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PLATELETS AS IMMUNE 
CELLS IN PHYSIOLOGY AND 
IMMUNOPATHOLOGY

Topic Editor:
Olivier Garraud, Institut National de la Transfusion Sanguine, France

Are platelets cells? (Not everyone agrees, since they 
are non-nucleate). And if platelets are cells - which 
all specialists consider at the time being - are they 
immune cells? The issue that platelets participate in 
immunity is no longer debated; however, the issue 
that they are key cells in immunity is challenged. It has 
even been proposed a couple of years ago that platelets 
can present antigen to T-lymphocytes by using their 
HLA class I molecules. No one has the same functional 
definition of platelets. The ‘Frontiers Research Topic’- 
coordinators’ own view is that platelets are primarily 
repairing cells, what they do in deploying tools of 
physiological inflammation. This function is better 
acknowledged as primary hemostasis, i.e. platelet 
adherence to injured or wounded vessels, followed 
by activation, aggregation, and constitution of the 
initial clot. Platelets would thus repair damaged 
vascular endothelium; so doing, as they patrol to 
detect damages, they sense danger along the vascular 
arborescence. As the latter is immense, platelets 
get close to tissues, which are not allowed to them 
under ‘physiological’ conditions but are readily 
accessible in pathology. Platelets are equipped with 
a variety of Pathogen Recognition Receptors such 
as TLRs; they have a complete signalosome, which 
is functional until the phosphorylation of NFkB; 
they have been proved to retro-transcribe RNA and 
synthesize de novo proteins; etc. Platelets participate 
to inflammation along the whole spectrum: from 
physiological (tissue repair, healing) to acute/severe 
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Platelets possess important secretory 
functions, express internal membrane 
proteins, and release adhesive proteins, 
coagulation, and growth factors. Certain 
of the proteins facilitate the cross-talk of 
platelets with immune (e.g., leukocytes) 
and non-immune cells (e.g., endothelial 
cells). Thus, platelets play and important 
role in inflammatory and proliferative 
events and play a critical role for tissue 
remodeling and wound healing.
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inflammation (as can be seen in e.g. sepsis). In general, platelets engage complex interactions 
with most infectious pathogens.

We propose there to cover those topics - from physiology to pathology, that put platelets within 
cells that not only take place in-, but also are key players of-, innate immunity. The relation 
of platelets with adaptive immunity is even more complex. Not everyone is convinced that 
platelets present antigens; however, platelets influence adaptive immunity since they have 
mutual interactions with Dendritic cells, Monocytes/Macrophages, and B-lymphocytes (the 
key players of antigen presentation); they also have mutual interactions with T-lymphocytes, 
though is issue is less clearly deciphered. We propose to also cover these topics—or to present 
the forum. There is another issue which is medically relevant—speaking of physiology/
physiopathology—: this is fetal maternal incompatibility of platelet specific antigens (the HPA 
system) and the likely formation of maternal antibodies that often injure the newborn with 
risks of severe thrombocytopenia and intracranial hemorrhage. We propose an update on 
this issue as well. Last, platelets are very special because they can be directly therapeutic (by 
transfusion), even when being offered by a generous blood donor displaying given genetic and 
phenotypic parameters to a patient/recipient in need, who also display his/her own genetic 
and phenotypic parameters, which—for a large part—differ from the donor’s ones. Besides 
immunization—via mechanisms probably close to the fetal maternal platelet incompatibility, 
but likely not similar—, transfusion has allowed the identification of the tremendous capacity 
of platelets to mediate inflammation: we propose to conclude the Topics with this item/forum.

Citation: Garraud, O., ed. (2015). Platelets as Immune Cells in Physiology and Immunopathology. 
Lausanne: Frontiers Media. doi: 10.3389/978-2-88919-740-8
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Blood platelets are essential for the earliest stages of coagulation, namely, primary hemostasis.
They adhere to damaged vessel endothelium, stick to each other (aggregate), and form clots;
this prevents bleeding. For most physicians, those attributes of platelets are exactly what they
learned in medical school years ago, and this basic knowledge seems quite enough to allow a
valid therapeutic strategy when numbers or hemostatic functions of platelets are aberrant. In
some cases, this consists in prescribing anti-platelet drugs (aspirin or more sophisticated drugs)
to prevent overly active clotting in cardiovascular and metabolic dysfunctions. In other instances,
this consists in prescribing platelet transfusions when the platelet count is dangerously low (or – in
exceptional occasions – when platelets are dysfunctional). It could be as simple as that, but in fact,
it is often not, because platelets are more versatile than initially thought (or expected) and some
modification is needed in many cases (1). To cite only one example, anti-viral treatment of HIV
infection causes atheroma and platelet deposition, emphasizing the recently recognized inflamma-
tory function of platelets (2, 3); anti-platelet therapy seems a likely approach, but this is not current
practice yet.

Thus, let us imagine that a scientific magazine writer decides to contribute a paper empha-
sizing novel advances in platelet research; the journal’s instructions are: no more than four key
points, a concise style, and only issues that can be understood by a large community; and –
icing on the cake – a translation into today’s or tomorrow’s therapeutics. What would he/she
insist on?

The proposed four points, which in our opinion, are either really new or newly rediscovered (after
having been buried for decades and perhaps completely forgotten) would be:

– Not only are platelets genuine cells but also are they intelligent cells, as they can sense dangers
differentially (4, 5).

– Despite platelets have been suspected to be inflammatory cells as soon as in the early 70s’,
this opinion either has been ignored or faded (6). Platelets indeed participate in innate
immunity and they can influence adaptive immunity (7–9); they are “licensed” as highly potent
pro-inflammatory cells (10).

– Platelets have a remarkable ability to sense and bind microbial agents, in particular, pathogenic
viruses, and foremost bacteria (11, 12); interestingly enough, this property has been recognized
in the early 70s’ (13) but not exploited since recently (14).

– Platelets have more than one cell partner (the endothelial cell) as they intimately interact with
the leukocyte, not only at different phases of the clot formation but also in tissue pathology
(15, 16); this is also an issue, which is rediscovered after having been under-acknowledged
according to its importance (17).

Why are all four key points really interesting for the medical community, and – beyond – to the
patient community?
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Concisely, we suggest three reasons:

– First, these findings lead to revisiting the essential functions of
platelets.While platelets were principally considered relevant to
vascular pathology (vessel injury and bleeding), today they are
also considered as sentinels along the vascular tree, detecting
insults andmaking daily repairs. Importantly, platelets perform
an immune function as danger sensors, detecting circulating
viruses and bacteria.

– Second, because they are non-nucleated, and mere fragments
of the megakaryocyte, platelets were thought to be terminally
differentiated cells, limited in function, fully equipped with
static content; only one option remained to enrich their func-
tions: to borrow glycoproteins from the environment. Recent
evidence is that platelets can give rise to progeny platelets (18).
Do these daughter cells possess identical capabilities to those of
the mother cell? And are there no distinct subsets of platelets
with different functions in vivo, as might be indicated by
varying capacity for differential cytokine/chemokine secretion?
Further, platelets are capable of using RNA to make secreted
proteins (19, 20), an issue, which was suspected as in the late
60s’ (21) and then disregarded (it is not fully consensual yet):
not so a static dead-end cell after all!

– Lastly, platelets have been considered for some time as sen-
tinels in severe clinical infection and particularly in sepsis
(14). Maybe platelets are not just sentinels, but one among the
primary targets of infectious pathogens, contributing to severe
organ failure, especially because of their intimate relationship
with leukocytes (22). Platelets were recently shown to infiltrate
joints and cause serious inflammatory damage. Collectively,
these observations call for revisiting at least partly the therapy of

certain auto-inflammatory and infectious disease: what about
anti-platelet drug use? Oh yes, some are very cheap such as
aspirin: but is this effective and safe? In all, anti-platelet therapy
reveals itself far more complex and nuanced than previously
considered (23).

In aggregate, platelets span the classic field of hemostasis and
thrombosis and the novel field of immunology and inflammation.
Even transfusion medicine gurus are confused. Most were taught
that low platelet counts below a given threshold (ranging from
10,000 to 30,000/µL of blood) require a platelet transfusion; now,
they are kindly advised that all platelet transfusions are not equal
and some transfusions may well be more pro-inflammatory than
others (24, 25). How can they choose? They cannot, because the
blood bank has made the choice for them: they are left with
some confusion and concerns for their patients. Of note, this
last paragraph would certainly not have been appropriate for the
hypothetical science writer, because it does not speak to cur-
rent reality of medical practice. Well, maybe not yet; but physi-
cians and scientists are making significant progress in rendering
platelet transfusion definitely much safer in terms of reduction of
immunological hazards, and detecting genetic predisposition to
harm (26, 27). Thus, we have the new general understanding that
platelets are not that simple, after all, and that there may well be
much more to learn again.
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Small fragments circulating in the blood were formally identified by the end of the nine-
teenth century, and it was suggested that they assisted coagulation via interactions with
vessel endothelia. Wright, at the beginning of the twentieth century, identified their bone-
marrow origin. For long, platelets have been considered sticky assistants of hemostasis
and pollutants of blood or tissue samples; they were just cell fragments. As such, however,
they were acknowledged as immunizing (to specific HPA and HLA markers): the platelet’s
dark face. The enlightened face showed that besides hemostasis, platelets contained fac-
tors involved in healing. As early as 1930s, platelets entered the arsenal of medicines were
transfused, and were soon manipulated to become a kind of glue to repair damaged tis-
sues. Some gladly categorized platelets as cells but they were certainly not fully licensed
as such for cell physiologists. Actually, platelets possess almost every characteristic of
cells, apart from being capable of organizing their genes: they have neither a nucleus nor
genes.This view prevailed until it became evident that platelets play a role in homeostasis
and interact with cells other than with vascular endothelial cells; then began the era of
physiological and also pathological inflammation. Platelets have now entered the field of
immunity as inflammatory cells. Does assistance to immune cells itself suffice to license
a cell as an “immune cell”? Platelets prove capable of sensing different types of signals
and organizing an appropriate response. Many cells can do that. However, platelets can
use a complete signalosome (apart from the last transcription step, though it is likely that
this step can be circumvented by retrotranscribing RNA messages).The question has also
arisen as to whether platelets can present antigen via their abundantly expressed MHC
class I molecules. In combination, these properties argue in favor of allowing platelets the
title of immune cells.

Keywords: platelets, hemostasis, cell physiology, cell biology, immunophysiology, immunopathology, cytokines

INTRODUCTION
It has become usual in the medicine and physiology community to
present platelets as “cells” that are indispensable to primary hemo-
stasis (their function in thrombosis is sometimes ignored); but still
today, it is not uncommon that representatives of the pathologist
community refute use of the word “cells” for platelets. Platelets, for
many, are dust or pollutants at worse, and cell debris at best, though
no one doubts their hemostatic functions. Two distinct arguments
may be considered in an attempt to explain their reluctance to
recognize platelets as cells:

1. Ex vivo, platelets usually “contaminate” histological prepara-
tions; because they have no nucleus and they apparently are
“solely” cytoplasm fractions, and platelets differ from cells
forming tissues and also from the regular blood cells: they
resemble impurities.

2. In vivo, platelet “puree,” and not mandatorily fresh, alive,
platelets within platelet components (PCs) for transfusion pur-
poses, can also achieve hemostasis in emergency conditions and
stop bleeding. This is how a large proportion of thawed PCs [a
type of blood component (BC) rarely used] behaves.

DISCOVERY OF PLATELETS AND THEIR FUNCTIONS
The initial discovery of platelets is disputed. Was Boyle (end of the
seventeenth century), Donné (early nineteenth century), or Biz-
zozzero (end of the nineteenth century) the real discoverer? It is
generally considered that the acknowledgment there is a third cel-
lular element in blood besides, and independent of, erythrocytes
and leukocytes, is attributed to Bizzozzero, around 1881–1882.
This Italian (Lombardy) physician and researcher also very ele-
gantly acknowledged the role of platelets not only in hemostasis
but also in thrombosis. Prior to Bizzozzero, and indeed as early as
the seventeenth century, platelets had been suspected. For instance,
van Leewenhoek, the Dutch microscopist who delivered amazing,
seminal observations of natural life, reported precise observa-
tions of platelets around 1675. Hewson (around 1780) reported
undefined blood particles. At that time, platelets bore names such
as particles, corpuscles, and globules. Important information on
their size, form change, granular content, and ability to emit fila-
ments was thus available quite early. However, at this time, platelets
were often considered to be of leukocyte origin and to be degen-
erate or degraded. Some observers favored an erythrocyte origin
(such as erythrocyte precursors or haemoblasts). Bizzozzero set up
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experiments to see platelets in veins, and also as circulating in the
mesentery of living animals. He found that they were unrelated to
erythrocytes and leukocytes, showed their role in hemostasis and
thrombosis, and predicted the intimate relationship of platelets
and leukocytes in the latter (and in other functions), as previ-
ously only leukocytes were visible in clots. The “only” discovery
that Bizzozzero did not make is the acknowledgment of the bone
marrow megakaryocyte ancestry of platelets, which Wright did in
1910 (1, 2).

WHY ARE PLATELETS SOMETIMES NOT RECOGNIZED AS
CELLS?
Platelets are non-nucleated cell elements that, clearly, result from
fractionation of bone marrow megakaryocytes (MKs). During dif-
ferentiation, MKs are exposed to constantly increasing pH and
pO2 until reaching the sinuses, where platelets are released from
proplatelets supported by shear from the blood flow. Expression
of CD34 decreases as MKs mature, while expression of CD41 and
CD42b increases (3). In the final step of MK development, platelets
are released, and MK cytoskeletal reorganization is an impor-
tant intracellular process for these morphologic changes. The
correlation between cytoskeleton reorganization and proplatelet
formation has not been completely clarified. Serotonin is thought
to modulate cell migration and remodeling through activation of
cytoskeleton reorganization, depending on the Rho/ROCK and
Erk1/2 pathways, and 5HT1A/1B/1D and 5HT4 receptors (4).

As such, platelets contain (inherit) MK cytoplasm complete
with granules, mitochondria, and mRNA. Indeed, anucleate
platelets lack genomic DNA but inherit a diverse array of func-
tional coding or non-coding RNAs and translational machinery
from their parent cells, enabling activated platelets to synthesize
proteins, which suggests the possibility of post transcriptional
gene regulation in platelets (5–8). The soluble proteins stored in
the α-granule matrix, such as von Willebrand factor and throm-
bospondin, are derived via exclusive synthesis in the MKs, or for
proteins such as fibrinogen and albumin, through endocytosis of
plasma proteins (9).

Thus,platelets resemble cell fragments rather than fully licensed
cells. One of the strongest arguments is probably that platelets
have no genes to reorganize, because they have no nucleus
and supporting DNA material (apart from the mitochondrial
genome).

What about comparison with erythrocytes? Erythrocytes are
not denied the qualification of cells though they have neither
a nucleus nor genes to reorganize. However, the non-nucleated
status of erythrocytes only pertains to mammals, not birds or
reptiles. Erythrocytes in mammals evolved from erythroblasts,
which are nucleated, and the process of enucleation is finite: one
nucleated erythroblast gives rise to one erythrocyte with no inter-
mediate division or transformation (10, 11). MKs, when forced
to terminal maturation, separate into a degraded nucleus and
platelets, emphasizing the nature of platelets, which are “only”
cytoplasm fragments. An MK may produce 10–20 proplatelets,
each of which starts as a blunt protrusion that over time elon-
gates, thins, and branches repeatedly. The proplatelets extend into
sinusoidal spaces, where they detach and fragment into individual
platelets, giving rise to about 2000–5000 new platelets. Each day,

in every human, approximately 1 × 1011 platelets are produced by
the cytoplasmic fragmentation of MKs (12–15).

Although it is well established that platelets originate from MKs,
the mechanisms by which they are formed and released remains
controversial. Three models of platelet formation have been pro-
posed: (1) cytoplasmic fragmentation, (2) platelet budding, and
(3) proplatelet formation (13, 16, 17).

One must note that this classical picture of thrombopoiesis
is unique (if one accepts the long-debated possibility that there
is extramedullary thrombopoiesis, possibly in the lung). It has,
however, recently been shown that there is a modest but definite
thrombopoiesis in the circulation, as platelets give rise them-
selves to buds and extrusions distinct from platelet micro-particles
(PMPs), turning into pro- and then pre-platelets (5–8, 18, 19).
This is not a characteristic of a cell fragment without autonomy.
This is, if further evidence is needed, a very strong argument
in favor of platelets’ classification as cells. Platelets also form
the link between thrombosis and inflammation through the pro-
duction of microparticles (MPs). PMPs are phospholipid vesicles
(100–1000 nm) released after budding from the platelet plasma
membrane. Platelets shed these membrane vesicles after stimu-
lation with physiological agonists such as thrombin or collagen,
in response to high shear stress (e.g., in severe stenosis) or in the
presence of danger signals. As a result, PMP express the same anti-
gens as their parent cells, i.e., GPIIb–IIIa, GPIb, CD31, CD61, and
CD62P. This distinguishes them from MPs derived from other cell
types (red blood cells, leukocytes, monocytes, endothelial cells).
PMPs thus make up between 70 and 90% of the circulating vesi-
cles. PMPs differ from exosomes by their size, and also due to the
fact that they are not derived from exocytosis of multivesicular
bodies (20–24).

PLATELETS BEHAVE AS CELLS
Platelets share some very important properties of cells. We list nine
here – in physiological order of appearance – but there are many
more.

1. Platelets display receptors for a variety of moieties, collectively
termed “stimuli,” but individually are quite different in nature.
Platelets have glycoproteins (GPs) that sense exposed vascu-
lar sub-endothelium structures after vessel stress, insult, or
attrition (including mechanical erosion and aging). Platelets
can sense non-self infectious danger signals via a panoply of
receptors detailed in a companion article. Platelets also display
alarmins that can sense self-injury (25–27).

2. Platelets can respond to soluble molecules, via their recep-
tors, and this can be particularly evidenced for thrombin or
thrombin-derived peptides; hence, platelets are reactive to ago-
nists and also to antagonists of such hemostatic/thrombotic
factors. Additionally, platelets can react to biological response
modifiers (BRMs) such as cytokines and chemokines, and
become activated or inhibited. Some new drugs and biologics
exploit those discerning properties (28–36).

3. Platelets comprise a complete and functional signalosome.
Upon stimulation, they can phosphorylate a cascade of signal-
ing molecules upstream of NFkB. NFkB is a crucial molecule
in platelet physiology (37–42).
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4. The platelet proteome is currently being investigated to deter-
mine the effects of treatments inflicted on platelets, such as
for PC processing prior to transfusion. It is quite impressive,
with more than 1000 proteins currently identified, and more
being discovered regularly; 300–350 of those proteins have been
proven as secreted by platelets (43). Platelet originating pro-
teins come from three origins: (i) they may be inherited from
the MK, (ii) they are absorbed from neighboring fluids and
especially plasma [platelets have been described as “sponges”
(44)], and (iii) they can be produced de novo, using a retrotran-
scription RNA process and spliceosome. This latter property
further justifies the qualification of “cell” for platelets (45–51).

5. Platelets are docked with proteins/GPs for several, and dis-
tinct, purposes, including hemostasis, thrombosis, sensing, nat-
ural anti-infection (bacterial, viral, perhaps fungal) defense,
chemo-attraction, cell communication, angiogenesis, healing,
and tissue repair. It is clear, though under-evaluated in terms
of physiological value, that platelets make distinction among
the “dangers” they face. They can decipher vascular insult and
presence of (circulating) infectious pathogens or components
of the microbiota (infectious or not, an area that has not yet
been examined in-depth), and secrete discrete, probably best-
fitted, assortments of “products,” likely coming into “profiles”
of BRMs (34, 52–55). This has been well-studied in the case
of innate immunity to bacterial products (and live bacteria
as well), using the TLR1, TLR2, TLR3, TLR4, TLR6, TLR7,
and TLR9 pattern recognition receptors (PRRs) (33, 35, 56–
65): platelets can sense distinct natures of danger and secrete
different patterns of BRMs accordingly. For instance, LPS, tar-
geting TLR4, was shown to stimulate a distinct intracellular
signaling pathway, and elicit the secretion of distinct profiles
of BRMs (54, 55). Therefore, platelets are “intelligent” in that
they effectively sense the nature of a given danger and respond
accordingly.

6. It has been reported recently that platelets have novel func-
tions in vascular permeability. Certain among these have been
revealed in pathology; hence, platelets and their PMPs occa-
sionally infiltrate tissues and cause attrition and inflammation
(66). Platelets have recently been identified as being largely
responsible for the discerned control of vascular permeabil-
ity, with extravasation of lymphocytes, activated as effectors of
immunity, but not erythrocytes because they otherwise warrant
the sealing of the vascular arborescence (which is the primary
role of platelets) (67). Platelets have also been reported novel
roles in pathology: they make leukocytes prone to release neu-
trophil extracellular traps (NETs) with functions in infection
(e.g., sepsis) and also in cancer, favoring thrombosis in either
case (68–70).

7. Platelets can bind pathogens. Platelets can sense infectious
pathogens and in certain occasion bind to them, sometimes
tightly, either directly or indirectly as immune complexes with
antibodies or complement factors such as C5a. In vitro, C5b–9
is capable of inducing P-selectin expression on platelets, and
both C5a and C5b–9 induce surface expression of P-selectin on
endothelial cells (71–74).

8. For reasons yet unclear, some infectious pathogens can enter
platelets and at least reside in them. The issue of platelet

“infection” is largely unstudied, as well as the outcome of the
infected platelets. The relationship between platelets and infec-
tious pathogens has been described in recent reviews (29, 30,
35, 75–81).

9. Platelets have one of the shortest lifespan among all human
cells (only certain epithelial cells are comparable to them, if one
excepts the granulocytes, which dye shortly from functioning
as phagocytes): this property has probably contributed to deny
the “cellularity” of platelets. Platelets die as a consequence of
different causes/mechanisms. Leytin (82) clearly described all
events of platelet death by apoptosis, but Jackson and Schoen-
waelder (83) uses the term senescent platelet death rather than
apoptosis stricto sensu. All events of activation-associated death
are necrosis, since activation-associated platelet death results in
improved inflammatory receptors, release of BRMs and aggre-
gation that causes immune reactions. Because platelets are
anucleate, their apoptosis leading to cell death is intriguing
(82). Two main pathways were reported, (i) intrinsic and (ii)
extrinsic, that are highly regulated by intra-platelet signaling
mechanisms (84). Platelet apoptosis might also play a role in
hemostasis, thrombosis, and inflammatory processes (84, 85).

The cellular functions of platelets are cartooned in Figure 1
(Figure 1A gives a broad picture of the cellular functions of
platelets, while Figure 1B details one selected platelet activation
pathway from the sensing of a danger signal on the surface to the
phosphorylation of NFκB (54) [NF-κB is a protein complex that
usually controls transcription of DNA in Eukaryotes. NF-κB is
found in almost all cell types involved in cellular responses to an
extremely large variety of stimuli; it has NF-κB a key role in regu-
lating the immune response to infection and – in turn – incorrect
regulation of NF-κB has been linked to cancer, inflammatory, and
autoimmune diseases, septic shock, viral infection, and improper
immune development; it is also implicated in plasticity and cell
survival (86)].

PLATELETS AS IMMUNE CELLS
What are “immune cells”? There is neither clear nor definite def-
inition of an immune cell. A recent NIAID document states that:
“The immune system stockpiles a huge arsenal of cells, not only lym-
phocytes but also cell-devouring phagocytes and their relatives. Some
immune cells take on all intruders, whereas others are trained on
highly specific targets. To work effectively, most immune cells need
the cooperation of their comrades. Sometimes immune cells commu-
nicate by direct physical contact, and sometimes they communicate
releasing chemical messengers [. . .]”1. According to that, platelets
would be acknowledged as immune cells, but this document next
stipulates that: “All immune cells begin as immature stem cells in the
bone marrow. They respond to different cytokines and other chemical
signals to grow into specific immune cell types [. . .]”1; this addition
would thus next deny the attribute of “immune” cell to platelets,
as they do not transform themselves. Well considered, this defini-
tion does not, either, take into consideration cells and organs that
are now known as being essential to optimal immune functioning,

1http://www.niaid.nih.gov/topics/immunesystem/Pages/immuneCells.aspx
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FIGURE 1 | (A) Platelets possess important secretory functions, express
internal membrane proteins, and release adhesive proteins, coagulation,
and growth factors. Certain of the proteins facilitate the cross-talk of
platelets with immune (e.g., leukocytes) and non-immune cells (e.g.,
endothelial cells). Thus, platelets play and important role in inflammatory

and proliferative events and play a critical role for tissue remodeling and
wound healing. (B) Human platelets can discriminate between various
bacterial LPS isoforms via TLR4 signaling and differential cytokines
secretion [adapted from Berthet et al. (54) and Hamzeh-Cognasse et al.
(87)].

such as the microbiota for example. One may this consider that
besides to key cellular actors (“Stars”) of immunity such as the
lymphocytes, the phagocytes and the Ag presenting cells, there
are “Supporting – though essential – roles” on stage, that are cells,
which participate to immunity (such as endothelial cells, epithelial
cells, and platelets).

The issue of platelets as “immune” cells has thus been not only
endorsed but also extensively covered recently in a number of
excellent review articles (33, 48, 88–90); therefore, we present only

a brief overview and select three representative issues to address
the question of platelet cellularity.

1. Platelets are innate immune sensors. As has been already pre-
sented, platelets display on their surface, and up-regulate upon
stimulation, PRRs: hallmarks of innate immune functioning,
beginning with the sensing of danger (28, 33, 35, 54). This
property allows platelets to deal with infectious pathogens, with
different outcomes depending on the nature of the invader (76,
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78, 79, 81, 91–103). Platelets’ relationships with germs from the
microbiota at the mucosal surfaces are suspected, but not yet
deciphered.

2. Doing so, the platelets initiate inflammation. We, in fact, believe
platelets are definitely inflammatory cells that exert their prin-
cipal role in the physiology of vessel endothelium by detecting
(sensing) dangers (vascular insults and attritions) and by fixing
damage on a permanent basis. This physiological interven-
tion and repair are no less than a healing process, which itself
relates to physiological inflammation. To assist this physiologi-
cal inflammation, platelets produce assortments of repair tools,
such as clotting factors, cytokines, and other BRMs, growth
factors, and angiogenic factors (23, 35, 75, 104–108). Apart
from taht, platelets can surpass their physiological role and
participate in pathological inflammation, as with cardiovascu-
lar disease, severe infection and sepsis, and arthritis (18, 23,
29, 31, 32, 36, 75, 105, 106, 109–117). Platelets, when trans-
fused as PCs, exert their physiological and repairing role, but
in 2–3% of cases (118), the physiological barrier is overcome
and they release significant amounts of pro-inflammatory and
directly inflammatory factors from the α and δ granules, and
membrane-bound as well as solubilized or cleaved molecules.
They also secrete in certain cases pro-allergenic factors (from
the δ granules).

3. Platelets assist innate immunity and affect adaptive immune
cells. The very first interactive role of platelets with other
blood cells was, again, discovered nearly 140 years ago, with
the interplay between platelets and leukocytes in thrombosis.
Platelets also have extensive, though complex, interplay with
leukocytes and especially polymorphonuclear cells (granulo-
cytes) in increasing, among other things, NETs (95, 119–123).
Platelets also activate monocytes and macrophages (109, 115,
124–126), T cells (127–129), B cells (28, 130–135), NK cells
(136–138), and dendritic cells (DCs) (87, 93, 139–144). In turn,
platelets can be activated by monocytes, T cells, B cells, and DCs
(87, 89, 132, 145). This mutual interaction is not anecdotic
since, for example, activated platelets can alter the isotype (Ig
class) switch program of differentiated B cells (132). Moreover,
platelets that harbor numerous copies of HLA class I mole-
cules (~100,000 copies per cell) have been proposed as antigen
presenting cells (this discovery, however, awaits firmer con-
firmation) (146). It has otherwise been suggested that more
MHC-I is absorbed from the plasma by the platelets, than is
derived from the platelet itself (33). Chapman et al. indicated
that platelets always express significant amounts of MHC-I,
but that this expression significantly increases during infection
(146). Of note, those HLA class I molecules, along with variant
moieties harbored by the GP molecules that mediate platelet
adhesion and aggregation, termed human platelet antigens or
HPA, display polymorphisms that render one’s platelets pos-
sibly immunizing when transfused into a recipient’s body (or
from the fetus to the mother) (147).

In sum, platelets are not only innate and inflammatory cells
themselves, but they can also assist, depending on the circum-
stances, adaptive immunity. They do not only assist immunity as
has long been thought, but are immune cells.

CONCLUDING REMARKS
There is no longer doubt that platelets are cells. They are also
“intelligent” in that they are capable of discriminating between
several types of danger and of adjusting a secretory response. This
response is in general, physiologically, only that which is needed to
face the danger or to fix a limited insult. This is indeed a platelet’s
usual function, and what they do when they repair daily the vas-
cular endothelium that they patrol is detect cracks and erosions,
and prevent breaches and leakage (bleeding). However, the nature
or extent of secretory responses by activated platelets occasion-
ally surpasses physiological conditions and becomes pathogenic.
This suggests susceptibility factors in individuals or in transfused
patients, along with favorable conditions linked to causal dis-
eases and/or therapeutics. This last issue is now regarded with
renewed interest because platelet actions can be easily manipulated
by drugs. If correctly readdressed, platelet activation can be turned
from deleterious to beneficial to the patient in a range of different
infectious and inflammatory situations such as cardiovascular dis-
ease, serious infections, autoimmune disorders, autoinflammatory
diseases, and cancer.
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While traditionally recognized for their roles in hemostatic pathways, emerging evidence
demonstrates that platelets have previously unrecognized, dynamic roles that span the
immune continuum. These newly recognized platelet functions, including the secretion of
immune mediators, interactions with endothelial cells, monocytes, and neutrophils, toll-like
receptor (TLR) mediated responses, and induction of neutrophil extracellular trap formation,
bridge thrombotic and inflammatory pathways and contribute to host defense mechanisms
against invading pathogens. In this focused review, we highlight several of these emerging
aspects of platelet biology and their implications in clinical infectious syndromes.

Keywords: platelets, immunity, infection, sepsis, pathogens

INTRODUCTION
Platelets are small anucleate cells highly specialized for hemosta-
sis and vascular wall repair. Emerging data demonstrate that in
addition to their traditional hemostatic functions, platelets are
also versatile effector cells with a repertoire of functions that
span the immune continuum. These newly recognized and well-
established platelet functions bridge thrombotic and inflamma-
tory pathways and contribute to many systemic inflammatory and
immune processes and diseases (1–3). Moreover, the inflammatory
and immune specializations of platelets are likely evolutionarily
driven adaptations that augment host defenses against invad-
ing pathogens. These newly recognized platelet activities include
the release of pleiotropic immune mediators, heterotypic interac-
tions with endothelial cells, monocytes, and neutrophils, toll-like
receptor (TLR) mediated responses, and induction of neutrophil
extracellular trap (NET) formation. Here, we provide a focused
review on several of the emerging aspects of the biology of platelets
across the inflammatory and immune continuum. For additional
information on these topics, the reader is referred to several recent
reviews (1, 3–5).

Abbreviations: CLEC-2, C-type lectin-like 2; CNS, central nervous system; DAMPs,
danger associated molecular patterns; GPVI, glycoprotein VI; HIV-1, human
immunodeficiency virus 1; IL, Interleukin; LPS, lipopolysaccharide; MCP-1, mono-
cyte chemotactic protein-1; MPs, microparticles; NET, neutrophil extracellular trap;
PF4, platelet factor 4; PMNs, polymorphonuclear leukocytes; RANTES, regulated
on activation, normal T-cell expressed and secreted; ROS, reactive oxygen species;
TLR, toll-like receptor; TNF-α, tumor necrosis factor alpha.

PLATELET SURFACE LIGANDS SENSE AND RESPOND TO
PATHOGENS
The platelet surface is replete with numerous receptors that not
only regulate hemostatic responses but also trigger proinflam-
matory and immune cascades (Figure 1). Many of these sur-
face receptors have been called “immunoreceptors” in homage
of their molecular structure and the ligands they recognize (6).
For example, platelet Fc receptors bind immunoglobulins of the
IgE, IgG, and IgA class and immune complexes, directly induc-
ing immune signaling pathways. Glycoprotein VI (GPVI), which
is only found on platelets, triggers platelet microvesicle release
and subsequent inflammatory signals through interleukin (IL)-1
(7). GPVI may also be a receptor for hepatitis C, mediating viral
transport and replication mechanisms (8). Moreover, GPVI ampli-
fies platelet activation by thrombin, thus providing a mechanism
for coordinate signaling with G-protein-coupled pathways (9). C-
type lectin-like (CLEC-2) receptors, including DC-SIGN, mediate
human immunodeficiency virus 1 (HIV-1) capture by platelets
(10) and platelet activation in dengue infection (11).

Human platelets and megakaryocytes also express mRNA
and/or protein for the TLRs 1, 2, 4–7, and 9 (2, 12–15). TLRs
bind diverse ligands from many infectious pathogens, includ-
ing bacteria, viruses, parasites, and protozoa. Thus, the discovery
that human platelets possess TLRs established direct mechanisms
by which platelets may function as pathogen “sensors” (12, 16).
Moreover, by recognizing endogenous ligands as well as micro-
bial pathogen-associated molecular pattern motifs, platelet TLRs
provide pathways by which human platelets can response to danger

Frontiers in Immunology | Inflammation December 2014 | Volume 5 | Article 653 | 16

http://www.frontiersin.org/Immunology
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/about
http://www.frontiersin.org/Journal/10.3389/fimmu.2014.00653/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2014.00653/abstract
http://www.frontiersin.org/people/u/147459
http://www.frontiersin.org/people/u/37284
mailto:matt.rondina@u2m2.utah.edu
http://www.frontiersin.org/Inflammation
http://www.frontiersin.org/Inflammation/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Rondina and Garraud Platelets as immune cells

FIGURE 1 | Upon activation, platelets mediate responses central to
inflammation and hemostasis. Agonists such as thrombin, collagen,
adenosine diphosphate (ADP), thromboxane A2, and LPS bind to
agonists on human platelets, triggering classic responses of platelet

activation, aggregation, adhesion, and secretion. Platelet activation also
results in protein synthetic activities, release of thrombo-inflammatory
modulators, heterotypic binding to leukocytes, and interaction with the
endothelium.

associated molecular patterns (DAMPs), whereby mediating both
infectious and non-infectious immune syndromes (17, 18).

Among the TLRs identified on platelets at either the mRNA
and/or protein level, TLR4 has been most extensively studied to
date (2, 12). TLR4 is the receptor for lipopolysaccharide (LPS), an
endotoxin component on the outer membrane of Gram-negative
organisms that elicits strong immune responses. LPS activates
human platelets both in vitro and during in vivo settings where
healthy volunteers are given low doses of LPS, although activa-
tion patterns are variable (19–22). Although still incompletely
understood, LPS-induced platelet responses include aggregation,
degranulation, secretion, pre-mRNA splicing and protein syn-
thesis, and alterations in surface CD40L. Moreover, LPS-induced
platelet activation triggers formation of NETs by polymorphonu-
clear leukocytes (PMNs), enhancing bacterial capture, and killing
(23) (Figure 2).

Emerging data have identified new and intriguing roles for
platelet TLR7 during viral infections. TLR7, which localizes to the
endosomal compartment of the cell (24), is a sensor for nucleic
acid ligands – in particular for ssRNA. Viral pathogens such as
influenza and HIV, which continue to have significant public
health burden, activate the TLR7 receptor (24). These and other
ssRNA viruses, which signal through TLR7, are associated with
thrombocytopenia, giving rise to suppositions that platelet TLR7
mediates viral sensing and/or host defense mechanisms. In recent
and elegantly performed studies (15), activation of platelet TLR7
not only induced platelet-neutrophil aggregation and a reduction
in platelet count, but was also necessary for optimal survival in
murine models of encephalomyocarditis (EMCV) viral infection.
Engagement of platelet TLR7 under these conditions, however, did
not induce platelet aggregation (15). Thus, platelet TLR7 plays a
key role in host recognition of ssRNA viruses and suggests that
platelets may be integral mediators of innate immune responses.

Toll-like receptor9, while less well examined currently, is
intriguing given its unexpected cellular localization patterns (19,
25). TLR9 is expressed on the plasma membrane and in the

cytoplasm of quiescent human platelets and its surface expression
increases upon activation of platelets with agonists such as throm-
bin (14, 25, 26). TLR9 is a ligand for unmethylated CpG islands in
viral and bacterial DNA, suggesting a previously unrecognized sys-
tem of pathogen sensing by human platelets (Figure 2). Moreover,
TLR9 binds a carboxyalkylpyrrole protein adduct that may serve
as a DAMP, resulting in platelet activation, aggregation, and gran-
ule secretion and thrombosis (27). Thus, TLR9 represents another
functional platelet receptor linking immune, inflammatory, and
thrombotic pathways.

PLATELETS SECRETE MEDIATORS THAT AUGMENT HOST
IMMUNE MECHANISMS
Activated platelets have numerous direct and indirect mecha-
nisms for delivering signals to target cells involved in immune
and inflammatory interactions (Figure 1). These diverse mech-
anisms include platelet secretion of chemokines, cytokines, and
other mediators (4). There are more than 300 proteins secreted
by platelets, the majority of which are stored in at least one of
three types of storage organelles: alpha granules, dense granules
or bodies, or lysosomes. Recently, a fourth electron-dense tubular
system compartment, called the T-granule, was discovered and,
intriguingly, co-localizes with TLR9 (25). Many of these pro-
teins translocate to the platelet surface and are released upon
platelet activation. Other secreted proteins are located basally
on the platelet membrane and/or within other subcellular stores
(Figure 1).

Protein products released by platelets orchestrate intercellular
signaling for dynamic immune and inflammatory response (1,
2, 4). For example, quiescent human platelets possess the IL-1β

pre-mRNA but almost no mature IL-1β mRNA or IL-1β protein
(28). Upon activation with agonists often present in the infec-
tious milieu, including thrombin and LPS, platelets synthesize
pro-IL-1β protein (28, 29). Components of the inflammasome,
which regulates host defense mechanisms to pathogens (30, 31),
are present within platelets and mediate conversion of pro-IL-1β
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FIGURE 2 | Platelets interact with pathogens present in the infections
milieu, increase vascular permeability, and mediate NET formation.
(A) Binding of pathogens and agonists present in the infectious milieu leads
to platelet activation and enhanced inflammatory and immune activities.
(B) Platelet-derived microparticles carry IL-1β, which increases vascular
permeability. (C) P-selectin, which is expressed on the surface of activated
platelets, induces NET formation in a reductionist model of endothelial cell
and platelet activation. PMNs isolated from healthy adult donors were

incubated on poly-L-lysine or p-selectin coated glass coverslips and assessed
qualitatively for NET formation using live cell imaging. Extracellular,
NET-associated DNA is shown in red fluorescence (Sytox Orange) and
intracellular, nuclear DNA is shown in green fluorescence (Syto Green). NET
formation by LPS-stimulated PMNs is shown as a positive control. These
images are representative of four separate experiments performed using
PMNs isolated from four different healthy adult donors (used with kind
permission from Drs. Nathan L. Thornton and Christian C. Yost).

to the mature IL-1β cytokine (2). Mature IL-1β, the gatekeeper
of inflammation, can be released by platelets into the systemic
circulation and/or packaged within platelet-derived microparti-
cles (MPs). IL-1β within platelet MPs allows for communica-
tion with and activation of extravascular cells and induction of
endothelial permeability (7, 32). Recent evidence demonstrates
that IL-1β also acts through an autocrine loop to amplify platelet
activation responses (33). Platelet shedding of IL-1β rich MPs
also may contribute to enhanced vascular permeability in hem-
orrhagic viral infections such as dengue (34) (Figure 2). Other
proteins secreted by platelets, including platelet factor 4 (PF4),
RANTES (regulated on activation, normal T -cell expressed and

secreted), CD154, transforming growth factor beta 1 (TGF-beta
1), and CD40L are involved in key pathways for innate immune
regulation, inflammation, and adaptive immune responses (1, 19,
35–38).

