protein coupled
receptor (GPCR) signaling in platelets have shown no bleeding
at sites of inflammation despite their compromised ability to form
platelet plugs and to ensure classical hemostasis (90, 94). A recent
study indicates that instead, the immunoreceptor tyrosine-based
activation motif (ITAM)-associated GPVI and C-type lectin-like
receptor-2 (CLEC-2) play a predominant role in the prevention
of inflammatory bleeding by platelets (94, 95). Given that GPVI is
the main platelet receptor for collagen, this suggests that platelets
could stop bleeding by covering small areas where the basement
membrane gets exposed and disrupted by recruited neutrophils.
Whereas non-aggregated adherent platelets could exert a purely
mechanical action by plugging small holes in the endothelial lin-
ing, recent results suggest that the release of soluble factors by
platelets could further help seal vessel lesions induced by neu-
trophils. We have shown that even when not causing aggregation,
engagement of GPVI by collagen leads to the release of soluble
platelet factors capable of tightening interendothelial junctions
such as angiopoietin-1 (48). Furthermore, platelets lacking the
adapter protein SLP-76, which mediates GPVI-dependent platelet
responses to collagen including degranulation and spreading, were
shown to be unable to prevent inflammatory bleeding (94). Also,
although absence of S1P is not in itself a cause of bleeding, it
was shown to sensitize peripheral lymph nodes to bleeding in a
mouse model of immunization characterized by high lymphocyte
trafficking (95). Whether this protective role of SIP and, more
specifically, of platelet S1P also applies to other inflammatory
models remains to be verified but in any case, results from this
study indicate that factors stimulating closure of interendothe-
lial junctions can help stop bleeding associated with leukocyte
trafficking.
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FIGURE 1 | Platelets are integral players of inflammatory reactions. functions: toll-like receptor 4 (TLR4)-dependent activation of platelets

(A) During the early phase of inflammatory reactions, platelets are recruited promotes the formation of antibacterial neutrophil extracellular traps (NETs);
to inflamed vessels and enhance vascular permeability by secreting platelets can also either stimulate or inhibit the production of reactive oxygen
pro-permeability factors such as serotonin, vascular endothelial growth factor species (ROS) and/or secretion of cytokines and cytotoxic enzymes [e.qg.,

A (VEGF-A), or platelet-activating factor (PAF). Platelets further enhance the myeloperoxidase (MPO), serine proteases] by neutrophils and macrophages
recruitment and infiltration of leukocytes by secreting chemokines [e.g., depending on the inflammatory situation; platelets can stimulate

activation or normal T cell expressed and secreted (RANTES,) or platelet factor ~ phagocytosis and thus enhance foam cell formation by promoting the uptake
4 (PF-4)], and by upregulating the expression and/or activation of adhesion of oxidized low-density lipoprotein by monocytes/macrophages (oxLDL).
molecules on leukocytes and endothelial cells via direct cell-cell contacts and  (C) Platelets prevent bleeding associated with leukocyte trafficking. This
secretion of pro-inflammatory cytokines. The platelet receptors (e.g., GPVI, protective action of platelets has been shown to be independent of thrombus
GPIb, GPlIbllla, or P-selectin) supporting the interactions of platelets with formation and to rely on the engagement of platelet ITAM receptors, which
inflamed vessels and/or leukocytes vary with the organ and inflammatory might cause secretion of anti-permeability factors such as angiopoietin-1
reactions concerned. (B) Platelets can modulate various leukocyte effector (Ang1) and sphingosine-1-phosphate (S1P) by platelets.
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The ITAM-dependent vasculoprotective action of platelets
could also depend on their interactions with leukocytes. As
mentioned above, platelets recruited to inflamed vessels bind to
adherent leukocytes. The extracellular matrix metalloproteinase
inducer (EMMPRIN) was recently identified as a counter-receptor
for GPVI and is present on neutrophils and macrophages (22,
96). Additionally, podoplanin, the ligand for CLEC-2, is absent
on blood endothelial cells but is expressed by inflammatory
macrophages (97). ITAM-mediated interactions between platelets
and innate immune cells thus represent another potential trigger
for the anti-permeability and/or “neutrophil-dampening” effect of
platelets.

In conclusion, all these data showing that in a given situation,
platelets can intervene to regulate vascular permeability, leukocyte
infiltration, and effector functions, as well as bleeding associated
with leukocyte trafficking, demonstrate that platelets are integral
players of inflammatory reactions (Figure 1). Also, it appears
that the pro- or anti-inflammatory character of platelets is highly
dependent on parameters such as the cause of inflammation,
which defines the pathways and extent of leukocyte, platelet, and
endothelial cell activation, and the stage and/or endpoint readouts
of the inflammatory reaction considered. In a similar manner, the
overall impact of platelets on inflammatory diseases can either be
beneficial or deleterious depending on the pathophysiological situ-
ation. Finally, as illustrated by the increasing interest in platelets as
potential targets for the treatment of allergic inflammation (26, 98,
99), the availability of numerous anti-platelet drugs could open up
new therapeutic perspectives for the many inflammatory diseases
where platelets have been shown to play a pathogenic role (100).