CLINICAL IMPLICATIONS OF PLATELET IMMUNE ACTIVITIES
Emerging and established evidence demonstrates that platelets
participate in diverse inflammatory and immune clinical syn-
dromes. While a detailed discussion is beyond the scope of this
review, the reader is referred to several recent articles summariz-
ing these activities (1–3, 12, 19, 36, 37). In the section below, we
briefly discuss several of these clinical conditions.
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Platelets are key mediators of bacterial and viral infectious syn-
dromes. Emerging and intriguing data also highlight that fungal
pathogens such as invasive aspergillosis, also induce platelet acti-
vation in vitro and in vivo. Moreover, upon activation by fungal
serine protease and the mycotoxin gliotoxin, platelets inhibit fun-
gal growth (39). These and other data demonstrate that platelet-
fungus interactions are multifaceted and complex, involving com-
plement activation, chemotactic attraction, and activation of other
immune cells such as phagocytes (40).

Among these various infectious syndromes, sepsis, malaria, and
dengue are particularly important to highlight given their com-
monness and high risk of significant morbidity and mortality (41).
Alterations in platelet number and function are integral to each
of these, yet the mechanisms underlying these changes remain
only incompletely defined. Moreover, the extent to which platelets
augment host defense mechanisms or, contrarily, induce injurious
systemic responses is unclear.

Thrombocytopenia is common in septic syndromes with clin-
ical studies demonstrating an inverse correlation between platelet
number and adverse outcomes (12, 42, 43). The precise mecha-
nisms underlying reductions in platelet counts during infectious
syndromes are not entirely clear although interferon produc-
tion during infections may contribute to impairments in throm-
bopoiesis and resulting thrombocytopenia. The precise path-
ways by which interferon causes an antiproliferative effect are
still incompletely understood but likely involve direct effects on
megakaryocytes residing within the bone marrow niche.

While many studies have focused on alterations in “traditional”
platelet activation patterns (44, 45) (e.g., adhesion, secretion,
platelet-monocyte aggregation), emerging evidence highlights the
new biology of platelets in septic syndromes. For example, in
response to in vitro stimulation LPS, thrombin, bacteria, and
bacterial toxins, human platelets process constitutively present tis-
sue facture (TF) pre-mRNA, resulting in a mature TF transcript,
synthesis of TF protein, and generation of TF-dependent procoag-
ulant activity (22). Moreover, platelets from septic patients, but not
healthy controls, express the mature, spliced TF mRNA, demon-
strating that the septic milieu may alter the platelet transcriptome.
Preliminary analyses of next-generation RNA sequencing data
(“deep sequencing”) performed on platelets from septic patients
identified numerous transcripts that are significantly altered com-
pared to matched, healthy control subjects. Many of these altered
transcripts mediate key immune and inflammatory pathways and
augment host defenses to bacterial invaders.

Dengue, a mosquito-borne viral infection, has variable clini-
cal manifestations. Nevertheless, especially in more severe cases,
marked thrombocytopenia, hemorrhage, “capillary leak,” and
shock may occur. While the dengue flavivirus targets endothelial
cells and leukocytes, interactions of the virus with platelets and
megakaryocytes is likely a central feature of the pathophysiology
and course of infection (41). Cytokines synthesized by platelets or
in response to platelet-dependent signaling of monocytes, includ-
ing IL-1β, IL-8, tumor necrosis factor (TNF)-α, and monocyte
chemotactic protein (MCP)-1 (19), are increased in plasma from
dengue patients and correlate with the degree of thrombocy-
topenia (46). Increased IL-1β in platelets and platelet MPs was
recently reported to occur through a mechanism dependent on

mitochondrial reactive oxygen species (ROS)-triggered NLRP3
inflammasomes (34). Dengue virus also alters l-arginine trans-
port and nitric oxide generation in platelets in vitro, resulting in
impaired aggregation (47). Platelets isolated from dengue patients
have evidence of mitochondrial dysfunction with activation of
apoptosis pathways, mediated through DC-SIGN (11). These find-
ings suggest that platelet dysfunction may contribute to the throm-
bocytopenia and associated hemorrhagic complications of dengue
infection.

Platelets are also likely early responder and effector cells in
malaria infections. Human platelets inhibit the growth of some
malaria species and also kill the malarial pathogen in parasitized
red blood cells (PRBCs), experimental evidence that platelets
may serve as early host defense responses to malarial infec-
tion in the vasculature (48–50). In contrast to these protective
innate immune activities, platelets may also contribute to injuri-
ous vasculopathy in severe malaria. While the mechanisms are
still not entirely understood, murine studies demonstrate that
platelet signaling via PF4 release mediates T-cell recruitment and
monocyte activation within the central nervous system (CNS)
(51). These processes may contribute to CSN injury in severe
malaria. Recent studies of patients infected with Plasmodium
vivax malaria suggest that the thrombocytopenia that commonly
occurs in malaria may be due to platelet phagocytosis (52). Taken
together, these studies and others provide experimental and clin-
ical evidence that platelets are important immune effector cells in
malaria (53, 54).

CONCLUSIONS
While traditionally thought of as primary hemostatic cells,
platelets are emerging as dynamic effector cells that sense and
respond to invading pathogens. Ongoing studies in experimen-
tal models of infection and human studies will further elucidate
the mechanisms, pathways, and processes governing the platelet’s
broad repertoire of immune functions. These previously unrecog-
nized findings may also lead to the development of novel therapies
targeting the platelet to augment host defense mechanisms.
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Platelets are non-nucleated cells that play central roles in the processes of hemostasis,
innate immunity, and inflammation; however, several reports show that these distinct func-
tions are more closely linked than initially thought. Platelets express numerous receptors
and contain hundreds of secretory products. These receptors and secretory products are
instrumental to the platelet functional responses.The capacity of platelets to secrete copi-
ous amounts of cytokines, chemokines, and related molecules appears intimately related
to the role of the platelet in inflammation. Platelets exhibit non-self-infectious danger detec-
tion molecules on their surfaces, including those belonging to the “toll-like receptor” family,
as well as pathogen sensors of other natures (Ig- or complement receptors, etc.). These
receptors permit platelets to both bind infectious agents and deliver differential signals
leading to the secretion of cytokines/chemokines, under the control of specific intracellular
regulatory pathways. In contrast, dysfunctional receptors or dysregulation of the intracellu-
lar pathway may increase the susceptibility to pathological inflammation. Physiological vs.
pathological inflammation is tightly controlled by the sensors of danger expressed in rest-
ing, as well as in activated, platelets. These sensors, referred to as pathogen recognition
receptors, primarily sense danger signals termed pathogen associated molecular patterns.
As platelets are found in inflamed tissues and are involved in auto-immune disorders, it is
possible that they can also be stimulated by internal pathogens. In such cases, platelets can
also sense danger signals using damage associated molecular patterns (DAMPs). Some
of the most significant DAMP family members are the alarmins, to which the Siglec family
of molecules belongs.This review examines the role of platelets in anti-infection immunity
via their TLRs and Siglec receptors.

Keywords: platelets, innate immunity, cytokine/chemokine, inflammation,TLR, Siglec

INTRODUCTION
It is well accepted that blood platelets play a principal role in
primary hemostasis. Since more than 50 years, they have been
used therapeutically as transfused blood products (1), and platelet
extracts have been used for their healing properties, especially
in ophthalmology (2). Platelet concentrate transfusions were
considered necessary in a number of situations (e.g., central
thrombocytopenia in preference to peripheral thrombocytopenia;
thrombopathy associated with bleeding; severe bleeding or risk
of bleeding) (3). However, transfusion hazards and, at minimum,
discomfort, are common (4), leading the medical community to
question this therapy.

Traditionally, hemostasis and thrombosis have been considered
difficult to understand for non-specialists. However, there is a gen-
eral understanding that human platelet antigen (HPA) polymor-
phisms can complicate the post-transfusion situation in throm-
bopathies, such as von Willebrand disease (4) and pregnancies
and deliveries [notably regarding fetal neonatal allo-immunization
(FNAIT) (5)], along with allo-immunization to HLA class I
antigens responsible for transfusion refractoriness (6).

Now, however, it is recognized that platelets have a complex
role in the whole process of hemostasis and thrombosis (7).
As the platelet proteome started to be investigated, it became
clear that platelets contain proteins beyond those with hemosta-
tic functions, including angiogenic factors, growth factors, pro-
inflammatory factors, anti-inflammatory factors, and biological
response modifiers (BRMs) (8).

AN OVERVIEW OF THE MAIN PLATELET RECEPTORS
Platelets play a vital role in hemostasis, especially primary hemo-
stasis, and subsequently in vascular repair (9). Platelet membrane
integrins interact with the subendothelial matrix of a damaged
vascular wall, leading to their activation and subsequent creation
of a platelet thrombus together by fibrinogen (Fg) to close the
vascular lesion and terminate blood loss (10).

Activated platelets liberate arachidonic acid from membrane
phospholipids, which in turn is converted to thromboxane A2

(TxA2). As a consequence, TxA2 is secreted and acts on TP
receptors on the cell surface of other platelets, leading to fur-
ther platelet activation. The TP receptor belongs to the major
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agonist receptor family seven transmembrane G-protein coupled
receptors (GPCRs).

Granule contents are released from activated platelets. The
dense granules contain important agonists like ADP and sero-
tonin. ADP is a significant amplifier of initial platelet aggregation
(11). It interacts with specific extracellular membrane receptors to
induce intracellular signaling. There are two classes of receptors
for ADP, P2Y1 and P2Y12, which belong to the GPCR family (12)
and P2× 1, which belongs to the ADP/ATP determined calcium
channel family of purinergic receptors (13, 14). Engagement of
the TP receptor by TxA2 and P2Y1 by ADP lead to the hydrol-
ysis of phosphatidylinositol-4,5 bisphosphate by phospholipase
C (PLC), leading to the generation of diacylglycerol (DAG) and
inositol triphosphate (IP3) (15). DAG and IP3 stimulate protein
kinase C and cause release of calcium from the dense tubular
system, respectively, which in turn are responsible for many of
the final event associated with platelet activation, including the
exocytosis of platelet granules. ADP interacts with calcium acti-
vated pathway. P2Y12 receptor has been reported to potentiate
platelet secretion and be involved in“sustained irreversible platelet
aggregation” (12).

Platelets express a class of cell surface protease-activated recep-
tors (PARs), which are members of the GPCR family and activated
by thrombin. Human platelets only express PAR1 and PAR4, not
PAR2 and PAR3 (16). PAR1 is also the most abundant PAR,
expressing about 2500 copies per platelet and is, therefore, pre-
dominant for thrombin mediated platelet activation. PAR1 is a
highly glycosylated protein that consist of 425 amino acids and
has a molecular weight of 70 kDa. PAR4 on the other hand,
the last PAR to be discovered, consists of 397 amino acids (17).
The PAR1 activating peptide SFLLRN and PAR4 activating pep-
tide AYPGKF are synthetic peptides with the same sequence as
their respectively N-terminal after cleavage. They are widely used

in research because they effectively and specific activate their
receptors (18).

Interestingly, several hemostatic receptors, in addition being the
subject of genetic polymorphisms leading to variant HPAs, bind
to infectious pathogens (Figure 1).

Platelets also express receptors that indirectly bind infectious
pathogens: Complement (C) Rs and Fc-Ig-Rcs (Table 1).

The apparently complex relationships between platelets and
infectious pathogens, as well as the involvement of platelets during
sepsis, which have been the subject of recent reviews (10, 27–33),
led a number of groups to examine the possibility that platelets
have dedicated roles in innate immunity and foremost in pathogen
sensing. Those groups almost simultaneously described, both in
mice and humans, the presence and then the functionality of toll-
like receptors (TLRs) on (TLR2/TLR1/TLR6 and TLR4±TLR9)
and in platelets (TLR9) (19, 23, 24, 34–36). It is only recently that
TLR3 (37) and TLR7 (38) have also been identified. This discovery
allowed a paradigm change in the understanding of platelet phys-
iopathology, putting platelets in a continuum of immunity, at the
crossroad of innate and adaptive immunity (10, 35, 39–41).

By contrast, Montrucchio et al. (42) demonstrated that platelets
neither bind FITC-LPS nor express the LPS-receptors CD14 and
toll-like receptor 4 (TLR4); in contrast, LPS primed monocytes –
and to a lesser extent polymorphonuclear neutrophils – proved to
adhere to platelets. Next, both platelet–leukocyte interactions and
platelet aggregation (in whole blood) were inhibited by blockade
of CD14 and TLR4.

It must also be noticed that the Sabroe team observed no mod-
ulation in platelet response after engagement of TLR1 and TLR4
(43), no platelet aggregation, no increase in CD62p on the platelets
surface, and no increase in intra-platelet Ca2+ levels after stimu-
lation by “natural” ligands of TLR2 (e.g., Pam3CSK4) or TLR4
(e.g., LPS); this allowed them to conclude that agonists of platelet

FIGURE 1 | Platelet immune receptors. CLEC-2, C-type lectin-like type II
transmembrane receptor; CR-2, complement receptor type 2; CCR-1, CCR-3,
and CCR-4, C–C chemokine receptor type 1, 3, and 4, respectively; CXCR-4,
C-X-C chemokine receptor type 4; DC-SIGN, dendritic cell-specific intercellular

adhesion molecule-3-grabbing non-integrin; GP-VI, glycoprotein VI; CAR,
coxsackie adenovirus receptor; s.a, Staphylococcus aureus; s.g,
Streptococcus gordonii ; s.s, Streptococcus sanguinis; s.e, Staphylococcus
epidermidis. Adapted from Ref. (10, 19–23).
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Table 1 | Platelet–bacteria interactions adapted from Ref. (24–26).

Platelet receptors Bacteria/fungi Bacterial

proteins

Intermediary

plasma

molecules

GP-IIb–IIIa S. epidermidis SdrG Fg

S. Aureus FnbpA/B Fibronectin

S. Aureus FnbpA/B Fg

S. Aureus ClfA Fibronectin

S. Aureus ClfA Fg

S. Aureus IsdB Direct

S pyogenes M1 Fg

S gordonii PadA Direct

S. lugdunensis Fbl Fg

GP-Iba S. sanguis SrpA Direct

S. gordonii GspB/Hsa Direct

S. Aureus Protein A vWF

H. pylori ? vWF

FCγRIIa S. Aureus FnbpA/B IgG

S. Aureus ClfA IgG

TLR2 S. pneumoniae ? Direct

? Lipoprotein Direct

TLR4 E. coli LPS Direct

gC1q-R S. sanguinis ? C1

TLR Fungi ? Complement

Protease-activated

receptors

Fungi ? Complement

ClfA, clumping factor A; Fnbp, fibronectin-binding protein; Fg, Fibrinogen; GspB,

glycosylated streptococcal protein B; Hsa, hemagglutinin salivary antigen; IsdB,

iron-regulated surface determinant B; LPS, lipopolysaccharide; PadA, platelet

adhesion binding protein A; SdrG, serine–aspartate repeat G; SrpA, serine-rich

protein A; TLR, toll-like receptor; VWF, von Willebrand factor; ?, undefined.

TLRs have no direct effect on platelet activation. This was rather
puzzling because agonists of TLR2 and TLR4 are acknowledged to
play a significant role in diseases such as atherosclerosis; a mecha-
nism other than the direct activation of platelets is believed to be
involved.

Similar data have been observed by Jayachandran et al. (44)
who attempted to determine whether LPS affects platelet pheno-
type after TLR4 engagement. After injecting knockout (KO) mice
for the TLR4 coding gene with a non-lethal dose of LPS (0.2 mg/kg
IV), they demonstrated that the platelets in TLR4 KO mice are less
abundant than in normal mice, contain less RNA, and express less
CD62p upon thrombin exposure. However, platelets from TLR4
KO mice do neither aggregate nor secrete adenosine triphosphate
upon thrombin stimulation. One week after injection (which is the
time required for a full turnover of the platelet pool), the num-
ber of circulating platelets, the CD62p expression, and the platelet
aggregation had increased; consequently, the platelet phenotype
observed 1 week after exposure to LPS appears independent on
TLR4. It is concluded that the 1-week lasting effect of LPS is related
to the megakaryocytes themselves and the platelets they produce,
rather than to the already circulating platelets (44).

Platelets, already identified as secretors of pro-inflammatory
cytokines, chemokines, and BRMs, such as soluble-CD40-Ligand

(sCD40L)/sCD154, were revisited for their role in inflammation
(45–48).

Initially, platelet linked-inflammation was recognized in
pathologies, such as transfusion associated hazards or adverse
events, however, further work also identified platelets in peripheral
pathologies, such as in cardio-vascular disease and atheroma-
plaque formation, inflammatory bowel disease, and arthritis (20,
27, 41, 49–58). This identified the role of platelets in patholog-
ical inflammation; however, a role for platelets in physiologi-
cal inflammation, as this concept potentially established in the
immunology landscape (59, 60), remained ill-defined. A series
of dedicated studies aimed at stimulating platelets with a vari-
ety of defined activators with small differences demonstrated that
platelets, despite being non-nucleated, are capable of mobilizing a
signalosome differentially, and to secrete discrete panels of BRMs
upon activator-dependent stimulation. Platelets appear to have the
ability to decipher between vessel endothelial cell injuries eliciting
hemostatic responses and between distinct infectious pathogen
moieties; however, both types of receptors can be engaged in par-
allel as – for example – responses to TLR2 engagement on platelets
involves PAR1 (61, 62).

In summary, the newly proposed paradigm on platelet patho-
physiology is that platelets are equipped with multiple receptors
aimed at sensing their environment; basically, the principal danger
that can be sensed by circulating platelets is created by endothelial
damage. Under normal situations, platelets can repair this damage
by eliciting a local micro-inflammatory response aimed at recruit-
ing repairing and healing molecules. In addition, platelets can also
sense, under certain circumstances, other potential dangers, such
as infectious pathogens harboring Pathogen Associated Molecular
Patterns (PAMPs). Therefore, platelets can be regarded as sen-
tinels of danger, especially at the vascular level. Platelets are thus
involved along the spectrum of inflammation, from physiology to
pathology.

Platelets are engaged in complex relationships with leuko-
cytes [all types (63–66)], notably with polymorphonuclear cells
(PMNCs – formally known as neutrophils), both in physiology
and pathology (67–73). It has recently been shown that platelets
express a (or the) triggering receptor expressed on myeloid cells
1 (TREM1)-receptor which, when engaged by a protein expressed
on neutrophils, TRIM1, increases the activation of these cells
and modulates the inflammatory response by augmenting both
IL-8 secretion and the production of reactive oxygen species
(ROS) (74).

Further studies identified that platelets were capable of leaving
the circulation (they were initially thought to be strictly contained
in the blood flux), especially by being “cargoed” by leukocytes
(66, 75, 76), and to participate in peripheral pathology [by them-
selves and by microparticles (PMPs) shed from their membrane
(77–79). The capacity of platelets to sense damaged tissues was
then addressed and proved to depend on platelet expression of
damage associated molecular patterns (DAMP)-sensors] (80, 81).
Moreover, Varki et al. (82) proposed “self-associated molecu-
lar patterns” (SAMPs), which would be recognized by intrinsic
inhibitory receptors, to maintain the baseline non-activated state
of innate immune cells and dampen their reactivity following an
immune response. To detect such SAMPs, there must be cognate
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Self-PRRs (SPPRs). The first-studied example was factor H and the
second are the Siglec (sialic acid recognizing Ig-like lectins), which
have N-terminal V-set Ig-like domains that recognize sialic acids
and often have tyrosine-based inhibitory signaling motifs within
their cytosolic tails (83–87). Siglec molecules (Siglec-7, 9, and 11)
are now acknowledged as controlling platelet apoptosis (88).

THE PLATELET TOLL-LIKE RECEPTORS
BACKGROUND ON TLRs
Toll-like receptors are expressed either on the external surfaces or
in the cytoplasms of a wide variety of cells involved in immune
processes, and are, to a large extent, involved in natural (or
innate) immunity. In particular, TLRs are membrane receptors
for pathogens known to play a major role in phagocytosis and
inflammation.

It should also be noted that TLRs have endogenous ligands with
the capacity to cause, or accelerate, inflammation; these include
heat shock proteins (HSP) 60 and 70, Fg, and a diverse products
of apoptotic cells (89).

Toll-like receptor expression was initially discovered on
immune cells (Table 2), such as macrophages, dendritics cells
(DCs), and, later, in B-lymphocytes, as well as some categories of T
lymphocytes. These receptors are key-players in the defense of the
body, as they form the interface between recognition of the danger
signal (pathogenic or endogenous) and initiation of various types
of immune response (inflammation, release of molecules involved
in inducing adaptive response). The example that best emphasizes
their importance is the activation of TLRs present on the sur-
face of DCs. The signaling pathways concerned lead to the release
of pro-inflammatory cytokines as well as the “up-regulation” of

Table 2 | Summary of known mammalianTLRs and Siglecs.

Name Expression Ligands – Sialic acid

linkage specificity

Name Expression Ligands

S
ig

le
c-

fa
m

ily
p

ro
te

in
s

in
h

u
m

an
s

Siglec-1 (CD169) Mac α2,3 > α2,6

T
LR

-f
am

ily
p

ro
te

in
s

in
h

u
m

an
s

TLR1 B, Mo, Mac, DCs, Plt Multiple triacyl lipopeptides

Siglec-2 (CD22) B α2,6 TLR2 Mo, Mac, N, MyDCs, Mc, Plt Multiple glycolipids

Multiple lipopeptides

Multiple lipoproteins

Lipoteichoic acid

HSP70

Zymosan (beta-glucan)

Siglec-3 (CD33) Mo, MyP α2,6 > α2,3 TLR3 DC, B, Plt Double-stranded RNA

Poly I:C

Siglec-4 (MAG) OligoD, Schw α2,3 > α2,6 TLR4 Mo, Mac, N, MyDCs, Mc, B,

IE, Plt

Lipopolysaccharide heat shock

proteins

Fg

Heparan sulfate fragments

Hyaluronic acid fragments

Nickel

Various opioid drugs

Siglec-5 (CD170) N, Mo, B α2,3 TLR5 Mo, Mac, DC, IE Bacterial flagellin

Profilin

Siglec-6 (CD327) Troph, B α2,6 TLR6 Mo, Mac, B, Mc, Plt Diacyl lipopeptides

Siglec-7 (CD328) NK, Mo, Plt α2,8 > α2,6 > α2,3 TLR7 Mo, Mac, pDC, B, Plt Imidazoquinoline loxoribin (a

guanosine analog)

Bropirimine

Single-stranded RNA

Siglec-8 Eo, Ba α2,3 > α2,6 TLR8 Mo, Mac, DC, Mc Small synthetic compounds;

single-stranded RNA

Siglec-9 (CD329) Mo, N, DC, NK, Plt α2,3= α2,6 (prefers

sulfated residues)

TLR9 Mo, Mac, pDC, B, Plt Unmethylated CpG

oligodeoxynucleotide DNA

Siglec-10 B, Mo, Eo α2,3= α2,6 TLR10 Unknown Unknown

Siglec-11 Mac, Plt α2,8 TLR11 Mo, Mac, LC, KC, UBE Profilin

Siglec-14 ND α2,6 TLR12 NE, pDC, DC, Mac Profilin

Siglec-15 ND ND TLR13 Mo, Mac, DC Bacterial ribosomal RNA sequence

“CGGAAAGACC”

Toll-like receptors and Siglecs bind different ligands and are expressed by different types of leukocytes or other cell types. Human B, B cells; Ba, basophils; cDCs, con-

ventional dendritic cells; Eo, eosinophils; GRB2, growth-factor-receptor-bound protein 2; ITIM, immunoreceptor tyrosine-based inhibitory motif; Mac, macrophages;

Mo, monocytes; MyP, myeloid progenitors; N, neutrophils; ND, not determined; NK, natural killer cells; OligoD, oligodendrocytes; pDCs, plasmacytoid dendritic cells;

Schw, Schwann cells; Troph, trophoblasts; Plt, platelets, My DC, Myeloid dendritic cells; Mc, Mast cells; IE, Intestinal epithelium; liver cells, LC; kidney cells, KC;

Urinary Bladder Epithelium, UBE; Neurons, NE. Adapted from Ref. (10, 35, 84, 86–88, 91–97).
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molecules that potentiate the function of Ag presentation (class
II CMH, IL-12, CD80) and consequently the activation of T
lymphocytes (90).

Toll-like receptors are also expressed by cells considered non-
immune but which occupy the interface between the outside
environment and the immune system, in particular fibroblasts and
epithelial cells (98).

Toll-like receptors are type 1 transmembrane proteins possess-
ing: (i) leucine-rich ectodomains folded into β-sheets, enabling the
interaction with PAMPs; (ii) a transmembrane domain; and (iii)
a cytoplasmic “Toll-interleukin-1 receptor” (TIR) domain that is
fundamental to signal transduction. To date, 10 TLRs have been
identified in humans and 13 in mice; TLR12 and TLR13 have not
been identified in the former but the latter (89). Of note, TLR11
has the unique feature of possessing a sequence recognized as a
stop codon by human transcription machinery; Toxoplasma pro-
filin, a ligand of murine TLR11, is recognized by humans and a
truncated, but functional, form of TLR11 is, therefore, presumed
to exist in the human (99).

The PAMPs recognized by TLRs are lipids, lipoproteins, pro-
teins, or nucleic acids derived from bacteria, viruses, fungi, or par-
asites. Moreover, PAMPs can be recognized by TLRs in various cel-
lular compartments, including the plasma membrane, endosomes,
lysosomes, and endolysosomes (89). After engagement, each TLR

triggers its own distinctive biological response, which is specific for
the PAMP recognized. These differences were identified by the dis-
covery of various adaptive molecules that bind to the TIR domain;
these include the “Myeloid differentiation primary response gene
(88)”(MyD88), TIRAP, TIR-domain-containing adapter-inducing
interferon-beta (TRIF), and TRAM. These adaptors activate a vari-
ety of signaling pathways. Refer to Figure 2 for a more detailed
description of TLR-signaling pathways.

High mobility group box 1 (HMGB1) is a protein that in
humans that is encoded by the HMGB1 gene. Platelets bind to
HMGB1 but the cell surface receptor mediating this interaction is
less documented. Platelets express previously recognized HMGB1
receptors TLR2/4/9, RAGE, transmembrane proteoglycans, and
anionic lipids. Whether these structures mediate HMGB1 binding
to platelets has not been much studied.

Recently, Yu et al. (100) evidenced a mechanism by which
platelets promote tumor cell metastasis and suggest TLR4 – and
its endogenous ligand HMGB1 (alarmin HMGB1) – as tar-
gets for antimetastatic therapies. The Manfredi’s team reported
that activated platelets present HMGB1 to neutrophils and
commit them to autophagy and neutrophil extracellular trap
(NET) generation (101); further, the abundantly produced ROS
dramatically increased the ability of extracellular HMGB1 to
activate blood leukocytes (102). Moreover, Vogel et al. (103),

FIGURE 2 |TheTLR signaling pathway and modulation effector
molecules. Depending upon the TLR involved, the nuclear translocation
of transcription factors occurs, including the “nuclear factor kappa B”
(NFκB) in early and late stages (all TLRs), AP-1 (all except TLR 3), the

“interferon regulation factor” (IRF)-3 (TLR3 and TLR4) and IRF-7
(TLR7/8/9). These pathways lead to inflammatory cytokine synthesis, or
at least secretion in the case of platelets, as well as the production of
interferon type 1 (IFN1).
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demonstrated that migration of mesenchymal stem cells (MSC)
to apoptotic cardiac myocytes and fibroblasts was driven by hepa-
tocyte growth factor (HGF), and platelet activation was followed
by HMGB1/TLR4-dependent downregulation of HGF receptor
MET on MSC, thereby impairing HGF-driven MSC recruitment.

Toll-like receptors are vital to immunity. However, inappro-
priate responses can, alternatively, trigger chronic and acute
inflammation as well as auto-immune illnesses (triggered by the
recognition of endogenous ligands) (104).

TLR EXPRESSION ON/IN MEGAKARYOCYTES AND PLATELETS
Identification in megakaryocytes
Megakaryocytes (MK) have been shown to contain mRNA, which
codes for TLRs, consistent with these receptors being continu-
ously expressed in MK lineage cells rather than captured through
the circulation (34, 35, 62). Moreover, several studies have shown
TLR expression both on human megakaryocyte lineage cells (34)
and on the MK of mice or isolated from human donors (62, 105),
suggesting the origin of platelet TLR expression.

Toll-like receptor 4 expression increases during the MK matura-
tion process. The kinetics of expression of this receptor is similar to
that of CD41 (106). Similarly, TLR9 shows a considerable increase
in the number of transcripts from day five of MK differentiation
in pro-platelets (105).

In contrast to the burgeoning studies into the role of platelet
TLRs, few studies have been conducted on the functional role of
TLRs on MKs. Two studies (44, 106) have shown that TLR4−/−

mice have defects in their circulating and reticulated platelet
counts compared with wild-type mice, suggesting that TLR4 could
play a role in thrombocytopoiesis. Recent studies have shown that
hematopoiesis is not a stereotypical phenomenon; rather, it can
be activated by an inflammatory environment (107). The TLR4
of hematopoietic precursors may be involved in this regulation.
This hypothesis appears to be confirmed by a study showing that
mice stimulated by a TLR4 ligand, at a non-lethal dose, have a
higher number of platelets compared with untreated mice (44).
An increase in the number of encoding transcripts has also been
noted for TLR1 and TLR6 in MKs grown in the presence of IFNγ

in both a dose-dependent and a time-dependent manner (107).
This could be a mechanism that enables newly formed platelets to
be more numerous, augments the amount of their TLRs and plays
a more active anti-infectious role as a result.

Early identification on/in platelets
In 2004, Shiraki et al. demonstrated the presence of TLR1 and
TLR6 on platelet surfaces and their possible involvement in the
process of atherosclerosis (34). Studies conducted that same year
by our team complemented these findings with the discovery
of TLR2, TLR4, and TLR9 on both the human platelet surface
membrane and in the cytoplasm; further these TLRs could be
modulated, based on the state of platelet activation (106, 108, 109)
(Figure 3).

Platelet TLR expression has also been observed in rodents (62),
which are a widely used model for the study of these molecules; the

FIGURE 3 | Platelets express several functional toll-like receptors (TLRs), such asTLR2,TLR3,TLR4,TLR7, andTLR9, which may potentially link innate
immunity.
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characterization of TLRs has also been investigated on the surface
of in chicken thrombocytes (110).

Function of TLR4 in platelets
Toll-like receptor 4 is the most abundantly expressed TLR on
platelets (111). Several groups have examined its function in
humans and mice (10, 19, 35, 106, 109).

Lipopolysaccharides (LPS), a major component of the mem-
brane of Gram-negative bacteria, are ligands of TLR4. On eukary-
otic cells, TLR4 forms a complex with the MD-2 molecule, thus
enabling binding to LPS. Other proteins contribute to LPS binding,
such as the “LPS Binding Protein” (LBP) and CD14 (98, 112).

The engagement of platelet TLR4 by LPS significantly increases
the number of spliced mRNA encoding tissue factor (TF), which
are then translated into functional proteins (113). LPS has been
shown to cause severe thrombocytopenia in murine models, with
a 60% decrease in the platelet count 4 h after treatment with LPS,
compared with a 20% decrease in TLR4 KO mice (106). These
results, therefore, suggest that platelet TLR4 is functional in vivo.
The reduction in circulating platelets after LPS binding can have
two causes: (i) an accumulation of platelets in the lungs (along
with the otherwise described neutrophil sequestration) (52) and
(ii) an increase in their destruction by phagocytosis (114, 115).

The signaling through TLR in general and TLR4 in particular,
in platelets has also been examined. Specifically in platelets, the
associated intracellular signaling pathways are less clear than in
nucleated cells, as the purpose and function of these transcrip-
tion factors has to be further elucidated. However, the engage-
ment of platelet TLR4 potentiates signaling pathways tradition-
ally detected in platelets. A notable example is the LPS dose-
responsive increase in cGMP (116). Inhibition of PKG signaling
blocks TLR4-dependent platelet responses, suggesting that cGMP
is involved in TRL4-dependent activation (117). MyD88 expres-
sion has also been demonstrated in platelets at levels comparable
to that obtained with leukocytes (117). Moreover, LPS-induced
aggregation was not observed in MyD88-deficient mice or using
salting-out processes in immunomodulatory factors (117). As is
the case with other cell types, MyD88 is required for transmission
of the signal emitted by TLR4 in platelets. It may be proposed,
therefore, that either there is the creation of a link with other
signaling pathways or the initiation of a TLR pathway specific
to platelets. This suggestion is based on our observations that in
addition to MyD88, platelets express most of the molecules tra-
ditionally involved in signal transduction, such as TRIF, MyD88,
TBK-1, IRAK-1, JNKs, MAPk, TRAF3, TRAF6, IRF-3, IKK-i, IκB-
α, and NF-kB p65 (111). For an identical amount of protein
extracts, the expression of certain molecules is at times even
stronger in platelets than in PBMCs. The level of signal trans-
duction molecules in platelets is quite abundant, in amount that
would be usable for intracellular signaling in platelets; the pre-
cise meaning of such abundant levels of, i.e., NF-kB in platelets
is questioned. This would explain why we showed a difference
in platelet activation depending on whether a smooth-type or a
rough-type LPS is used as the stimulant. Studies in leukocytes
revealed that smooth-type LPS stimulates only the MyD88 path-
way while rough-type LPS, owing to its high affinity, has the ability
to activate both pathways. While this distinguishing mechanism

is present in platelets, the activation of each of these pathways
proved to be associated with differential cytokine release (118).
TRAF6 has a key role in signaling via platelet TLR4, leading pos-
sibly to de novo synthesis of IL1-β. In fact, direct stimulation
of TRAF-6 produces splicing five times thicker than is obtained
in platelets stimulated by LPS. TRAF-6 activation is followed by
phosphorylation of Akt and JNK (119). These phosphorylation
events are sufficient to initiate the splicing of mRNA encoding
IL-1β. Consequently, a derivation of the TLR4 pathway by TRAF6
occurs, allowing the signal to pass through the Akt and MAP kinase
pathways.

Several studies have reported that TLR4 expression varies
depending on the state of activation of the platelet (23, 109, 120)
(Figure 3). Platelet stimulation by thrombin leads to increased
TLR4 expression, which, in synergistic combination with mem-
brane CD62P, enables improved LPS binding (120). The fact that
platelets have an intracellular pool of TLRs (108) may account
for the receptor’s translocation to the surface during activation.
Even while the LPS does not apparently induce platelet aggrega-
tion, it nonetheless potentiates the response triggered by very small
concentrations of thrombin and collagen. Our group has shown
that TLR4 engagement potentiates the activation of cGMP, bridg-
ing activation and aggregation; however, when used at high doses,
LPS appears to induce aggregation by itself (57).

As in eukaryotic cells, the function of platelet TLR4 is supported
by one or more plasma molecules; the addition of recombinant
CD14 to washed platelets, as well as LBP, allows optimal activation
to be restored (119–121). CD14, and possibly also MD-2, could
be borrowed by platelets in the environment. This is, however,
somehow disputed (57).

Several studies have examined the effect of platelet TLR4
engagement on the salting-out of immunomodulatory molecules.
For example, Aslam et al. demonstrated that the administration
of Escherichia coli O111 LPS to mice leads to an increase in the
serum levels of “Tumor necrosis factor” (TNF)-α, mainly derived
from platelets (109). Our team used similar LPS to stimulate
in vitro purified platelets obtained from healthy blood donors; we
observed a modulation of certain molecules: some were increased
(sCD40L and PF4) while others remained unchanged (sCD62P,
IL-8, EGF, and TGF) or were even reduced (RANTES, angiogenin,
and PDGF-AB) (122). Platelets thus have a highly regulated system
for the release of cytokines.

Furthermore, it has been shown that platelets can distinguish
between two types of LPS, referred to as “smooth” and “rough,”
and to adapt their cytokine response accordingly. In this way, only
the smooth-type LPS molecules significantly inhibit the secretion
of PDGF-AB (118). In contrast, rough-type LPS, unlike smooth-
type LPS, potentiates the production of PMPs as well as platelet
aggregation induced by the PAR1 agonists SFLLRN (123). The
differences in activation can also be seen in the ability of the super-
natants obtained to activate peripheral blood mononuclear cells
(PBMCs) (118).

Function of TLR2 in platelets
The functional role of platelet TLR2 has not been as widely exam-
ined as TLR4. However, TLR2 is a highly inflammatory receptor
that can recognize a very large number of PAMPs.
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Among these ligands are, inter alia, bacterial lipopeptides,
peptidoglycan, and lipoteichoic acid from Gram-positive bacte-
ria, microbacterial lipoarabinomannan, yeast zymosan, and even
viral hemagglutinin (89). TLR2 forms heterodimers with TLR1
or TLR6: the TLR2/TLR1 complex preferentially binds triacy-
lated lipopeptides (Gram-negative bacteria and mycoplasma),
and the TLR2-TLR6 complex binds diacylated lipopeptides of
Gram-positive bacteria and mycoplasma.

Structural studies are consistent with the mechanism for such
discrimination involving the presence of a hydrophobic channel
present on the TLR1 but not on the TLR6 (89).

The engagement of platelet TLR2 has also been reported to
stimulate the splicing of mRNA encoding IL-1β (121). However,
this synthetic lipopeptide is less effective than LPS, though just as
effective as thrombin. The splicing of mRNA encoding IL-1β can,
therefore, be regulated differently depending on the TLR activated.

Regarding the signaling pathway, TLR2 uses MyD88 to com-
mence its signaling cascade (124). Platelet TLR2 also has the ability
to trigger the activation of signaling proteins normally involved
downstream of hemostatic receptors. Morello et al. demonstrated
that platelet TLR2s were functional and showed that the PI3K/Akt
pathway (already detected in platelets, downstream of αIIbβ3)
plays a role in platelet aggregation, adhesion, and secretion (125).
They further demonstrated that in immune cells, TLR2 has the
ability to interact with the p85 sub-unit of PI3K (126), suggesting
the involvement of this pathway after TLR2 engagement, inde-
pendently of the MyD88 pathway. The use of a specific inhibitor
of PI3K (LY294002) prior to stimulation by Pam3CSK4 signifi-
cantly reduces the effects generated by the engagement of platelet
TLR2 (i.e., the aggregation, adhesion and membrane expression
of CD62P, platelet-neutrophil complex formation, αIIbβ3 activa-
tion, as well as oxygen radicals) (127). LY294002 also significantly
diminishes, but does not completely inhibit, the formation of
platelet:neutrophil aggregates, suggesting that platelets can use
alternate pathways besides TLR2 and 4. Other studies showed
that during platelet stimulation by Aggregatibacter actinomycetem
comitans Y4 and Porphyromonas gingivalis, the salting-out of
sCD40L resulting from TLR2 engagement is regulated by PI3K
(128). However, PI3K is not the only pathway involved in the
release of soluble factors induced by TLR2 engagement. In fact,
the use of a PLC inhibitor, U73122, prevents CD40L from being
expressed on the platelet surface in a manner similar to that
observed when the PI3K pathway is blocked (128). PLC is clas-
sically identified in the platelets as acting downstream of PAR and
GP-VI receptors, leading to degranulation and the generation of
TxA2.

Phospholipase C and P3IK pathways are, therefore, not only
activated by hemostatic stimulation but also following TLR2
engagement. However, phosphorylation kinetics differs depending
on the type of stimulation involved (129). In this way, stimulation
by thrombin induces a rapid and substantial phosphorylation of
Akt, p38, and Erk. In contrast, stimulation by Pam3CSK4 induces
a more gradual phosphorylation of Akt and p38, suggesting that
it takes longer for the mechanisms to occur and that platelet
inflammatory responses take place over time rather than rapidly.
The large majority of experimental studies to stimulate TLR2
on platelets use Pam3CSK4, a triacylated ligand that causes the

dimerization of TLR2 with TLR1. The use of MALP-2, a diacylated
ligand that makes use of the TLR2/6 heterodimer, does not allow
platelet activation (124). In addition, the preincubation of platelets
with MALP-2 reduces and even inhibits the effect of Pam3CSK4.
The engagement of TLR2 and TLR6 is believed rather to have an
antagonist effect on platelet activation and could act as a regulator
in platelet activation during bacterial invasion by simply blocking
access to TLR2.

The first demonstration of platelet TLR2 function, in vivo as
well as ex vivo, was reported in 2009 by Blair et al. (127). The stim-
ulation of platelets by Pam3CSK4, a synthetic ligand mimicking
bacterial lipopeptide, caused activation involving an “inside-out”
αIIbβ3 signaling, aggregation, and platelet adhesion to collagen,
CD62P release and generation of reactive oxygen derivatives.
These phenomena were either blocked by a TLR2 antagonist
antibody or absent in tlr2−/− KO mice, demonstrating the engage-
ment of the receptor. Another study on the functional role of
platelet TLR2 showed that Pam3CSK4 also controls increases in
platelet intracellular Ca2+ concentrations, the release of ATP,
and the synthesis of TxA2 (124). These observations are consis-
tent with a role for platelet TLR2 as a thrombo-inflammatory
receptor. Even where the ultimate thrombotic purpose is sim-
ilar to that of classic stimulation (ADP, Fg, collagen, etc.), the
intracellular mechanisms activated are quite distinct, particu-
larly with regard to the phosphorylation of signaling molecules
(PI3K and MAPK pathways) and protein–protein interactions
(mainly in the case of the FXIIIa protein involved in platelet
remodeling). Compared with hemostatic stimulation, there are
also differences in the release of granular proteins (Fg, throm-
bospondin, PF4) which can be released or sequestered during
TLR2 stimulation (130).

Apart from the thrombotic function of the platelet TLR2, this
receptor can also induce an inflammatory response by platelets.
Bacterial stimulation of platelets by periodontopathogens (A.
actinomycetemcomitans and P. gingivalis) demonstrated that
sCD40L is released independently of TLR2. Furthermore, patients
who have undergone restorative dental procedures had a signif-
icantly higher level of circulating sCD40L than healthy control
subjects (128).

It has been observed, moreover, that mice infected with P. gin-
givalis displayed a higher proportion of platelet-neutrophil com-
plexes than uninfected mice or TLR2(−/−) mice, suggesting that
platelet TLR2 is involved in the formation of platelet-neutrophil
aggregates (127).

Assinger et al. confirmed these observations and showed
that this increase in platelet–neutrophil complexes is accom-
panied by a rise in neutrophil-mediated phagocytosis of peri-
odontopathogens, which requires TLR2 to be functional (131).
Platelet TLR2 is thought to be a prerequisite to the activation
of the latter, which are then believed to transmit a signal acti-
vating the neutrophils and making them suitable for phago-
cytosis. The particular signal can involve ligand:receptor pairs
(CD62P/PSGL-1, CD40L/CD40, GP-IIb–IIIa/CD11b) or platelet
cytokines.

Similarly, it has recently been observed that platelets pro-
mote the clearance of Staphylococcus aureus and Bacillus cereus
by Kupffer cells.
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When absorbed by these liver macrophages, such bacteria are
thought to be rapidly engulfed by a platelet aggregate, predisposing
them to destruction. The formation of aggregates would involve
the participation of platelet GP-Ib and vWF on Kupffer cells (32).

The release of histones from cells in apoptosis is associated
with microvascular thrombosis. In citrated PRP, the presence of
histones has been proven to stimulate thrombin generation, inde-
pendent of dose, with noticeable effects from 10 µg/ml (132).
When an anti-TLR2 monoclonal antibody is used prior to stimula-
tion by histones, the procoagulant profile of platelets [membrane
expression of phosphatidylserine (PS), CD62P, and coagulation
factor V] is reduced. Under the same conditions, TLR2 blockade
leads to a reduction of about 50% in the salting-out of throm-
bin and increases the salting-out time for the remaining 50% by
40 minutes (Figure 3).

Platelet TLR2 is, therefore, involved in histone-induced throm-
bin generation. These results reaffirm the importance of platelet
TLR2 in a thrombo-inflammatory response. Inversely, this
response can be considered beneficial to the host in cases where
the agent that induces cell apoptosis becomes trapped in the fibrin
network.

Function of TLR9 in platelets
Studies conducted on the role of platelet TLRs rarely address the
subject of TLR9. In eukaryotic cells, TLR9 recognizes unmethy-
lated 2′-deoxyribo (cytidine-phosphate guanosine) DNA motifs,
commonly referred to as CpG motifs, which are found specifically
in bacteria, parasites, and viruses. The location of TLR9 is limited
to the endosomes in eukaryotic cells, enabling it to recognize the
internal constituents of pathogens, which are often released after
they are endocytosed (89, 133).

Platelet TLR9 is also found in cell cytosol and cell membranes
(108). Activated platelets overexpress this receptor, either after
stimulation by a CpG motif (105) or by thrombin (109).

A recent study on human and murine platelets showed that
intra-platelet TLR9 is distributed in a specific, previously uniden-
tified, sub-compartment known as the T granule, which has dense
appearance under an electron micrograph (105, 134). This distri-
bution of TLR9 is thought to occur during pro-platelet formation.
T granules also contain VAMP7 and VAMP8 proteins, which are
involved in directing TLR9 to the membrane. The process by which
platelets internalize the CpG/TLR9 complex appears to be similar
to that described for other cell types (105, 134).

Platelet TLR9 was recently reported as binding carboxy-alkyl-
pyrrole, a product derived from the combination of polyun-
saturated fatty acid oxidation products and protein products,
considered a danger signal in cases of oxidative stress (135). In
platelets, this joining together triggers aggregation and degranu-
lation. Therefore, in platelets TLR9 appears to function as sensors
of internal danger signals rather than external ones (Figure 3).

It is only recently that TLR3 (37) and TLR7 (38) have also
been identified (Figure 3). Human platelets express TLR3 and
are capable of responding to poly I:C, suggesting that these cells
might influence the immune innate response when detecting viral
dsRNA (37). Infection with encephalomyocarditis virus (EMCV)
rapidly reduces platelet count, and this response is attributed to
platelet Toll-like receptor 7 (TLR7) (38).

THE SIGLEC: SENSORS OF PATHOGENS NEWLY
ACKNOWLEDGED ON PLATELETS
BACKGROUND ON SIGLEC MOLECULES
Siglec molecules belong to the large family of Ig-like lectins (84,
87, 96), which are categorized in two main families (Table 2).
They are type I transmembrane proteins comprising three regions
(84, 86, 136). First, the extracellular region has a “V-set” N-
terminal Ig domain containing an arginine residue that forms
a saline bridge with the carboxylate group of sialic acid, which
enables specific binding with this molecule and a number vary-
ing between 1 and 16 in the “C2-set” domain (97, 136). Sec-
ond, the transmembrane region allows the signal to be trans-
mitted to the third region, the intracellular region of the recep-
tor, which contains an immunoreceptor tyrosine-based inhibitory
motif (ITIM) close to the membrane, and an ITIM-like motif,
which is more distal from the membrane. Certain Siglec mol-
ecules, such as sialoadhesins (137), Siglec-H (138), Siglec-14
(139), Siglec-15 (140), and Siglec-16, do not have an intracellular
region (141).

The primary function of CD33r Siglec (3, 5–11, 14, 16) is to rec-
ognize “self” molecules in order to regulate host immune response
by the engagement of inhibitory ITIM-like intra-cytoplasmic mol-
ecules. Siglec principally recognize and bind sialylated glycans and
gangliosides.

Siglec molecules have arginine residues that can form a saline
bridge with the carboxylate group of sialic acid enabling them to
bind in a specific way (136). In their basal state, Siglec are bound
with ligands and are, therefore, expressed on the same cell (cis
interaction); thus their binding sites are generally masked (84,
95). The interaction is, therefore, predominantly a cis interaction
(95). However, trans interaction may compete with cis interac-
tion when the sialylated (trans) glycan ligands are attached to
glycoproteins and glycolipids, which gives them higher affinity
[for example, PAMP structures (LPS or bacterial peptidoglycan)
or gangliosides] (96). Furthermore, the cis interaction sites can be
cleaved by sialidase [a component of certain pathogens like Vibrio
cholerae, Clostridium perfringen, and Arthobacter ureafacien (96,
97)], or unmasked following cell activation, which enables Siglec
to have trans interactions (142).

The gangliosides formed from glycosphingolipids are bound to
Siglec with a very high affinity (143). The affinity of CD33r Siglec
is different for each ganglioside depending on their structure; for
example, Siglec-7 and Siglec-9 are selective in targeting B-series
gangliosides containing the 2,8-disialyl residue (GalNAc or Glc-
NAc), such as GQ1b, GT1b, GD2, and GD3, while Siglec-8 appears
to have low affinity with these gangliosides (143–146).

The main known function of Siglec molecules are:

(i) the regulation of innate immune responses by balancing
(down: cis ligation; up: trans-ligation) the defense against a
number of infectious pathogens that use sialic acid to disguise
themselves in an attempt to escape elimination by the infected
body;

(ii) the negative regulation of the B-cell receptors (by co-
engagement of two main Siglec: CD22 and Siglec-10 [Human;
-G in the mouse; no cluster of differentiation assigned so
far] (84, 87, 95, 96, 143, 147) and of T-cell receptors [by
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co-engagement of three main Siglec: 7, 9 and 1 [siaload-
hesin] (136)].

Siglec molecules operate by phosphorylating principally
ITIM/ITIM-like motifs in their intracellular tails, or – exception-
ally (Siglec-H and -15) – by mobilizing DAP12. Thus, Siglec appear
in general essential to preventing excessive innate and adaptive
immune responses and maintaining homeostasy and tolerance.

SIGLEC AND PLATELETS
A substantial expression of Siglec-7 has been identified very
recently (by our group) on platelet surfaces, with more stored on
platelet α-granule membranes. Furthermore, surface membrane
expression of Siglec-7 is significantly increased after platelet acti-
vation, in a manner similar to the activation-induced membrane
expression of CD62P. Indeed the kinetics of Siglec-7 expression on
the platelet membrane of closely resembles that of CD62P.

There is also a significant amount of Siglec-7 in the supernatant
in both control and TRAP-activated platelets, consistent with the
cleavage, or direct salting-out, of Siglec-7 from platelet α-granules.
However, Siglec-7 cleavage does not correlate with a reduction in
its expression on the platelet membrane, as is the case for CD62P.
A probable explanation for this apparent reduction in concentra-
tion over time may be the degradation induced by endogenous
proteases.

The engagement of Siglec-7 by its specific ligand, GD2 gan-
glioside (as well as GD3 and GT1b), does not induce activation,
aggregation, or platelet secretion, but leads to platelet apoptosis by
the intrinsic and an extra-mitochondrial pathway. Similarly, Mar-
tini et al. demonstrated that platelet incubation with exogenous
GD3 had no effect on platelet morphology, nor function, nor on
ADP-induced platelet aggregation (148). The authors also indi-
cated that GD3 functions like a second-messenger molecule that
augments CD32 expression (FcgRII, platelet FcR isoform); it then
binds to this receptor, leading to platelet adhesion on the suben-
dothelial matrix (148). In our study, however, the apoptogenic
effects of GD2 on platelets were independent on the engagement of
CD32, whereas reduced in the presence of specific antibodies that
block Siglec-7. This shows that Siglec-7 engagement is essential
for GD2-induced platelet apoptosis. Inhibitors of NADPH oxi-
dase, PI3k and PKC, but not of NF-kB prevented. The engagement
of the P2Y1 platelet receptor and of the GP-IIb–IIIa integrin is
required for a fully functional Siglec-7.

Platelet apoptosis induced by Siglec-7 engagement is prob-
ably a mechanism for negatively regulating platelet inflamma-
tory responses. This mechanism would limit excessive reactions
responsible for the destruction of tissues and cells due to inflam-
mation and in this way promotes the healing of wounds. Stored
platelets (with the purpose of being used for transfusion purposes)
display apoptosis markers that increase independently on activa-
tion (149–151). This is a significant aspect of storage damage that
reduces the viability and number of platelets in PCs following
prolonged storage. Platelet apoptosis can potentially have negative
effects in PC recipients, such as reduced function and altered cor-
rected count increment (CCI) (149); probable adverse effects due
to the pro-inflammatory and pro-thrombotic properties of PMPs
generated during apoptosis are also likely (152).

The mechanisms of Siglec-7 translocation to human platelet
membranes and its subsequent cleavage are still unaddressed (88)
and require further studies. It would be interesting, first, to dis-
cover whether this increase is an advance event for triggering
platelet activation or whether it is secondary, occurring after
platelet activation in order to negatively control inflammatory
response following this process (autoregulation). Second, it will
be important to determine whether cleavage of soluble Siglec-7 is
associated with such translocation. Little is known of the role of
soluble Siglec-7 in inflammatory reactions,particularly in immune
cells, ECs and platelets, or of the importance of the physiology and
platelet interactions at work in the immune system.

In addition, it would be interesting to be able to determine
whether Siglec-7 engagement is also specifically linked to platelet
recognition of DAMPs. In other words, it would be valuable
to examine whether platelet Siglec-7 distinguish several PAMPs
(infectious pathogens). Moreover, it would be interesting to inves-
tigate platelet Siglec-7 response after DAMP activation (generated
either during PAMP-induced inflammatory reactions or due to
intra-platelet oxidative stress linked to preparation and/or stor-
age conditions) and how their inflammatory response is mod-
ulated. Several studies show that by expressing a very large
number of receptors, among them TLRs, GPCRs, RTKs, inte-
grins, and CK/CH receptors, platelets appear to have the ability
to differentiate between a hemostatic stimulus or an infectious

Table 3 | Modulation ofTLR function by Siglecs adapted from Ref. (95,

155, 156).

Molecules TLR ligands

used

Cell

type

Observed phenotype

CD22 TLR3, 4, 7,

and 9

B Enhanced proliferation of CD22 KO

B cells

Siglec-G TLR3, 4, 7,

and 9

B Enhanced proliferation of Siglec-G

KO B cells

HMGB1 DC Enhanced TNF-α production in

Siglec-G KO DCs

Siglec-E TLR4 Mac Reduced IL-12 production by

cross-linking with Abs

Siglec-H TLR9 pDC Reduced IFN-α production by

cross-linking with Abs

Siglec-5 TLR2, 3, 4,

and 9

Mac Reduced TNF-α and enhanced IL-10

production by over-expression

Siglec-9 TLR2, 3, 4,

and 9

Mac Reduced TNF-α and enhanced IL-10

production by over-expression

Siglec-11 TLR4 Mac Reduced IL-1β transcript by

cross-linking with Abs

Siglec-14 TLR4 Mac Augmented TNF-α production by

over-expression

CD33/Siglec-3 TLR4/CD14 imDCs Reduced the phosphorylation of

NF-κB

Siglec-9 TLR2 Mac Siglecs exhibit lectin-dependent

changes in cellular localization,

which may be partly linked to its

control mechanism that increases

the production of IL-10
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FIGURE 4 | Sialidase interrupts the Siglec-G inhibitory function that
suppressesTLR signaling by DAMPs/PAMPs. (A) CD24 forms trimolecular
complex with DAMPs/SAMPs and Siglec G that inhibits activation of TLR.

(B) Pathogen-encoded sialidases cleave sialic acids on CD24 from interacting
with Siglec G, leading to induce the inflammation/adaptive immunity/tissue
damage. Adapted from Ref. (95, 142, 157).

stimulus, and endogenous danger signals (DAMPs) and exogenous
ones (PAMPs). This method of differentially detecting pathogens
produces variations in membrane expression of adhesion mol-
ecules, activation molecules, and especially in the salting-out of
platelet granule contents and their secretion kinetics, leading to
various platelet responses, such as hemostatic, inflammatory, or
reparative (35, 118, 122, 153, 154). Furthermore, it would be
interesting to study Siglec-7 in the platelet signalosome in the pres-
ence of various stimuli, including hemostatic stimuli (as shown
in the appendix), infectious agents (PAMPs), or DAMPs. To this
effect, numerous studies are considered to complement the char-
acterization of the functional role of platelet Siglec, including
Siglec-7.

Siglec molecules contribute to the negative regulation of the
intracellular pathways stimulated following TLR/NLR engage-
ment. This serves to prevent excessive immune responses after
activation of these receptors (96). The regulation and activation
of cells after TLR engagement is different for each cell type (95).
This inhibitory function of Siglec is used by pathogens to imi-
tate the structure of their ligands, which initiates an immune
response favorable to their survival within the host. Recent studies
show that, when Siglec molecules are neutralized by blocking anti-
bodies, TLR signaling is significantly modified; this suggests that
the density of Siglec expression near to TLRs can influence the
function of these receptors (95). The location (on membranes or
endosomes) where Siglec sensors are expressed can also modulate
innate immune response in the host following TLR engagement
(Table 3). Siglec molecules are normally expressed on immune
cells that contribute to regulation of the innate immune system
(96). PRRs can recognize “self” (DAMP) and “non-self” (PAMP)
danger signals in order to trigger inflammatory reactions. The

engagement of these receptors after engagement by DAMPs can
also reduce inflammation and promote the repair and healing of
wounds (142). Chen et al. originally illustrated the mechanism by
which Siglec-10/Siglec-G enables innate immunity cells to distin-
guish DAMPs and PAMPs in order to set up an immune response
that can defend against pathogens, while at the same time pre-
serving the integrity of tissue at the end of the post-infection
defense process. They showed that the interaction between CD24
and human Siglec-10 (murine Siglec-G) can reduce inflammatory
response induced by DAMPs of the HMGB1 and HSP70 types,
but not in the presence of certain PAMPs (LPS and PolyI:C which
activate TLR4 and TLR3, respectively). The glycoprotein CD24
actually has the ability to form a complex of Siglec-10/Siglec-G
and DAMP, which inhibits TLR/NLR activation by inhibiting ITIM
motifs (Figure 4). However, certain infectious pathogens like Vib-
rio cholerae, Clostridium perfringen, and Arthobacter ureafacien (96,
142), which have a sialidase, can cleave the bond between Siglec
sensors and CD24; in this case, the distinction between the DAMP
and PAMP signals will, as a result, not be effective.

CONCLUSION
As a conclusion, analyzing platelet responses to PRR agonist stim-
ulation in whole blood, platelet-rich plasma and in transfusion
platelets concentrate would help clarify the relative contributions
of platelets on inflammatory process. How can the small platelet,
without a nucleus, be so intelligent?
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Platelets are anucleate blood cells that play a crucial role in the maintenance of hemosta-
sis. While platelet activation and elevated platelet counts (thrombocytosis) are associated
with increased risk of thrombotic complications, low platelet counts (thrombocytopenia)
and several platelet function disorders increase the risk of bleeding. Over the last years,
more and more evidence has emerged that platelets and their activation state can also
modulate innate and adaptive immune responses and low platelet counts have been iden-
tified as a surrogate marker for poor prognosis in septic patients. Viral infections often
coincide with platelet activation. Host inflammatory responses result in the release of
platelet activating mediators and a pro-oxidative and pro-coagulant environment, which
favors platelet activation. However, viruses can also directly interact with platelets and
megakaryocytes and modulate their function. Furthermore, platelets can be activated by
viral antigen–antibody complexes and in response to some viruses B-lymphocytes also gen-
erate anti-platelet antibodies. All these processes contributing to platelet activation result in
increased platelet consumption and removal and often lead to thrombocytopenia, which is
frequently observed during viral infection. However, virus-induced platelet activation does
not only modulate platelet count but also shape immune responses. Platelets and their
released products have been reported to directly and indirectly suppress infection and to
support virus persistence in response to certain viruses, making platelets a double-edged
sword during viral infections. This review aims to summarize the current knowledge on
platelet interaction with different types of viruses, the viral impact on platelet activation,
and platelet-mediated modulations of innate and adaptive immune responses.

Keywords: platelets, viruses, thrombocytopenia, thrombosis, immune response

INTRODUCTION
From an evolutionary perspective, the cellular mediators of hemo-
stasis and immune defense have not always been separated. In
invertebrates, a cell type called hemocyte protects the host from
invading microbes and the same cell also prevents “blood” (i.e.,
hemolymph) loss upon injury by triggering coagulation (1, 2).
In highly developed species, hemostasis and immune response
have been divided and leukocytes resume the immune response
functions, while platelets maintain hemostasis (2).

For decades, these two systems were thought to act indepen-
dently, but this concept has recently been challenged. Emerging
evidence suggests that the boundaries between coagulation and
immune defense are actually not as clear-cut as originally sup-
posed. A new concept of involvement of immune cells in hemo-
stasis, termed immunothrombosis, has been recently proposed,
which assumes a function of innate immune cells in thrombosis
(3). On the other hand, an important role of platelets in immune
response becomes more and more apparent (4–7).

In 1882, Bizzozero discovered platelets as the third morpholog-
ical element in blood and elucidated the function of these cells in
hemostasis and thrombosis (8). For a long time, platelets and their
granule content were thought to mainly mediate the activation of
the coagulation system and the recruitment of further platelets

to stop blood loss upon injury. Unwanted platelet activation was
noted to occur as a response to internal injuries, for example,
denudation and erosion of the endothelial surface or rupture of an
atherosclerotic plaque (9). Consequently, platelets were assumed
to be responsible for the lethal steps of cardiovascular diseases,
where unstable thrombi occlude small vessels, thereby compro-
mising oxygen supply of target organs. Nevertheless, platelets are
involved in far more processes and they respond to and inter-
act with far more triggers than initially thought. Besides their
central role in hemostasis, platelets assist and modulate inflamma-
tory reactions and immune responses by direct interaction with
leukocytes as well as endothelial cells and via release of soluble
inflammatory mediators that enhance recruitment of leukocytes
and trigger their activation (2, 4, 6, 10). Platelets also express sur-
face receptors, such as lectins, integrins, and toll-like receptors
(TLR), allowing them to directly interact with several pathogens.
Moreover, they express Fc receptors by which they can recognize
immunocomplexes.

Thus, platelet activation does not only occur in response to
injury and is not only limited to hemostatic processes but also
modulates host response and virus survival (3–5, 7, 10–12).
Therefore, potential immune-modulatory side effects should be
considered during anti-platelet therapy.
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Assinger The role of platelets in viral infections

To date, the role of platelets in response to invading pathogens
is not fully understood. Platelet–microbe interactions seem to be
beneficial for the host due to up-regulation of immune responses.
However, platelet interaction with invading pathogens is also spec-
ulated to benefit virus or bacteria, as platelets provide shelter
against leukocytes, antiviral agents, and antibiotics. Moreover, the
stickiness of platelets might attenuate microbe–endothelial inter-
actions and facilitate infection by similar mechanisms to those
recently described for platelet interactions with circulating tumor
cells (13).

This review aims to summarize the current knowledge on
platelet interaction with different types of viruses, the viral
impact on platelet activation, and platelet-mediated modulations
of innate and adaptive immune responses.

MECHANISMS OF VIRUS-INDUCED THROMBOCYTOPENIA
Platelets are, after erythrocytes, the second most abundant cell
population in the blood. Normal platelet counts range from
150,000 to 450,000 platelets per microliter. Thrombocytope-
nia, which represents a drop in platelet count caused by either
decreased platelet production or increased platelet destruction, is
associated with an increased bleeding risk. Thrombocytopenia is
frequent following viral infections and viruses use a variety of
distinct strategies to decrease the levels of circulating platelets.
The different mechanisms of how virus infection can interfere
with platelet production and might trigger platelet destruction
are summarized in the first chapter and Figure 1. As virus-
mediated thrombocytopenia is often multifactorial and differs
between virus infections, the mechanisms by which viruses trigger

FIGURE 1 | Mechanisms of virus-induced thrombocytopenia:
thrombocytopenia occurs either via decreased platelet production or
increased platelet destruction. Viruses can trigger a decrease in platelet
production by (I) infection of megakaryocytes, which can lead to
(A) apoptosis of megakaryocytes, (B) decreased maturation and ploidy of
megakaryocytes, or (C) decreased expression of thrombopoietin receptor
c-Mpl. Viruses can also infect hematopoietic stem cells (II), which results
(A) in a decrease of progenitor cells and (B) the induction of growth
deficient megakaryocyte colony forming units, due to disturbed cytokine
production by the infected cells in the bone marrow. Viruses can further
indirectly influence platelet production (III) via induction of IFNα/β, which
suppresses proplatelet formation or (IV) by targeting and modulating liver
functions, which are important for the production of megakaryocyte

growth and development factor thrombopoietin. Another mechanism for
how viruses cause thrombocytopenia is by favoring platelet destruction,
which frequently occurs during viremia. Viruses can either (V) directly
interact with platelets or (VI) platelets recognize immunocomplexes of
IgGs and viral antigens. Antiviral antigens often show cross-reactivity with
platelet surface integrins (VII), which provides another mechanism of
virus-induced destruction of platelets. The virus-induced pro-inflammatory
environment itself often leads to further platelet activation in viremic
patients (VIII). Additionally, changes in the portal vein pressure (IX) and an
enlarged spleen (X) can serve as trigger for platelet activation. Once
activated, platelets are recognized by circulating leukocytes or by cells in
spleen and liver and rapidly cleared from the circulation. IFN, interferon,
TPO, thrombopoietin; FcγRII, Fc receptor γ R II.
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thrombocytopenia are separately discussed for the most promi-
nent viruses and an overview on the receptors involved in direct
platelet–virus interactions is depicted in Figure 2.

DECREASED PLATELET PRODUCTION
Platelets are produced in the bone marrow by megakaryocytes,
which develop from hematopoietic stem cells. Megakaryocytes
first undergo linage commitment, followed by endomitosis result-
ing in polyploidy (14). Polyploidy is a state where one cell com-
prises multiple sets of chromosomes and this represents an impor-
tant step in megakaryopoiesis. After endoplasmatic maturation,
megakaryocytes form proplatelets, which bud off thousands of
platelets and microparticles into the blood stream (15). Megakary-
opoiesis is triggered by a variety of cytokines (e.g., GM-CSF, IL-3,
IL-6, IL-11, FGF4, and SDF-1), with thrombopoietin (TPO) being
the most important. Nevertheless, TPO does not only trigger
megakaryocyte development but also fulfils an important role in
maintaining stem cells (16).

Viruses can modulate platelet production at various steps of
development. They are able to influence the cytokine profile of the
host, resulting in altered TPO production in the liver. Examples
of this include: simian immunodeficiency virus (SIV), which trig-
gers TPO production via up-regulation of tumor growth factor
(TGF) β (17); human herpes virus 6, which can interfere with
TPO-inducible megakaryocytic colony formation (18); human

FIGURE 2 | Platelet receptors for viruses: platelets and viruses can
directly interact via a plethora of surface receptors. CMV binds to
platelets via TLR2, EMCV interacts via TLR7, rotavirus utilizes GPIa/IIa to
bind to platelets and hantavirus and adenovirus interact with platelets via
GPIIb/IIIa. EBV–platelet interaction occurs via CR2. HIV and DV bind to
lectin receptors such as CLEC-2 and DC-SIGN. HIV further interacts with
CXCR4 and CCL3 and CCL5. Platelets express the Coxsackie virus-specific
receptor, CAR, and HCV interacts with platelets via GPVI. CAR,
Coxsackie-adenovirus receptor; CLEC-2, C-type lectin domain family 2; CCL,
chemokine (C–C motif) ligand; CMV, cytomegalovirus; CR, complement
receptor; CXCR4, C–X–C chemokine receptor type 4; EBV, Epstein–Barr
virus; EMCV, encephalomyocarditis virus; DC-SIGN, dendritic cell-specific
intercellular adhesion molecule-3-grapping non-integrin; DV, Dengue virus;
FcγRII, Fc receptor γ II; GP, glycoprotein; HCV, hepatitis virus C; HIV, human
immunodeficient virus; IgG, immunoglobulin G; TLR, toll-like receptor;

herpes virus 7, which impairs the survival and differentiation of
megakaryocytes (19).

Some viruses also directly interfere with TPO production by
destruction of liver tissue as shown for hepatitis C virus (HCV)
(20). The resulting drop in TPO production results in delayed
megakaryocyte development and a decrease in platelet production.
Other viruses infect bone marrow stromal cells and hematopoietic
stem cells, resulting in altered cytokine production and decreased
number of progenitor cells, thereby disturbing hematopoiesis (21).

Human immunodeficiency virus (HIV), cytomegalovirus
(CMV), and HCV are known to replicate in megakaryocytes (22–
24) and many more viruses can interact with megakaryocytes
modulating their proliferation and function (23, 25–29). Viral
infection of megakaryocytes can increase apoptosis and decreases
the maturation and ploidy of megakaryocytes. Moreover, virus-
infected megakaryocytes have been shown to express less surface
c-Mpl, which is the receptor for TPO (30). An overview on the
different mechanisms on how viruses can interfere with platelet
production is depicted in Figure 1.

ENHANCED PLATELET DESTRUCTION
While thrombocytopenia induced by decreased platelet produc-
tion is observed at later stages of infection, rapidly induced
thrombocytopenia in response to viral infections is mediated via
enhanced platelet destruction.

The most rapid way of platelet destruction occurs via direct
interaction between platelets and viruses. Platelet–virus interac-
tion can occur via a variety of receptors and are mainly mediated
by integrins, surface lectins, and TLR (25, 31, 32) (see Figure 2).
Platelets can bind CMV via TLR2, which triggers platelet activa-
tion and degranulation and results in enhanced platelet interac-
tion with neutrophils (32). Encephalomyocarditis virus (EMCV)
was recently shown to interact with platelet TLR7, which also
leads to platelet degranulation and direct platelet–neutrophil
interactions (33). Platelet fragments subsequently get phagocy-
tized by neutrophils, thereby contributing to the drop in platelet
count (33).

Rotavirus utilizes the collagen receptor GPIa/IIa to bind to
platelets (25, 34), while hantavirus and adenoviruses interact
with platelets via the fibrinogen receptor GPIIb/IIIa (35). How-
ever, GPIIb/IIIa does not seem to be the unique receptor for
platelet–adenovirus interaction, as inhibition of GPIIb/IIIa does
not alter platelet internalization of adenoviruses (36). In addi-
tion, hantavirus-infected endothelial cells can bind to quiescent
platelets via GPIIb/IIIa (37), which results in platelet activation
and clearance but might also influence vascular permeability (38).

GPIIb/IIIa is the most abundant platelet integrin and displays
bi-directional signaling functions. Inside-out signaling, which is
positively regulated by various platelet agonists, is mediated by
intracellular protein–protein interactions and biochemical reac-
tions that regulate GPIIb/IIIa affinity (39). These intracellular
processes triggering GPIIb/IIIa activation are complex and include
recruitment of talin, which separates the GPIIb and the GPIIIa
subunits, and kindlins, which are involved in GPIIb/IIIa activa-
tion (40) independent of talin recruitment (41). Further, G protein
subunit Gα13 directly binds to the cytoplasmic domain of GPIIIa
and promotes ligand binding to GPIIb/IIIa (42).
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Assinger The role of platelets in viral infections

Outside-in signaling via receptor binding promotes actin poly-
merization and platelet spreading (39) and can thereby enhance
virus attachment to endothelial cells but also promote platelet
clearance.

Epstein–Barr virus (EBV) interaction with platelets occurs via
complement receptor 2 (CR2) (43). HIV and dengue virus acti-
vate platelets by binding to lectin receptors such as C-type lectin
domain family 2 (CLEC-2) and cell-specific intercellular adhe-
sion molecule-3-grapping non-integrin (DC-SIGN) (44). Platelets
and/or megakaryocytes can further interact with HIV envelope
proteins via C–X–C chemokine receptor type 4 (CXCR4) or
via chemokine (C–C motif) ligand (CCL) 3 (MIP-1α) and 5
(RANTES) (25). However, HIV-1 changes its co-receptor usage
from CCR5 to CXCR4 only after many years of infection and
this receptor change represents a switch to non-CD4-dependent
platelet activation at late stages of disease.

In addition, platelets express the Coxsackie virus-specific
Coxsackie-adenovirus receptor (CAR) (45) and HCV interacts
with platelets via collagen receptor GPVI (46).

These direct interactions often result in platelet activation
and adhesion of activated platelets to leukocytes. Platelet bind-
ing to neutrophils triggers phagocytosis of platelets (33, 47) and
platelet activation itself promotes platelet clearance in spleen and
liver (48).

However, platelets are not only activated by direct interactions
with viruses. Host defense mechanisms in response to viral infec-
tions can also lead to platelet activation. For example, many viral
infections lead to systemic inflammation, which in turn triggers
platelet activation and decreases platelet life span (49). Among
others, influenza virus, rhinovirus, and CMV infection result in
up-regulation of cytokines, such as interleukin 6 (IL-6), in target
cells (50).

Platelets can be activated by these cytokines, leading to platelet–
leukocyte interactions, which foster leukocyte and endothelial acti-
vation, further amplifying platelet activation and enhancing their
clearance by splenic macrophages or Kupffer cells in the liver (45).
Monocytes that encounter dengue virus, for example, start gener-
ating platelet activating factor (PAF) (51), which is a lipid mediator
that triggers platelet activation. This leads to enhanced apoptosis
of platelets and accelerates platelet clearance in secondary dengue
infection (52).

Several virus infections activate the coagulation cascade via
induction of tissue factor (TF) expression in target cells. Gen-
eration of thrombin by the activated coagulation cascade causes
platelet activation and subsequent clearance via protease activating
receptor (PAR) signaling (53). PARs on platelets, endothelial cells,
and leukocytes are important modulators during viral infections,
which modulate innate immune responses and exert positive and
negative effects on TLR-dependent responses (53).

Platelets also recognize viral particles coated with immunoglob-
ulins via their FcγRII receptor, which results in Fc receptor-
mediated platelet activation, aggregation, and platelet clearance
(54, 55). FcγRII-mediated platelet activation depends on IgG and
GPIIb/IIIa engagement and involves ADP and thromboxane A2

(TxA2) feedback mechanisms to cause platelet aggregation, which
is further enhanced by CXCL4 (56).

Furthermore, B-lymphocyte production of antibodies against
some viruses has been shown to interfere with platelet survival.
These antibodies, which usually target surface glycoproteins of
viruses, show a cross-reactivity with platelet surface intergrins such
as GPIIb/IIIa or GPIb-IX-V (38). This so called idiopathic throm-
bocytopenic purpura (ITP) or platelet autoantibody-induced
thrombocytopenia has been described for HCV, HIV, CMV, EBV,
hantavirus, varicella zoster virus, herpes viruses, and severe acute
respiratory syndrome coronavirus (38).

Additionally, platelet destruction in response to viral infections
can occur due to disturbed portal vein pressure and enhanced
sequestration of platelets by the enlarged spleen as is the case in
HCV infection (57).

MULTIFACTORIAL MECHANISMS LEADING TO
THROMBOCYTOPENIA
Thrombocytopenia in response to viral infections is often multi-
factorial. In viral hepatitis, thrombocytopenia is caused by platelet-
specific glycoprotein antibodies (58) as well as by immune com-
plexes bound to the platelet surface (59). In the case of HCV,
thrombocytopenia can be reversed using a selective thrombin
receptor agonist (60), indicating that coagulation, inflammation,
and platelet activation play a role in HCV-induced decrease of
platelet count. HCV also indirectly affects megakaryopoiesis (25,
59). HCV-induced liver dysfunction results in a decrease in TPO
production, which in turn results in impaired platelet produc-
tion in the bone marrow (20). The recovery of TPO levels and
increase in platelet count following successful liver transplanta-
tions in HCV-infected individuals (20) emphasizes the importance
of this mechanism in HCV-induced thrombocytopenia. More-
over, portal hypertension leads to platelet activation and shortens
platelet survival due to increased splenic platelet sequestration
(57). However, treatment aiming at reversing portal hypertension
did not always correct thrombocytopenia (20).

Human immunodeficiency virus-induced thrombocytopenia
is caused by multiple mechanisms. The effects of HIV on
megakaryocyte development were recently reviewed in Ref. (30).
In brief, HIV results in impaired survival of bone marrow
megakaryocytes and their precursors. HIV also decreases the
number and activity of human progenitor cells and decreases
megakaryocyte maturation and ploidy. HIV surface glycopro-
tein gp120 leads to increased megakaryocyte apoptosis in vitro
due to increased TGFβ and down-regulation of the proliferation-
inducing ligand tumor necrosis factor ligand superfamily mem-
ber 13 (TNFSF13). Further, gp120 interacts with CD4, which is
expressed by immature megakaryocytes, which also express CCR5,
and leads to their infection (61). Furthermore, HIV infection
of megakaryocytes can lead to reduced TPO receptor (c-Mpl)
expression.

In dengue virus infection, platelet production is impaired by
suppression of megakaryopoiesis via infection of hematopoi-
etic progenitor cells or indirectly via altered cytokine levels in
the bone marrow due to impaired stromal cell function (51).
Platelets from patients with dengue infection present signs of
activation, mitochondrial dysfunction, and enhanced apopto-
sis, which may contribute to the genesis of thrombocytopenia
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(62, 63). Further, enhanced destruction of platelets occurs due
to cross-reaction of platelets with anti-dengue virus antibod-
ies. Dengue virus-induced anti-non-structural protein-1 (NS-1)
induces complement-mediated lysis of platelets and thereby fur-
ther accelerates thrombocytopenia (64). NS-1 can also activate
endothelial cells and leads to increased vascular permeability and
further platelet activation (65). Dengue virus-infected patients
show increased levels of E-selectin on their endothelial cell sur-
face, which promotes adhesion and clearance of platelets (65, 66)
as well as enhanced activation of the coagulation cascade (67).

Arenaviruses infection by either lymphocytic choriomeningi-
tis virus (LCMV) or Junin virus results in thrombocytopenia and
decreased agonist-induced platelet responses in mice (68, 69). As
a consequence, platelet depletion in LMCV-infected mice results
in lethal hemorrhagic anemia (68). This effect is caused by dimin-
ished platelet responses, rather than solely a drop in platelet count.
The underlying mechanism of altered platelet production and
reduced platelet reactivity was found to rely on virus-induced pro-
duction of interferon (IFN) α/β (68, 69). Junin virus mainly infects
CD34+ cells not megakaryocytes but impairs proplatelet forma-
tion and platelet release via IFNα/β receptor signaling (69). IFNα/β
receptor signaling represents an important paracrine repressor
of megakaryopoiesis, which directly inhibits TPO-induced sig-
naling through induction of suppressor of cytokine signaling
1 (SOCS-1) (70), induction of 2′5′-oligoadenylate synthetase
(OAS) (68), and decease of nuclear factor erythroid 2 (NF-E2)
expression (69).