ACKNOWLEDGMENTS

We thank Dr. Mary J. Osborne-Pellegrin and Dr. Richard Bayles for
their help in editing this manuscript. This work was supported by
the Institut National de la Santé et de la Recherche Médicale and by
grants from La Fondation de France, DHU FIRE, and CORDDIM
Région Ile de France to Benoit Ho-Tin-Noé.

REFERENCES
1. Ho-Tin-Noe B, Demers M, Wagner DD. How platelets safeguard vascular

integrity. J Thromb Haemost (2011) 9(Suppl 1):56—65. doi:10.1111/j.1538-
7836.2011.04317.x

. Petri B, Broermann A, Li H, Khandoga AG, Zarbock A, Krombach E et al. von
Willebrand factor promotes leukocyte extravasation. Blood (2010) 116:4712-9.
doi:10.1182/blood-2010-03-276311

. Hara T, Shimizu K, Ogawa F, Yanaba K, Iwata Y, Muroi E, et al. Platelets control
leukocyte recruitment in a murine model of cutaneous arthus reaction. Am J
Pathol (2010) 176:259—69. doi:10.2353/ajpath.2010.081117

. Tamagawa-Mineoka R, Katoh N, Ueda E, Takenaka H, Kita M, Kishimoto
S. The role of platelets in leukocyte recruitment in chronic contact hyper-
sensitivity induced by repeated elicitation. Am ] Pathol (2007) 170:2019-29.
doi:10.2353/ajpath.2007.060881

. Zarbock A, Singbartl K, Ley K. Complete reversal of acid-induced acute lung
injury by blocking of platelet-neutrophil aggregation. J Clin Invest (2006)
116:3211-9. doi:10.1172/JCI129499

. Asaduzzaman M, Lavasani S, Rahman M, Zhang S, Braun OO, Jeppsson B, et al.
Platelets support pulmonary recruitment of neutrophils in abdominal sepsis.
Crit Care Med (2009) 37:1389-96. doi:10.1097/CCM.0b013e31819ceb71

. Hidalgo A, Chang J, Jang JE, Peired AJ, Chiang EY, Frenette PS. Heterotypic
interactions enabled by polarized neutrophil microdomains mediate throm-
boinflammatory injury. Nat Med (2009) 15:384-91. doi:10.1038/nm.1939

58]

w

IS

&}

[=2)

~

[}

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

. Lo SK, Burhop KE, Kaplan JE, Malik AB. Role of platelets in maintenance of

pulmonary vascular permeability to protein. Am J Physiol (1988) 254:H763-71.

. Senaldi G, Piguet PE. Platelets play a role in the pathogenesis of the irritant

reaction in mice. ] Invest Dermatol (1997) 108:248-52. doi:10.1111/1523-1747.
ep12286444

Cloutier N, Pare A, Farndale RW, Schumacher HR, Nigrovic PA, Lacroix S,
et al. Platelets can enhance vascular permeability. Blood (2012) 120:1334—43.
doi:10.1182/blood-2012-02-413047

Wessel F, Winderlich M, Holm M, Frye M, Rivera-Galdos R, Vockel M, et al.
Leukocyte extravasation and vascular permeability are each controlled in vivo
by different tyrosine residues of VE-cadherin. Nat Immunol (2014) 15:223-30.
doi:10.1038/ni.2824

Massberg S, Brand K, Gruner S, Page S, Muller E, Muller 1, et al. A critical role
of platelet adhesion in the initiation of atherosclerotic lesion formation. J Exp
Med (2002) 196:887-96. doi:10.1084/jem.20012044

Cooper D, Chitman KD, Williams MC, Granger DN. Time-dependent platelet-
vessel wall interactions induced by intestinal ischemia-reperfusion. Am J Physiol
Gastrointest Liver Physiol (2003) 284:G1027-33. doi:10.1152/ajpgi.00457.2002
Ishikawa M, Cooper D, Arumugam TV, Zhang JH, Nanda A, Granger DN.
Platelet-leukocyte-endothelial cell interactions after middle cerebral artery
occlusion and reperfusion. J Cereb Blood Flow Metab (2004) 24:907-15.
doi:10.1097/01.WCB.0000132690.96836.7F

Massberg S, Schurzinger K, Lorenz M, Konrad I, Schulz C, Plesnila N, et al.
Platelet adhesion via glycoprotein IIb integrin is critical for atheroprogression
and focal cerebral ischemia: an in vivo study in mice lacking glycoprotein IIb.
Circulation (2005) 112:1180-8. doi:10.1161/CIRCULATIONAHA.105.539221
Schmitt-Sody M, Klose A, Gottschalk O, Metz P, Gebhard H, Zysk S, et al.
Platelet-endothelial cell interactions in murine antigen-induced arthritis.
Rheumatology (Oxford) (2005) 44:885-9. doi:10.1093/rheumatology/keh638
Kuligowski MP, Kitching AR, Hickey MJ. Leukocyte recruitment to the inflamed
glomerulus: a critical role for platelet-derived P-selectin in the absence of
rolling. J Immunol (2006) 176:6991-9. doi:10.4049/jimmunol.176.11.6991
Hirahashi J, Hishikawa K, Kaname S, Tsuboi N, Wang Y, Simon DI, et al.
Mac-1 (CD11b/CD18) links inflammation and thrombosis after glomeru-
lar injury. Circulation (2009) 120:1255—65. doi:10.1161/CIRCULATIONAHA.
109.873695