Hantavirus can directly interact with and activate platelets via
GPIIb/IIIa (35) and infection of megakaryocytes with hantavirus
induces the up-regulation of human leukocyte antigen (HLA) class
1 molecules on the megakaryocyte surface, which leads to cytotoxic
T-lymphocyte-mediated destruction of megakaryocytes (27).

Viruses also possess enzymes, which can modulate platelet
functions. For example, Influenza virus exhibits neuraminidase
(sialidase), which hydrolyses the terminal sialic acid residues from
host cell receptors and thereby decreases the life span of platelets by
targeting platelets for rapid clearance in the liver and spleen (71).
As another example, mycoviral neuraminidase has been shown to
reduce platelet life span by cleaving sialic acid in the platelet mem-
brane (72). Besides the effect on platelet live span, neuroaminidase
further alters megakaryocyte ploidy as well as morphology and size
of platelets (73). Newcastle virus can directly disrupt platelet cell
membrane, resulting in platelet lysis (74). Human parvovirus 19
cannot reproduce in megakaryocytes, but triggers a drop in platelet
count via platelet activation (75).

Despite its effects on TPO generation, direct interaction of the
non-human SIV with platelets results in platelet–monocyte aggre-
gate formation, which promotes monocyte differentiation into a
more inflammatory phenotype. Furthermore, platelet activation
triggers clearance of platelets (76, 77) as platelets become recog-
nized by macrophages in the spleen, leading to a rapid drop in
platelet count.

It is currently unclear if, and to what extent, viruses or the host
could benefit from thrombocytopenia. It has been suggested that
down-regulation of hematopoiesis, for example, in dengue virus
infection might have a protective role for the microenvironment
to limit injury during elimination of infected cells (78).

ANTIVIRAL EFFECTS OF PLATELETS
Direct interaction between platelets and viruses has been observed
in various viral infections and could be proven by in vitro studies.
The interactions leading to platelet activation do not only result
in enhanced platelet clearance, the elimination of virus-laden
platelets also contributes to the clearance of virus particles (25).

An overview on the different mechanisms by which platelets
can interfere with virus infection is given in Figure 3. Platelet
activation in response to direct and indirect interaction with
viruses results in platelet activation and degranulation. Platelet
α-granules provide platelet-mediated host defense mechanisms,
as they contain kinocidins and microbicidal proteins important
for antiviral host defense. Kinocidins have immune-modulatory
functions including chemotaxis and activation of various immune
cells (79). They can differentiate between host and pathogen cell
membranes and distinct microbial spectra under different pH con-
ditions. Thrombin, which is produced upon inflammation and
injury, can proteolytically cleave kinocidins and platelet antimi-
crobial peptides resulting in cleavage products with a stronger and
broader range of antimicrobial activity (49, 80). Pathogens can
also cleave kinocidins on distinct sites, which potentially results in
their inactivation.

The most abundant platelet kinocidin is platelet factor 4 (PF-
4/CXCL4). CXCL4 is released into the blood stream upon tissue
injury, inflammation, oxidative stress, or pathogen stimulation
such as platelet–virus interactions. CXCL4 has been identified as
a broad-spectrum HIV-1 inhibitor and suppresses HIV-1 infec-
tion of T-lymphocytes via steric inhibition by binding of CXCL4
proximal to the CD4 binding site on gb120 (81, 82).

Other important chemokine released during viral infections in
host defense are CCL5 and CCL3 (83). CCL5 and CCL3 have
been identified as major HIV-suppressive factors produced by
cytotoxic T-lymphocytes (84) and also platelet-derived CCL5 and
CCL3 could play a role in this process. It is currently unclear
whether the effect of CCL5 on inhibiting HIV infection is due
to perturbation of the viral envelope and/or due to competitive
binding to its receptors (primarily CCR5) (79). HIV gp41 is able
to decrease CCL5 release from platelets, thereby directly coun-
teracting the antiviral responses of platelets (85). While CXCL4
is mainly platelet-derived, CCL5 can be released by various cells
types and indeed, a variety of viruses has been shown to induce
CCL5 release [reviewed in Ref. (86)].

CCL5 is further involved in viral lung diseases (87). It represents
an important chemokine during the development and resolution
of a pulmonary leukocyte response to influenza A virus infection
in mice (88). CCL5 interaction with its receptor CCR5 provides
an anti-apoptotic signal for macrophages during influenza virus
infection (89) and is important for cell survival during viral infec-
tions. CCL5 has multifaceted roles in HCV infection, as it mod-
ulates inflammatory reactions and tissue injury and also induces
the up-regulation of T-lymphocyte helper cells type 1 (Th1) (90).

Upon activation, platelets release β-defensins, which have been
shown to neutralize a variety of viruses (91). Platelet antimicrobial
peptides PD3 (KNGRKLCLDLQAALY) and PD4 (AALYKKKI-
IKKLLES), which are platelet α-granule-derived molecules, have
also been demonstrated to potently reduce viral titers of vaccinia
virus (92). Other platelet-derived antimicrobial peptides, for
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Assinger The role of platelets in viral infections

FIGURE 3 | Effects of activated platelets on virus infection: upon
activation, platelets release their α-granules, containing high amounts of
CXCL4, which up-regulates coagulation and leukocyte recruitment.
Moreover, CXCL4 decreases HIV infection but also enhances liver fibrosis.
CCL5, another α-granule-derived chemokine, also decreases HIV infection and
enhances Th1 lymphocyte responses in HCV infection and serves as a survival
signal for macrophages in influenza infection. Platelets release PMPs and
β-defensins from their α-granules, which mediate virus neutralization. They
protect splenocytes from necrosis in LCMV infection. Platelet dense granules
contain 5-HT, which enables liver regeneration but also HBV and HCV
infection. Platelet activation leads to the expression and release of CD154 and
CD62P, which allow direct interaction between platelets and leukocytes.
Platelet interaction with B-lymphocytes enhances germinal center formation

and antiviral IgG production. Platelets trigger T-lymphocyte differentiation and
cytotoxicity as well as survival and differentiation of monocytes. In
neutrophils, platelet adhesion stimulates ROS production and boosts
phagocytosis. Platelet interaction with dendritic cells promotes their
maturation and facilitates antigen presentation. Finally, platelet activation
results in interaction and activation of further platelets, which triggers platelet
aggregation and amplifies the above described processes. CCL5, chemokine
(C–C motif) ligand 5; CXCL4, C–X–C chemokine ligand 4, GP, glycoprotein;
HBV, hepatitis B virus; HCV, hepatitis C virus; HIV, human immunodeficient
virus; IgG, immunglobulin G; LCMV, lymphocytic choriomeningitis; PMPs,
Platelet antimicrobial peptides; PSGL-1, P-selectin (CD62P) glycoprotein
ligand-1; sCD154, soluble CD154/CD40 ligand; Th1, T-helper lymphocyte type
1; 5-HT, serotonin.

example, thymosin beta 4, CXCL7, or cleavage products of antimi-
crobial peptides (fibrinopeptide A and B, thrombocidins), do not
directly act against viral infections but could prevent the host from
bacterial super-infections (49).

The highest amounts of serotonin in blood are stored in
platelet dense granules, which are also released upon platelet acti-
vation. Serotonin was found to be an important mediator of
liver regeneration (93, 94) and also mediates early T-lymphocyte
stimulation (95).

Platelet degranulation further results in surface expression of
P-selectin, which is part of the inner α-granule membrane, which

fuses with the outer platelet membrane upon granule exocytosis.
P-selectin interacts with its counter-receptor P-selectin glycopro-
tein ligand-1 (PSGL-1), which is constitutively expressed on the
surface of leukocytes (96). Platelet interactions with leukocytes
mediate immune responses during viral infections (79). Direct
interaction with platelets leads to activation of leukocytes, result-
ing in enhanced phagocytosis and reactive oxygen production of
neutrophils, as well as neutrophil extracellular trap formation. The
platelet–monocyte interaction results in an increased activation
and differentiation and boosts monocyte surface expression of TF
and formation of microparticles (96).
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Assinger The role of platelets in viral infections

FIGURE 4 | Adverse effects of platelets in viral infections: platelets
can shelter viruses like HIV, HVC, HBV, and influenza and facilitate
their transportation throughout the circulation, thereby enabling de
novo infections at distal sites. Platelet–virus interaction often results in
platelet activation and subsequent release of α-granules and dense
granules. CXCL4 from α-granules has been demonstrated to enhance
HIV infection of macrophages and enhance liver fibrosis in hepatitis.
CCL5 enhances T-lymphocyte recruitment and thereby promotes HIV
infection of T-lymphocytes. Dense granule-derived 5-HT was shown to

boost HBV and HCV infection by decreasing the entry of cytotoxic
T-lymphocytes. Direct interaction of platelets with leukocytes facilitates
infection of leukocytes and enhances both leukocyte activation and
inflammation. Activation of platelets leads to activation and recruitment
of further platelets and enhances pro-coagulatory processes.CCL5,
chemokine (C–C motif) ligand 5; CXCL4, C–X–C chemokine ligand 4, GP,
glycoprotein; HBV, hepatitis B virus; HCV, hepatitis C virus; HIV, human
immunodeficient virus; sCD154, soluble CD154/CD40 ligand; 5-HT,
serotonin.

In response to CMV and EMCV, platelet–virus interaction
results in stimulation of TLRs, which trigger platelet degranula-
tion and rapid direct interaction of platelets and neutrophils (32,
33). Of note, platelets were shown to decrease EMCV counts in a
TLR7-dependent fashion and contribute to host survival while
no pro-thrombotic consequences of platelet TLR7 and EMCV
interaction could be observed (33).

Platelets recruit dendritic cells to sites of injury or infection (97)
and products released from platelets promote maturation of den-
dritic cells and enhance their antigen presenting capacity (98, 99).

Platelet–leukocyte interaction and modulation of leuko-
cyte functions can be further accelerated by CD40 ligand
(CD40L/CD154) binding to CD40. Platelets express and secrete
(soluble) CD154, thereby triggering host responses and boosting
inflammation.

Platelets directly interact with T-lymphocytes and B-
lymphocytes and modulate their function via direct cell–cell
interaction as well as soluble mediators (100). Platelet-released
CXCL4 and CCL5 enhance pro- and anti-inflammatory cytokine
production of T-lymphocytes (101). CXCL4 represents an impor-
tant mediator in T-cell differentiation, which leads to an
increase in regulatory T-lymphocytes (102) and limits Th17
differentiation (103).

Platelets additionally enhance T-lymphocyte-mediated ger-
minal center formation (104) and they can independently up-
regulate adenovirus specific IgGs via CD154 (105).

Binding of IgG-coated viruses causes platelet expression of
CD154 and CCL5, which in turn primes protective T-cell-
mediated immunity (79). Platelets in mice infected with lym-
phocytic choriomeningitis virus were found to be responsible for
efficient cytotoxic T-cell responses, which depended on platelet
GPIIIa (CD61) and CD154 (68). T-lymphocyte interaction with
platelets also results in the activation of platelets, which amplifies
the release of CCL5 (106).

In hepatitis virus B (HBV) infected mice, platelets were shown
to be responsible for the intra-hepatic accumulation of virus-
specific cytotoxic T-lymphocytes (107) and to mediate cytotoxic
T-cell influx into liver tissue via P-selectin, which enhances viral
clearance but also tissue damage (108). It was further shown
an LCMV infection model that a drop in platelet count leads
to necrotic destruction of splenocytes (109). This affects innate
and adaptive immunity and leads to uncontrolled LCMV repli-
cation (109), indicating that platelets are necessary to maintain
splenocyte survival.

ADVERSE EFFECTS OF PLATELET ACTIVATION IN VIRAL
INFECTIONS
To date, it remains unclear if platelet–virus interactions are benefi-
cial for the host or for the virus. Potential adverse effects of platelets
in viral infections are summarized in Figure 4. HIV, for example,
is internalized by platelets, which results in sheltering of virus par-
ticles from the host immune systems and allows dissemination
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Assinger The role of platelets in viral infections

throughout the entire body [reviewed in Ref. (25)]. Moreover, in
response to HIV interaction, platelets become activated and release
CCL5, which results in the recruitment of highly susceptible target
cells like T-lymphocytes and monocytes. It was demonstrated for
influenza virus that platelets serve as a carrier for the virus in the
circulation (72). Also HCV has been shown to take advantage of
platelets as a safe transport system to reach the liver, where platelet
activation further enhances the interaction of platelets and liver
cells. This interaction prolongs the time for potential infection of
liver tissue by the virus (46).

Virus-mediated activation of platelets and subsequent platelet-
derived cytokine release not only protects the host but may also
have unwanted implications for the host. While several reports
indicate that CXCL4 is a broad-spectrum suppressor of HIV infec-
tion, one report indicates that platelet CXCL4 can also facilitate
human macrophage infection with HIV-1 and potentiates virus
replication (110). Furthermore,CXCL4 has been shown to mediate
liver fibrosis in experimental mouse models (111), indicating that
this chemokine could play a role in platelet-mediated acceleration
of hepatitis-induced liver fibrosis.

Platelet-derived serotonin results in a delayed entry of acti-
vated cytotoxic T-lymphocytes into the liver, which slows down
virus control and supports virus persistence in the liver (112).
This results in aggravation of virus-induced immunopathology.

Megakaryocyte infection and subsequent modulation of
platelet function by CMV have been speculated to be a reason
for graft failure in allergenic bone marrow transplantation (25).

BLEEDING AND THROMBOTIC COMPLICATIONS IN
RESPONSE TO VIRAL INFECTION
Primary and secondary hemostasis work tightly together. Imbal-
ances of either system result in impaired function of the other.
Activation of the coagulation cascade has been observed in various
virus infections, including HIV, dengue, and Ebola virus infection,
and might provide a host defense mechanism to limit pathogen
dissemination (53). Changes in the activation of the coagulation
cascade and modulation of platelet count and function, which are
also observed during viral infections, lead to an increased risk
of disseminated vascular coagulation (DIC), deep vein throm-
bosis (DVT) thrombosis, and hemorrhage in infected patients
(38). Thrombocytopenia is a common result of viral infections
and associated with an increased bleeding risk. Approximately
10% of HIV positive patients and up to 60% of patients with
acquired immunodeficiency syndrome (AIDS) suffer from throm-
bocytopenia, which can lead to severe bleedings in these patients
(30). In many viral infections, platelet function and aggregation in
response to different agonists are diminished (25), causing bleed-
ing complications in viral hemorrhagic fevers (VHF) (51). VHF
outbreaks lead to the deaths of thousands of people every year
and are caused by different enveloped RNA viruses, which include
Arenaviridae (e.g., Lassa virus), Bunyaviridea (e.g., hantavirus),
Filioviridae (e.g., Marburg and Ebola virus), and Flaviviridae (e.g.,
dengue virus).

Of note, it was recently shown that a reduction in platelet
count of more than 85% is necessary for hemorrhages to occur,
indicating that a very low percentage of platelets are sufficient
to maintain vascular integrity (109). In an LCMV model, it was

demonstrated that even severe thrombocytopenic mice develop
only local hemorrhages at sites of inflammation and that LCMV-
dependent bleedings are a result of IFNα/β signaling-induced
platelet dysfunction (68). Mice lacking functional IFNα/β recep-
tor show less severe anemia and hemorrhages due to restored
platelet aggregation capacity during LCMV infection (68). This
indicates that platelet dysfunction has more tremendous effects
than thrombocytopenia in these pathologies. Of note, many
VHF viruses inhibit platelet function. Junin virus, causative
of Argentinean hemorrhagic fever, induces IFNα/β signaling-
dependent decrease in platelet production and function (69).
Ebola virus also induces an increase in IFNα, which corre-
lated with increased fatality (113). Ebola infection further trig-
gers TF expression, which is associated with Ebola hemorrhagic
fever (114). Hantavirus and Lassavirus also abrogate platelet
responses via plasma-mediated platelet inhibition and/or direct
interaction (37, 115).

Although thrombocytopenia is frequently observed in patients
with dengue infections, bleedings are rare. However, if bleedings
do occur they are associated with high mortality risk. Of note,
in dengue virus-infected patients, platelet count does not pre-
dict bleeding risk. However, systemic platelet activation might
contribute to the pro-coagulatory state in these patients, which fre-
quently develop DIC (67). Moreover, elevated platelet activation
is associated with plasma leakage (116). H1N1 influenza infection
enhances activation of circulating platelets (117) and results in
increased events of thrombosis (118).

In line with the observation that platelet dysfunction increases
the risk of hemorrhages and therefore mortality, it has been
demonstrated that pharmacological inhibition of either platelets
or the coagulation cascade increases the mortality of H1N1-
infected mice (53). Thus, aspirin treatment, which inhibits platelet
activation via inhibition of cyclooxygenase and subsequent TxA2

production, has been hypothesized to have worsened the incidence
and severity of the influenza pandemics in the 1910s (119).

Taken together, viruses can either enhance platelet activation
resulting in pro-thrombotic events or diminish platelet responses
thereby leading to bleeding complications. Platelet count alone
does not seem to be sufficient to predict adverse platelet effects
and parameters like platelet activation and reactivity might be
more accurate to predict thrombotic or bleeding risks in patients.

PLATELET–VIRUS INTERPLAY IN CARDIOVASCULAR DISEASE
Platelets are responsible for the lethal consequences of cardiovas-
cular disease but emerging evidence suggests that they also play
a role in the initiation and progression of atherosclerosis. Sev-
eral viruses have been associated with cardiovascular disease and
herpes simplex virus (HSV), HIV, CMV, HCV, EBV as well as
influenza DNA, and/or protein has been found in atherosclerotic
plaques (120, 121). Large cohort studies indicate that seroposi-
tivity for CMV or HCV represent an independent risk marker
for cardiovascular diseases (122, 123), while other studies could
not confirm this observation (121). CMV and HCV are further
associated with increased graft rejection rates, restenosis following
coronary angioplasty and transplant vascular sclerosis, indicat-
ing that latent virus re-activates during immunosuppression and
contributes to adverse effects (121).
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In animal studies, CMV increased T-lymphocyte influx into
plaques (124) and neutrophil extravasation, which is further
supported in the presence of platelets (32). Influenza virus infec-
tion correlates with acute coronary syndromes and myocardial
infarction (125), while influenza seropositivity and cardiovascu-
lar disease show no clear correlation (121). Animal experiments
revealed that influenza triggers inflammatory and thrombotic
responses in atherosclerotic plaques (126) and reverses the pro-
tective role of high-density lipoproteins (127). Both mechanisms
are likely to modulate platelet function and reactivity.

There is some discrepancy regarding the strength of data
regarding HSV infection and cardiovascular disease and despite
its pro-inflammatory responses, a negative association between
EBV infection and cardiovascular disease has been observed.

Moreover, the association between HIV infection and cardio-
vascular disease remains controversial and anti-retroviral therapy
itself alters platelet function (128) and represents an independent
risk factor for atherosclerosis (121). Further studies are war-
ranted to evaluate the contribution of platelet–virus interactions
in cardiovascular disease.

CONCLUSION
Platelets and their released products have been reported to directly
and indirectly suppress infection but also to support virus persis-
tence in response to certain viruses, making platelets a double-
edged sword during viral infections. Platelets are involved in a
variety of complications in response to viral infection but also
fulfill a pivotal role in retaining adequate host responses. Throm-
bocytopenia is a common complication in several viral infections
and viruses exert various strategies to mediate platelet decay. The
question, if thrombocytopenia is a viral strategy to evade immune
responses or if it also has host protecting functions, seems to
depend on the virus variant and the underlying pathology. Further
studies are warranted to fully understand the role of platelets in
viral infections and to gain a clear understanding of the effects of
anti-platelet therapies in viral infections. These studies will help us
to predict the benefit or drawback of platelets and their inhibition
during viral infections.
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Platelets can be considered sentinels of vascular system due to their high number in
the circulation and to the range of functional immunoreceptors they express. Platelets
express a wide range of potential bacterial receptors, including complement receptors,
FcγRII, Toll-like receptors but also integrins conventionally described in the hemostatic
response, such as GPIIb–IIIa or GPIb. Bacteria bind these receptors either directly, or indi-
rectly via fibrinogen, fibronectin, the first complement C1q, the von Willebrand Factor,
etc. The fate of platelet-bound bacteria is questioned. Several studies reported the ability
of activated platelets to internalize bacteria such as Staphylococcus aureus or Porphy-
romonas gingivalis, though there is no clue on what happens thereafter. Are they sheltered
from the immune system in the cytoplasm of platelets or are they lysed? Indeed, while
the presence of phagolysosome has not been demonstrated in platelets, they contain
antimicrobial peptides that were shown to be efficient on S. aureus. Besides, the fact that
bacteria can bind to platelets via receptors involved in hemostasis suggests that they may
induce aggregation; this has indeed been described for Streptococcus sanguinis, S. epider-
midis, or C. pneumoniae. On the other hand, platelets are able to display an inflammatory
response to an infectious triggering. We, and others, have shown that platelet release
soluble immunomodulatory factors upon stimulation by bacterial components. Moreover,
interactions between bacteria and platelets are not limited to only these two partners.
Indeed, platelets are also essential for the formation of neutrophil extracellular traps by
neutrophils, resulting in bacterial clearance by trapping bacteria and concentrating antibac-
terial factors but in enhancing thrombosis. In conclusion, the platelet–bacteria interplay is a
complex game; its fine analysis is complicated by the fact that the inflammatory component
adds to the aggregation response.

Keywords: platelet, inflammation, adhesion, infection, cytokine, chemokine, sepsis

INTRODUCTION
The molecular make-up of platelets, which are specialized in repair
and in innate immunity (1–4), makes these “cells” unique blood
elements. The recognition of platelets as cells is still controversial,
primarily due to their lack of a nucleus. However, the multitude
of functions that have recently been attributed to them and that
are presented in this manuscript support our decision to con-
sider them as such throughout these studies. The platelet response,

Abbreviations: Bcl, B-cell lymphoma; C1q, first complement component;
CD40L, CD40Ligand; Clf, clumping factor; CTAP3, connective tissue activat-
ing protein-3; DIC, disseminated intravascular coagulation; E. coli, Escherichia
coli; Fas, apoptosis stimulating fragment; Fnbp, fibronectin-binding protein;
gC1q-R, gC1q receptor; Gsp, glycosylated streptococcal protein; hBD-1, human
beta-defensin-1; IE, infectious endocarditis; Ig, immunoglobulin; IL, inter-
leukin; Isd, iron-regulated surface determinant; ITAM, immunoreceptor tyrosine-
based activation motif; LPS, lipopolysaccharide; Mac-1, macrophage-1 antigen;
mRNA, messenger RNA; MSCRAMM, microbial surface components recogniz-
ing adhesive matrix molecules; NET, neutrophil extracellular trap; NO, nitric
oxide; NOS, nitric oxide synthase; OCS, open canalicular system; P. gingivalis,

which was once believed to only be involved in hemostasis, is
in fact extremely complex and probably adapts when required.
In this review, we will address the inflammatory potential of
platelets when confronted with pathogenic invasion, and more
specifically when it involves bacteria or viruses. We will focus
on their ability to directly trigger an immune response, rang-
ing from recognition of the pathogen to the orchestration of its
elimination.

Porphyromonas gingivalis; PAF, platelet-activating factor; PAFR, platelet-activating
factor receptor; PAR, protease-activated receptor; PF4, platelet factor-4; PMP,
platelet microparticles; PmP, platelet microbicidal proteins; PS, phosphatidylserines;
RANTES, regulated on activation, normal T cell expressed and secreted; ROS, reac-
tive oxygen species; S. aureus, Staphylococcus aureus; S. epidermidis, Staphylococcus
epidermidis; S. gordonii, Streptococcus gordonii; S. pyogenes, Streptococcus pyogenes;
S. sanguinis, Streptococcus sanguinis; sCD40L, soluble CD40L; Sdr, serine–aspartate
dipeptide repeat; SEB, staphylococcal enterotoxin B; SrpA, serine-rich protein A;
SSL, staphylococcal superantigen-like; TLR, Toll-like receptor; TNF, tumor necro-
sis factor; Tx, thromboxane; vWF, von Willebrand factor; ∆Ψm, mitochondrial
membrane potential.
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PLATELETS AND BACTERIAL INFECTIONS
PLATELETS AT THE INTERFACE BETWEEN BACTERIAL INFECTION AND
THROMBOSIS
Example of infectious endocarditis
Cardiovascular diseases, although varied, may have infectious ori-
gins, as was described by Beynon et al. concerning infectious
endocarditis (IE) (5). The main bacterial agents involved in IE
are Staphylococcus aureus, Streptococcus sanguinis, and Streptococ-
cus gordonii (S. gordonii). According to epidemiological studies,
bacteremia that leads to the development of this disease may be
the consequence of a local intervention, but there may be a more
distant origin such as the recurrent administration of a drug or a
surgical dental procedure.

By creating an inflammatory environment, bacteria adhere to
the valvular endothelium and increase its permeability, thus lead-
ing to the exposure of subendothelial tissue factors. The circulating
platelets then adhere to the subendothelium, and their hemostatic
activation causes the formation of a thrombus, which can then
lead to arterial ischemia, and even pulmonary embolism (6). IE is
therefore a disease that links inflammation and hemostasis, though
it was long accepted that platelet activation occurred indirectly.

In IE, analysis of a newly formed thrombus in the myocardium
showed the presence of bacteria inside the platelet clot (7). The
first hypotheses suggested that this bacterial presence stabilized
the platelet clot due to the activity of bacterial enzymes specialized
in coagulation [coagulase for S. aureus (8) or the “clumping fac-
tor” (Clf) for the other staphylococci (9)], although without direct
participation in platelet activation.

In sepsis, microthrombi form in the blood capillaries (10). As
with IE, this phenomenon was attributed to the inflammatory
environment that promoted platelet aggregation. The study by
Osterud et al. also supports this hypothesis, since the authors
show that in severe sepsis, the circulating monocytes show an
increased expression of tissue factors, which thus support platelet
aggregation (11).

Beginning in 2005, publications describing the role of platelets
in immunity put prior observations related to the direct inter-
action of platelets and bacteria back in the spotlight (12). They
then suggested that the binding of bacteria to platelets should
even be considered a factor in the immune response. Today, the
growing number of studies based on the inflammatory potential of
platelets show that these cells express a variety of receptors, soluble
molecules, and signaling factors (both hemostatic and inflamma-
tory), enabling them to secure their position as direct effectors of
antibacterial defense. This function is presented in the following
sections.

Inflammatory and thrombotic role of platelet microparticles
Platelets also form the link between thrombosis and inflammation
through the production of microparticles. Platelet microparticles
(PMP) are phospholipid vesicles (100–1000 nm) that are released
after budding from the platelet plasma membrane. As a result,
PMP express the same antigens as their parent cells, i.e., GPIIb–
IIIa, GPIb, CD31, CD61, and CD62P. This distinguishes them from
microparticles derived from other cell types (red blood cells, leuko-
cytes, monocytes, endothelial cells). PMP thus make up between
70 and 90% of the circulating vesicles. PMP differ from exosomes

by their size, but also due to the fact that they are not derived from
exocytosis of multivesicular bodies (13).

Platelet microparticles are released by the activated platelets
in apoptosis or senescence. A central factor in the induction of
this event is the detachment of the actin cytoskeleton from the
plasma membrane, which occurs primarily through the increase
in intracellular calcium concentration. The calcium then interacts
directly with the proteins involved in proteolysis of the cytoskele-
ton, such as calpain (14, 15). The formation of PMP may also
occur independent of calcium, in which case it involves the C5B–
9 complement factor and activation of protein kinases, such as
calmodulin (16).

Bacterial infection also appears to be a source of PMP forma-
tion. This has already been well described during the involvement
of platelet Toll-like receptor (TLR) 4 (17–19) but also in response
to the Shiga toxin (20).

Platelet microparticle formation results in an asymmetrical dis-
tribution of the membrane phospholipids. The circulating PMP
thus express phosphatidylserines (PS), which are highly pro-
coagulant phospholipids, on their surface (21). PMP also express
tissue factor, the major initiator of the coagulation cascade (22–
24). PMP have also been described as a surface that enables the
in vitro generation of plasmin; this ability was not found in
microparticles isolated from endothelial cells (25).

Platelet microparticle are also capable of issuing immunomod-
ulatory factors, such as regulated on activation, normal T cell
expressed and secreted (RANTES) (26), interleukin (IL)-1β (18),
and CD40Ligand (CD40L) (27), and can also modulate the activa-
tion of inflammatory cells such as neutrophils (28, 29). PMP even
seem to be able to exert their pro-inflammatory activity outside of
the blood compartment (30). The pro-inflammatory function of
PMP is referred to in greater detail throughout this manuscript.

Finally, the proportion of PMP in the circulation is increased
in some illnesses, such as cardiovascular disease (22), sepsis (31),
or HIV infection (32), which suggests they may be involved in the
pathophysiology of these diseases.

MECHANISMS OF INTERACTION BETWEEN PLATELETS AND BACTERIA
Three mechanisms of interactions between bacteria and platelets
have been described to date: (1) the indirect binding of bacteria
to a plasma protein, which itself is a ligand of a platelet recep-
tor; (2) the direct binding of bacteria to platelet receptors; and
(3) the binding of secreted bacterial products, particularly tox-
ins, to platelets. The mechanisms of interaction are made more
complex by the diversity of platelet receptors involved in bacterial
recognition.

Role of glycoprotein IIb–IIIa
In addition to ensuring their usual function in hemostasis, the
platelet glycoproteins play a role in the adhesion to bacteria. The
first platelet receptor identified as such was GPIIb–IIIa. This inte-
grin, specifically from the megakaryocyte cell line, is the receptor
for fibrinogen. Its involvement results in adhesion and platelet
aggregation (33, 34).

Staphylococci express surface receptors that are specific for
fibrinogen and fibronectin (Figure 1). These are surface pro-
teins characterized by regions rich with serine–aspartate repeats,
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FIGURE 1 | Involvement of GPIIb–IIIa in the adhesion of bacteria to
platelets. Schematic representation of different bacterial components, which
bind to the platelet GPIIb–IIIa either indirectly via fibrinogen or fibronectin (left

side of the diagram) or directly (right side of the diagram). Clf, clumping factor;
Fnbp, fibronectin-binding protein; SdrG, serine–aspartate repeat protein; Isd,
iron-regulated surface determinant; Pad, platelet adherence protein.

belonging to the microbial surface components recognizing
adhesive matrix molecules (MSCRAMM) family (35). These mol-
ecules enable bacteria to adhere to tissues, a critical step in the
establishment of infection. Some of the most common exam-
ples of MSCRAMM are found in S. aureus: ClfA (36), ClfB (37),
fibronectin-binding protein (Fnbp) A, and FnbpB (38). Staphylo-
coccus lugdunensis binds to fibrinogen via its Fbl protein, which is
58% identical to ClfA (39).

The binding of Staphylococcus epidermidis was long unknown,
even though it had already been shown that trypsin treatment in
a culture of S. epidermidis prevented its adhesion to platelets (40),
suggesting the involvement of a membrane factor. In 2009, Bren-
nan et al. showed that serine–aspartate dipeptide repeat (Sdr) G
proteins expressed on the surface of S. epidermidis are necessary
for the adhesion of bacteria to platelets via fibrinogen (41).

Even though these various MSCRAM are highly similar pro-
teins, they bind to fibrinogen via different binding sites. ClfA and
Fbl, as well as FnbpA and B, bind to the C-terminal region of the
fibrinogen γ-chain. ClfB has its binding site on the C-terminal
region of the fibrinogen α-chain, and SdrG on the β-chain. Other
types of bacteria can also bind to fibrinogen, particularly Strepto-
coccus pyogenes (S. pyogenes) via the M1 protein, and Streptococcus
mitis via the enzyme, lysine (42).

More recently, bacteria have been described that also express
surface proteins, enabling them to bind directly to GPIIb–IIIa,
independent of fibrinogen (Figure 1). Such is the case for SdrG
from S. epidermidis, which in addition to binding fibrinogen, can
also directly target the platelet glycoprotein (41).

In vivo, S. aureus must find a source of iron that will enable
it to grow and ensure its pathogenicity. To do so, it expresses
iron-regulated surface determinant (Isd) proteins that are capa-
ble of binding the heme from hemoglobin and internalizing
it. Yet, it has been shown that IsdB in particular can bind to
GPIIb–IIIa in the absence of plasma protein. This adhesion
is inhibited in the presence of platelets that have been pre-
incubated with anti-GPIIb–IIIa antibodies, and in bacterial strains
mutated for IsdB, confirming the specificity of the binding (43).
S. gordonii also expresses a platelet adherence factor that has
been recently described, platelet adherence protein A (PadA),
and for which no other known function has been found to
date (44).

The binding site(s) involved with GPIIb–IIIa have still not been
mapped; however the use of peptides mimicking the arginine–
glycine–aspartic acid chain, the ligand usually described for the
involvement of the glycoprotein in hemostatic conditions, pre-
vents the direct attachment of bacteria on platelets (42). This
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observation suggests that the bond may be the same type as with
fibrinogen.

Role of glycoprotein Ibα

GPIbα is a membrane glycoprotein and is also only found in the
megakaryocyte cell line. It belongs to the family of leucine-rich
repeat proteins. It is capable of binding several ligands and is
essential in primary hemostasis through its high affinity with von
Willebrand factor (vWF). It is important to remember that GPIbα

is found as a complex with GPIb β, GPIX, and GPV at a ratio of
2:2:2:1 (34).

It has been shown that several species of Streptococcus are able to
bind directly to GPIbα (Figure 2). This interaction involves a fam-
ily of highly glycosylated, serine-rich bacterial proteins. This family
includes serine-rich protein A (SrpA) from S. sanguinis (45), as
well as glycosylated streptococcal protein B (GspB) and hemagglu-
tinin salivary antigen (Hsa) from S. gordonii (46). These bacterial
proteins, which are highly similar, bind to the sialic acids of the
host’s receptors. The staphylococcal accessory regulator (Sar) P
protein expressed by S. aureus also allows adhesion to platelets
(47). The fact that SrpA and GspB are molecularly very close has
led to the hypothesis that the SrpA–platelet bond could involve
GPIbα.

Bacterial proteins are capable of binding to vWF, although they
are fewer than those binding to fibrinogen (Figure 2). It has been

shown that protein A from S. aureus is capable of binding to vWF
(48–50), which in turn interacts with GPIb β. The same applies
to a surface protein of Helicobacter pylori, though it has still not
been completely characterized. This study on the platelet–bacteria
interaction involving vWF shows that if vWF is already bound to
bacteria, it does not require shear forces to adhere to GPIb β (51).

Complement receptors
The literature describes platelets’ ability to interact with the com-
plement system. This is mainly observed in activated platelets,
thereby allowing their clearance, but also in platelets in a patho-
logical environment (Figure 3). For example, C5b–9 is found at
detectable levels on the surface of platelets in 14% of patients with
coronary artery disease. From a molecular perspective, comple-
ment is capable of activating platelets by inducing the expression
of pro-coagulant factors, such as prothrombinase complex, on the
surface of the cells (52).

Complement proteins also interact with bacteria both through
the conventional pathway and the alternative pathway (53, 54).
S. sanguinis for example induces platelet aggregation involving
complement (55). ClfA and ClfB from S. aureus also induce
aggregation that is dependent on complement (56).

Platelets express gC1q-R, the receptor of C1q, and could thus
serve as a receptor for bacteria coated with these complement fac-
tors. Following platelet activation, the expression of gC1q-R on the

FIGURE 2 | Involvement of GPIb in the adhesion of bacteria to platelets.
Schematic representation of different bacterial components, which bind to
the platelet GPIb either indirectly via the von Willebrand Factor (vWF, left side

of the diagram) or directly (right side of the diagram). Gsp, glycosylated
streptococcal protein; Srp, serine-rich protein; Hsa, sialic acid-binding
hemagglutinin.
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FIGURE 3 | Complement factors in bacterial binding to platelets. Bacteria
coated with C1q factor recognized by the gC1q receptor (gC1q-R) on platelet
membrane, which is overexpressed upon platelet activation. Moreover, the

CD62P marker, expressed by activated platelets, is able to recognize the C3b
factor. Besides, alpha-granules contain a C1q inhibitor, which limits the
interaction between C1q and gC1q-R.

platelet surface is significantly increased (57). Platelet activation
also leads to the increase of CD62P at the membrane, which has
been reported to bind C3b, another complement protein (58).

This interaction of platelets with complement can be bivalent.
On the one hand, platelets can assist in the destruction of bacte-
ria by increasing the activity of complement, but since they bind
complement proteins, they themselves can become the target of
complement’s lytic activity. This is notably what occurs in the case
of thrombocytopenic purpura (52). Platelets however possess a
C1 inhibitor in their α-granule, which, during platelet stimulation,
would enable complement activation to be modulated (59).

This concept of platelet–bacteria binding by complement mol-
ecules involves a mechanism that is more immunologic than
hemostatic, which therefore highlights the dual function of
platelets.

FcγRIIa receptor
The expression of this immune receptor, which recognizes the
Fc domain of immunoglobulin (Ig)G, is typically described for
phagocytes, such as neutrophils and monocytes. FcγRIIa enables
the binding and internalization of immune complexes involving
IgG, whether soluble or cellular. This mechanism is regulated by
the fact that complexed IgG have a strong affinity for the receptor,
while it is very weak for monomeric IgG (60).

Blood platelets also express FcγRIIa (61), and it is the only
type of Fcγ receptor that has been described on platelets to date.
One of the first functions associated with platelet FcγRIIa involves
its role in the pathophysiology of autoimmune disorders. In
cases of heparin-induced thrombocytopenia, Reilly et al. described
autoantibodies that recognized the platelet factor-4 (PF4)–heparin
complexes binding to the platelet FcγRIIa. The involvement of the
receptor then results in strong hemostatic activation, followed by
clearance of the activated platelets (62).

Immunoglobulin G bound to bacteria are also capable of being
taken by this platelet receptor. As with leukocytes, the immune

complexes that bind FcγRIIa can even be internalized by the
platelets (63).

The stimulation of other platelet receptors by bacteria very
often requires the simultaneous involvement of FcγRIIa in order
to obtain an effective platelet response. This suggests a link between
the involvement of FcγRIIa and the mechanisms of aggregation.

On average, platelets express approximately 5,000 copies
of FcγRIIa (42). Considering the large number of circulating
platelets, these are thus the richest reservoir of FcγRIIa, and indeed,
they are therefore a significant cell in the antibacterial platelet
response.

BACTERIAL TOXINS
Bacteria may also secrete toxins that are capable of activating
platelets. Porphyromonas gingivalis secretes a family of cysteine
proteases called gingipains. These toxins are capable of recogniz-
ing the platelet protease-activated receptor (PAR) 1 and cleave
it in a manner similar to that of thrombin, thereby making it
functional (64).

Alpha-toxin, expressed by strains of S. aureus, binds to the lipid
bilayer membrane of platelets to form a pore, followed by a flow of
calcium, similar to that induced by calcium ionophore (65). Other
toxins capable of forming pores on the platelet surface have also
been described. These include streptolysin O from S. pyogenes (66)
and pneumolysin from Streptococcus pneumoniae (67).

Staphylococcus aureus and S. pyogenes produce a superfam-
ily of toxins called staphylococcal superantigen-like (SSL) toxins,
which have a known superantigenic effect. Of them, SSL5 inter-
acts directly with GPIbα via the sialyl lactosamine residues that
terminate its glycan chain. This toxin also has a direct affinity for
GPIV (42).