Devi S, Kuligowski MP, Kwan RY, Westein E, Jackson SP, Kitching AR,
etal. Platelet recruitment to the inflamed glomerulus occurs via an
alphallbbeta3/GPVI-dependent pathway. Am ] Pathol (2010) 177:1131-42.
doi:10.2353/ajpath.2010.091143

Vowinkel T, Wood KC, Stokes KY, Russell ], Tailor A, Anthoni C, et al. Mecha-
nisms of platelet and leukocyte recruitment in experimental colitis. Am J Physiol
Gastrointest Liver Physiol (2007) 293:G1054—60. doi:10.1152/ajpgi.00350.2007
Pitchford SC, Momi S, Giannini S, Casali L, Spina D, Page CP, et al. Platelet
P-selectin is required for pulmonary eosinophil and lymphocyte recruitment
in a murine model of allergic inflammation. Blood (2005) 105:2074-81.
doi:10.1182/blood-2004-06-2282

Schulz C, Von Bruhl ML, Barocke V, Cullen P, Mayer K, Okrojek R, etal.
EMMPRIN (CD147/basigin) mediates platelet-monocyte interactions in vivo
and augments monocyte recruitment to the vascular wall. ] Thromb Haemost
(2011) 9:1007-19. doi:10.1111/j.1538-7836.2011.04235.x

Lievens D, Zernecke A, Seijkens T, Soehnlein O, Beckers L, Munnix IC, et al.
Platelet CD40L mediates thrombotic and inflammatory processes in athero-
sclerosis. Blood (2010) 116(20):4317-27. doi:10.1182/blood-2010-01-261206
Huo Y, Schober A, Forlow SB, Smith DE, Hyman MC, Jung S, et al. Circulating
activated platelets exacerbate atherosclerosis in mice deficient in apolipopro-
tein E. Nat Med (2003) 9:61-7. d0i:10.1038/nm810

Duerschmied D, Suidan GL, Demers M, Herr N, Carbo C, Brill A, etal.
Platelet serotonin promotes the recruitment of neutrophils to sites of acute
inflammation in mice. Blood (2013) 121:1008-15. doi:10.1182/blood-2012-
06-437392

Durk T, Duerschmied D, Muller T, Grimm M, Reuter S, Vieira RP, et al. Pro-
duction of serotonin by tryptophan hydroxylase 1 and release via platelets
contribute to allergic airway inflammation. Am J Respir Crit Care Med (2013)
187:476-85. d0i:10.1164/rccm.201208-14400C

Clark SR, Ma AC, Tavener SA, McDonald B, Goodarzi Z, Kelly MM, et al.
Platelet TLR4 activates neutrophil extracellular traps to ensnare bacteria in
septic blood. Nat Med (2007) 13:463-9. doi:10.1038/nm1565

Frontiers in Immunology | Inflammation

January 2015 | Volume 5 | Article 678 | 6


http://dx.doi.org/10.1111/j.1538-7836.2011.04317.x
http://dx.doi.org/10.1111/j.1538-7836.2011.04317.x
http://dx.doi.org/10.1182/blood-2010-03-276311
http://dx.doi.org/10.2353/ajpath.2010.081117
http://dx.doi.org/10.2353/ajpath.2007.060881
http://dx.doi.org/10.1172/JCI29499
http://dx.doi.org/10.1097/CCM.0b013e31819ceb71
http://dx.doi.org/10.1038/nm.1939
http://dx.doi.org/10.1111/1523-1747.ep12286444
http://dx.doi.org/10.1111/1523-1747.ep12286444
http://dx.doi.org/10.1182/blood-2012-02-413047
http://dx.doi.org/10.1038/ni.2824
http://dx.doi.org/10.1084/jem.20012044
http://dx.doi.org/10.1152/ajpgi.00457.2002
http://dx.doi.org/10.1097/01.WCB.0000132690.96836.7F
http://dx.doi.org/10.1161/CIRCULATIONAHA.105.539221
http://dx.doi.org/10.1093/rheumatology/keh638
http://dx.doi.org/10.4049/jimmunol.176.11.6991
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.873695
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.873695
http://dx.doi.org/10.2353/ajpath.2010.091143
http://dx.doi.org/10.1152/ajpgi.00350.2007
http://dx.doi.org/10.1182/blood-2004-06-2282
http://dx.doi.org/10.1111/j.1538-7836.2011.04235.x
http://dx.doi.org/10.1182/blood-2010-01-261206
http://dx.doi.org/10.1038/nm810
http://dx.doi.org/10.1182/blood-2012-06-437392
http://dx.doi.org/10.1182/blood-2012-06-437392
http://dx.doi.org/10.1164/rccm.201208-1440OC
http://dx.doi.org/10.1038/nm1565
http://www.frontiersin.org/Inflammation
http://www.frontiersin.org/Inflammation/archive

Gros et al.

Regulation of inflammation by platelets

28.

29.

30.

3

—

32.

33.

34.

35.

36.

37.

38.

39.

40.

4

—

42,

43.

44.

45,

46.

Totani L, Evangelista V. Platelet-leukocyte interactions in cardiovascular dis-
ease and beyond. Arterioscler Thromb Vasc Biol (2010) 30:2357-61. doi:10.
1161/ATVBAHA.110.207480

Joseph JE, Harrison P, Mackie IJ, Isenberg DA, Machin SJ. Increased circulating
platelet-leucocyte complexes and platelet activation in patients with antiphos-
pholipid syndrome, systemic lupus erythematosus and rheumatoid arthritis.
Br ] Haematol (2001) 115:451-9. doi:10.1046/j.1365-2141.2001.03101.x
Bunescu A, Seideman P, Lenkei R, Levin K, Egberg N. Enhanced Fcgamma
receptor I, alphaMbeta2 integrin receptor expression by monocytes and neu-
trophils in rheumatoid arthritis: interaction with platelets. ] Rheumatol (2004)
31:2347-55.

. Pamuk GE, Nuri Pamuk O, Orum H, Arican O, Turgut B, Demir M. Ele-

vated platelet-monocyte complexes in patients with psoriatic arthritis. Platelets
(2009) 20:493-7. d0i:10.3109/09537100903165174

Pitchford SC,Yano H, Lever R, Riffo-Vasquez Y, Ciferri S, Rose MJ, et al. Platelets
are essential for leukocyte recruitment in allergic inflammation. J Allergy Clin
Immunol (2003) 112:109-18. doi:10.1067/mai.2003.1514

Nicu EA, Van Der Velden U, Nieuwland R, Everts V, Loos BG. Elevated platelet
and leukocyte response to oral bacteria in periodontitis. ] Thromb Haemost
(2009) 7:162-70. doi:10.1111/j.1538-7836.2008.03219.x

Pamuk GE, Vural O, Turgut B, Demir M, Umit H, Tezel A. Increased circulat-
ing platelet-neutrophil, platelet-monocyte complexes, and platelet activation
in patients with ulcerative colitis: a comparative study. Am ] Hematol (2006)
81:753-9. doi:10.1002/ajh.20655

McCabe DJ, Harrison P, Mackie IJ, Sidhu PS, Purdy G, Lawrie AS, etal.
Platelet degranulation and monocyte-platelet complex formation are increased
in the acute and convalescent phases after ischaemic stroke or transient
ischaemic attack. Br ] Haematol (2004) 125:777-87. doi:10.1111/j.1365-2141.
2004.04983.x

Hottz ED, Medeiros-De-Moraes IM, Vieira-De-Abreu A, De Assis EF, Vals-
De-Souza R, Castro-Faria-Neto HC, et al. Platelet activation and apoptosis
modulate monocyte inflammatory responses in dengue. J Immunol (2014)
193:1864-72. doi:10.4049/jimmunol.1400091

Furman MI, Benoit SE, Barnard MR, Valeri CR, Borbone ML, Becker RC, et al.
Increased platelet reactivity and circulating monocyte-platelet aggregates in
patients with stable coronary artery disease. ] Am Coll Cardiol (1998) 31:352-8.
doi:10.1016/S0735-1097(97)00510-X

Nachman RL, Rafii S. Platelets, petechiae, and preservation of the vascular wall.
N Engl ] Med (2008) 359:1261-70. doi:10.1056/NEJMra0800887

Vargaftig BB, Chignard M, Lefort J, Benveniste J. Platelet-tissue interaction:
role of platelet-activating factor (PAF-acether). Agents Actions (1980) 10:502—6.
doi:10.1007/BF02024151

Knezevic II, Predescu SA, Neamu RE, Gorovoy MS, Knezevic NM, Easington
C, etal. Tiaml and Racl are required for platelet-activating factor-induced
endothelial junctional disassembly and increase in vascular permeability. J Biol
Chem (2009) 284:5381-94. doi:10.1074/jbc.M808958200

. Vanhoutte PM, Luscher TFE. Serotonin and the blood vessel wall. J Hypertens

Suppl (1986) 4:529-35.

Strussmann T, Tillmann S, Wirtz T, Bucala R, Von Hundelshausen P, Bern-
hagen J. Platelets are a previously unrecognised source of MIF. Thromb Haemost
(2013) 110:1004-13. doi:10.1160/TH13-01-0049

Gawaz M, Brand K, Dickfeld T, Pogatsa-Murray G, Page S, Bogner C, etal.
Platelets induce alterations of chemotactic and adhesive properties of endothe-
lial cells mediated through an interleukin-1-dependent mechanism. Implica-
tions for atherogenesis. Atherosclerosis (2000) 148:75-85. doi:10.1016/S0021-
9150(99)00241-5

Dole VS, Bergmeier W, Mitchell HA, Eichenberger SC, Wagner DD. Activated
platelets induce Weibel-Palade-body secretion and leukocyte rolling in vivo:
role of P-selectin. Blood (2005) 106:2334-9. doi:10.1182/blood-2005-04-1530
Cognasse F, Hamzeh-Cognasse H, Lafarge S, Delezay O, Pozzetto B, McNicol
A, etal. Toll-like receptor 4 ligand can differentially modulate the release of
cytokines by human platelets. Br ] Haematol (2008) 141:84-91. doi:10.1111/j.
1365-2141.2008.06999.x