EFFECTS OF BACTERIA ON PLATELET FUNCTION
Most studies focusing on the adhesion of bacteria to platelets show
that it is a result of aggregation. The scope of this manuscript does
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not include coagulation; only the characteristics of aggregation
and inflammation after bacterial contact are addressed.

INTERNALIZATION OF BACTERIA
During systemic bacterial infection, pathogens are generally cap-
tured by phagocytes. When Clawson studied the interaction
between platelets and bacteria in the 1970s, he occasionally
observed the internalization of S. aureus in some platelets (12,
68, 69). Youssefian et al. (70) confirmed these observations, which
concerned the internalization of S. aureus in particular. Electron
microscopy photographs show the internalization of S. aureus
in platelets, within vacuoles that are independent of the open
canalicular system (OCS), suggesting active internalization.

Platelets have a better capacity for internalization when they are
activated by a conventional agonist [adenosine diphosphate (ADP)
or thrombin], which underscores a common mechanism between
activation and internalization. Immunohistochemical labeling of
vacuoles containing S. aureus shows the presence of CD62P and
GPIIb–IIIa, but not GPIb, the phenotype that corresponds to
that of an activated platelet membrane. The vacuole may there-
fore be formed through invagination of the plasma membrane
(endocytosis) after activation.

A Japanese team confirmed the internalization of S. aureus in
platelets but only after activation of the latter by ADP. The same
study shows that P. gingivalis can also be internalized in platelets.
There appears however to be a different mechanism of internal-
ization at work in both bacteria. Indeed, P. gingivalis is capable of
inducing it alone, without the addition of another platelet agonist,
as the platelet aggregates are adequate for internalization of the
bacteria (71).

Staphylococcus aureus and P. gingivalis share a common element
with regard to internalization, as both types of bacteria are inter-
nalized in the vacuoles independent of the OCS (71). Although the
final result is the same, it is thus possible that Gram-positive and
Gram-negative bacteria may have different internalization mech-
anisms, suggesting that one of them has an additional molecule
promoting its internalization. It must be emphasized that on the
pictures from the study by Li et al., the presence of some P. gin-
givalis cells at the OCS may be explained by passive trapping of
bacteria during platelet aggregation (71).

Platelet FcγRII may also initiate the internalization of IgG–
pathogen complexes (63). One study indeed shows that platelets
are capable, after involvement of FcγRII, of internalizing poly-
styrene beads (0.5–1.5 µm diameter) covered with IgG. This inter-
nalization is inhibited by cytochalasin D, suggesting the need to
remodel platelet actin for bacteria to be internalized (72).

There remains a question as to the outcome of the internalized
bacteria. White et al. reviewed arguments favoring the inability
of platelets to degrade/kill bacteria. Their main argument is the
absence of phagolysosomes in platelets (73). The internalization
of bacteria in platelets would enable them to escape the immune
system. Platelets could however use another pathway for destroy-
ing bacteria. Indeed, the endosome containing the pathogens has
the ability to merge with the alpha-granules containing many bac-
tericidal molecules (70). Finally, it is possible for Escherichia coli
(E. coli) to be destroyed by platelets via internalization by FcγRII,
provided that the bacteria have first been opsonized by IgG (72).

The fate of the bacteria internalized in the platelets thus remains
a subject of discussion, being either a means of defending the host
or an escape mechanism for the bacteria. Without progressing
to internalization however, adhesion of the bacteria or bacterial
products on the platelet surface is sufficient for inducing a defense
response from the platelets. The main reactions are described in
the following section.

PLATELET ACTIVATION BY BACTERIA
Effect on aggregation
Since bacterial binding to platelets includes receptors that are
also involved in hemostasis, some data show aggregation to be
dependent on bacteria. Bacteria that indirectly use GPIIb–IIIa (via
fibrinogen or fibronectin) bring about aggregation similar to that
observed with other fibrinogen-coated surfaces (42). However,
when there is direct adhesion between the bacteria and GPIIb–
IIIa, a different mechanism is used, and aggregation induction
is often controversial in the literature. S. gordonii, for example,
which binds directly to GPIIb–IIIa through its PadA protein, does
not induce aggregation (44), potentially due to a weaker affinity
for the receptor.

Bacteria that bind to GPIb via vWF can (contrary to soluble
or immobilized vWF) cause aggregation in the absence of shear
force. This is the case for S. sanguinis and S. gordonii, which bind
to platelets through their SrpA and GspB proteins, respectively.
Deletion of these two proteins completely eliminates this aggrega-
tion (42). These bacterial components are capable of substituting
for the shear forces, particularly by themselves ensuring platelet
rolling.

For other bacteria, S. pyogenes and S. aureus in particular, shear
forces are not necessary to induce the thrombus formation, but
the observed aggregation may involve other platelet proteins. The
hypothesis issued by Cox et al. is that the binding of bacteria to
GPIb might bring them close to functional platelet receptors such
as FcγRIIa or GPIIb–IIIa (42).

After stimulation by S. sanguinis, which involves GPIb, the
platelets release the contents of their dense granules that con-
tain vasoactive substances, including the adenosine nucleotides,
adenosine triphosphate (ATP) and ADP. Once released, ATP is
taken by the ecto-ATPases present on the surface of S. sanguinis
and hydrolyzed to ADP. The newly formed ADP, as well as that
released previously, will bind to their platelet receptor. The P2Y
pathway is therefore involved (42).

The use of aspirin during the adhesion of S. sanguinis to
platelets totally inhibits aggregation, also suggesting the role of
cyclooxygenase and the production of thromboxane (Tx)A2. The
platelets exposed to S. sanguinis produce TxA2, and the TPα recep-
tor then amplifies platelet activation by binding the newly released
TxA2.

Platelet activation induced by S. sanguinis may also involve the
MAP kinase pathways. McNicol et al. recently showed that MAP
kinases Erk2 and p38 underwent the triphasic stages of phospho-
rylation/dephosphorylation observed in other phosphoproteins.
Aspirin has no effect on phosphorylation and dephosphorylation
of Erk2 but is able to inhibit its rephosphorylation stage (74).

There is little data available concerning platelet signaling related
to the adhesion of S. aureus. Cox et al. showed that during the
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interaction of S. aureus with platelets, the induced aggregation is
dependent on the cyclooxygenase and Tx pathways (75). This study
focused mainly on the mechanisms of interaction, and therefore
further details on the intracellular mechanisms were not provided.

Several studies on platelet aggregation after bacterial adhesion
have also highlighted the need for FcγRIIa involvement if there
is to be an effective response (42). However, FcγRIIa functioning
could differ from that which is usually described, since, although
the observed aggregation requires FcγRIIa, IgG does not seem to
be essential (76). The colocalization of FcγRIIa with GPIbα during
bacterial stimulation might be the first step in signal transduction
(76, 77).

One of the most accepted hypotheses concerning the alterna-
tive role of FcγRIIa is based on platelet remodeling, since the GPIb
sequence that binds to FcγRIIa (R542G543R544) is the same that
binds to actin during platelet activation (77).

A similar type of study was conducted on FcγRIIa and GPIIb–
IIIa. Newman et al. showed that Src residue from GPIIb–IIIa,
capable of ensuring a role of tyrosine kinase, phosphorylates the
immunoreceptor tyrosine-based activation motif (ITAM) residue
of FcγRIIa and thus amplifies the platelet activation signals (78).
Phosphorylation of the ITAM motif may take place within 30 s
following contact, which shows that secondary signaling pathways
can be established very quickly.

Aggregation induced by bacteria is different from that observed
with the conventional ADP, ATP, and thrombin platelet agonists. It
is “binary” aggregation, meaning that aggregation is not observed
below a certain bacterial density, and aggregation is already at a
maximum when above that density (79).

The lag time required before the appearance of aggregation is
another parameter that differs according to whether the platelet
stimulation is bacterial or not. This lag time is generally longer with
bacterial stimulation than with hemostatic activation. Although
about 10 s are needed with a hemostatic agonist, some bacteria can
have a very quick lag time of 90–120 s, while others may need more
than 20 min before inducing platelet aggregation. Increased bacte-
rial density can decrease this time to a limited extent (79). Several
hypotheses have been proposed to explain the lag time variations
according to the bacteria: (1) the time required for platelets to bind
bacteria, particularly if it done indirectly; and (2) activation of the
receptor, which may not be as strong.

Bacteria-induced platelet aggregation nevertheless remains
controversial, and several studies show that bacterial stimulation
may not result in aggregation but a more targeted inflammatory
response [chemokines release, leukocyte activation, neutrophil
extracellular trap (NET) formation]. Based on current knowledge,
particularly on platelet TLR, other platelet responses to bacteria,
in addition to aggregation, may include the release of adapted
molecules.

Effect on the release of immunomodulatory factors
Platelets possess many bioactive molecules in their alpha-granules,
including cytokines/chemokines, which are released during their
activation and enable them to act during the immune response
(80, 81). The Canadian team that partners with our laboratory
and studies intraplatelet signaling after S. sanguinis stimulation
also performed a study on the secretion of platelet cytokines. Four

strains of S. sanguinis and one of S. gordonii were used for the
study.

The observation of aggregation and phosphorylation of signal-
ing molecules such as PCg2 and Erk confirms the pro-thrombotic
role of streptococci and also shows the release of RANTES, PF4,
soluble (s)CD40L, and platelet-derived growth factor (PDGF-AB).
CD62P is only released in the presence of one strain of S. sanguinis
(82). Another study had also shown that platelets were capable of
releasing soluble CD40L (sCD40L) and RANTES after stimulation
with IgG-bead complexes, with the absence of aggregation and a
very weak expression of CD62P (72).

Epinephrine, known to stimulate fibrinogen binding and
aggregation (83), causes the opposite effect on the release of
platelet cytokines. The mechanism of inhibition used is unknown
but could be linked to the activation of type 3 nitric oxide
synthase (NOS) after involvement of the β2 adrenoreceptors;
the resultant generation of nitric oxide (NO) and cGMP has
already been described in platelet activation inhibition (82). This
clearly demonstrates that platelet aggregation and exocytosis of
immunomodulating molecules are two independent functions.

One other platelet cytokine that is important in the antibacte-
rial response is PF4. In heparin-induced thrombopenia syndrome
(HIT syndrome), PF4 links to heparin through its positive charge,
and together they form a neoantigen that is recognized by IgG.
Likewise, soluble PF4 can bind to bacteria and thus form a new
recognition site for IgG and the effector immune cells (84). This is
particularly seen in Gram-negative bacteria, since PF4 presents an
affinity for bisphosphorylated lipid A of lipopolysaccharide (LPS)
bacteria. The newly formed complex is taken up the phagocytic
cells. Platelet PF4 might thus facilitate the clearance of certain
bacteria.

Finally, CD40L is the lead immunoregulatory molecule of
platelets. It has been found that over 95% of plasma sCD40L
originate from platelets (85). By comprising the main source of
this molecule, platelets become an indisputable immunoregula-
tory factor; they participate both in the activation of the effector
cells of innate immunity and that of adaptive immunity, since
CD40L is involved in immunological synapses, as well as in class
switching of B lymphocytes.

Following platelet activation, CD40L is first exposed to the
membrane in trimeric form (the biologically most active form)
and is then cleaved by proteolytic activity. Matrix metalloprotease
(MMP)-9 is currently thought to be the most likely candidate. It
should also be pointed out that the soluble form of platelet CD40L
may also have an autocrine effect due to the presence of CD40 on
the platelet surface (4, 86).

The involvement of CD40L in the full range of platelet func-
tions is substantiated throughout this manuscript. This molecule
is particularly implicated in the platelet response to bacteria, since
the involvement of platelet TLR-2 (87–91) and TLR-4 (87, 88, 90–
99) by means of their bacterial ligands, can specifically modulate
the release of sCD40L. As with leukocytes, the following triad is
thus observed: bacterial stimulation–platelet–detected release of
immunoregulatory molecules. Hence, the role of platelet sCD40L
in the pathophysiology of sepsis is an expanding field of study.

The platelet immunoregulatory molecules presented above are
of great interest in the context of the immune system activation,
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leading to bacterial elimination. The growing number of studies
on the interaction of bacteria and platelets shows that platelets can
also directly influence the elimination of microorganisms through
the release of bactericidal molecules.

Release of antibacterial platelet molecules
Kraemer et al. recently showed that platelets incubated with S.
aureus limit the growth of this microorganism (100). The small-
est platelet concentration for obtaining a bacteriostatic effect may
even be possible to determine, though this would vary depending
on the bacterial species. A 2013 study conducted on 17 volun-
teers was able to determine a critical platelet concentration for
pathogens from the human oral cavity: E. faecalis (resistant or
non-resistant to vancomycin), C. albicans, S. agalactiae, S. oralis,
and P. aeruginosa (101). It should be noted that the growth of P.
aeruginosa was not inhibited by platelet-rich plasma (PRP).

Despite these very recent studies, the first demonstration of
the antibacterial role of platelets occurred very long ago. As Yea-
man recounts in his literature review on the subject, Fodor already
reported in 1887, the bactericidal effect of heated sera (102). The
thermostable molecule involved was then identified and named
β-lysine. Its platelet origin is based on the fact that it is released in
coagulated plasma and is not found in the other blood cells.

Yeaman et al. were particularly interested in this platelet func-
tion and established terminology that classified these antimicro-
bial platelet molecules as platelet microbicidal proteins (PmP)
(102), also known as thrombocidins. PmP, of which there are two
(PmP1 and PmP2), are released under the induction of thrombin
or bacteria, and differ from classically described defensins by their
molecular mass, their sequence, and the chaining of lysine and
arginine residues, which gives them a cationic charge. To become
functional, these molecules must be cleaved by thrombin; the two
sub-units then act in an autonomous but complementary manner
by alternating the permeability of the bacterial wall (102).

The platelet signaling pathways that lead to the release of PmP
depend primarily on the ATP/ADP pair and the P2 receptors.
The signal is amplified through the release of ADP, and autocrine
activation of the platelets is produced, which can even extend to
neighboring platelets (103).

The PMP family was enlarged through the integration of
kinocidins, which includes the platelet cytokines that have a direct
bactericidal effect (104). They are divided into two subgroups
according to the nomenclature of the cytokines. Les α-kinocidins
include the CXC-cytokines [PF4, platelet basic protein (PBP),
connective tissue activating peptide (CTAP3), and neutrophil acti-
vating peptide (NAP2)], while the β-kinocidins are the CC-type
(RANTES). These molecules even have a synergistic effect among
themselves. For example, CTAP3 does not have an effect on the
viability of E. coli, but the presence of PF4 potentiates its activity
and thereby reduces the bacterial density by 2 logs. This result is
not obtained for PF4 alone (105). Structural biochemical analyses
identified the 60–74 structural domain in PF4 as being responsible
for the bactericidal activity (106).

Kinocidins are integrated in the mechanisms of innate immu-
nity, to the degree that they conserve their primary role, which is
the chemoattraction of leukocytes, enabling cooperation between
platelet and leukocyte factors in bacterial clearance (107, 108).

In addition, Kraemer et al. showed the presence of human β-
defensins 1 (hBD-1) in megakaryocytes and platelets at the level
messenger RNA (mRNA) and peptides (100). Platelet hBD-1 is
thus released in response to the alpha-toxin of S. aureus; it is
not released however in response to thrombin, thrombin receptor
activating peptide, or platelet-activating factor (PAF), suggesting
that hBD-1 release is independent of degranulation. hBD-1 may
therefore not be found in the alpha-granules, especially since the
authors did not observe colocalization of the markers of these
granules and of hBD-1 (100).

While Kraemer et al. were unable to observe the expression
of mRNA coding for hBD-2 and -3 in the platelets, other studies
have demonstrated their presence through ELISA, Western Blot,
and immunohistochemistry, as well as their microbicidal activity
(109, 110). As a result, it appears that platelets are involved in
the infectious immune response, both directly through the release
of antimicrobial factors, and indirectly through the release of
cytokines, enabling them to modulate the cell-mediated immune
response.

PLATELETS–BACTERIA: FOCUS ON STAPHYLOCOCCUS
AUREUS INFECTION
There are many studies on the interaction of platelets with Strep-
tococcus, particularly oral streptococci, while comparatively few
concern S. aureus. In 2005, a prospective study was conducted in
39 medical centers throughout 16 countries that included 1779
patients with IE. The final analysis showed that S. aureus was
the most common pathogen implicated, with 31.6% of cases ver-
sus 18% of Streptococcus viridans (111). Invasive infections by
methicillin-resistant S. aureus generally tend to spread in health
care centers and result in a high level of mortality (112). It is
therefore of interest to consider the role of S. aureus on platelets.

Most of the studies focus on molecules involved on both sides
during the adhesion of S. aureus to platelets (Figure 4). We first
looked at the interactions between the molecules present in the
membrane of S. aureus and platelets.

Protein A, which is a surface protein of S. aureus, can be identi-
fied by anti-S. aureus antibodies. The immune complexes formed
can attach to the FcγRII of the platelets, resulting in serotonin
release and platelet aggregation. This reaction is dependent on the
stimulation time and the quantity of immune complexes formed.
The activation was found to be optimal at 5 min, and from two
bacteria per platelet (75). In a more recent study, protein A was
found to be incapable of inducing aggregation by itself, but it was
able to maintain it (113).

Protein A from S. aureus can also attach to vWF, which binds
to GPIbα. The use of an antibody to block vWF partially inhibits
the platelet activation by S. aureus (79) providing evidence of the
involvement of several adhesion pathways.

Clumping factor A from S. aureus is also involved in its attach-
ment to platelets via fibrinogen (114). An alternative receptor
exists however, since S. aureus adheres to platelets through the
intermediary of fibrinogen/fibronectin, which does not necessarily
involve GPIIb–IIIa (115). This could be shown by the persistence of
aggregation, even if the two fibrinogen-binding sites on GPIIb–IIIa
are blocked beforehand. It is not impossible for bacteria to trans-
form fibrinogen so that it can be recognized by another receptor.
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FIGURE 4 | Interconnections between S. aureus and platelets.
S. aureus can induce platelet activation by several ways, e.g., through
toxin release or by using membrane protein that bind platelet receptors
either directly or indirectly. However, some bacterial factors induce the
inhibition of platelet function (gray frame on the right side of the

diagram). TLR, Toll-like receptor; Clf, clumping factor; FcγR, Fcγ

receptor; EAP, extracellular adherence protein; Isd, iron-regulated
surface determinant; Sdr, serine–aspartate repeat protein; Efb,
extracellular fibrinogen-binding protein; PAFR, platelet-activating factor
receptor.

This might thus be a method for the bacteria to increase their
pathogenicity.

FcγRII and GPIIb–IIIa both have a functional role in the adhe-
sion of S. aureus. The interconnection between these two receptors
explains why the aggregation induced by S. aureus is dependent on
FcγRII. This hypothesis also reflects the fact that the involvement
of FcγRII alone is not sufficient for inducing aggregation, since its
presence is meant to optimize the functionality of GPIIb–IIIa (79).

The identification of genetic mutations of S. aureus and the
expression of candidate proteins in L. lactis (non-aggregative bac-
teria) showed that ClfB and the SdrE protein are also involved in
platelet aggregation. The results also confirm the involvement of
ClfA, which is moreover the first factor, before ClfB, that leads to
aggregation, since it is the protein inducing the shortest lag time.
Aggregation induced by both these factors can be inhibited by
GPIIb–IIIa antagonists, aspirin, or prostaglandin E1 (75). Aggre-
gation is also seen with filtered platelets, suggesting a direct link
between S. aureus and platelets, independent of fibrinogen. Dif-
ferent results have been observed for the SdrE protein. In order
to attach to platelets, the bacterial protein requires the presence
of a plasma protein other than fibrinogen, which has yet to be
identified.

An important element to take into consideration is that S.
aureus does not express the same factors depending on its stage

of growth, which could be a bias in in vitro studies. ClfA is
the dominant pro-aggregant protein in the stationary phase of
growth, whereas in the exponential phase, FnBP expression dom-
inates (79). As a result of these indications, it becomes difficult,
for example, to evaluate the results of Fitzgerald, which confirm
his modeling of the interaction between FnBP and platelets on
bacteria in the stationary phase (116).

The complement system is important in platelet aggregation
induced by S. aureus. It is capable of substituting for ClfA. In this
instance, the lag time will be longer (between 8 and 20 min), but
simultaneous involvement of the Fcγ receptor remains necessary
(56).

The Staphylococcus protein, IsdB, could promote the adhesion
and internalization of bacteria within platelets in the presence of
fibronectin (117). In addition, this protein, unlike the IsdA and
IsdH proteins, might induce platelet aggregation (117).

Studies on the interaction between platelets and S. aureus began
in the 1970s and still continue today. The extracellular adherence
protein, EAP, in the form of an oligomer, can bind directly to the
glycosaminoglycans of platelets (118). This leads to the stimulation
of thiol isomerase in the platelet and resultant platelet activation,
ranging from stabilization of the fibrinogen binding, to the mem-
brane expression of platelet activation molecules, such as CD62P,
CD63, and CD40L.
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In addition to having to integrate the alternative role of hemo-
stasis receptors when confronted with S. aureus, there are also
newly described platelet receptors that increase the range of func-
tions. This particularly applies to TLR-2, which, by responding to
the peptidoglycan of S. aureus, results in platelet activation after
30 min in association with a process of apoptosis characterized by
depolarization of the mitochondrial membrane, exposure of PS to
the plasma membrane, and caspase 3 activation.

In addition to the membrane components and the bacterial
wall, S. aureus toxins can also modulate the platelet response
(Figure 4). It has been shown in vitro that the alpha-toxin can
interact with the platelet membrane and induce the production of
microbicidal proteins and lysis of bacteria (102). This toxin might
also be capable of generating dose-dependent platelet aggregation
(119). It can also lead to the de novo synthesis in the platelet of
B-cell lymphoma-3 (Bcl3) (119), a protein involved in the with-
drawal of the platelet plug. This exotoxin is also the source of the
formation of many platelet–neutrophil complexes via CD62P, an
activation marker expressed on the platelet surface. Formation of
the complexes increases the activation of neutrophils, which can be
measured through the increase of CD11b. These aggregates could
thus participate in the destruction of alveolar capillaries and be
the cause of S. aureus hemorrhagic pneumonia (120).

Staphylococcus aureus releases staphylocoagulase and vWF-
binding protein. Both of these molecules bind to prothrombin and
form the enzymatic complex known as staphylothrombin (121).
Staphylothrombin has no direct action on platelet activation, but
by transforming fibrinogen to fibrin, it plays a role in stabiliza-
tion of the aggregation, as well as in the initiation of secondary
activation.

It has been noted, however, that several S. aureus molecules
seem to actually inhibit the hemostatic function of platelets. In
this respect, staphylococcal enterotoxin B (SEB) has been observed
to cause platelet overactivation of protein kinase C (PKC). This
enzyme, essential for platelet response, is therefore no longer found
in physiological conditions and therefore cannot ensure its func-
tion. This explains why platelets incubated with SEB are incapable
of ensuring correct aggregation in response to thrombin (122).

Lipoteichoic acid uses the PAF receptor to increase the level of
cAMP within platelets. This latter then increases its phosphory-
lation activity on vasodilator-stimulated phosphoprotein (VASP)
and inhibits aggregation and thrombus formation (123). The anti-
thrombotic role of S. aureus can also be attributed to the extra-
cellular fibrinogen-binding protein (Efb). In vitro, this protein has
been described as adhering to platelets (on a non-characterized
receptor or on fibrinogen). Once attached, it recruits fibrinogen
but in a non-conventional form that is rather inclined to inhibit
platelet activation. The inhibitory action of this molecule was con-
firmed in vivo, in which it is able to prevent thrombosis following
treatment with platelet agonists (124).

Finally, staphylokinase also exerts inhibitory activity on the
platelets although indirectly. This enzyme degrades plasmin and
fibrinogen, thereby preventing aggregation (125). Several groups
are also studying the interaction of S. aureus and platelets under
conditions similar to those seen in vivo, particularly with regard
to preservation of the necessary shear forces. Mice infected by S.
aureus develop thrombi through a ClfA-dependent mechanism

(126). The use of a molecule occupying the binding site of ClfA on
fibrinogen completely prevents aggregation, which demonstrates
the predominance of ClfA, despite the multitude of other factors
present in the microenvironment.

Dogs with S. aureus infection quickly develop sepsis, accompa-
nied by platelet dysfunction (reduction in the capacity of growth
in response to a PAR-4 agonist). This latter result suggests that
beyond their role in IE due to S. aureus, platelets participate in the
pathophysiology of S. aureus-induced sepsis (127).

In addition, a duality can be seen in the effect of S. aureus
bacteria on platelets, indicating the complexity of the interaction.
All of the studies are based on whether the bacteria have pro-
aggregant or non-aggregant abilities. There is no data however
on the release of platelet cytokines, which is nevertheless a very
important component of bacterial infection.

ROLE OF PLATELETS IN THE PATHOPHYSIOLOGY OF SEPSIS
SEPSIS AND COAGULOPATHY
Data from the early 2000s show that between 30 and 50% of
patients with severe sepsis have disseminated intravascular coagu-
lation (DIC), resulting in organ hypoxia (128). During the inflam-
matory response, the neutrophils release tissue factors that trigger
the coagulation cascade, leading to platelet activation. IL-1 and
IL-6 are also strong inductors of coagulation (129, 130). This
phenomenon is amplified by deregulation of the anticoagulant
balance. Patients with sepsis have a strong release of PAI-1, a nat-
ural plasmin inhibitor. There is also a reduction in protein C,
the active form of which is an inhibitor of coagulation factors Va
and VIIIa (10, 129–133). In addition, these natural anticoagulants
have their role in thrombin generation, with anti-inflammatory
properties influencing nuclear factor κB (NFκB) (134).

Reactive oxygen species (ROS) released in massive quantities
during the acute phase of sepsis are also responsible for coag-
ulopathies. In mice with induced sepsis that are knocked-out for
NOS (the enzyme that produces ROS), vasoconstriction is reduced
compared to wild mice. By favoring vasoconstriction, ROS partic-
ipates in circulatory alteration in the blood capillaries. ROS also
have a direct effect on the hemostatic activation of platelets (132).

The fourth element favoring excessive coagulation is the
increase of adhesion factors. In endotoxemia models, the expres-
sion of adhesion molecules is increased in both the platelet and
endothelial membranes. The adhesion of platelets to the endothe-
lium promotes mutual activation and an accumulation of platelets,
resulting in vessel occlusion (118, 123). Furthermore, in endotox-
emia induced in a mouse model, it was seen that overexpression
of the endothelial PAI-1 molecule in the lungs limits the in situ
recruitment of regulatory T lymphocytes but promotes that of
neutrophils (135).

Sepsis-related coagulation disorders have highlighted the role
of platelets in the pathophysiology of sepsis, particularly through
their hemostatic function. However, it is now clear that platelets
also possess an inflammatory function that may enable them to
directly participate in the amplification of inflammation associ-
ated with the early phases of sepsis. In addition to their sensitivity
to thrombin, adhesion molecules, and cytokines/chemokines, the
hypothesis of their direct involvement in sepsis is also supported
by the TLR expression on their surface and the broad range of
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inflammatory molecules that they can release during bacterial
stimulation.

SEPSIS AND INFLAMMATORY PLATELET MOLECULES
The first elements supporting the participation of platelets in
sepsis-associated inflammation come from studies showing that
the level of circulating sCD40L is greater in patients with
sepsis than in individual controls (age- and gender-matched)
but independent of the severity of the sepsis (136–141). This
sCD40L released during sepsis comes from the platelets, since
mice that have undergone platelet depletion do not present this
increased plasma level (142). One recent study suggests that
matrix metalloproteinase-9, which is also increased during sepsis,
might be the source of platelet CD40L cleavage (143). This mole-
cule has important inflammatory properties affecting many cells,
both immune and non-immune, and may significantly amplify
inflammation (144, 145).

In sepsis, sCD40L participates in the recruitment of neu-
trophils. CD40L gene-deficient C57BL/6 mice that had sepsis
induced through cecal ligation puncture do not show neu-
trophil activation, edema formation, or neutrophil infiltration
in the lungs, and they maintain their alveolar microarchitec-
ture (142, 146).

Soluble CD40L may enable the expression of the macrophage-1
antigen (Mac-1) adhesion protein by neutrophils, promoting their
recruitment at the mucosa. The mechanism of action of sCD40L
may involve macrophage inflammatory protein 2 (MIP-2) and its
receptor, CXCR2. This is supported by the fact that in vitro recom-
binant sCD40L does not increase the expression of Mac-1 on the
neutrophils in culture (142).

Platelet-activating factor is a molecule synthesized by various
cells and that possesses a cytokine function. Its receptor, platelet-
activating factor receptor (PAFR), is attached to G proteins and
is expressed by the cells that participate in immune defense and
coagulation, including platelets. Platelet PAFR activation results
in the release of inflammatory factors, degranulation, and the
initiation of coagulation cascades. In physiological conditions,
signaling associated with PAFR is finely regulated in order to
avoid an excessive thrombo-inflammatory response. During sep-
sis however, this regulatory balance is disrupted, and PAF is then
involved in the activation of neutrophils, monocytes, platelets, and
in the formation of leukocyte–endothelium, leukocyte–platelet,
and platelet–endothelium complexes (147).

A recent study suggested an association between the duration
of storage of apheresis platelets before transfusion and the occur-
rence of complications in patients from a trauma center. This study
was conducted on 381 patients who had been admitted to a trauma
center and received apheresis platelet concentrates that had been
stored for 3 days or less, 4 days, or 5 days. The results show that
the transfusion of platelets stored for over 3 days may increase the
risk of complications for the patient, sepsis in particular (148).
It was shown that during the storage of platelet concentrates,
the platelets are activated, and the platelet inflammatory factors,
including sCD40L, are released and then accumulate (149–152).
This suggests that the inflammatory molecules that accumulate
during the storage of platelet concentrates could promote the onset
of sepsis.

It has also recently been shown that IL-27 could be a predictive
molecule of sepsis in children (153), and that the activated platelets
could be a significant source of this cytokine (154). Thrombin
formed during sepsis could lead to this release of platelet IL-27.

In addition, an increase in the level of circulating microparticles
has been reported in septic patients. These vesicles (granulocytes,
monocytes, endothelial cells, and platelets) may arise from several
cell types (22). In sepsis, the release of PMP is accompanied by an
increase of CD62P at the platelet membrane and an increase of
platelet–monocyte aggregates (31). The role of microparticles in
sepsis requires further exploration. It has been described however
that they possess strong pro-coagulant pathogenicity through the
expression of tissue factors. Some studies conducted in other con-
texts have shown that PMP are rich in CD40L (155) and IL-1 β (18,
30), which are two pro-inflammatory molecules that are strongly
associated with the pathophysiology of sepsis. It therefore becomes
important to consider PMP in the development of inflammation
during sepsis.

The role of platelets in the inflammatory phase of sepsis may not
be limited to the production of inflammatory molecules. Indeed,
in patients with uncomplicated sepsis, the level of circulating
platelet–leukocyte complexes is higher than in controls. However,
in sepsis complicated by organ failure, the number of platelet–
leukocyte complexes is decreased. This can be explained by seques-
tration of the complexes in the damaged organs, for example
the lungs (156). The same type of observation occurred in vitro,
in which strains of S. aureus isolated from bacteremia result in
aggregation, the formation of platelet–neutrophil complexes, and
activation of these neutrophils (157).

Moreover, since platelets are capable of binding to bacteria, and
even keeping them alive intracellularly, they could promote their
dissemination within the body. This mechanism was proposed in a
mouse model infected by S. pyogenes via the intraperitoneal route.
Platelet-depleted animals are unable to ensure the transport of
bacteria in the blood, lungs, and spleen, which is characterized by
a reduction in the bacterial load (through a CFU count) in these
organs after sacrifice of the animals (158).

PLATELET APOPTOSIS IN THE MICROENVIRONMENT OF SEPSIS
The involvement of platelets in sepsis is also characterized by per-
sistent thrombocytopenia in patients (159, 160). There have been
various studies done that consider thrombocytopenia a predictive
factor of the mortality rate of patients admitted to intensive care
(160, 161). Several hypotheses have been made with regard to the
decrease in circulating platelets and are presented below.

During sepsis, platelets express activation factors that promote
their sequestration in the spleen and then their destruction (162).
Platelet depletion can be accelerated if the platelet–bacteria con-
tact involves the complement system (52) or Fc-γ receptor (163).
Furthermore, sepsis is a pathological state that might promote
hemophagocytosis of platelets by macrophages which is partly
dependent on macrophage colony-stimulating factor (164).

The failure of thrombopoiesis is an unlikely hypothesis to the
degree that the plasma levels of IL-6, tumor necrosis factor (TNF)-
α, and thrombopoietin are increased in sepsis (129, 130, 165). On
the contrary, the involvement of megakaryocyte TLRs might rather
promote an overproduction of platelets.
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Another hypothesis points at sepsis-induced coagulopathy
leading to DIC, in which disseminated thrombi may immobilize
the platelets (166). The results of Tyml et al. confirmed this in a
mouse model of sepsis (132).

More recently, the scientific community has been interested
in platelet apoptosis. This mechanism of cellular death involves
an important step of nuclear transformation involving chromatin
condensation, followed by DNA fragmentation (167–169).

Apoptosis, which is known as “programed cell death,” can nor-
mally be triggered by two types of stimuli. These are referred to as
the intrinsic pathway and the extrinsic pathway.

The extrinsic pathway involves cell death receptors, such as
the apoptosis stimulating fragment (Fas) receptor, the ligands of
which are the proteins from the TNF family. The involvement
of Fas causes trimerization of the receptor, which then becomes
active, enabling it to recruit an adaptor molecule, Fas-associated
protein with death domain (FADD), which also contains a binding
domain for procaspase-8. The formation of this complex leads to
cleaving of caspase-8, which is then produced in its active dimeric
form. Caspase-8 will then either activate the sequential cascade of
the different caspases, or the previously described mitochondrial
pathway.

The intrinsic pathway is triggered following cellular stress, such
as oxidative stress. Under physiological conditions, Bcl2 protein
and other similar proteins maintain the integrity of the mito-
chondrial membrane. Under stress conditions, these proteins
are degraded. Transition pores then form on the mitochondr-
ial surface, causing them to swell and then burst. Cytochrome
C is then released in the cytoplasm and can activate the caspase
cascade (170).

In both cases, the pathways converge to activate caspase-3,
which has many substrates. The effects of caspase-3 are seen both
on the nuclear proteins involved in DNA repair and on cytoplasm
proteins such as gelsolin, which is a cytoskeletal regulator. Cleaving
of the molecules involved in cellular structure and repair causes
DNA and cytoskeletal fragmentation, but the plasma membrane
remains intact. During the formation of apoptotic bodies, a change
in the distribution of phospholipids is produced, termed “mem-
brane flip flop,” which exposes the PS on the membrane surface.
The PS constitute an “eat me” signal for the phagocytic cells, which
enables the elimination of the apoptotic bodies (170).

Platelets have also been found to possess apoptotic machinery.
The platelets express caspases 1, 3, 4, and 9. Caspases 2, 6, and
8A have a more reduced expression, and no expression for cas-
pases 5, 7, and 10 has been demonstrated. Fas are not expressed
in the platelets, but they have other cell death receptors, such
as DR3, DR5, TNF-receptor p55, and RIP. Platelets also express
proteins from the Bcl-2 family: Bcl-X, Bfl1, Bad, Bak, Bax, and
Mc1 (171).

Activation of these apoptotic molecules has been demonstrated
during storage of platelet concentrates. After 5 days of storage in
standard blood bank conditions, platelet viability decreases. This
platelet death is accompanied by an increase in PS at the cell surface
and an increase in caspase-3 activity. Caspase activation occurs in
a specific manner, since the use of an inhibitor (z-VAD-fmt) stops
this process. Platelet death is thus well associated with a specific
apoptosis (171).

This first study showed the independence of apoptosis and
platelet activation, since PS exposure was independent of the
increase in the expression of the CD63 activation marker, and
thrombin activation had no effect on caspase-3 activity. The sci-
entific community however is not in unanimous agreement. It
has even been shown that thrombin stimulation induced depo-
larization of the mitochondrial membrane, the expression of
pro-apoptotic molecules (Bax, Bak), activation of caspase-3, and
exposure of PS to the membrane (172). The action of thrombin
may not be direct and may require the release of platelet factors
that can induce apoptosis. During storage, platelets release many
soluble factors, including TNF-α, which is a strong inductor of
apoptosis through the induction of caspases.

The life span of platelets could therefore be controlled through
apoptosis. Caspase-9, for example, is required for platelet and
megakaryocyte death but is not involved in their production or
their functionality (159).

The Bcl-X family is also at the center of platelet survival. These
molecules may even determine their life span. Two missense muta-
tions of Bcl-X are capable of accelerating platelet death resulting
in severe thrombocytopenia (173).

It has also been shown that a strain of isolated E. coli in
a patient with sepsis was able to induce apoptotic manifesta-
tions of platelets, such as actin condensation, a decrease of the
mitochondrial potential, and degradation of Bcl-X. The use of
mutant and non-pathogenic strains showed that only patho-
genic strains that release toxins forming pores have the ability
to degrade Bcl-X. This applies to the alpha-toxin of E. coli and
S. aureus. These toxins probably act on calpain, since this protein
is the source of Bcl-X degradation. However, proteasome inhibi-
tion is ineffective in preventing degradation of the pro-apoptotic
protein (174). This study is the first demonstration that path-
ogenic bacteria can influence the intrinsic initiation of platelet
apoptosis. The degradation of Bcl-X suggests a new mechanism
by which bacteria may be able to cause the thrombocytope-
nia observed in patients with bacteremia. This mechanism could
then explain why depolarization of the mitochondrial membrane
potential (∆Ψm) is increased in the platelets of patients with SIRS
(175). A decrease in ∆Ψm could even be associated with SRIS
progression.

INVOLVEMENT OF PLATELETS IN SEPSIS-RELATED NETose
Another phenomenon, the formation of NETs involving platelets,
neutrophils, and bacteria, has been demonstrated and could play
an important role in sepsis. It was first described in 2004. Neu-
trophils that have been activated, particularly by IL-8, release their
granular (peptides and enzymes) and nuclear (chromatin and his-
tones) components in the microvessels where they combine to
form a network called NET (176). The use of high-resolution
electron microscopy has confirmed the structure of NET, which is
characterized by extracellular chromatin stretches that are associ-
ated with globular proteins. It has also been shown that a bacterial
environment, or that mimicked through the injection of LPS,
results in the in vivo release of NET that are able to trap bacteria
and thus reduce their spread during sepsis (177).

It was noted that bacterial trapping at NET is greater under
flow conditions, as in the blood circulation (94). NET can reach a
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diameter of 25 nm, and once combined, they form a structure that
can be over 100 nm both in diameter as well as length (94).

Aligned with DNA, NET contain the histones H1, H2A, H2B,
and H4, as well as granular proteins such as elastase, myeloper-
oxidase, and bactericidal permeability increasing protein, which
enable bacterial degradation (176). NET are able to stop both
Gram-positive and Gram-negative bacteria. The histones and BPI
have a proteolytic action on the alpha-toxin of S. aureus, as well as
on the IpaB of S. flexneri (177). C. albicans, although not a bacte-
ria, is also sensitive to NET, but its destruction may only depend
on granular proteins and not histones (177).

Neutrophil extracellular trap release occurs within 5–10 min
after stimulation of the neutrophils. This time period is too short
for the implementation of an apoptosis or necrosis mechanism.
It is therefore an active mechanism and not the consequence of
disintegration of the neutrophilic plasma membrane (176).