Italiano JE Jr, Richardson JL, Patel-Hett S, Battinelli E, Zaslavsky A, Short S,
et al. Angiogenesis is regulated by a novel mechanism: pro- and antiangiogenic
proteins are organized into separate platelet {alpha} granules and differentially
released. Blood (2008) 111:1227-33. d0i:10.1182/blood-2007-09-113837

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Stalker TJ, Traxler EA, Wu J, Wannemacher KM, Cermignano SL, Voronov R,
et al. Hierarchical organization in the hemostatic response and its relation-
ship to the platelet-signaling network. Blood (2013) 121:1875-85. doi:10.1182/
blood-2012-09-457739

Ollivier V, Syvannarath V, Gros A, Butt A, Loyau S, Jandrot-Perrus M, et al.
Collagen can selectively trigger a platelet secretory phenotype via glycoprotein
VI. PLoS One (2014) 9:¢104712. doi:10.1371/journal.pone.0104712

Moon DG, Van Der Zee H, Weston LK, Gudewicz PW, Fenton JW II, Kaplan
JE. Platelet modulation of neutrophil superoxide anion production. Thromb
Haemost (1990) 63:91-6.

Tsuji T, Nagata K, Koike J, Todoroki N, Irimura T. Induction of superoxide anion
production from monocytes an neutrophils by activated platelets through the
P-selectin-sialyl Lewis X interaction. ] Leukoc Biol (1994) 56:583-7.

Wu X, Helfrich MH, Horton MA, Feigen LP, Lefkowith JB. Fibrinogen mediates
platelet-polymorphonuclear leukocyte cooperation during immune-complex
glomerulonephritis in rats. J Clin Invest (1994) 94:928-36. doi:10.1172/
JCI117459

Zalavary S, Grenegard M, Stendahl O, Bengtsson T. Platelets enhance
Fc(gamma) receptor-mediated phagocytosis and respiratory burst in neu-
trophils: the role of purinergic modulation and actin polymerization. J Leukoc
Biol (1996) 60:58-68.

McGarrity ST, Stephenson AH, Hyers TM, Webster RO. Inhibition of neutrophil
superoxide anion generation by platelet products: role of adenine nucleotides.
J Leukoc Biol (1988) 44:411-21.

Bengtsson T, Zalavary S, Stendahl O, Grenegard M. Release of oxygen metabo-
lites from chemoattractant-stimulated neutrophils is inhibited by resting
platelets: role of extracellular adenosine and actin polymerization. Blood (1996)
87:4411-23.

Jancinova V, Drabikova K, Nosal R, Danihelova E. Platelet-dependent modu-
lation of polymorphonuclear leukocyte chemiluminescence. Platelets (2000)
11:278-85. doi:10.1080/09537100050129297

Herbertsson H, Bengtsson T. Role of platelets and the arachidonic acid pathway
in the regulation of neutrophil oxidase activity. Scand J Clin Lab Invest (2001)
61:641-9. doi:10.1080/003655101753268008

Losche W, Dressel M, Krause S, Redlich H, Spangenberg P, Heptinstall S.
Contact-induced modulation of neutrophil elastase secretion and phagocytic
activity by platelets. Blood Coagul Fibrinolysis (1996) 7:210-3. doi:10.1097/
00001721-199603000-00025

Losche W, Temmler U, Redlich H, Vickers J, Krause S, Spangenberg P. Inhibition
of leukocyte chemiluminescence by platelets: role of platelet-bound fibrinogen.
Platelets (2001) 12:15-9. doi:10.1080/09537100020031171

Shah SV. Role of reactive oxygen metabolites in experimental glomerular dis-
ease. Kidney Int (1989) 35:1093-106. doi:10.1038/ki.1989.96

Del Principe D, Menichelli A, Di Giulio S, De Matteis W, Giordani M,
Pentassuglio AM, etal. Stimulated platelets release factor(s) affecting the
in vitro response of human polymorphonuclear cells. J Leukoc Biol (1990) 48:
7-14.

Del Maschio A, Maclouf], Corvazier E, Grange MJ, Borgeat P. Activated platelets
stimulate human neutrophils functions. Nouv Rev Fr Hematol (1985) 27:
275-8.

Del Maschio A, Corvazier E, Maillet F, Kazatchkine MD, Maclouf J. Platelet-
dependent induction and amplification of polymorphonuclear leucocyte lyso-
somal enzyme release. Br ] Haematol (1989) 72:329-35. doi:10.1111/j.1365-
2141.1989.tb07712.x

Badrnya S, Schrottmaier WC, Kral JB, Yaiw KC, Volf I, Schabbauer G, et al.
Platelets mediate oxidized low-density lipoprotein-induced monocyte extrava-
sation and foam cell formation. Arterioscler Thromb Vasc Biol (2014) 34:571-80.
doi:10.1161/ATVBAHA.113.302919

Hussein O, Brook GJ, Aviram M. Intraperitoneal injection of platelet secre-
tory products into mice increases macrophage uptake of oxidized low density
lipoprotein. Isr ] Med Sci (1993) 29:453-9.

Aviram M. LDL-platelet interaction under oxidative stress induces macrophage
foam cell formation. Thromb Haemost (1995) 74:560—4.

Aviram M, Hussein O, Rosenblat M, Schlezinger S, Hayek T, Keidar S. Inter-
actions of platelets, macrophages, and lipoproteins in hypercholesterolemia:
antiatherogenic effects of HMG-CoA reductase inhibitor therapy. J Cardiovasc
Pharmacol (1998) 31:39—-45. doi:10.1097/00005344-199801000-00006

www.frontiersin.org

January 2015 | Volume 5 | Article 678 | 7


http://dx.doi.org/10.1161/ATVBAHA.110.207480
http://dx.doi.org/10.1161/ATVBAHA.110.207480
http://dx.doi.org/10.1046/j.1365-2141.2001.03101.x
http://dx.doi.org/10.3109/09537100903165174
http://dx.doi.org/10.1067/mai.2003.1514
http://dx.doi.org/10.1111/j.1538-7836.2008.03219.x
http://dx.doi.org/10.1002/ajh.20655
http://dx.doi.org/10.1111/j.1365-2141.2004.04983.x
http://dx.doi.org/10.1111/j.1365-2141.2004.04983.x
http://dx.doi.org/10.4049/jimmunol.1400091
http://dx.doi.org/10.1016/S0735-1097(97)00510-X
http://dx.doi.org/10.1056/NEJMra0800887
http://dx.doi.org/10.1007/BF02024151
http://dx.doi.org/10.1074/jbc.M808958200
http://dx.doi.org/10.1160/TH13-01-0049
http://dx.doi.org/10.1016/S0021-9150(99)00241-5
http://dx.doi.org/10.1016/S0021-9150(99)00241-5
http://dx.doi.org/10.1182/blood-2005-04-1530
http://dx.doi.org/10.1111/j.1365-2141.2008.06999.x
http://dx.doi.org/10.1111/j.1365-2141.2008.06999.x
http://dx.doi.org/10.1182/blood-2007-09-113837
http://dx.doi.org/10.1182/blood-2012-09-457739
http://dx.doi.org/10.1182/blood-2012-09-457739
http://dx.doi.org/10.1371/journal.pone.0104712
http://dx.doi.org/10.1172/JCI117459
http://dx.doi.org/10.1172/JCI117459
http://dx.doi.org/10.1080/09537100050129297
http://dx.doi.org/10.1080/003655101753268008
http://dx.doi.org/10.1097/00001721-199603000-00025
http://dx.doi.org/10.1097/00001721-199603000-00025
http://dx.doi.org/10.1080/09537100020031171
http://dx.doi.org/10.1038/ki.1989.96
http://dx.doi.org/10.1111/j.1365-2141.1989.tb07712.x
http://dx.doi.org/10.1111/j.1365-2141.1989.tb07712.x
http://dx.doi.org/10.1161/ATVBAHA.113.302919
http://dx.doi.org/10.1097/00005344-199801000-00006
http://www.frontiersin.org
http://www.frontiersin.org/Inflammation/archive

Gros et al.

Regulation of inflammation by platelets

67.

68.

69.

70.

7

—_

72.

73.

74.

75.

76.

77.

78.

79.

80.

8

—

82.

83.

84.

85.

86.

Weyrich AS, Elstad MR, McEver RP, McIntyre TM, Moore KL, Morrissey JH,
etal. Activated platelets signal chemokine synthesis by human monocytes. J
Clin Invest (1996) 97:1525-34. doi:10.1172/jci118575

Corken A, Russell S, Dent J, Post SR, Ware J. Platelet glycoprotein Ib-IX as
a regulator of systemic inflammation. Arterioscler Thromb Vasc Biol (2014)
34:996-1001. doi:10.1161/ATVBAHA.113.303113

de Stoppelaar SF, van ‘t Veer C, Claushuis TA, Albersen BJ, Roelofs JJ, Van Der
Poll T. Thrombocytopenia impairs host defense in Gram-negative pneumo-
nia derived sepsis. Blood (2014) 124(25):3781-90. doi:10.1182/blood-2014-
05-573915

Fujimi S, Macconmara MP, Maung AA, Zang Y, Mannick JA, Lederer JA, et al.
Platelet depletion in mice increases mortality after thermal injury. Blood (2006)
107:4399-406. doi:10.1182/blood-2005-09-3776

. Goncalves R, Zhang X, Cohen H, Debrabant A, Mosser DM. Platelet activation

attracts a subpopulation of effector monocytes to sites of Leishmania major
infection. J Exp Med (2011) 208:1253—65. doi:10.1084/jem.20101751
Koupenova M, Vitseva O, Mackay CR, Beaulieu LM, Benjamin EJ, Mick E, et al.
Platelet-TLR7 mediates host survival and platelet count during viral infection
in the absence of platelet-dependent thrombosis. Blood (2014) 124:791-802.
doi:10.1182/blood-2013-11-536003

Boilard E, Nigrovic PA, Larabee K, Watts GF, Coblyn JS, Weinblatt ME, et al.
Platelets amplify inflammation in arthritis via collagen-dependent micropar-
ticle production. Science (2010) 327:580-3. doi:10.1126/science.1181928
Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS,
et al. Neutrophil extracellular traps kill bacteria. Science (2004) 303:1532-5.
doi:10.1126/science.1092385