From a molecular viewpoint, the formation of NET involves
(178, 179):

- peptidylarginine deiminase type 4, for chromatin decondensa-
tion;

- ROS formation, which is NADPH oxidase-dependent for disin-
tegration of the nuclear membrane;

- actin cytoskeleton and microtubules for NET release.

Neutrophil extracellular trap can be released according to
three mechanisms (180): (1) a rapid mechanism (30–60 min)
involving vesicles; in this case, the neutrophils remain viable;
(2) a slower mechanism (3–4 h), resulting in rupture of the
neutrophilic plasma membrane; or (3) directly from the mito-
chondria. At present, the third mechanism and the existence of
NET composed from mitochondrial DNA remains controversial,
although one study shows that NET might be majorly composed
of mitochondrial DNA rather than nuclear DNA (181).

Lipopolysaccharide, which has traditionally been described
as a neutrophil activator, is surprisingly incapable of inducing
in vitro NET release by neutrophils. In contrast, in 2007, Clark
et al. showed in a mouse model that the intravenous injection of
LPS leads to NET formation within the first 5 min (94). A more
detailed investigation showed that LPS-induced NET formation
is not direct and requires platelet participation. Indeed, platelet
stimulation by LPS in the presence of neutrophils may not cause a
standard platelet response but might promote their adhesion; the
neutrophils would then be activated and form NET (94).

Kraemer et al. then showed that type 1 beta-defensins released
by platelets after bacterial stimulation were responsible for NET
formation (100).

Kubes presents platelets as a barometer that can detect a sub-
stantial level of bacteria. The platelets are activated by an LPS
concentration 100 times greater than that inducing neutrophil
activation. The platelets may therefore come to the assistance of
the neutrophils by enabling them to form NET when the bacterial
load is too high and their normal functions are insufficient for
correctly eliminating the bacteria (177). NET could be the innate
“last chance” defense.

Neutrophil extracellular traps have been shown to have a pos-
itive impact on the destruction of pathogens during bacteremia.

Conversely, they may alter the microvascular circulation by pro-
moting the formation of microthrombi, thereby also preventing
the immune cells from reaching the bacteria. In addition, their
components may have a toxic effect on the host cells. This was con-
firmed in vitro on human umbilical vein endothelial cell (HUVEC)
(94). Hepatotoxicity has been observed in vivo following the
release of NET, which was measured by the release of alanine
aminotransferase and an occlusion of the liver sinusoids (94).

The histones released in the extracellular medium possess pro-
thrombotic activity and are capable of activating the platelets via
their TLR-2 and -4 (90). This phenomenon may be extrapolated
to the NET histones. In this case, NET would be responsible for
platelet overactivation, which may lead to thrombi formation. The
potential detrimental effect of NET is another illustration of the
alteration of platelet function during sepsis.

CONCLUSION
The implication of platelets in the inflammatory response marks
a veritable turning point in the understanding of platelet physi-
ology and opens new fields of investigation that have been up to
now somewhat neglected. The identification of platelets in the var-
ious inflammatory mechanisms places them at the center of innate
immunity, whether in the recognition of pathogens, signal trans-
duction, or the release of cytokines/chemokines. This functional
similarity with leukocytes shows that both of these cells types are
not so different.

Anucleated platelets are only found in mammals. In the lower
vertebrates, such as birds, reptiles, amphibians, or fish, hemostatic
function is ensured by nucleated thrombocytes. With regard to
invertebrate species, they do not possess platelets per se, but the
hemolymph contains a type of nucleated cell called a hemocyte
that expresses TLR, which is capable of phagocytizing the foreign
body or secreting antimicrobial proteins. It is this same cell how-
ever that regulates coagulation and healing. By compiling all of
these characteristics, it is possible to discuss a possible common
evolution between platelets and leukocytes, followed by a dissoci-
ation, proportional to the evolution of the species (1, 3, 4, 182),
despite this is debated.

All of the studies presented in this thesis generally show that
platelets are able to cover the majority of the steps of inflammation
and thus confirm their total involvement in the orchestration of
this pathophysiological state. By modulating both the acute effec-
tor phase of inflammation and the maintenance of this process,
platelets may become a therapeutic target.

AUTHOR CONTRIBUTIONS
All authors contributed substantially to the conception of this
review. HC, PD, and AC drafted it while BP, FC, and OG revised it
critically for important intellectual content. All authors approved
the final version and agree to be accountable for all aspects of the
work in ensuring that questions related to the accuracy or integrity
of any part of the work are appropriately investigated and resolved.

ACKNOWLEDGMENTS
Authors would like to thank Mr. Charles Antoine Arthaud, Mrs.
Marie Ange Eyraud, and Jocelyne Fagand for their contribution
to the team’s work cited in the review. They also acknowledge

www.frontiersin.org February 2015 | Volume 6 | Article 82 | 61

http://www.frontiersin.org
http://www.frontiersin.org/Inflammation/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Hamzeh-Cognasse et al. Interactions between platelets and bacteria

the staff of Etablissement Français du Sang Auvergne-Loire, Saint-
Etienne, France and the healthy volunteer blood donors for their
participation. The studies of the team that are cited were sup-
ported by grants from the French National Blood Service – EFS
(Grant APR), France; the Association for Research in Transfu-
sion (ART), Paris, France; the Agence Nationale de la Sécurité et
du Médicament et des produits de santé (ANSM – AAP-2012-
011, Reference 2012S055); the “Agence Nationale de la Recherche”
(ANR), reference ANR-12-JSV1-0012-01; and the Association“Les
Amis de Rémi,” Savigneux, France. The authors declare they have
no conflict of interest.

REFERENCES
1. Elzey BD, Tian J, Jensen RJ, Swanson AK, Lees JR, Lentz SR, et al. Platelet-

mediated modulation of adaptive immunity. A communication link between
innate and adaptive immune compartments. Immunity (2003) 19:9–19. doi:
10.1016/S1074-7613(03)00177-8

2. Weyrich AS, Zimmerman GA. Platelets: signaling cells in the immune contin-
uum. Trends Immunol (2004) 25:489–95. doi:10.1016/j.it.2004.07.003

3. Semple JW, Italiano JE Jr, Freedman J. Platelets and the immune continuum.
Nat Rev Immunol (2011) 11:264–74. doi:10.1038/nri2956

4. Garraud O, Hamzeh-Cognasse H, Pozzetto B, Cavaillon JM, Cognasse F. Bench-
to-bedside review: platelets and active immune functions – new clues for
immunopathology? Crit Care (2013) 17:236. doi:10.1186/cc12716

5. Beynon RP, Bahl VK, Prendergast BD. Infective endocarditis. BMJ (2006)
333:334–9. doi:10.1136/bmj.333.7563.334

6. Leask RL, Jain N, Butany J. Endothelium and valvular diseases of the heart.
Microsc Res Tech (2003) 60:129–37. doi:10.1002/jemt.10251

7. Pessi T, Karhunen V, Karjalainen PP, Ylitalo A, Airaksinen JK, Niemi M,
et al. Bacterial signatures in thrombus aspirates of patients with myocar-
dial infarction. Circulation (2013) 127(1219–1228):e1211–6. doi:10.1161/
CIRCULATIONAHA.112.001254

8. McAdow M, Missiakas DM, Schneewind O. Staphylococcus aureus secretes
coagulase and von Willebrand factor binding protein to modify the coagu-
lation cascade and establish host infections. J Innate Immun (2012) 4:141–8.
doi:10.1159/000333447

9. Moreillon P, Entenza JM, Francioli P, Mcdevitt D, Foster TJ, Francois P, et al.
Role of Staphylococcus aureus coagulase and clumping factor in pathogenesis
of experimental endocarditis. Infect Immun (1995) 63:4738–43.

10. Levi M, Schultz M, Van Der Poll T. Sepsis and thrombosis. Semin Thromb
Hemost (2013) 39:559–66. doi:10.1055/s-0033-1343894

11. Osterud B, Bjorklid E. Sources of tissue factor. Semin Thromb Hemost (2006)
32:11–23. doi:10.1055/s-2006-933336

12. Clawson CC, Rao GH, White JG. Platelet interaction with bacteria. IV. Stimu-
lation of the release reaction. Am J Pathol (1975) 81:411–20.

13. Burnier L, Fontana P, Kwak BR, Angelillo-Scherrer A. Cell-derived micropar-
ticles in haemostasis and vascular medicine. Thromb Haemost (2009)
101:439–51. doi:10.1160/TH08-08-0521

14. Nomura S, Fukuhara S. Platelet microparticles. Methods Mol Biol (2004)
272:269–77. doi:10.1385/1-59259-782-3:269

15. Flaumenhaft R. Formation and fate of platelet microparticles. Blood Cells Mol
Dis (2006) 36:182–7. doi:10.1016/j.bcmd.2005.12.019

16. Wiedmer T, Sims PJ. Participation of protein kinases in complement C5b-
9-induced shedding of platelet plasma membrane vesicles. Blood (1991)
78:2880–6.

17. Hashimoto K, Jayachandran M, Owen WG, Miller VM. Aggregation and
microparticle production through toll-like receptor 4 activation in platelets
from recently menopausal women. J Cardiovasc Pharmacol (2009) 54:57–62.
doi:10.1097/FJC.0b013e3181ab373d

18. Brown GT, McIntyre TM. Lipopolysaccharide signaling without a nucleus:
kinase cascades stimulate platelet shedding of proinflammatory IL-1beta-
rich microparticles. J Immunol (2011) 186:5489–96. doi:10.4049/jimmunol.
1001623

19. Kappelmayer J, Beke Debreceni I, Vida A, Antal-Szalmas P, Clemetson KJ, Nagy
B Jr. Distinct effects of Re- and S-forms of LPS on modulating platelet activa-
tion. J Thromb Haemost (2013) 11(4):775–8. doi:10.1111/jth.12151

20. Ge S, Hertel B, Emden SH, Beneke J, Menne J, Haller H, et al. Microparticle
generation and leucocyte death in Shiga toxin-mediated HUS. Nephrol Dial
Transplant (2012) 27:2768–75. doi:10.1093/ndt/gfr748

21. Italiano JE Jr, Mairuhu AT, Flaumenhaft R. Clinical relevance of microparti-
cles from platelets and megakaryocytes. Curr Opin Hematol (2010) 17:578–84.
doi:10.1097/MOH.0b013e32833e77ee

22. George FD. Microparticles in vascular diseases. Thromb Res (2008) 122(Suppl
1):S55–9. doi:10.1016/S0049-3848(08)70020-3

23. Vasina E, Heemskerk JW, Weber C, Koenen RR. Platelets and platelet-derived
microparticles in vascular inflammatory disease. Inflamm Allergy Drug Targets
(2010) 9:346–54. doi:10.2174/187152810793938008

24. Markiewicz M, Richard E, Marks N, Ludwicka-Bradley A. Impact of endothelial
microparticles on coagulation, inflammation, and angiogenesis in age-related
vascular diseases. J Aging Res (2013) 2013:734509. doi:10.1155/2013/734509

25. Lacroix R, Sabatier F, Mialhe A, Basire A, Pannell R, Borghi H, et al. Activa-
tion of plasminogen into plasmin at the surface of endothelial microparticles:
a mechanism that modulates angiogenic properties of endothelial progenitor
cells in vitro. Blood (2007) 110:2432–9. doi:10.1182/blood-2007-02-069997

26. Mause SF, Von Hundelshausen P, Zernecke A, Koenen RR, Weber C. Platelet
microparticles: a transcellular delivery system for RANTES promoting mono-
cyte recruitment on endothelium. Arterioscler Thromb Vasc Biol (2005)
25:1512–8. doi:10.1161/01.ATV.0000170133.43608.37

27. Sowa JM, Crist SA, Ratliff TL, Elzey BD. Platelet influence on T- and B-cell
responses. Arch Immunol Ther Exp (2009) 57:235–41. doi:10.1007/s00005-009-
0032-y

28. Jy W, Mao WW, Horstman L, Tao J, Ahn YS. Platelet microparticles bind, acti-
vate and aggregate neutrophils in vitro. Blood Cells Mol Dis (1995) 21:217–31.
doi:10.1006/bcmd.1995.0025

29. Lo SC, Hung CY, Lin DT, Peng HC, Huang TF. Involvement of platelet glyco-
protein Ib in platelet microparticle mediated neutrophil activation. J Biomed
Sci (2006) 13:787–96. doi:10.1007/s11373-006-9107-5

30. 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

31. Ogura H, Kawasaki T, Tanaka H, Koh T, Tanaka R, Ozeki Y, et al. Activated
platelets enhance microparticle formation and platelet-leukocyte interaction
in severe trauma and sepsis. J Trauma (2001) 50:801–9. doi:10.1097/00005373-
200105000-00005

32. Wang J, Zhang W, Nardi MA, Li Z. HIV-1 Tat induced-platelet activation
and release of CD154 contribute to HIV-1 associated autoimmune thrombo-
cytopenia. J Thromb Haemost (2011) 9(3):562–73. doi:10.1111/j.1538-7836.
2010.04168.x

33. Calvete JJ. Platelet integrin GPIIb/IIIa: structure-function correlations. An
update and lessons from other integrins. Proc Soc Exp Biol Med (1999)
222:29–38. doi:10.1111/j.1525-1373.1999.09993.pp.x

34. Bennett JS, Berger BW, Billings PC. The structure and function of platelet inte-
grins. J Thromb Haemost (2009) 7(Suppl 1):200–5. doi:10.1111/j.1538-7836.
2009.03378.x

35. Josefsson E, Mccrea KW, Ni Eidhin D, O’connell D, Cox J, Hook M, et al.
Three new members of the serine-aspartate repeat protein multigene family of
Staphylococcus aureus. Microbiology (1998) 144(Pt 12):3387–95. doi:10.1099/
00221287-144-12-3387

36. McDevitt D, Francois P,Vaudaux P, Foster TJ. Molecular characterization of the
clumping factor (fibrinogen receptor) of Staphylococcus aureus. Mol Microbiol
(1994) 11:237–48. doi:10.1111/j.1365-2958.1994.tb00304.x

37. Ni Eidhin D, Perkins S, Francois P, Vaudaux P, Hook M, Foster TJ. Clumping
factor B (ClfB), a new surface-located fibrinogen-binding adhesin of Staphylo-
coccus aureus. Mol Microbiol (1998) 30:245–57. doi:10.1046/j.1365-2958.1998.
01050.x

38. Flock JI, Froman G, Jonsson K, Guss B, Signas C, Nilsson B, et al. Cloning and
expression of the gene for a fibronectin-binding protein from Staphylococcus
aureus. EMBO J (1987) 6:2351–7.

39. Mitchell J, Tristan A, Foster TJ. Characterization of the fibrinogen-binding
surface protein Fbl of Staphylococcus lugdunensis. Microbiology (2004)
150:3831–41. doi:10.1099/mic.0.27337-0

40. Usui Y, Ohshima Y, Ichiman Y, Ohtomo T, Suganuma M, Yoshida K. Platelet
aggregation induced by strains of various species of coagulase-negative staphy-
lococci. Microbiol Immunol (1991) 35:15–26. doi:10.1111/j.1348-0421.1991.
tb01529.x

Frontiers in Immunology | Inflammation February 2015 | Volume 6 | Article 82 | 62

http://dx.doi.org/10.1016/S1074-7613(03)00177-8
http://dx.doi.org/10.1016/j.it.2004.07.003
http://dx.doi.org/10.1038/nri2956
http://dx.doi.org/10.1186/cc12716
http://dx.doi.org/10.1136/bmj.333.7563.334
http://dx.doi.org/10.1002/jemt.10251
http://dx.doi.org/10.1161/CIRCULATIONAHA.112.001254
http://dx.doi.org/10.1161/CIRCULATIONAHA.112.001254
http://dx.doi.org/10.1159/000333447
http://dx.doi.org/10.1055/s-0033-1343894
http://dx.doi.org/10.1055/s-2006-933336
http://dx.doi.org/10.1160/TH08-08-0521
http://dx.doi.org/10.1385/1-59259-782-3:269
http://dx.doi.org/10.1016/j.bcmd.2005.12.019
http://dx.doi.org/10.1097/FJC.0b013e3181ab373d
http://dx.doi.org/10.4049/jimmunol.1001623
http://dx.doi.org/10.4049/jimmunol.1001623
http://dx.doi.org/10.1111/jth.12151
http://dx.doi.org/10.1093/ndt/gfr748
http://dx.doi.org/10.1097/MOH.0b013e32833e77ee
http://dx.doi.org/10.1016/S0049-3848(08)70020-3
http://dx.doi.org/10.2174/187152810793938008
http://dx.doi.org/10.1155/2013/734509
http://dx.doi.org/10.1182/blood-2007-02-069997
http://dx.doi.org/10.1161/01.ATV.0000170133.43608.37
http://dx.doi.org/10.1007/s00005-009-0032-y
http://dx.doi.org/10.1007/s00005-009-0032-y
http://dx.doi.org/10.1006/bcmd.1995.0025
http://dx.doi.org/10.1007/s11373-006-9107-5
http://dx.doi.org/10.1126/science.1181928
http://dx.doi.org/10.1097/00005373-200105000-00005
http://dx.doi.org/10.1097/00005373-200105000-00005
http://dx.doi.org/10.1111/j.1538-7836.2010.04168.x
http://dx.doi.org/10.1111/j.1538-7836.2010.04168.x
http://dx.doi.org/10.1111/j.1525-1373.1999.09993.pp.x
http://dx.doi.org/10.1111/j.1538-7836.2009.03378.x
http://dx.doi.org/10.1111/j.1538-7836.2009.03378.x
http://dx.doi.org/10.1099/00221287-144-12-3387
http://dx.doi.org/10.1099/00221287-144-12-3387
http://dx.doi.org/10.1111/j.1365-2958.1994.tb00304.x
http://dx.doi.org/10.1046/j.1365-2958.1998.01050.x
http://dx.doi.org/10.1046/j.1365-2958.1998.01050.x
http://dx.doi.org/10.1099/mic.0.27337-0
http://dx.doi.org/10.1111/j.1348-0421.1991.tb01529.x
http://dx.doi.org/10.1111/j.1348-0421.1991.tb01529.x
http://www.frontiersin.org/Inflammation
http://www.frontiersin.org/Inflammation/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Hamzeh-Cognasse et al. Interactions between platelets and bacteria

41. Brennan MP, Loughman A, Devocelle M, Arasu S, Chubb AJ, Foster TJ, et al.
Elucidating the role of Staphylococcus epidermidis serine-aspartate repeat pro-
tein G in platelet activation. J Thromb Haemost (2009) 7:1364–72. doi:10.1111/
j.1538-7836.2009.03495.x

42. Cox D, Kerrigan SW, Watson SP. Platelets and the innate immune system:
mechanisms of bacterial-induced platelet activation. J Thromb Haemost (2011)
9:1097–107. doi:10.1111/j.1538-7836.2011.04264.x

43. Miajlovic H, Zapotoczna M, Geoghegan JA, Kerrigan SW, Speziale P, Foster
TJ. Direct interaction of iron-regulated surface determinant IsdB of Staphy-
lococcus aureus with the GPIIb/IIIa receptor on platelets. Microbiology (2010)
156:920–8. doi:10.1099/mic.0.036673-0

44. Petersen HJ, Keane C, Jenkinson HF, Vickerman MM, Jesionowski A, Water-
house JC, et al. Human platelets recognize a novel surface protein, PadA, on
Streptococcus gordonii through a unique interaction involving fibrinogen recep-
tor GPIIbIIIa. Infect Immun (2010) 78:413–22. doi:10.1128/IAI.00664-09

45. Plummer C, Wu H, Kerrigan SW, Meade G, Cox D, Ian Douglas CW.
A serine-rich glycoprotein of Streptococcus sanguinis mediates adhesion to
platelets via GPIb. Br J Haematol (2005) 129:101–9. doi:10.1111/j.1365-2141.
2005.05421.x

46. Bensing BA, Lopez JA, Sullam PM. The Streptococcus gordonii surface pro-
teins GspB and Hsa mediate binding to sialylated carbohydrate epitopes on
the platelet membrane glycoprotein Ibalpha. Infect Immun (2004) 72:6528–37.
doi:10.1128/IAI.72.11.6528-6537.2004

47. Siboo IR, Chambers HF, Sullam PM. Role of SraP, a serine-rich surface protein
of Staphylococcus aureus, in binding to human platelets. Infect Immun (2005)
73:2273–80. doi:10.1128/IAI.73.4.2273-2280.2005

48. O’Seaghdha M, Van Schooten CJ, Kerrigan SW, Emsley J, Silverman GJ, Cox
D, et al. Staphylococcus aureus protein A binding to von Willebrand factor
A1 domain is mediated by conserved IgG binding regions. FEBS J (2006)
273:4831–41. doi:10.1111/j.1742-4658.2006.05482.x

49. Thomer L, Schneewind O, Missiakas D. Multiple ligands of von Willebrand
factor-binding protein (vWbp) promote Staphylococcus aureus clot formation
in human plasma. J Biol Chem (2013) 288:28283–92. doi:10.1074/jbc.M113.
493122

50. Claes J, Vanassche T, Peetermans M, Liesenborghs L, Vandenbriele C, Van-
hoorelbeke K, et al. Adhesion of Staphylococcus aureus to the vessel wall under
flow is mediated by von Willebrand factor-binding protein. Blood (2014)
124:1669–76. doi:10.1182/blood-2014-02-558890

51. Byrne MF, Kerrigan SW, Corcoran PA, Atherton JC, Murray FE, Fitzgerald
DJ, et al. Helicobacter pylori binds von Willebrand factor and interacts with
GPIb to induce platelet aggregation. Gastroenterology (2003) 124:1846–54.
doi:10.1016/S0016-5085(03)00397-4

52. Peerschke EI, Yin W, Ghebrehiwet B. Complement activation on platelets:
implications for vascular inflammation and thrombosis. Mol Immunol (2010)
47:2170–5. doi:10.1016/j.molimm.2010.05.009

53. Verschoor A, Langer HF. Crosstalk between platelets and the complement sys-
tem in immune protection and disease. Thromb Haemost (2013) 110:910–9.
doi:10.1160/TH13-02-0102

54. Gadjeva M. The complement system. Overview. Methods Mol Biol (2014)
1100:1–9. doi:10.1007/978-1-62703-724-2_1

55. Ford I, Douglas CW, Heath J, Rees C, Preston FE. Evidence for the involve-
ment of complement proteins in platelet aggregation by Streptococcus sanguinis
NCTC 7863. Br J Haematol (1996) 94:729–39. doi:10.1046/j.1365-2141.1996.
d01-1857.x

56. Loughman A, Fitzgerald JR, Brennan MP, Higgins J, Downer R, Cox D, et al.
Roles for fibrinogen, immunoglobulin and complement in platelet activation
promoted by Staphylococcus aureus clumping factor A. Mol Microbiol (2005)
57:804–18. doi:10.1111/j.1365-2958.2005.04731.x

57. Peerschke EI, Murphy TK, Ghebrehiwet B. Activation-dependent surface
expression of gC1qR/p33 on human blood platelets. Thromb Haemost (2003)
89:331–9. doi:10.1267/THRO03020331

58. Hamad OA, Nilsson PH, Wouters D, Lambris JD, Ekdahl KN, Nilsson B. Com-
plement component C3 binds to activated normal platelets without preced-
ing proteolytic activation and promotes binding to complement receptor 1.
J Immunol (2010) 184:2686–92. doi:10.4049/jimmunol.0902810

59. Schmaier AH, Smith PM, Colman RW. Platelet C1-inhibitor. A secreted alpha-
granule protein. J Clin Invest (1985) 75:242–50. doi:10.1172/JCI111680

60. Capel PJ, Van De Winkel JG, Van Den Herik-Oudijk IE, Verbeek JS. Het-
erogeneity of human IgG Fc receptors. Immunomethods (1994) 4:25–34.
doi:10.1006/immu.1994.1004

61. Cassel DL, Keller MA, Surrey S, Schwartz E, Schreiber AD, Rappaport EF, et al.
Differential expression of Fc gamma RIIA, Fc gamma RIIB and Fc gamma RIIC
in hematopoietic cells: analysis of transcripts. Mol Immunol (1993) 30:451–60.
doi:10.1016/0161-5890(93)90113-P

62. Reilly RF. The pathophysiology of immune-mediated heparin-induced throm-
bocytopenia. Semin Dial (2003) 16:54–60. doi:10.1046/j.1525-139X.2003.
03013.x

63. Worth RG, Chien CD, Chien P, Reilly MP, Mckenzie SE, Schreiber AD. Platelet
FcgammaRIIA binds and internalizes IgG-containing complexes. Exp Hematol
(2006) 34:1490–5. doi:10.1016/j.exphem.2006.06.015

64. Fitzpatrick RE, Wijeyewickrema LC, Pike RN. The gingipains: scissors and glue
of the periodontal pathogen, Porphyromonas gingivalis. Future Microbiol (2009)
4:471–87. doi:10.2217/fmb.09.18

65. Arvand M, Bhakdi S, Dahlback B, Preissner KT. Staphylococcus aureus alpha-
toxin attack on human platelets promotes assembly of the prothrombinase
complex. J Biol Chem (1990) 265:14377–81.

66. Bryant AE, Bayer CR, Chen RY, Guth PH, Wallace RJ, Stevens DL. Vascular dys-
function and ischemic destruction of tissue in Streptococcus pyogenes infection:
the role of streptolysin O-induced platelet/neutrophil complexes. J Infect Dis
(2005) 192:1014–22. doi:10.1086/432729

67. Johnson MK, Boese-Marrazzo D, Pierce WA Jr. Effects of pneumolysin on
human polymorphonuclear leukocytes and platelets. Infect Immun (1981)
34:171–6.

68. Clawson CC. Platelet interaction with bacteria. 3. Ultrastructure. Am J Pathol
(1973) 70:449–71.

69. Clawson CC, White JG. Platelet interaction with bacteria. V. Ultrastructure of
congenital afibrinogenemic platelets. Am J Pathol (1980) 98:197–211.

70. Youssefian T, Drouin A, Masse JM, Guichard J, Cramer EM. Host defense role
of platelets: engulfment of HIV and Staphylococcus aureus occurs in a specific
subcellular compartment and is enhanced by platelet activation. Blood (2002)
99:4021–9. doi:10.1182/blood-2001-12-0191

71. Li X, Iwai T, Nakamura H, Inoue Y, Chen Y, Umeda M, et al. An ultrastructural
study of Porphyromonas gingivalis-induced platelet aggregation. Thromb Res
(2008) 122:810–9. doi:10.1016/j.thromres.2008.03.011

72. Antczak AJ, Vieth JA, Singh N, Worth RG. Internalization of IgG-coated tar-
gets results in activation and secretion of soluble CD40 ligand and RANTES
by human platelets. Clin Vaccine Immunol (2011) 18:210–6. doi:10.1128/CVI.
00296-10

73. White JG. Why human platelets fail to kill bacteria. Platelets (2006) 17:191–200.
doi:10.1080/09537100500441234

74. Abdulrehman AY, Jackson EC, Mcnicol A. Platelet activation by Streptococcus
sanguinis is accompanied by MAP kinase phosphorylation. Platelets (2013)
24:6–14. doi:10.3109/09537104.2012.661105

75. O’Brien L, Kerrigan SW, Kaw G, Hogan M, Penades J, Litt D, et al. Multi-
ple mechanisms for the activation of human platelet aggregation by Staphy-
lococcus aureus: roles for the clumping factors ClfA and ClfB, the serine-
aspartate repeat protein SdrE and protein A. Mol Microbiol (2002) 44:1033–44.
doi:10.1046/j.1365-2958.2002.02935.x

76. Sullam PM, Hyun WC, Szollosi J, Dong J, Foss WM, Lopez JA. Physical prox-
imity and functional interplay of the glycoprotein Ib-IX-V complex and the Fc
receptor FcgammaRIIA on the platelet plasma membrane. J Biol Chem (1998)
273:5331–6. doi:10.1074/jbc.273.9.5331

77. Sun B, Li J, Kambayashi J. Interaction between GPIbalpha and FcgammaIIA
receptor in human platelets. Biochem Biophys Res Commun (1999) 266:24–7.
doi:10.1006/bbrc.1999.1761

78. Boylan B, Gao C, Rathore V, Gill JC, Newman DK, Newman PJ. Identifica-
tion of FcgammaRIIa as the ITAM-bearing receptor mediating alphaIIbbeta3
outside-in integrin signaling in human platelets. Blood (2008) 112:2780–6.
doi:10.1182/blood-2008-02-142125

79. Kerrigan SW, Cox D. Platelet-bacterial interactions. Cell Mol Life Sci (2010)
67:513–23. doi:10.1007/s00018-009-0207-z

80. Fong KP, Barry C, Tran AN, Traxler EA, Wannemacher KM, Tang HY,
et al. Deciphering the human platelet sheddome. Blood (2011) 117:e15–26.
doi:10.1182/blood-2010-05-283838

www.frontiersin.org February 2015 | Volume 6 | Article 82 | 63

http://dx.doi.org/10.1111/j.1538-7836.2009.03495.x
http://dx.doi.org/10.1111/j.1538-7836.2009.03495.x
http://dx.doi.org/10.1111/j.1538-7836.2011.04264.x
http://dx.doi.org/10.1099/mic.0.036673-0
http://dx.doi.org/10.1128/IAI.00664-09
http://dx.doi.org/10.1111/j.1365-2141.2005.05421.x
http://dx.doi.org/10.1111/j.1365-2141.2005.05421.x
http://dx.doi.org/10.1128/IAI.72.11.6528-6537.2004
http://dx.doi.org/10.1128/IAI.73.4.2273-2280.2005
http://dx.doi.org/10.1111/j.1742-4658.2006.05482.x
http://dx.doi.org/10.1074/jbc.M113.493122
http://dx.doi.org/10.1074/jbc.M113.493122
http://dx.doi.org/10.1182/blood-2014-02-558890
http://dx.doi.org/10.1016/S0016-5085(03)00397-4
http://dx.doi.org/10.1016/j.molimm.2010.05.009
http://dx.doi.org/10.1160/TH13-02-0102
http://dx.doi.org/10.1007/978-1-62703-724-2_1
http://dx.doi.org/10.1046/j.1365-2141.1996.d01-1857.x
http://dx.doi.org/10.1046/j.1365-2141.1996.d01-1857.x
http://dx.doi.org/10.1111/j.1365-2958.2005.04731.x
http://dx.doi.org/10.1267/THRO03020331
http://dx.doi.org/10.4049/jimmunol.0902810
http://dx.doi.org/10.1172/JCI111680
http://dx.doi.org/10.1006/immu.1994.1004
http://dx.doi.org/10.1016/0161-5890(93)90113-P
http://dx.doi.org/10.1046/j.1525-139X.2003.03013.x
http://dx.doi.org/10.1046/j.1525-139X.2003.03013.x
http://dx.doi.org/10.1016/j.exphem.2006.06.015
http://dx.doi.org/10.2217/fmb.09.18
http://dx.doi.org/10.1086/432729
http://dx.doi.org/10.1182/blood-2001-12-0191
http://dx.doi.org/10.1016/j.thromres.2008.03.011
http://dx.doi.org/10.1128/CVI.00296-10
http://dx.doi.org/10.1128/CVI.00296-10
http://dx.doi.org/10.1080/09537100500441234
http://dx.doi.org/10.3109/09537104.2012.661105
http://dx.doi.org/10.1046/j.1365-2958.2002.02935.x
http://dx.doi.org/10.1074/jbc.273.9.5331
http://dx.doi.org/10.1006/bbrc.1999.1761
http://dx.doi.org/10.1182/blood-2008-02-142125
http://dx.doi.org/10.1007/s00018-009-0207-z
http://dx.doi.org/10.1182/blood-2010-05-283838
http://www.frontiersin.org
http://www.frontiersin.org/Inflammation/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Hamzeh-Cognasse et al. Interactions between platelets and bacteria

81. Karshovska E, Weber C, Von Hundelshausen P. Platelet chemokines in
health and disease. Thromb Haemost (2013) 110:894–902. doi:10.1160/TH13-
04-0341

82. McNicol A, Agpalza A, Jackson EC, Hamzeh-Cognasse H, Garraud O, Cognasse
F. Streptococcus sanguinis-induced cytokine release from platelets. J Thromb
Haemost (2011) 9:2038–49. doi:10.1111/j.1538-7836.2011.04462.x

83. Haaland HD, Holmsen H. Potentiation by adrenaline of agonist-induced
responses in normal human platelets in vitro. Platelets (2011) 22:328–37.
doi:10.3109/09537104.2011.551949

84. Krauel K, Weber C, Brandt S, Zahringer U, Mamat U, Greinacher A, et al.
Platelet factor 4 binding to lipid A of gram-negative bacteria exposes
PF4/heparin-like epitopes. Blood (2012) 120:3345–52. doi:10.1182/blood-
2012-06-434985

85. Andre P, Nannizzi-Alaimo L, Prasad SK, Phillips DR. Platelet-derived
CD40L: the switch-hitting player of cardiovascular disease. Circulation (2002)
106:896–9. doi:10.1161/01.CIR.0000028962.04520.01

86. Garraud O, Hamzeh-Cognasse H, Cognasse F. Platelets and cytokines: how and
why? Transfus Clin Biol (2012) 19:104–8. doi:10.1016/j.tracli.2012.02.004

87. Cognasse F, Lafarge S, Chavarin P, Acquart S, Garraud O. Lipopolysac-
charide induces sCD40L release through human platelets TLR4, but not
TLR2 and TLR9. Intensive Care Med (2007) 33:382–4. doi:10.1007/s00134-
006-0488-8

88. Knapp S, Von Aulock S, Leendertse M, Haslinger I, Draing C, Golenbock DT,
et al. Lipoteichoic acid-induced lung inflammation depends on TLR2 and the
concerted action of TLR4 and the platelet-activating factor receptor. J Immunol
(2008) 180:3478–84. doi:10.4049/jimmunol.180.5.3478

89. Assinger A, Laky M, Schabbauer G, Hirschl AM, Buchberger E, Binder BR,
et al. Efficient phagocytosis of periodontopathogens by neutrophils requires
plasma factors, platelets and TLR2. J Thromb Haemost (2011) 9:799–809.
doi:10.1111/j.1538-7836.2011.04193.x

90. Semeraro F, Ammollo CT, Morrissey JH, Dale GL, Friese P, Esmon NL,
et al. Extracellular histones promote thrombin generation through platelet-
dependent mechanisms: involvement of platelet TLR2 and TLR4. Blood (2011)
118:1952–61. doi:10.1182/blood-2011-03-343061

91. Assinger A, Laky M, Badrnya S, Esfandeyari A, Volf I. Periodontopathogens
induce expression of CD40L on human platelets via TLR2 and TLR4. Thromb
Res (2012) 130:e73–8. doi:10.1016/j.thromres.2012.04.017

92. Ward JR, Bingle L, Judge HM, Brown SB, Storey RF, Whyte MK, et al. Agonists
of toll-like receptor (TLR)2 and TLR4 are unable to modulate platelet activa-
tion by adenosine diphosphate and platelet activating factor. Thromb Haemost
(2005) 94:831–8. doi:10.1160/TH05-01-0009

93. Stahl AL, Svensson M, Morgelin M, Svanborg C, Tarr PI, Mooney JC, et al.
Lipopolysaccharide from enterohemorrhagic Escherichia coli binds to platelets
via TLR4 and CD62 and is detected on circulating platelets in patients with
hemolytic uremic syndrome. Blood (2006) 108:167–76. doi:10.1182/blood-
2005-08-3219

94. 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

95. Jayachandran M, Brunn GJ, Karnicki K, Miller RS, Owen WG, Miller VM.
In vivo effects of lipopolysaccharide and TLR4 on platelet production and
activity: implications for thrombotic risk. J Appl Physiol (2007) 102:429–33.
doi:10.1152/japplphysiol.01576.2005

96. Zhang G, Han J, Welch EJ, Ye RD, Voyno-Yasenetskaya TA, Malik AB, et al.
Lipopolysaccharide stimulates platelet secretion and potentiates platelet aggre-
gation via TLR4/MyD88 and the cGMP-dependent protein kinase pathway.
J Immunol (2009) 182:7997–8004. doi:10.4049/jimmunol.0802884

97. Soliman A, Michelsen KS, Karahashi H, Lu J, Meng FJ, Qu X, et al. Platelet-
activating factor induces TLR4 expression in intestinal epithelial cells: impli-
cation for the pathogenesis of necrotizing enterocolitis. PLoS One (2010)
5:e15044. doi:10.1371/journal.pone.0015044

98. Wang B, Wang YQ, Cao SH, Liang Y. [Platelet parameters and platelet toll-like
receptor 4 (TLR4) expression in patients with sepsis, and the effect of a joint
treatment-plan integrating traditional Chinese and western medicine: a clinical
study]. Zhongguo Wei Zhong Bing Ji Jiu Yi Xue (2011) 23:616–20.

99. Berthet J, Damien P, Hamzeh-Cognasse H, Arthaud CA, Eyraud MA, Zeni F,
et al. Human platelets can discriminate between various bacterial LPS isoforms
via TLR4 signaling and differential cytokine secretion. Clin Immunol (2012)
145:189–200. doi:10.1016/j.clim.2012.09.004

100. Kraemer BF, Campbell RA, Schwertz H, Cody MJ, Franks Z, Tolley ND, et al.
Novel anti-bacterial activities of beta-defensin 1 in human platelets: suppres-
sion of pathogen growth and signaling of neutrophil extracellular trap forma-
tion. PLoS Pathog (2011) 7:e1002355. doi:10.1371/journal.ppat.1002355

101. Drago L, Bortolin M, Vassena C, Taschieri S, Del Fabbro M. Antimicrobial
activity of pure platelet-rich plasma against microorganisms isolated from oral
cavity. BMC Microbiol (2013) 13:47. doi:10.1186/1471-2180-13-47

102. Yeaman MR. Platelets in defense against bacterial pathogens. Cell Mol Life Sci
(2010) 67:525–44. doi:10.1007/s00018-009-0210-4

103. Trier DA, Gank KD, Kupferwasser D,Yount NY, French WJ, Michelson AD, et al.
Platelet antistaphylococcal responses occur through P2X1 and P2Y12 receptor-
induced activation and kinocidin release. Infect Immun (2008) 76:5706–13.
doi:10.1128/IAI.00935-08

104. Yang D, Chen Q, Hoover DM, Staley P, Tucker KD, Lubkowski J, et al.
Many chemokines including CCL20/MIP-3alpha display antimicrobial activity.
J Leukoc Biol (2003) 74:448–55. doi:10.1189/jlb.0103024

105. Tang YQ, Yeaman MR, Selsted ME. Antimicrobial peptides from
human platelets. Infect Immun (2002) 70:6524–33. doi:10.1128/IAI.70.12.
6524-6533.2002

106. Yeaman MR, Yount NY, Waring AJ, Gank KD, Kupferwasser D, Wiese R, et al.
Modular determinants of antimicrobial activity in platelet factor-4 family
kinocidins. Biochim Biophys Acta (2007) 1768:609–19. doi:10.1016/j.bbamem.
2006.11.010

107. Agerberth B, Gudmundsson GH. Host antimicrobial defence peptides in
human disease. Curr Top Microbiol Immunol (2006) 306:67–90. doi:10.1007/
3-540-29916-5_3

108. Guani-Guerra E, Santos-Mendoza T, Lugo-Reyes SO, Teran LM. Antimicro-
bial peptides: general overview and clinical implications in human health and
disease. Clin Immunol (2010) 135:1–11. doi:10.1016/j.clim.2009.12.004

109. Tohidnezhad M, Varoga D, Podschun R, Wruck CJ, Seekamp A, Brandenburg
LO, et al. Thrombocytes are effectors of the innate immune system releas-
ing human beta defensin-3. Injury (2011) 42:682–6. doi:10.1016/j.injury.2010.
12.010

110. Tohidnezhad M, Varoga D, Wruck CJ, Podschun R, Sachweh BH, Borne-
mann J, et al. Platelets display potent antimicrobial activity and release
human beta-defensin 2. Platelets (2012) 23:217–23. doi:10.3109/09537104.
2011.610908

111. Fowler VG Jr, Miro JM, Hoen B, Cabell CH, Abrutyn E, Rubinstein E, et al.
Staphylococcus aureus endocarditis: a consequence of medical progress. JAMA
(2005) 293:3012–21. doi:10.1001/jama.293.24.3012

112. Klevens RM, Morrison MA, Nadle J, Petit S, Gershman K, Ray S, et al. Inva-
sive methicillin-resistant Staphylococcus aureus infections in the United States.
JAMA (2007) 298:1763–71. doi:10.1001/jama.298.15.1763

113. Fitzgerald JR, Foster TJ, Cox D. The interaction of bacterial pathogens with
platelets. Nat Rev Microbiol (2006) 4:445–57. doi:10.1038/nrmicro1425

114. Sullam PM, Bayer AS, Foss WM, Cheung AL. Diminished platelet binding
in vitro by Staphylococcus aureus is associated with reduced virulence in a
rabbit model of infective endocarditis. Infect Immun (1996) 64:4915–21.