Fuchs TA, Abed U, Goosmann C, Hurwitz R, Schulze I, Wahn V, et al. Novel
cell death program leads to neutrophil extracellular traps. J Cell Biol (2007)
176:231-41. doi:10.1083/jcb.200606027

McDonald B, Urrutia R, Yipp BG, Jenne CN, Kubes P. Intravascular neutrophil
extracellular traps capture bacteria from the bloodstream during sepsis. Cell
Host Microbe (2012) 12:324-33. d0i:10.1016/j.chom.2012.06.011

Caudrillier A, Kessenbrock K, Gilliss BM, Nguyen JX, Marques MB, Monestier
M, et al. Platelets induce neutrophil extracellular traps in transfusion-related
acute lung injury. J Clin Invest (2012) 122:2661-71. doi:10.1172/jci61303
Rossaint J, Herter JM, Van Aken H, Napirei M, Doring Y, Weber C, etal.
Synchronized integrin engagement and chemokine activation is crucial in
neutrophil extracellular trap-mediated sterile inflammation. Blood (2014)
123:2573-84. doi:10.1182/blood-2013-07-516484

Fuchs TA, Brill A, Duerschmied D, Schatzberg D, Monestier M, Myers DD Jr,
et al. Extracellular DNA traps promote thrombosis. Proc Natl Acad Sci U S A
(2010) 107:15880-5. doi:10.1073/pnas.1005743107

Massberg S, Grahl L, Von Bruehl ML, Manukyan D, Pfeiler S, Goosmann C,
et al. Reciprocal coupling of coagulation and innate immunity via neutrophil
serine proteases. Nat Med (2010) 16:887-96. doi:10.1038/nm.2184

. Engelmann B, Massberg S. Thrombosis as an intravascular effector of innate

immunity. Nat Rev Immunol (2013) 13:34-45. doi:10.1038/nri3345

Brill A, Fuchs TA, Savchenko AS, Thomas GM, Martinod K, De Meyer SE, et al.
Neutrophil extracellular traps promote deep vein thrombosis in mice. ] Thromb
Haemost (2012) 10:136—44. doi:10.1111/j.1538-7836.2011.04544.x

Von Bruhl ML, Stark K, Steinhart A, Chandraratne S, Konrad I, Lorenz M,
et al. Monocytes, neutrophils, and platelets cooperate to initiate and prop-
agate venous thrombosis in mice in vivo. | Exp Med (2012) 209:819-35.
doi:10.1084/jem.20112322

Demers M, Krause DS, Schatzberg D, Martinod K, Voorhees JR, Fuchs TA,
et al. Cancers predispose neutrophils to release extracellular DNA traps that
contribute to cancer-associated thrombosis. Proc Natl Acad Sci U S A (2012)
109:13076-81. doi:10.1073/pnas.1200419109

Evangelista V, Piccardoni P, White JG, De Gaetano G, Cerletti C. Cathepsin
G-dependent platelet stimulation by activated polymorphonuclear leukocytes
and its inhibition by antiproteinases: role of P-selectin-mediated cell-cell adhe-
sion. Blood (1993) 81:2947-57.

Valles ], Santos MT, Marcus AJ, Safier LB, Broeckman M]J, Islam N, et al.
Downregulation of human platelet reactivity by neutrophils. Participation of

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98

99.

100.

lipoxygenase derivatives and adhesive proteins. J Clin Invest (1993) 92:1357-65.
doi:10.1172/JCI116709

Pidard D, Renesto P, Rabhi S, Chignard M. Regulation of the structure and
activity of platelet adhesion receptors by leukocyte proteinases. Nouv Rev Fr
Hematol (1994) 36(Suppl 1):599-101.

Renesto P, Si-Tahar M, Moniatte M, Balloy V, Van Dorsselaer A, Pidard D, et al.
Specific inhibition of thrombin-induced cell activation by the neutrophil pro-
teinases elastase, cathepsin G, and proteinase 3: evidence for distinct cleavage
sites within the aminoterminal domain of the thrombin receptor. Blood (1997)
89:1944-53.

Ilton MK, Taylor ML, Misso NL, Thompson PJ, Hung J. Neutrophil cathepsin
G modulates platelet P-selectin expression and inhibits P-selectin-mediated
platelet-neutrophil adhesion. Clin Sci (Lond) (1998) 94:437-45.