115. Bayer AS, Sullam PM, Ramos M, Li C, Cheung AL, Yeaman MR. Staphylococcus
aureus induces platelet aggregation via a fibrinogen-dependent mechanism
which is independent of principal platelet glycoprotein IIb/IIIa fibrinogen-
binding domains. Infect Immun (1995) 63:3634–41.

116. Fitzgerald JR, Loughman A, Keane F, Brennan M, Knobel M, Higgins J,
et al. Fibronectin-binding proteins of Staphylococcus aureus mediate activa-
tion of human platelets via fibrinogen and fibronectin bridges to integrin
GPIIb/IIIa and IgG binding to the FcgammaRIIa receptor. Mol Microbiol (2006)
59:212–30. doi:10.1111/j.1365-2958.2005.04922.x

117. Zapotoczna M, Jevnikar Z, Miajlovic H, Kos J, Foster TJ. Iron-regulated surface
determinant B (IsdB) promotes Staphylococcus aureus adherence to and inter-
nalization by non-phagocytic human cells. Cell Microbiol (2013) 15:1026–41.
doi:10.1111/cmi.12097

118. Heptinstall S. Platelet activation by an extracellular adherence protein from
Staphylococcus aureus acting via modulation of sulfhydryl groups on platelets.
Arterioscler Thromb Vasc Biol (2012) 32:1751–2. doi:10.1161/ATVBAHA.112.
252460

119. Schubert S, Schwertz H, Weyrich AS, Franks ZG, Lindemann S, Otto M,
et al. Staphylococcus aureus alpha-toxin triggers the synthesis of B-cell lym-
phoma 3 by human platelets. Toxins (Basel) (2011) 3:120–33. doi:10.3390/
toxins3020120

Frontiers in Immunology | Inflammation February 2015 | Volume 6 | Article 82 | 64

http://dx.doi.org/10.1160/TH13-04-0341
http://dx.doi.org/10.1160/TH13-04-0341
http://dx.doi.org/10.1111/j.1538-7836.2011.04462.x
http://dx.doi.org/10.3109/09537104.2011.551949
http://dx.doi.org/10.1182/blood-2012-06-434985
http://dx.doi.org/10.1182/blood-2012-06-434985
http://dx.doi.org/10.1161/01.CIR.0000028962.04520.01
http://dx.doi.org/10.1016/j.tracli.2012.02.004
http://dx.doi.org/10.1007/s00134-006-0488-8
http://dx.doi.org/10.1007/s00134-006-0488-8
http://dx.doi.org/10.4049/jimmunol.180.5.3478
http://dx.doi.org/10.1111/j.1538-7836.2011.04193.x
http://dx.doi.org/10.1182/blood-2011-03-343061
http://dx.doi.org/10.1016/j.thromres.2012.04.017
http://dx.doi.org/10.1160/TH05-01-0009
http://dx.doi.org/10.1182/blood-2005-08-3219
http://dx.doi.org/10.1182/blood-2005-08-3219
http://dx.doi.org/10.1038/nm1565
http://dx.doi.org/10.1152/japplphysiol.01576.2005
http://dx.doi.org/10.4049/jimmunol.0802884
http://dx.doi.org/10.1371/journal.pone.0015044
http://dx.doi.org/10.1016/j.clim.2012.09.004
http://dx.doi.org/10.1371/journal.ppat.1002355
http://dx.doi.org/10.1186/1471-2180-13-47
http://dx.doi.org/10.1007/s00018-009-0210-4
http://dx.doi.org/10.1128/IAI.00935-08
http://dx.doi.org/10.1189/jlb.0103024
http://dx.doi.org/10.1128/IAI.70.12.6524-6533.2002
http://dx.doi.org/10.1128/IAI.70.12.6524-6533.2002
http://dx.doi.org/10.1016/j.bbamem.2006.11.010
http://dx.doi.org/10.1016/j.bbamem.2006.11.010
http://dx.doi.org/10.1007/3-540-29916-5_3
http://dx.doi.org/10.1007/3-540-29916-5_3
http://dx.doi.org/10.1016/j.clim.2009.12.004
http://dx.doi.org/10.1016/j.injury.2010.12.010
http://dx.doi.org/10.1016/j.injury.2010.12.010
http://dx.doi.org/10.3109/09537104.2011.610908
http://dx.doi.org/10.3109/09537104.2011.610908
http://dx.doi.org/10.1001/jama.293.24.3012
http://dx.doi.org/10.1001/jama.298.15.1763
http://dx.doi.org/10.1038/nrmicro1425
http://dx.doi.org/10.1111/j.1365-2958.2005.04922.x
http://dx.doi.org/10.1111/cmi.12097
http://dx.doi.org/10.1161/ATVBAHA.112.252460
http://dx.doi.org/10.1161/ATVBAHA.112.252460
http://dx.doi.org/10.3390/toxins3020120
http://dx.doi.org/10.3390/toxins3020120
http://www.frontiersin.org/Inflammation
http://www.frontiersin.org/Inflammation/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Hamzeh-Cognasse et al. Interactions between platelets and bacteria

120. Parimon T, Li Z, Bolz DD, Mcindoo ER, Bayer CR, Stevens DL, et al. Staphylo-
coccus aureus alpha-hemolysin promotes platelet-neutrophil aggregate forma-
tion. J Infect Dis (2013) 208:761–70. doi:10.1093/infdis/jit235

121. Vanassche T, Kauskot A, Verhaegen J, Peetermans WE, Van Ryn J, Schneewind
O, et al. Fibrin formation by staphylothrombin facilitates Staphylococcus
aureus-induced platelet aggregation. Thromb Haemost (2012) 107:1107–21.
doi:10.1160/TH11-12-0891

122. Tran U, Boyle T, Shupp JW, Hammamieh R, Jett M. Staphylococcal entero-
toxin B initiates protein kinase C translocation and eicosanoid metabolism
while inhibiting thrombin-induced aggregation in human platelets. Mol Cell
Biochem (2006) 288:171–8. doi:10.1007/s11010-006-9134-6

123. Waller AK, Sage T, Kumar C, Carr T, Gibbins JM, Clarke SR. Staphylococ-
cus aureus lipoteichoic acid inhibits platelet activation and thrombus forma-
tion via the Paf receptor. J Infect Dis (2013) 208:2046–57. doi:10.1093/infdis/
jit398

124. Shannon O, Uekotter A, Flock JI. Extracellular fibrinogen binding protein, Efb,
from Staphylococcus aureus as an antiplatelet agent in vivo. Thromb Haemost
(2005) 93:927–31. doi:10.1267/THRO05050927

125. Suehiro A, Oura Y, Ueda M, Kakishita E. Inhibitory effect of staphylokinase on
platelet aggregation. Thromb Haemost (1993) 70:834–7.

126. Liu CZ, Huang TF, Tsai PJ, Chang LY, Chang MC. A segment of Staphylo-
coccus aureus clumping factor A with fibrinogen-binding activity (ClfA221-
550) inhibits platelet-plug formation in mice. Thromb Res (2007) 121:183–91.
doi:10.1016/j.thromres.2007.03.019

127. Ferkau A, Gillmann HJ, Mischke R, Calmer S, Ecklebe S, Abid M, et al.
Infection-associated platelet dysfunction of canine platelets detected in a flow
chamber model. BMC Vet Res (2013) 9:112. doi:10.1186/1746-6148-9-112

128. Levi M. The coagulant response in sepsis and inflammation. Hamostaseologie
(2010) 30(10–12):14–6. doi:10.1016/j.ccm.2008.06.006

129. Cohen J. The immunopathogenesis of sepsis. Nature (2002) 420:885–91.
doi:10.1038/nature01326

130. Perl M, Chung CS, Swan R, Ayala A. Role of programmed cell death in the
immunopathogenesis of sepsis. Drug Discov Today Dis Mech (2007) 4:223–30.
doi:10.1016/j.ddmec.2008.02.010

131. Cavaillon JM, Adib-Conquy M, Fitting C, Adrie C, Payen D. Cytokine cascade
in sepsis. Scand J Infect Dis (2003) 35:535–44. doi:10.1080/00365540310015935

132. Tyml K. Critical role for oxidative stress, platelets, and coagulation in cap-
illary blood flow impairment in sepsis. Microcirculation (2011) 18:152–62.
doi:10.1111/j.1549-8719.2010.00080.x

133. Iskander KN, Osuchowski MF, Stearns-Kurosawa DJ, Kurosawa S, Stepien D,
Valentine C, et al. Sepsis: multiple abnormalities, heterogeneous responses, and
evolving understanding. Physiol Rev (2013) 93:1247–88. doi:10.1152/physrev.
00037.2012

134. Okajima K. Regulation of inflammatory responses by natural anticoagulants.
Immunol Rev (2001) 184:258–74. doi:10.1034/j.1600-065x.2001.1840123.x

135. Poggi M, Paulmyer-Lacroix O, Verdier M, Peiretti F, Bastelica D, Boucraut J,
et al. Chronic plasminogen activator inhibitor-1 (PAI-1) overexpression damp-
ens CD25+ lymphocyte recruitment after lipopolysaccharide endotoxemia in
mouse lung. J Thromb Haemost (2007) 5:2467–75. doi:10.1111/j.1538-7836.
2007.02757.x

136. Inwald DP, Faust SN, Lister P, Peters MJ, Levin M, Heyderman R, et al.
Platelet and soluble CD40L in meningococcal sepsis. Intensive Care Med (2006)
32:1432–7. doi:10.1007/s00134-006-0250-2

137. Chew M, Rahman M, Ihrman L, Erson A, Zhang S, Thorlacius H. Soluble
CD40L (CD154) is increased in patients with shock. Inflamm Res (2010)
59:979–82. doi:10.1007/s00011-010-0213-5

138. Lorente L, Martin MM, Varo N, Borreguero-Leon JM, Sole-Violan J, Blanquer
J, et al. Association between serum soluble CD40 ligand levels and mortality in
patients with severe sepsis. Crit Care (2011) 15:R97. doi:10.1186/cc10104

139. Zhang S,Rahman M,Qi Z,Thorlacius H. Simvastatin antagonizes CD40L secre-
tion, CXC chemokine formation, and pulmonary infiltration of neutrophils in
abdominal sepsis. J Leukoc Biol (2011) 89:735–42. doi:10.1189/jlb.0510279

140. Rahman M, Zhang S, Chew M, Syk I, Jeppsson B, Thorlacius H. Platelet shed-
ding of CD40L is regulated by matrix metalloproteinase-9 in abdominal sepsis.
J Thromb Haemost (2013) 11:1385–98. doi:10.1111/jth.12273

141. Luo L, Zhang S, Wang Y, Rahman M, Syk I, Zhang E, et al. Proinflammatory
role of neutrophil extracellular traps in abdominal sepsis. Am J Physiol Lung
Cell Mol Physiol (2014) 307:L586–96. doi:10.1152/ajplung.00365.2013

142. Rahman M, Zhang S, Chew M, Ersson A, Jeppsson B, Thorlacius H. Platelet-
derived CD40L (CD154) mediates neutrophil upregulation of Mac-1 and
recruitment in septic lung injury. Ann Surg (2009) 250:783–90. doi:10.1097/
SLA.0b013e3181bd95b7

143. Rahman M, Roller J, Zhang S, Syk I, Menger MD, Jeppsson B, et al. Metallo-
proteinases regulate CD40L shedding from platelets and pulmonary recruit-
ment of neutrophils in abdominal sepsis. Inflamm Res (2012) 61:571–9.
doi:10.1007/s00011-012-0446-6

144. Banchereau J, Bazan F, Blanchard D, Briere F, Galizzi JP, Van Kooten C, et al.
The CD40 antigen and its ligand. Annu Rev Immunol (1994) 12:881–922.
doi:10.1146/annurev.iy.12.040194.004313

145. van Kooten C, Banchereau J. CD40-CD40 ligand. J Leukoc Biol (2000) 67:2–17.
doi:10.1189/jlb.0805480

146. 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

147. Yost CC, Weyrich AS, Zimmerman GA. The platelet activating factor (PAF) sig-
naling cascade in systemic inflammatory responses. Biochimie (2010) 92:692–7.
doi:10.1016/j.biochi.2010.02.011

148. Inaba K, Branco BC, Rhee P, Blackbourne LH, Holcomb JB, Spinella PC, et al.
Impact of the duration of platelet storage in critically ill trauma patients.
J Trauma (2011) 71:1766–73. doi:10.1097/TA.0b013e31823bdbf9

149. Cognasse F, Boussoulade F, Chavarin P, Acquart S, Fabrigli P, Lamy B, et al.
Release of potential immunomodulatory factors during platelet storage. Trans-
fusion (2006) 46:1184–9. doi:10.1111/j.1537-2995.2006.00869.x

150. Cognasse F, Osselaer JC, Payrat JM, Chavarin P, Corash L, Garraud O.
Release of immune modulation factors from platelet concentrates during stor-
age after photochemical pathogen inactivation treatment. Transfusion (2008)
48:809–13. doi:10.1111/j.1537-2995.2008.01655.x

151. Nguyen KA, Hamzeh-Cognasse H, Sebban M, Fromont E, Chavarin P, Absi
L, et al. A computerized prediction model of hazardous inflammatory platelet
transfusion outcomes. PLoS One (2014) 9:e97082. doi:10.1371/journal.pone.
0097082

152. Hamzeh-Cognasse H, Damien P, Nguyen KA, Arthaud CA, Eyraud MA,
Chavarin P, et al. Immune-reactive soluble OX40 ligand, soluble CD40 ligand,
and interleukin-27 are simultaneously oversecreted in platelet components
associated with acute transfusion reactions. Transfusion (2014) 54:613–25.
doi:10.1111/trf.12378

153. Wong HR, Cvijanovich NZ, Hall M, Allen GL, Thomas NJ, Freishtat RJ, et al.
Interleukin-27 is a novel candidate diagnostic biomarker for bacterial infection
in critically ill children. Crit Care (2012) 16:R213. doi:10.1186/cc11847

154. Hamzeh-Cognasse H, Damien P, Nguyen KA, Zeni F, Pozzetto B, Cognasse
F, et al. Contribution of activated platelets to plasma IL-27 levels. Crit Care
(2013) 17:411. doi:10.1186/cc11925

155. Nomura S, Fujita S, Nakanishi T, Yokoi T, Shimamoto K, Miyamoto R, et al.
Platelet-derived microparticles cause CD154-dependent activation of dendritic
cells. Platelets (2012) 23:81–2. doi:10.3109/09537104.2011.595850

156. Gawaz M, Fateh-Moghadam S, Pilz G, Gurland HJ, Werdan K. Platelet acti-
vation and interaction with leucocytes in patients with sepsis or multiple
organ failure. Eur J Clin Invest (1995) 25:843–51. doi:10.1111/j.1365-2362.
1995.tb01694.x

157. Johansson D, Shannon O, Rasmussen M. Platelet and neutrophil responses
to Gram positive pathogens in patients with bacteremic infection. PLoS One
(2011) 6:e26928. doi:10.1371/journal.pone.0026928

158. Kahn F, Hurley S, Shannon O. Platelets promote bacterial dissemination in
a mouse model of streptococcal sepsis. Microbes Infect (2013) 15:669–76.
doi:10.1016/j.micinf.2013.05.003

159. Vandijck DM, Blot SI, De Waele JJ, Hoste EA, Vandewoude KH, Decruyenaere
JM. Thrombocytopenia and outcome in critically ill patients with bloodstream
infection. Heart Lung (2010) 39:21–6. doi:10.1016/j.hrtlng.2009.07.005

160. Gafter-Gvili A, Mansur N, Bivas A, Zemer-Wassercug N, Bishara J, Leibovici L,
et al. Thrombocytopenia in Staphylococcus aureus bacteremia: risk factors and
prognostic importance. Mayo Clin Proc (2011) 86:389–96. doi:10.4065/mcp.
2010.0705

161. Moreau D, Timsit JF, Vesin A, Garrouste-Orgeas M, De Lassence A, Zahar
JR, et al. Platelet count decline: an early prognostic marker in critically ill
patients with prolonged ICU stays. Chest (2007) 131:1735–41. doi:10.1378/
chest.06-2233

www.frontiersin.org February 2015 | Volume 6 | Article 82 | 65

http://dx.doi.org/10.1093/infdis/jit235
http://dx.doi.org/10.1160/TH11-12-0891
http://dx.doi.org/10.1007/s11010-006-9134-6
http://dx.doi.org/10.1093/infdis/jit398
http://dx.doi.org/10.1093/infdis/jit398
http://dx.doi.org/10.1267/THRO05050927
http://dx.doi.org/10.1016/j.thromres.2007.03.019
http://dx.doi.org/10.1186/1746-6148-9-112
http://dx.doi.org/10.1016/j.ccm.2008.06.006
http://dx.doi.org/10.1038/nature01326
http://dx.doi.org/10.1016/j.ddmec.2008.02.010
http://dx.doi.org/10.1080/00365540310015935
http://dx.doi.org/10.1111/j.1549-8719.2010.00080.x
http://dx.doi.org/10.1152/physrev.00037.2012
http://dx.doi.org/10.1152/physrev.00037.2012
http://dx.doi.org/10.1034/j.1600-065x.2001.1840123.x
http://dx.doi.org/10.1111/j.1538-7836.2007.02757.x
http://dx.doi.org/10.1111/j.1538-7836.2007.02757.x
http://dx.doi.org/10.1007/s00134-006-0250-2
http://dx.doi.org/10.1007/s00011-010-0213-5
http://dx.doi.org/10.1186/cc10104
http://dx.doi.org/10.1189/jlb.0510279
http://dx.doi.org/10.1111/jth.12273
http://dx.doi.org/10.1152/ajplung.00365.2013
http://dx.doi.org/10.1097/SLA.0b013e3181bd95b7
http://dx.doi.org/10.1097/SLA.0b013e3181bd95b7
http://dx.doi.org/10.1007/s00011-012-0446-6
http://dx.doi.org/10.1146/annurev.iy.12.040194.004313
http://dx.doi.org/10.1189/jlb.0805480
http://dx.doi.org/10.1097/CCM.0b013e31819ceb71
http://dx.doi.org/10.1016/j.biochi.2010.02.011
http://dx.doi.org/10.1097/TA.0b013e31823bdbf9
http://dx.doi.org/10.1111/j.1537-2995.2006.00869.x
http://dx.doi.org/10.1111/j.1537-2995.2008.01655.x
http://dx.doi.org/10.1371/journal.pone.0097082
http://dx.doi.org/10.1371/journal.pone.0097082
http://dx.doi.org/10.1111/trf.12378
http://dx.doi.org/10.1186/cc11847
http://dx.doi.org/10.1186/cc11925
http://dx.doi.org/10.3109/09537104.2011.595850
http://dx.doi.org/10.1111/j.1365-2362.1995.tb01694.x
http://dx.doi.org/10.1111/j.1365-2362.1995.tb01694.x
http://dx.doi.org/10.1371/journal.pone.0026928
http://dx.doi.org/10.1016/j.micinf.2013.05.003
http://dx.doi.org/10.1016/j.hrtlng.2009.07.005
http://dx.doi.org/10.4065/mcp.2010.0705
http://dx.doi.org/10.4065/mcp.2010.0705
http://dx.doi.org/10.1378/chest.06-2233
http://dx.doi.org/10.1378/chest.06-2233
http://www.frontiersin.org
http://www.frontiersin.org/Inflammation/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Hamzeh-Cognasse et al. Interactions between platelets and bacteria

162. Dormehl IC, Kilian JG, Maree M, Jacobs L. Investigation by scintigraphic meth-
ods of platelet kinetics under normal and septic shock conditions in the exper-
imental baboon model. Am J Physiol Imaging (1990) 5:75–9.

163. McKenzie SE, Taylor SM, Malladi P, Yuhan H, Cassel DL, Chien P, et al. The
role of the human Fc receptor Fc gamma RIIA in the immune clearance of
platelets: a transgenic mouse model. J Immunol (1999) 162:4311–8.

164. Francois B, Trimoreau F, Vignon P, Fixe P, Praloran V, Gastinne H. Thrombo-
cytopenia in the sepsis syndrome: role of hemophagocytosis and macrophage
colony-stimulating factor. Am J Med (1997) 103:114–20. doi:10.1016/S0002-
9343(97)00136-8

165. Zakynthinos SG, Papanikolaou S, Theodoridis T, Zakynthinos EG,
Christopoulou-Kokkinou V, Katsaris G, et al. Sepsis severity is the major deter-
minant of circulating thrombopoietin levels in septic patients. Crit Care Med
(2004) 32:1004–10. doi:10.1097/01.CCM.0000121433.61546.A0

166. Secor D, Li F, Ellis CG, Sharpe MD, Gross PL, Wilson JX, et al. Impaired
microvascular perfusion in sepsis requires activated coagulation and P-
selectin-mediated platelet adhesion in capillaries. Intensive Care Med (2010)
36:1928–34. doi:10.1007/s00134-010-1969-3

167. Josefsson EC, White MJ, Dowling MR, Kile BT. Platelet life span and apoptosis.
Methods Mol Biol (2012) 788:59–71. doi:10.1007/978-1-61779-307-3_5

168. Leytin V. Apoptosis in the anucleate platelet. Blood Rev (2012) 26:51–63.
doi:10.1016/j.blre.2011.10.002

169. Nguyen KA, Hamzeh-Cognasse H, Palle S, Anselme-Bertrand I, Arthaud CA,
Chavarin P, et al. Role of siglec-7 in apoptosis in human platelets. PLoS One
(2014) 9:e106239. doi:10.1371/journal.pone.0106239

170. Elmore S. Apoptosis: a review of programmed cell death. Toxicol Pathol (2007)
35:495–516. doi:10.1080/01926230701320337

171. Li J, Xia Y, Bertino AM, Coburn JP, Kuter DJ. The mechanism of apoptosis in
human platelets during storage. Transfusion (2000) 40:1320–9. doi:10.1046/j.
1537-2995.2000.40111320.x

172. Leytin V, Allen DJ, Mykhaylov S, Lyubimov E, Freedman J. Thrombin-triggered
platelet apoptosis. J Thromb Haemost (2006) 4:2656–63. doi:10.1111/j.1538-
7836.2006.02200.x

173. Qi B, Hardwick JM. A Bcl-xL timer sets platelet life span. Cell (2007)
128:1035–6. doi:10.1016/j.cell.2007.03.002

174. Kraemer BF, Campbell RA, Schwertz H, Franks ZG, Vieira De Abreu A,
Grundler K, et al. Bacteria differentially induce degradation of Bcl-xL, a sur-
vival protein, by human platelets. Blood (2012) 120:5014–20. doi:10.1182/
blood-2012-04-420661

175. Yamakawa K, Ogura H, Koh T, Ogawa Y, Matsumoto N, Kuwagata Y, et al.
Platelet mitochondrial membrane potential correlates with severity in patients

with systemic inflammatory response syndrome. J Trauma Acute Care Surg
(2013) 74:411–7. doi:10.1097/TA.0b013e31827a34cf

176. 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

177. Ma AC, Kubes P. Platelets, neutrophils, and neutrophil extracellular traps
(NETs) in sepsis. J Thromb Haemost (2008) 6:415–20. doi:10.1111/j.1538-7836.
2007.02865.x

178. von Kockritz-Blickwede M, Nizet V. Innate immunity turned inside-out:
antimicrobial defense by phagocyte extracellular traps. J Mol Med (2009)
87:775–83. doi:10.1007/s00109-009-0481-0

179. Chow OA, Von Kockritz-Blickwede M, Bright AT, Hensler ME, Zinkernagel AS,
Cogen AL, et al. Statins enhance formation of phagocyte extracellular traps.
Cell Host Microbe (2010) 8:445–54. doi:10.1016/j.chom.2010.10.005

180. Phillipson M, Kubes P. The neutrophil in vascular inflammation. Nat Med
(2011) 17:1381–90. doi:10.1038/nm.2514

181. Yousefi S, Mihalache C, Kozlowski E, Schmid I, Simon HU. Viable neutrophils
release mitochondrial DNA to form neutrophil extracellular traps. Cell Death
Differ (2009) 16:1438–44. doi:10.1038/cdd.2009.96

182. Wong CH, Jenne CN, Petri B, Chrobok NL, Kubes P. Nucleation of platelets
with blood-borne pathogens on Kupffer cells precedes other innate immu-
nity and contributes to bacterial clearance. Nat Immunol (2013) 14:785–92.
doi:10.1038/ni.2631

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: 14 November 2014; accepted: 11 February 2015; published online: 26
February 2015.
Citation: Hamzeh-Cognasse H, Damien P, Chabert A, Pozzetto B, Cognasse F and
Garraud O (2015) Platelets and infections – complex interactions with bacteria. Front.
Immunol. 6:82. doi: 10.3389/fimmu.2015.00082
This article was submitted to Inflammation, a section of the journal Frontiers in
Immunology.
Copyright © 2015 Hamzeh-Cognasse, Damien, Chabert , Pozzetto, Cognasse and Gar-
raud. This is an open-access article distributed 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 is 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 February 2015 | Volume 6 | Article 82 | 66

http://dx.doi.org/10.1016/S0002-9343(97)00136-8
http://dx.doi.org/10.1016/S0002-9343(97)00136-8
http://dx.doi.org/10.1097/01.CCM.0000121433.61546.A0
http://dx.doi.org/10.1007/s00134-010-1969-3
http://dx.doi.org/10.1007/978-1-61779-307-3_5
http://dx.doi.org/10.1016/j.blre.2011.10.002
http://dx.doi.org/10.1371/journal.pone.0106239
http://dx.doi.org/10.1080/01926230701320337
http://dx.doi.org/10.1046/j.1537-2995.2000.40111320.x
http://dx.doi.org/10.1046/j.1537-2995.2000.40111320.x
http://dx.doi.org/10.1111/j.1538-7836.2006.02200.x
http://dx.doi.org/10.1111/j.1538-7836.2006.02200.x
http://dx.doi.org/10.1016/j.cell.2007.03.002
http://dx.doi.org/10.1182/blood-2012-04-420661
http://dx.doi.org/10.1182/blood-2012-04-420661
http://dx.doi.org/10.1097/TA.0b013e31827a34cf
http://dx.doi.org/10.1126/science.1092385
http://dx.doi.org/10.1111/j.1538-7836.2007.02865.x
http://dx.doi.org/10.1111/j.1538-7836.2007.02865.x
http://dx.doi.org/10.1007/s00109-009-0481-0
http://dx.doi.org/10.1016/j.chom.2010.10.005
http://dx.doi.org/10.1038/nm.2514
http://dx.doi.org/10.1038/cdd.2009.96
http://dx.doi.org/10.1038/ni.2631
http://dx.doi.org/10.3389/fimmu.2015.00082
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Inflammation
http://www.frontiersin.org/Inflammation/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

REVIEW ARTICLE
published: 13 February 2015

doi: 10.3389/fimmu.2015.00048

Breaking the mold: transcription factors in the anucleate
platelet and platelet-derived microparticles
Katie L. Lannan1, Julie Sahler 1,2, Nina Kim1, Sherry L. Spinelli 3, Sanjay B. Maggirwar 1, Olivier Garraud 4,
Fabrice Cognasse4,5, Neil Blumberg3 and Richard P. Phipps1,3,6*
1 Department of Microbiology and Immunology, University of Rochester School of Medicine and Dentistry, Rochester, NY, USA
2 Department of Biological and Environmental Engineering, Cornell University, Ithaca, NY, USA
3 Department of Pathology and Laboratory Medicine, University of Rochester School of Medicine and Dentistry, Rochester, NY, USA
4 Faculté de Médecine, Université de Lyon, Saint-Etienne, France
5 Etablissement Français du Sang Auvergne-Loire, Saint-Etienne, France
6 Department of Environmental Medicine, University of Rochester School of Medicine and Dentistry, Rochester, NY, USA

Edited by:
Masaaki Murakami, Hokkaido
University, Japan

Reviewed by:
Daisuke Kamimura, Hokkaido
University, Japan
Hideki Ogura, Yale University, USA

*Correspondence:
Richard P. Phipps, Department of
Environmental Medicine, University
of Rochester, 601 Elmwood Avenue,
Rochester, NY 14642, USA
e-mail: richard_phipps@urmc.
rochester.edu

Platelets are small anucleate blood cells derived from megakaryocytes. In addition to their
pivotal roles in hemostasis, platelets are the smallest, yet most abundant, immune cells
and regulate inflammation, immunity, and disease progression. Although platelets lack
DNA, and thus no functional transcriptional activities, they are nonetheless rich sources
of RNAs, possess an intact spliceosome, and are thus capable of synthesizing proteins.
Previously, it was thought that platelet RNAs and translational machinery were remnants
from the megakaryocyte. We now know that the initial description of platelets as “cellular
fragments” is an antiquated notion, as mounting evidence suggests otherwise.Therefore,
it is reasonable to hypothesize that platelet transcription factors are not vestigial remnants
from megakaryocytes, but have important, if only partly understood functions. Proteins play
multiple cellular roles to minimize energy expenditure for maximum cellular function; thus,
the same can be expected for transcription factors. In fact, numerous transcription factors
have non-genomic roles, both in platelets and in nucleated cells. Our lab and others have
discovered the presence and non-genomic roles of transcription factors in platelets, such as
the nuclear factor kappa β (NFκB) family of proteins and peroxisome proliferator-activated
receptor gamma (PPARγ). In addition to numerous roles in regulating platelet activation,
functional transcription factors can be transferred to vascular and immune cells through
platelet microparticles. This method of transcellular delivery of key immune molecules
may be a vital mechanism by which platelet transcription factors regulate inflammation
and immunity. At the very least, platelets are an ideal model cell to dissect out the non-
genomic roles of transcription factors in nucleated cells. There is abundant evidence to
suggest that transcription factors in platelets play key roles in regulating inflammatory and
hemostatic functions.

Keywords: platelets, microparticles, transcription factors, NF-kappa B, PPAR gamma, non-genomic, PPAR alpha,
steroid receptors

INTRODUCTION
Platelets are central players in hemostasis and inflammation, con-
tributing to numerous pathophysiologic conditions (1). They are
unique from the majority of mammalian cells apart from red blood
cells in that they lack a nucleus, and thus have previously been
discounted as “cellular fragments.” This antiquated notion has
been refuted many times over as platelets are now emerging as
cellular mediators of cancer cell metastasis, atherosclerosis, type
II diabetes, and even mediate adaptive immune responses (2, 3).
Platelets are metabolically active cells that contain numerous func-
tional organelles, such as endoplasmic reticulum, Golgi apparatus,
mitochondria, and granules that can be released upon activation.
Although their lack of a nucleus prevents de novo transcription,
they can be activated very rapidly to release copious amounts of
biological mediators within seconds to minutes of stimulation.

The idea that platelets contain transcription factors is a relatively
new concept and has led to the discovery of a large number of
transcription factors in platelets (Table 1). This review will discuss
the newly described roles of transcription factors in platelets, in
addition to proposing uninvestigated potential roles of transcrip-
tion factors in platelets, as extrapolated from findings in nucleated
cells (Table 2).

NUCLEAR FACTOR KAPPA β

In the Immunology field, nuclear factor kappa β (NFκB) is the
most widely recognized transcription factor for its quintessential
roles in regulating inflammation and immune responses. Almost
any immunologist could rattle off key parts of its signaling path-
ways in response to toll-like receptor (TLR) signaling, influenza
infection, or in cytokine production. Although we are quick to
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identify its essential roles in regulating transcription of inflamma-
tory genes, the non-genomic roles of NFκB are often overlooked.
In all fairness, the concept that NFκB has non-genomic roles in
nucleated and non-nucleated cells is a relatively new area of study
that is still in its early stages (4). NFκB signaling molecules regu-
late several different stages of the inflammatory response, without
ever entering the nucleus. For example, the NFκB regulatory pro-
tein, IkappaB kinase β (IKKβ), can alter the function of numerous
proteins via phosphorylation in addition to regulating signaling
through direct interactions with cellular effector molecules (5).

Table 1 | Identified transcription factors in platelets.

Transcription

factor

Activation of

transcription factor

Agonist-induced activation

p65 Phosphorylation ↑ Aggregation, spreading, clot

retraction, GPIBα shedding

PPARγ Ligand binding (15d-PGJ2,

TZDs)

↓ Aggregation, CD40L, TXB2,

P-selectin

Phosphorylation ↑ Collagen-induced activation

and granule secretion

PPARβ/δ Ligand binding

(GW501516, PGI2)

↓ Aggregation

PPARα Ligand binding (fenofibrate) ↓ Aggregation

Phosphorylation ↑ Activation

LXRβ Ligand binding ↓ Collagen-induced

aggregation

RXRα Ligand binding (9cRA) ↓ Activation

GR Ligand binding

(prednisolone)

↓ Activation

Ligand binding

(dexamethasone)

Unknown

AHR Ligand binding ↑ Activation

STAT3 Phosphorylation ↑ Aggregation, P-selectin,

thrombosis

IKAPPAB KINASE IN PLATELETS
Specifically in platelets, the presence and non-genomic functions
of NFκB family members have been demonstrated by several
groups, including our own (6–9). Our group discovered the pres-
ence of the majority of NFκB family members in human platelets,
including the canonical p50/p65 subunits, RelB and c-Rel. Addi-
tionally, we identified the presence of IκB proteins and IKK
members, which regulate NFκB activation (6). Importantly, these
findings suggest that platelets contain an intact, functional, and
complete NFκB pathway. The use of the irreversible inhibitor of
IKKβ phosphorylation, BAY 11-7082 (BAY), has elucidated com-
plex roles for NFκB in platelet signaling. In human platelets, BAY
inhibits platelet spreading and clot retraction, and may alter aggre-
gation at higher doses (6, 10, 11). Malaver et al. (7) and Chen et al.
(12) show that high concentrations of BAY (10–25 µM) inhibit
platelet aggregation, while our group saw no effect when platelets
were treated with 0.5–5 µM BAY (6). As the IC50 of BAY for inhibi-
tion of IKK-mediated phosphorylation of IκBα is 10 µM, <5 µM
BAY may be too low to inhibit IKK sufficiently to affect aggregation
(13). Another possibility is that IKK inhibition exerts a threshold
response in affecting platelet aggregation, rather than a dose–
response. Using genetic approaches, Karim et al. demonstrated
that IKKβ knockout mice have variable, but generally attenuated,
aggregation responses to platelet agonists, which may explain some
of the variations observed in human studies as well (14).

Interestingly, the data reported by Chen et al. and Malavar et al.
suggest that the second wave of aggregation was most affected
by IKKβ inhibition, thus affecting the maximum aggregation and
potentiation of the response in human platelets (7, 12). In accor-
dance with this finding, dense granule release was consistently and
potently reduced by IKKβ inhibition in these and other studies.
This finding is likely explained by the ability of IKKβ to phospho-
rylate synaptosomal-associated protein-23 (SNAP-23), an integral
regulator of granule secretion (14). SNAP-23 is a member of the
target sensitive factor attachment protein receptors (SNARE) com-
plex,which interacts with the vesicle-associated membrane protein
(VAMP) to facilitate granule release. IKKβ appears to be central in
enhancing soluble N -ethylmaleimide–SNARE complex formation

Table 2 | Identified and possible interactions of transcription factors in platelets with other proteins.

Transcription factor Known protein interaction Possible protein interactions

Binding partners Outcome Binding partners Outcome

PPARγ Syk, LAT Platelet activation NFκB (p65) Inhibit NFκB activity → anti-platelet

effect

p-ERK, p-p38 Granule secretion MEK/ERK Increased activation

PKCα Reduce PKCα activation

PPARβ/δ PKCα Dampen platelet adhesion – –

PPARα NFkB Inhibit NFκB activity → anti-platelet effect PKCα Increased activation

LXRβ Syk, LAT Dampen platelet activation PPARγ Unknown

RXRα PPARγ Unknown Gq Decreased activation

GR HSP90 Unknown – –

Mineralocorticoid Receptor Unknown – –

AHR – – NFκB (p65) Unknown
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though the phosphorylation of SNAP-23. Consequently, platelets
from IKKβ knockout mice have a reduced ability to release alpha,
dense, and lysosomal granules upon thrombin stimulation by
approximately 30%. Likewise, treatment of mouse or human
platelets with an inhibitor of IKKβ similarly reduced granule secre-
tion upon stimulation. These data suggest that the NFκB signaling
molecule, IKKβ, plays an important regulatory role in platelet
activation by transducing critical stimulatory signals.

In general, genetic ablation or pharmacological inhibition of
IKKβ in mice results in a hyporesponsive phenotype to agonist-
induced platelet activation. Inhibition of IKKβ in mice prolonged
thrombus formation and increased bleeding times (14). Addi-
tionally, a second IKKβ inhibitor, IKK inhibitor VII, recapitulated
several of the aforementioned findings in both human and mouse
platelets, including preventing P-selectin expression and damp-
ening aggregation (15). Of note, Gambaryan et al. found that
IKK inhibitor VII potentiated collagen and thrombin-induced
aggregation, rather than having an inhibitory effect (8). They
proposed a model in which thrombin and collagen induce a
negative feedback loop in platelets that inhibits platelet func-
tion through NFκB. Although the work delves into the com-
plex agonist-induced signaling pathways of NFκB in platelets,
their data showing potentiation of platelet activation by IKK
inhibitor VII is less clear-cut. Treatment of human platelets
with IKK inhibitor VII enhanced very low dose (0.001 U/mL)
thrombin-induced PAC1 binding by approximately 15%. Addi-
tionally, IKK inhibitor VII treatment only mildly potentiated
collagen (10 µg/mL) and thrombin (0.01 U/mL)-induced platelet
aggregation, with a slight left shift in the aggregation traces com-
pared to control. However, the maximum amplitude of aggrega-
tion was indistinguishable between IKK inhibitor VII treatment
and control. Although the data demonstrating NFκB signaling
post-activation are intriguing, the current consensus is that NFκB
primarily plays an important role in positively regulating platelet
activation.