Goerge T, Ho-Tin-Noe B, Carbo C, Benarafa C, Remold-O’Donnell E, Zhao BQ,
et al. Inflammation induces hemorrhage in thrombocytopenia. Blood (2008)
111:4958-64. doi:10.1182/blood-2007-11-123620

Majno G, Palade GE. Studies on inflammation. 1. The effect of histamine and
serotonin on vascular permeability: an electron microscopic study. J Biophys
Biochem Cytol (1961) 11:571-605. doi:10.1083/jcb.11.3.607

Ho-Tin-Noe B, Carbo C, Demers M, Cifuni SM, Goerge T, Wagner DD. Innate
immune cells induce hemorrhage in tumors during thrombocytopenia. Am |
Pathol (2009) 175:1699-708. doi:10.2353/ajpath.2009.090460

Camerer E, Regard JB, Cornelissen I, Srinivasan Y, Duong DN, Palmer D,
et al. Sphingosine-1-phosphate in the plasma compartment regulates basal and
inflammation-induced vascular leak in mice. J Clin Invest (2009) 119:1871-9.
doi:10.1172/JCI38575

Boulaftali Y, Hess PR, Getz TM, Cholka A, Stolla M, Mackman N, et al. Platelet
ITAM signaling is critical for vascular integrity in inflammation. J Clin Invest
(2013) 123(2):908-16. doi:10.1172/JCI65154

Herzog BH, Fu J, Wilson SJ, Hess PR, Sen A, McDaniel JM, et al. Podoplanin
maintains high endothelial venule integrity by interacting with platelet CLEC-
2. Nature (2013) 502:105-9. doi:10.1038/nature12501

Wang CH, Dai JY, Wang L, Jia JF, Zheng ZH, Ding J, et al. Expression of CD147
(EMMPRIN) on neutrophils in rheumatoid arthritis enhances chemotaxis,
matrix metalloproteinase production and invasiveness of synoviocytes. J Cell
Mol Med (2011) 15:850—60. doi:10.1111/j.1582-4934.2010.01084.x

Kerrigan AM, Navarro-Nunez L, Pyz E, Finney BA, Willment JA, Watson
SP, et al. Podoplanin-expressing inflammatory macrophages activate murine
platelets via CLEC-2. ] Thromb Haemost (2012) 10:484—6. doi:10.1111/j.1538-
7836.2011.04614.x

. Kornerup KN, Page CP. The role of platelets in the pathophysiology of asthma.

Platelets (2007) 18:319-28. doi:10.1080/09537100701230436

Pitchford SC. Defining a role for platelets in allergic inflammation. Biochem
Soc Trans (2007) 35:1104-8. doi:10.1042/BST0351104

Pitchford SC. Novel uses for anti-platelet agents as anti-inflammatory drugs.
Br J Pharmacol (2007) 152:987-1002. doi:10.1038/sj.bjp.0707364

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 03 November 2014; paper pending published: 24 November 2014; accepted:
16 December 2014; published online: 06 January 2015.

Citation: Gros A, Ollivier V and Ho-Tin-Noé B (2015) Platelets in inflammation:
regulation of leukocyte activities and vascular repair. Front. Immunol. 5:678. doi:
10.3389/fimmu.2014.00678

This article was submitted to Inflammation, a section of the journal Frontiers in
Immunology.

Copyright © 2015 Gros, Ollivier and Ho-Tin-Noé. This is an open-access article dis-
tributed under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal s cited,
in accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

Frontiers in Immunology | Inflammation

January 2015 | Volume 5 | Article 678 | 8


http://dx.doi.org/10.1172/jci118575
http://dx.doi.org/10.1161/ATVBAHA.113.303113
http://dx.doi.org/10.1182/blood-2014-05-573915
http://dx.doi.org/10.1182/blood-2014-05-573915
http://dx.doi.org/10.1182/blood-2005-09-3776
http://dx.doi.org/10.1084/jem.20101751
http://dx.doi.org/10.1182/blood-2013-11-536003
http://dx.doi.org/10.1126/science.1181928
http://dx.doi.org/10.1126/science.1092385
http://dx.doi.org/10.1083/jcb.200606027
http://dx.doi.org/10.1016/j.chom.2012.06.011
http://dx.doi.org/10.1172/jci61303
http://dx.doi.org/10.1182/blood-2013-07-516484
http://dx.doi.org/10.1073/pnas.1005743107
http://dx.doi.org/10.1038/nm.2184
http://dx.doi.org/10.1038/nri3345
http://dx.doi.org/10.1111/j.1538-7836.2011.04544.x
http://dx.doi.org/10.1084/jem.20112322
http://dx.doi.org/10.1073/pnas.1200419109
http://dx.doi.org/10.1172/JCI116709
http://dx.doi.org/10.1182/blood-2007-11-123620
http://dx.doi.org/10.1083/jcb.11.3.607
http://dx.doi.org/10.2353/ajpath.2009.090460
http://dx.doi.org/10.1172/JCI38575
http://dx.doi.org/10.1172/JCI65154
http://dx.doi.org/10.1038/nature12501
http://dx.doi.org/10.1111/j.1582-4934.2010.01084.x
http://dx.doi.org/10.1111/j.1538-7836.2011.04614.x
http://dx.doi.org/10.1111/j.1538-7836.2011.04614.x
http://dx.doi.org/10.1080/09537100701230436
http://dx.doi.org/10.1042/BST0351104
http://dx.doi.org/10.1038/sj.bjp.0707364
http://dx.doi.org/10.3389/fimmu.2014.00678
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Inflammation
http://www.frontiersin.org/Inflammation/archive

	Platelets in inflammation: regulation of leukocyte activities and vascular repair
	Platelets control endothelial permeability and leukocyte infiltration
	Platelets regulate neutrophil and macrophage effector functions
	Platelets prevent inflammatory bleeding
	Acknowledgments
	References