As much of the investigations into the non-genomic roles of
the transcription factor, NFκB, has involved manipulation of its
upstream regulatory kinase, IKK, careful consideration must be
taken into account when interpreting the findings of these studies.
IKK acts as a kinase that plays a crucial role in regulating NFκB
activation, but can also phosphorylate other proteins that may
play regulatory roles in platelet activation (5). Thus, inhibition of
IKK in platelets may dampen platelet function in a non-canonical
fashion, independent of NFκB. On the other hand, many stud-
ies have observed changes in p65 phosphorylation in platelets,
although the effects of direct inhibition or deletion of p65 has
not been investigated to date. It is likely that IKK activation in
platelets results in NFκB-dependent and -independent regulation
of platelet function. This is supported by the data showing that
IKK phosphorylates SNAP-23 (14), leading to granule secretion,
but can also activate p65, which can regulate protein kinase A
(PKA) (8).

NFκB IN PLATELETS DURING INFLAMMATION
Nuclear factor kappa β in nucleated cells is known to play a
crucial role in inflammatory diseases, although its functions in
platelets during inflammation are still under active investigation.

In one study, IKKβ deficiency increased neointimal formation
in low-density lipoprotein receptor (LDLR) knockout mice and
exhibited increased leukocyte adherence to the vessel walls after
injury (16). Upon further investigation, IKKβ-deficient platelets
were unable to shed GPIbα in response to thrombin stimula-
tion. Interestingly, GPIbα shedding in response to ADP or col-
lagen was not affected, suggesting that IKKβ is uniquely involved
in thrombin-induced GPIbα shedding. These data are intrigu-
ing in light of the fact that many studies evaluating the role
of IKKβ in platelets focused on thrombin-induced activation
and signaling. However, collagen and ADP-induced aggrega-
tion and granule secretion were also dampened by IKKβ defi-
ciency or pharmacological inhibition. Furthermore, no differ-
ences in GPVI, GPIX, or αIIbβ3 shedding were found by loss
of IKKβ in mouse platelets. These data suggest that although
IKKβ plays an important role in the activation of platelets,
it may also induce an inhibitory feedback loop, as proposed
by Gambaryan et al., perhaps through shedding of GPIbα (8).
Sustained levels of GPIbα on the platelet surface can enhance
platelet–leukocyte interactions, and thus, may exacerbate certain
conditions.

Platelets are also known to response to various immunologic
stimuli, such as TLR ligands (17). In nucleated cells, bacter-
ial lipopolysaccharide (LPS) signaling through TLR4 is largely
through NFκB, leading to the production of proinflammatory
cytokines and chemokines. We have recently shown that platelets
can discriminate between different isoforms of LPS (18). This
suggests that platelets are capable of specifically sensing and
responding to various bacterial products. Thus, it is possible that
LPS signaling in platelets involves differential NFkB activation,
although this has not been investigated in platelets to date.

SIGNALING MECHANISM OF NFκB IN PLATELETS
Thrombin activates the NFκB signaling cascade in platelets,
although the complete pathway has not yet been elucidated. Sev-
eral lines of evidence suggest that p38 mitogen-activated protein
kinase (MAPK) signaling is upstream of NFκB in platelets, while
the extracellular signal-regulated kinase (ERK) pathway is down-
stream of NFκB activation (19, 20). In human platelets, inhibition
of MAPK prevented collagen-induced IKKβ and p65 phospho-
rylation, while treatment with an ERK inhibitor had no effect.
Furthermore, collagen-induced ERK phosphorylation was pre-
vented by pretreatment with an MAPK inhibitor or the NFκB
inhibitor BAY, suggesting that NFκB signaling regulates ERK acti-
vation. ERK activates phospholipase A2 (PLA2), which releases
arachidonic acid, leading to platelet aggregation and mediator
release. This explains why arachidonic acid-induced platelet aggre-
gation is unaffected by NFκB inhibitors, while aggregation in
response to other agonists is dampened. Interestingly, one study
suggests that activation of NFκB by CD40L signaling may be inde-
pendent of p38 MAPK, but may instead involve TRAF2 activation
of IKKβ (15). Additionally, protease-activated receptor 4 (PAR4)
stimulation led to ceramide production by sphingomyelin phos-
phodiesterase (Smase), which in turn activated MAPK, while PAR1
signaling was independent of ceramide (12). This is consistent with
the finding that exogenous treatment of platelets with ceramide
leads to in vitro activation and enhances thrombosis in vivo. PAR1
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and PAR4 are the thrombin receptors on human platelets, with
PAR1 having a lower threshold for activation by thrombin than
PAR4 (21). PAR1 activation typically induces a rapid, but transient
spike in calcium, while PAR4 activation involves a more sustained
response, suggesting overlapping, but distinct roles for these recep-
tors (22). These data reveal a novel and distinct signaling pathway
for PAR1 and PAR4 receptors, although both converge on NFκB
signaling.

Taken together, these data present compelling evidence that
NFκB plays an important, albeit complex, role in platelet acti-
vation (Figure 1). The data support a model whereby platelet
activation through various receptors leads to phosphorylation and
activation of IKKβ, release of p65, and subsequent platelet aggre-
gation and granule release. This model, however, is not mutually
exclusive of the idea that NFκB may induce a negative inhibitory
feedback loop in platelets (8). After dissociation of p65 from its
inhibitory complex, PKA is free to induce vasodilator-stimulated
phosphoprotein (VASP) phosphorylation, which mediates platelet
inhibitory signaling. This may represent a mechanism to fine tune
platelet activation after thrombin stimulation. In fact, PIP3 can

induce VASP phosphorylation, leading to inhibitory signaling, in
addition to activating IKK through protein kinase B, also known as
Akt. Thrombin signaling also appears to be unique in that it stim-
ulates GPIb shedding through NFκB and ADAM17, unlike ADP
or collagen-induced activation (16). ADAM17 is a sheddase that is
critical for platelet surface receptor shedding and can be activated
by p38 MAPK (23). Unlike pharmacological inhibition of NFκB
in human platelets, IKK-deficient mouse platelets are unable to
phosphorylate p38 MAPK after thrombin stimulation (16). This
raises the question as to whether defective GPIb shedding in IKKβ-
deficient mouse platelets is an artifact of interspecies variability,
differences in inhibition versus complete lack of IKKβ, or merely
a technical timing issue. Regardless, it will be necessary to inves-
tigate the role of ADAM17 and GPIb shedding in human platelet
NFκB signaling.

NON-GENOMIC FUNCTIONS OF NFκB: LESSONS FROM
NUCLEATED CELLS
Nuclear factor kappa β is a versatile family of proteins capa-
ble of performing multiple functions in nucleated cells apart

FIGURE 1 |The role of NFκB in platelet thrombin signaling.
Thrombin signaling through PAR1 in human platelets is mostly
independent of NFκB. PAR4 signaling in human platelets involves
activation of p38 MAPK through ceramide signaling. Activated p38
MAPK phosphorylates IKKβ, leading to the subsequent ubiquitination

and proteosomal degradation of the inhibitory IκBα protein. Active
p50/p65 dimers activate the ERK signaling cascade, which is involved
in thromboxane TXA2 synthesis and aggregation. The p65 subunit can
also bind PKA, inducing a negative feedback loop through VASP
phosphorylation.
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from acting as a transcription factor (5). Evaluating these iden-
tified non-genomic roles in nucleated cells is likely to translate
to important regulatory functions in platelets. Although roles for
IKKβ in platelets have already been identified, studies from nucle-
ated cells suggest that there may be more. A strong contender
is the role of IKKβ in platelet spreading, as inhibition of IKKβ

in human platelets leads to a spreading defect. In epithelial cells
and B-lymphocytes, IKKβ-mediated phosphorylation of Dok1
inhibits ERK activation, leading to increased cell motility (24).
Platelets are known to transiently activate ERK, which is important
for alpha granule release. However, outside-in integrin signaling
through the fibrinogen receptor, as is likely to occur during platelet
spreading, inhibits ERK signaling (25). Thus, inhibiting IKKβ may
impair platelet spreading through a similar Dok1-mediated mech-
anism. Proteomic data have identified the presence of Dok1 in
human platelets, although its function has yet to be studied in this
context (26).

The NFκB protein p65 and IκBα, are found in the mitochondria
and appear to be differentially regulated compared to their cyto-
plasmic counterparts (27). Interestingly, canonical NFκB stimu-
latory signals had no effect on the expression or phosphorylation
of mitochondria-localized p65 (28). Conversely, stimulation of
liver or Jurkat cells with tumor necrosis factor α (TNFα) or FAS
ligand, respectively, led to non-proteasomal degradation of IκBα

and induction of apoptosis. IKKβ, on the other hand, was not
localized to the mitochondria. To date, most studies of NFκB in
platelets have involved the use of IKKβ inhibitors and IKKβ knock-
out mice. Investigations in platelets centering on the role of IκBα

and p65, in lieu of IKKβ, may reveal novel apoptotic regulatory
elements in platelets.

A second intriguing possibility is the role of 14–3–3β in regu-
lating mRNA stability in platelets. 14–3–3β is a highly conserved
protein that binds AU-rich elements (ARE) on mRNA, leading
to destabilization of mRNA (29). Phosphorylation of 14–3–3β by
IKK results in the release of a 14–3–3β-tritetraprolin complex from
the mRNA, thus preventing its destabilizing effects (30). This is
interesting in light of the fact that platelets contain mRNA, which
can be translated upon stimulation (31) Furthermore, 14–3–3 pro-
teins can interact with p65 and IκBα to facilitate the export of p65
from the nucleus. As proteomic data show that human platelets
express 14–3–3β (32), it is possible that it plays an important role
in regulating mRNA stability or NFκB signaling in the anucleate
platelet.

PPARγ IN PLATELETS
Peroxisome proliferator-activated receptor γ (PPARγ) is a ligand-
activated transcription factor that is important in the regulation
of lipid and glucose metabolism and is essential for fat produc-
tion. Inactive PPARγ is localized to the cytoplasm of nucleated
cells complexed with co-repressors. Upon ligand binding, the
co-repressors dissociate, leading to a conformational change in
PPARγ, allowing dimerization with retinoid X receptor α (RXRα)
(33). This heterodimeric complex then acts as a scaffold for the
recruitment of coactivator proteins, and PPARγ-dependent gene
transcription commences. Our group discovered that human and
mouse platelets express functional PPARγ protein that is regulated
by activation or treatment with PPARγ ligands (34).

PPARγ LIGANDS ARE CARDIOPROTECTIVE
Thiazolidines (TZDs) are a class of oral antidiabetic drugs
that exert their insulin-sensitizing actions through activation of
PPARγ. In addition to regulating glucose homeostasis, TZDs, such
as rosiglitazone, pioglitazone, and troglitazone, have potent anti-
inflammatory properties (35). Type II diabetics taking TZDs have
improved glucose metabolism, decreased markers of inflamma-
tion, and improved cardiovascular health. Much of this can be
attributed to the beneficial actions of TZDs on vascular cells and
both direct and indirect actions on circulating platelets. Platelets
from type II diabetics exhibit a more activated phenotype and
are hyper-responsive to agonist (36, 37). These changes include
increased platelet numbers and mean platelet volume (MPV),
which may indicate alterations in megakaryocyte function or
increased platelet turnover (38). Additionally, platelets from type II
diabetics have enhanced surface expression of the collagen receptor
(GPVI) and the fibrinogen receptor (αIIbβ3), leading to increased
adhesiveness and aggregation (39). Plasma from type II diabetics
contains higher levels of the platelet-derived inflammatory media-
tors, soluble CD40L (sCD40L), soluble P-selectin (sP-selectin), and
C-reactive protein (40, 41). Dsyregulated platelet function in type
II diabetics is likely due to both inherent changes in the platelet
and decreased prostaglandin I2 (PGI2) and nitric oxide (NO) pro-
duction from endothelial cells, which exert potent anti-platelet
effects.

Numerous studies have demonstrated that TZDs beneficially
regulate cardiovascular function in type II diabetics. They have
consistently been shown to reduce the elevated levels of plasmino-
gen activator inhibitor 1 (PAI-1) (42–44). PAI-1 rapidly binds and
inactivates tissue plasminogen activator, thus preventing fibrinol-
ysis and increasing thrombotic risk. Additionally, TZDs reduce
markers of cardiovascular disease, which are typically elevated in
type II diabetics, including C-reactive protein, serum amyloid A,
fibrinogen, and matrix metalloproteinase 9 (45–49). Many of these
beneficial changes can be attributed to improved glucose metabo-
lism and restored vascular and endothelial homeostasis, although
similar results can be seen in non-diabetic patients (50).

PPARγ LIGANDS IMPROVE PLATELET FUNCTION IN TYPE II
DIABETIC
Consistent with their ability to reduce thrombotic risk, TZDs
reduce markers of platelet activation. Rosiglitazone monotherapy
decreased plasma sCD40L and P-selectin levels (51, 52). These data
suggest that TZDs can directly or indirectly reduce platelet acti-
vation in type II diabetics. Supporting these findings, Khanolkar
et al. demonstrated that patients receiving rosiglitazone and met-
formin had a significantly greater reduction in platelet aggregation
compared to patients receiving gliclazide and metformin (53).
Similarly, a second study found that pioglitazone in combination
with metformin improved platelet function to a greater degree
than glimepriride and metformin (49). A major unanswered ques-
tion from these studies is whether TZDs improve cardiovascular
health secondary to improved lipid metabolism or due to the
anti-inflammatory actions of PPARγ stimulation. For example,
macrophages, which play a key role in atherosclerosis, efflux cho-
lesterol and are less inflammatory in response to PPARγ activation.
In an attempt to investigate the insulin-sensitizing independent
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effects of TZDs, non-diabetic patients with coronary artery disease
were treated with TZDs for 12 weeks. In this setting, TZDs reduced
the inflammatory markers, C-reactive protein, tumor necrosis fac-
tor α (TNFα), and interleukin-6 (IL-6) (50, 54). Additionally,
circulating platelet activity was dampened, as evidenced by fewer
P-selectin positive platelets, suggesting an important role for the
anti-inflammatory actions of PPARγ.

PPARγ LIGANDS DAMPEN PLATELET FUNCTION FROM
HEALTHY DONORS
Due to the global effects of TZDs, it is difficult to tease out indirect
actions from potential direct effects of TZDs on platelet func-
tion. However, many recent studies have aimed to elucidate the
direct effects of TZDs on platelet function. Our lab was the first
to show that human platelets and megakaryocytes express func-
tional PPARγ (55). The PPARγ ligands 15d-PGJ2 and rosiglitazone
potently inhibit thrombin-induced CD40L surface expression and
thomboxane B2 (TXB2) production and dampen ADP-induced
aggregation (56). Other studies have confirmed these findings and
further demonstrated that rosiglitazone and 15d-PGJ2 inhibited
collagen-induced aggregation and prevented P-selectin exposure
in vitro and in vivo (54, 57). Utilizing the specific PPARγ antag-
onist, GW9662, these effects were partially mediated through
PPARγ in platelets from healthy donors (58). Moreover, piogli-
tazone was protective in a mouse model of thrombosis (57, 59).
Similarly, using platelets from type II diabetics, which are hyper-
responsive to agonist, rosiglitazone reduced aggregation and medi-
ator release (36, 60). These data support the hypothesis that TZDs
can regulate platelet function by directly acting on platelet PPARγ.

Interestingly, PPAR-independent pathways are evident upon
treatment with some ligands. 15d-PGJ2 is an electrophilic com-
pound that is known to form adducts with other cellular proteins,
and could explain some of the PPAR-independent effects (61).
Most interestingly, the mechanism of troglitazone differs from that
of the structurally similar TZD, pioglitazone, in platelets. Although
troglitazone and pioglitazone decreased platelet activation in vivo,
only troglitazone directly inhibited platelet aggregation in vitro
(62). However, in this study, only 1 µM of each TZD was examined
for their effects on platelet function. In some cell systems, trogli-
tazone is more potent than pioglitazone, despite having a higher
EC50 for binding PPARγ and this may also be the case in platelets
(63). It is possible that higher concentrations of pioglitazone
would exhibit similar effects as troglitazone. Another possibil-
ity is that there may be PPAR-independent effects or differential
signaling of PPARγ in human platelets. Clinical data points to
some PPAR-independent actions of TZDs as pioglitazone has been
shown to decrease the risk of myocardial infarction and stroke in
type II diabetics, while rosiglitazone had no effect and may actually
increase the relative risk (64).

SIGNALING MECHANISM OF PPARγ IN PLATELETS
Differential signaling of PPARγ is not an unprecedented finding,
as PPARγ is known to recruit various co-activators after stimu-
lation with different ligands. Although most TZDs bind identical
binding pockets in PPARγ, their biological profiles are distinct (65,
66). This is in part due to differential recruitment of co-activators,
but also possibly due to variations in availability of cofactors. In

cell-based systems, PPARγ ligands can act as partial agonists in
some cell types and full agonists in others (67). Additionally, dif-
ferent PPARγ ligands can recruit different co-activators in the same
cell type, leading to different outcomes (68–70). These differences
likely explain many of the adverse effects observed with some TZDs
in clinical trials. Although still poorly understood, differential
binding and recruitment of cofactors may explain the complex and
sometimes contradictory actions of PPARγ in platelets, although
no studies have evaluated this role of PPARγ in platelets to date.

Although a transcription factor, PPARγ has been shown to
serve many other important non-genomic roles in platelets and
nucleated cells (Figure 2). Specifically in platelets, collagen stim-
ulation results in PPARγ recruitment to the GPVI signalosome
and interacts with the adapter molecule, Syk (71). As a result,
linker of activated T cells (LAT) is recruited and forms a com-
plex with Syk and PPARγ. In this setting, PPARγ appears to
be necessary for enhancement of GPVI-mediated activation as
treatment with PPARγ antagonists only partially blocks phos-
phorylation of LAT and the downstream targets phospholipase
Cγ (PLCγ), PI3K, and Akt. Interestingly, several other groups
have demonstrated that cytosolic platelet PPARγ is released into
the supernatants and in platelet-derived microparticles rapidly
upon activation, leaving very low levels of PPARγ in the acti-
vated platelets (34, 72). This may suggest that early signaling

FIGURE 2 |The role of PPARγ in collagen signaling in platelets. GPVI
stimulation with collagen leads to the recruitment and activation of Syk. Syk
recruits and phosphorylates PPARγ, which in turn leads to the recruitment
of LAT, resulting in enhanced signal transduction downstream of GPVI.
PPARγ ligands prevent the interaction of PPARγ with the Syk signaling
complex, which is necessary for enhanced signaling of Syk and LAT.
Ligand-bound PPARγ can also interact with PKCα, preventing it from
mediating dense granule release. Lastly, ligand-activated PPARγ prevents
PPARγ phosphorylation and interaction with MAPK, an essential
downstream mediator of collagen signaling.
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roles of PPARγ include recruitment to the LAT/Syk signal-
ing complex, which results in its packaging and export into
microparticles, possibly due to its proximity to the cell mem-
brane. Alternatively, there may be different pools of PPARγ

that could have different subcellular localization patterns. It is
not known whether platelets contain an unknown endogenous
PPARγ ligand that plays a role in this signaling pathway. How-
ever, exogenous treatment of activated platelets with PPARγ

ligands inhibit its interaction with the LAT/Syk signaling com-
plex and reduces the amplitude of the signal, thus reducing
aggregation and mediator release. Similarly, PPARγ ligands also
blunt release of PPARγ into the supernatants and platelet-derived
microparticles (34).

Separate studies have suggested that PPARγ interacts with ERK
and p38 MAPK, which are common downstream mediators of
platelet activation, leading to granule secretion (73). Stimulation
of human platelets with collagen led to phosphorylation of PPARγ

and its subsequent association with p-ERK and p38 MAPK. Treat-
ment with PPARγ ligands prevented these interactions, reducing
granule release. Similarly, PPARγ has been shown to interact with
PKCα in platelets in response to PPAR agonists, consequently
reducing the activation of PKCα (74). Although complex, there
is sufficient evidence to suggest that PPARγ plays an important
role in platelet signaling. PPARγ knockout mice are embryonic
lethal; thus, a megakaryocyte and platelet-specific PPARγ knock-
out mouse model would be invaluable in determining the biologic
role of PPARγ in platelets. As platelets do not contain a nucleus,
any genomic deletion of PPARγ in platelets must also be deleted
in the parent megakaryocyte. Therefore, changes in platelet func-
tion in these mice could be due to the loss of PPARγ in the
platelet or megakaryocyte. Our group has recently shown that
overexpression of PPARγ in a megakaryocyte cell line resulted in
enhanced platelet production upon stimulation with a PPARγ lig-
and (72). These data suggest that PPARγ may play an important
role in platelet production from megakaryocytes and could poten-
tially convolute findings from megakaryocyte and platelet-specific
PPARγ knockout mice.

PPARβ/δ
PPARβ/δ is broadly expressed and plays an important role in skele-
tal muscle where it regulates cellular proliferation, differentiation,
and fatty acid catabolism (75). Similar to PPARγ, PPARβ/δ is
found in human and mouse platelets and PPARβ/δ ligands inhibit
platelet function (76). Treatment with the specific PPARβ/δ lig-
and, GW501516, significantly increased cAMP levels in mouse
platelets and prevented aggregation (77). Utilizing platelets from
PPARβ/δ knockout mice, the increase in cAMP was shown to
be specific to PPARβ/δ signaling, as cAMP levels in knockout
platelets were drastically lower in response to ligand. Interestingly,
no difference in aggregation was observed between knockout and
control platelets treated with GW501516, suggesting that the inhi-
bition of platelet aggregation by GW501516 occurs independent
of PPARβ/δ. Furthermore, no differences were observed between
knockout and control platelets’ ability to produce cAMP or aggre-
gate in response to ADP in the absence of PPARβ/δ ligand. This
indicates that PPARβ/δ in platelets may require ligand binding to
exert its inhibitory effects on platelet function. Nevertheless, these

data demonstrate that PPARβ/δ is capable of signaling in platelets,
although the physiologic relevance remains unclear at this point.

One possible mechanism by which PPARβ/δ dampens platelet
activation may involve the endogenous antithrombotic molecule,
prostacyclin I2 (PGI2). PGI2 is produced by endothelial cells and
is reported to be a ligand for PPARβ/δ (78), although this has
not been proven in platelets. Previous studies have shown that
PGI2 can synergize with endothelial-derived NO to inhibit platelet
aggregation in response to variety of agonists through a mecha-
nism involving increased cAMP (76). Another possible mechanism
of action of PPARβ/δ in platelets may involve modulation of PKCα

function. Treatment of human platelets with GW501516 induced
association of PPARβ/δ with PKCα in a dose-dependent manner
(77). PKCα has been shown to positively regulate platelet adhesion,
a function that was dampened with PPARβ/δ activation. Overall,
very little is known about the biological significance and mecha-
nism of PPARβ/δ in platelets, although the available data suggest
a role in inhibiting platelet activation.

PPARα

PPARα is a major regulator of fatty acid homeostasis and inflam-
mation. It is highly expressed in brown adipose tissue, liver, kidney,
heart, and skeletal muscle (75). PPARα agonists are used as a
treatment for elevated plasma lipid levels and for their ability to
increase the uptake of fatty acids and improve the high-density
lipoprotein (HDL) to low-density lipoprotein (LDL) ratio. Little
is known about the function of PPARα in regulating hemosta-
sis, but its presence was recently discovered in platelets. Statins
and fibrates are PPARα agonists and are widely prescribed for the
prevention of coronary artery disease and atherosclerosis, thus
reducing the risk of thrombotic events (74). In addition to their
effects on lipid metabolism, statins and fibrates have been shown
to activate PPARα (79). Specifically, fenofibrate decreased agonist-
induced platelet activation and increased bleeding times in mice
(74). Fenofibrate’s ability to inhibit platelet aggregation was abol-
ished in the presence of a specific PPARα antagonist. Additionally,
bleeding times in PPARα knockout mice were not affected by
treatment with fenofibrate, unlike control mice. Interestingly, the
baseline bleeding times in PPARα knockout mice were longer than
control mice, suggesting an additional role for PPARα in maintain-
ing hemostasis. Due to the usage of PPARα global knockout mice,
it is unclear whether this difference was due to platelet-specific or
multivariate effects. Although the mechanisms of action of PPARα

in platelets have not been thoroughly investigated, some evidence
suggests that it may regulate PKCα activity, similar to PPARγ and
PPARβ/δ (80).

NON-GENOMIC FUNCTIONS OF PPARs: LESSONS FROM
NUCLEATED CELLS
The wide use of PPAR ligands in the clinic has led to the
discovery of numerous pleotropic effects of these compounds.
These include PPAR-dependent, non-genomic actions in addition
to PPAR-independent signaling of ligands (81, 82). The PPAR-
independent signaling mechanisms of PPAR ligands will not be
discussed here, but these effects must be kept in mind when inter-
preting data investigating the effects of PPAR ligands on platelet
function. In fact, these likely play an important role in regulating
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platelet function, perhaps through affecting mitochondrial activ-
ity, as many effects of PPAR ligands in platelets cannot be reversed
using PPAR antagonists. Additionally, many PPAR ligands, such as
unsaturated fatty acids, can cross-react with all PPAR isoforms at
higher concentrations, further complicating the interpretation of
these findings (83). It may be possible to generate useful hypothe-
ses about how PPARs signal in platelets based upon similar studies
in nucleated cells.

PPARγ–PKCα CROSSTALK
In human epithelial colorectal adenocarcinoma cells, PPARγ has
been shown to regulate NFκB activity in a non-genomic fash-
ion involving their direct association (84). In this model, PPARγ

bound to p65 in the nucleus, resulting in export of both proteins
to the cytoplasm. Consequently, cytoplasmic localization of NFκB
prevented its proinflammatory transcription-dependent effects. It
is possible that PPARγ can also physically interact with p65 in
platelets. This interaction could inhibit NFκB activity in platelets,
which would exert anti-inflammatory and anti-platelet effects.
PPARγ has also been shown to form a direct interaction with PKCα

upon stimulation with various PPARγ ligands in macrophages
(85). The physical association of PKCα with PPARγ prevented
PKCα translocation to the membrane and subsequent degrada-
tion. However, in this system PPARγ was only able to negatively
regulate PKCα activation in response to low-dose PMA stimu-
lation. This suggests that the inhibitory effect of PPARγ can be
overridden with stronger stimulation.

PPARα–PKCα CROSSTALK
Interestingly, PPARα has also been shown to directly interact with
PKCα in macrophages (86). In response to LPS stimulation, PKCα

bound and phosphorylated PPARα. However, in the presence of
the PPARα ligand, simvastatin, PPARα no longer bound PKCα

and consequently was able to transrepress NFκB activation. In
this model, PKCα likely acts to deactivate PPARα’s inhibitory
actions on the proinflammatory NFκB signaling. This may rep-
resent a mechanism by which PPARα ligands, such as statins, exert
potent and rapid anti-inflammatory actions. Although the inter-
action of PPARα with PKCα was postulated to negatively regulate
PPARα’s function in this system, it is possible that this complex
serves additional and possibly proinflammatory functions. Simi-
larly, these data suggest that in platelets, ligand-induced activation
of PPARα may function differently than phosphorylation-induced
activation, resulting in different or possibly contradictory actions.
This may even explain the discrepancy between the bleeding phe-
notype observed in PPARα knockout mice, while control mice
also had increased bleeding times with PPARα activation. Per-
haps, PPARα, independent of ligand, acts as a positive regulator
of platelet hemostatic function by enhancing activation of PKCα,
while ligand-activated PPARα sequesters and inhibits NFκB thus,
negatively regulating platelet activation (Figure 3).

PPARγ AND PPARα REGULATE MAP KINASES
Another possible role of PPARα in platelets involves regulation of
MAP kinases. In T cells, PPARα was shown to inhibit p38 MAPK

FIGURE 3 | Possible mechanism of PPARα and NFκB regulation in
platelets. Platelet activation leads to NFκB phosphorylation and activation,
which potentiates activation signals. PKCα is also phosphorylated and
activated in response to stimulation. This may lead to an interaction between

PPARα and PKCα, leading to increased activation. Treatment with PPARα

ligands prevents PPARα binding to PKCα, but instead enhances its interaction
with NFκB, thus functionally sequestering PPARα and NFκB from participating
in activation signaling.
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activation, but only in the absence of ligand (87). Additionally, this
regulation of p38 MAPK appeared to be independent of direct
interaction with PPARα, but likely required an unknown sec-
ondary mediator. Activation of p38 MAPK occurs early in platelet
activation, albeit transiently, to induce granule release that stimu-
lates the second wave of aggregation (88, 89). Subsequent ligand
binding to αIIbβ3 downregulates active p38 MAPK (90). Perhaps,
PPARα mediates the regulation of p38 MAPK in these condi-
tions or possibly under shear stress, whereby p38 MAPK mediates
adhesion in flow.

PPARγ has also been shown to regulate MAPK pathways in
nucleated cells through non-genomic mechanisms (91). PPARγ

reversibly interacts with MEK1 via its AF2 domain, resulting in
export from the nucleus to the cytoplasm. This corroborates evi-
dence suggesting that PPARγ ligands regulate downstream ERK
signaling (92). Interestingly, PPARγ activation led to rapid ERK
phosphorylation in human prostate cancer cells, vascular smooth
muscle cells, and human microvascular endothelial cells, but
inhibited ERK activation in adrenocortical cancer cells (93–95).
Similarly, PPARγ enhanced ERK activation in rabbit renal cortex
cells, but had no effect in mouse cells (96). These data suggest
cell type-specific and species-specific effects of PPARγ, possi-
bly through availability of different co-activators. The effects of
PAPRγ activation on the MEK/ERK pathway in platelets has not
been investigated, but represents a promising avenue of further
research.

LIVER X RECEPTORS
Liver X receptors (LXRs) are transcription factors that play
key roles in cholesterol homeostasis by regulating genes, such
as apolipoprotein E and cytochrome P450 7α-hydroxylase 1
(Cyp7a1) (97, 98). Recent studies have demonstrated that platelets
express LXRβ and its ligands inhibited collagen-induced aggre-
gation (99). Thrombin and fibrinogen-induced activation was
affected to a lesser degree, requiring high doses of LXR ligands to
exert comparable inhibitory effects. Collagen-induced Syk phos-
phorylation was strongly inhibited by pretreatment with LXR
ligands, while LAT and PLCγ phosphorylation were inhibited to
a lesser degree, which could be explained by the high concentra-
tion of collagen used for activation (50 µg/mL). Interestingly, and
opposite of the results seen with PPARγ (71), LXR ligands induced
association of LXR with Syk and PLCγ. Moreover, stimulation of
platelets with PPARγ or LXR ligands led to an association between
the two transcription factors, which was diminished with higher
concentrations of ligand. Taken together, these data suggest that
LXR and PPARγ can physically interact in platelets and this may
represent a novel regulatory mechanism of collagen-induced acti-
vation (Figure 4). In cell free systems, LXRβ was able to bind all
three PPAR isoforms with different affinities (100). Moreover, dif-
ferent PPAR ligands altered the affinities of these interactions. For
example, troglitazone inhibited PPARγ/LXRβ interactions, while
GI262570, a PPARγ ligand with high binding affinity, had no
effect on this interaction. This may help to explain why different

FIGURE 4 | Regulation of collagen signaling by LXRβ and PPARγ. Collagen
signaling leads to the phosphorylation of Syk and PPARγ. Ligand-activated
LXR binds Syk, preventing its interaction with PPARγ, thus decreasing platelet

activation. Similarly, PPARγ ligands or LXR ligands can induce the interaction
of PPARγ and LXR, reducing the availability of PAPRγ to participate in collagen
signaling.
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PPAR ligands exert different effects on platelet signaling and
function.

RETINOID X RECEPTORS
Retinoid X receptors comprise a group of nuclear receptors that
recognize vitamin A metabolites (101). The three different iso-
forms of RXRs (α, β, and γ) are expressed in different tissues,
with RXRα and RXRβ being fairly widely expressed and RXRγ

is mainly expressed in skeletal muscle and heart tissue (102).
RXRα is the heterodimeric binding partner of PPARγ, which is
essential for mediating the genomic effects of PPARγ. Platelets
express the RXRα and β isoforms, but not RXRγ, and RXRs
immunoprecipitate with PPARγ in platelets. (103) Similar to
PPARγ ligands, the RXR ligand, 9-cis-retinoic acid (9cRA), inhib-
ited agonist-induced platelet activation. Interestingly, however,
9cRA preferentially inhibited ADP and U46619 (a thromboxane
mimetic)-induced aggregation, but did not alter collagen-induced
activation. This is surprising in light of the fact that PPARγ lig-
ands dampen signaling through the collagen receptor (Figure 2),
suggesting that RXR in platelets can signal non-genomically inde-
pendent of PPARγ. RXRα co-immunoprecipitated with Gq11 in
resting platelets and this interaction was enhanced when platelets
were stimulated with 9cRA. In this manner, ligand-bound RXRα

may sequester Gq from its traditional role in propagating sig-
nals from G-protein coupled receptors, such as the ADP and
thromboxane receptors.

GLUCOCORTICOID RECEPTORS
The glucocorticoid receptor (GR) is a nuclear hormone recep-
tor that binds glucocorticoids, such as dexamethasone and
prednisolone, resulting in an anti-inflammatory response (104).
Human platelets express GR and differentially respond to its
ligands (105). One study found that human platelets were less
responsive to activation when treated with prednisolone, but not
dexamethasone (106). Furthermore, the inhibitory effects of pred-
nisolone on platelet function could be prevented by treatment
with the GR antagonist, RU486. Interestingly, binding assays in
human platelets revealed that both glucocorticoids could bind GR
and increase its association with the chaperone protein, HSP90.
In nucleated cells, ligand binding to GR causes HSP90 dissocia-
tion from the GR complex, which reveals its nuclear localization
signal (107). However, the opposite effect was found in platelets,
suggesting a different method of regulation. Moreover, a unique
dimerization was identified in human platelets between GR and
the mineralocorticoid receptor (MR), which can bind some of the
same ligands as GR, such as dexamethasone. This may help to
explain why dexamethasone affected platelet function differently
from the more specific GR agonist, prednisolone. Additionally,
mineralocorticoids activate PI3K, consistent with the finding that
mineralocorticoid actions are associated with increased risk of
vascular disease (108).

ARYL HYDROCARBON RECEPTOR
The aryl hydrocarbon receptor (AHR) is a well-known toxicant-
sensing receptor that also plays essential roles in immune func-
tion and hematopoiesis (109). Common AHR ligands include
polycyclic aromatic hydrocarbons, lipoxin A4, and 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD). Mouse platelets express

AHR, which is known to play an important role in hematopoiesis
and megakaryocyte development (110). Platelets from AHR
knockout mice exhibit defective collagen signaling, with inhib-
ited collagen-induced aggregation and spreading. Of note,platelets
from AHR knockout mice had lower levels of the collagen receptor,
GPVI, and undetectable levels of Vav proteins. Vav1 and Vav3 are
activated downstream of many signaling pathways in platelets, and
play a role in responding to collagen (111). Although the defects in
platelet collagen signaling in AHR knockout mice are intriguing
and may suggest an important role for this transcription factor
in platelet biology, a more thorough investigation is needed. It
is still unknown whether platelets respond to AHR ligands and
whether they affect agonist-induced activation. Moreover, it is pos-
sible that the defects in collagen signaling in AHR knockout mice
could be solely attributed to defective thrombopoiesis and altered
platelet composition. Limited studies have evaluated the effects
of AHR ligands in hemostasis. Polychlorinated biphenyls, which
are non-specific AHR ligands, enhanced human platelet activation
(112). Additionally, the specific AHR ligand, TCDD, was shown
to induce thrombocyte aggregation in zebrafish (113). This can
likely be attributed to its non-genomic actions in thrombocytes,
as these effects were seen as early as 30 min post-treatment. Fur-
ther research investigating the effects of AHR activation in platelets
may reveal novel actions of environmental toxicants on hemostasis
and cardiovascular risk.

The AHR has been shown to form a complex with the p65
subunit of NFκB in breast cancer cells (114). Furthermore, this
interaction was found to be functionally relevant, resulting in
proliferation and tumorigenesis. Additional roles for the AHR in
regulation of NFκB signaling have been shown by our group in
fibroblasts (115, 116). We found that absence of the AHR coincided
with decreased expression of the non-canonical NFκB member,
RelB. Signal-specific phosphorylation of RelB targets it for proteo-
somal degradation. It is possible that physical association between
the AHR and RelB prevents its proteosomal degradation and allows
it to exert anti-inflammatory effects, similar to its regulation in T
cells (117).

SIGNAL TRANSDUCER AND ACTIVATOR OF
TRANSCRIPTIONS
The signal transducer and activator of transcription (STAT) family
of proteins were some of the first identified functional transcrip-
tion factors in platelets (118). Human platelets express STATs 1, 3,
and 5, which traditionally play a role in transducing signals from
cytokine receptors to elicit an immune response (119). Early on,
it was known that thrombopoietin could act on human platelets
and this resulted in STAT3 phosphorylation, although the bio-
logical significance was unclear. Recently, the role of STAT3 in
platelet signaling has been investigated more thoroughly, uncov-
ering an important role for it in GPVI signaling (120). Pharmaco-
logic inhibition of STAT3 signaling or dimerization resulted in a
hyporesponsive phenotype to low-dose collagen activation. Addi-
tionally, platelets from platelet and megakaryocyte-specific STAT3
knockout mice had lower levels of collagen-induced aggregation,
decreased P-selectin expression, and slowed thrombus formation.
Interrogation of the signaling cascade revealed that STAT3 was
activated by JAK2, in the same manner as in nucleated cells.
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Traditionally, STAT3 homodimerizes upon phosphorylation by
JAK2, then translocates to the nucleus where it acts as a tradi-
tional transcription factor. However, in platelets, phosphorylation
of STAT3 by JAK2 resulted in dimerization and activation of PLCγ.
Syk was found to be an upstream activator of this pathway and
was complexed with STAT3 and PLCγ after activation with col-
lagen (121). These data suggest that STAT3 plays an important
regulatory role in platelet activation downstream of collagen and
thrombopoietin signaling.

THE DIVERGENT ROLES OF TRANSCRIPTION FACTORS
The investigation of transcription factors in platelets has often
led to convoluted and sometimes contradictory findings. This can
most clearly been seen in the evaluation of the roles of PPARα

in platelets. In this case, PPARα appears to play an important
role in platelet activation, but has the opposite effect in the pres-
ence of a PPARα ligand (74). Additionally, phosphorylated PPARγ

positively regulates collagen signaling, while ligand-bound PPARγ

inhibits activation (71). These data support the hypothesis that
ligand-induced activation of transcription factors can function
differently than phosphorylation-induced activation (Figure 3).

MICROPARTICLES AS TRANSPORTS OF TRANSCRIPTION
FACTORS
Microparticles are plasma membrane-derived vesicles ranging
in diameter from 0.1 to 1 µm that are present at levels of
approximately 5–50 µg/mL in blood plasma (122). Platelets and
megakaryocytes are the primary source of microparticles in the
blood circulation (about 80%), whereas other microparticles are
derived from erythrocytes, endothelial cells, and granulocytes
(122–124). Since their discovery, the role of platelet microparticles
in coagulation was evident, and later was supported by identifica-
tion of tissue factor expression (123) and a phosphatidylserine-
rich outer membrane (125) that binds coagulation factors to
aid in their assembly and enzymatic processing. Microparticles
are produced from resting cells, during apoptosis or during cell
activation, likely resulting in different internal and surface com-
position. Microparticles were shown to differ in composition
between human samples and between microparticle size classes
(126, 127). Packaging mechanisms for microparticles have not yet
been identified and such studies are crucial for the understand-
ing of microparticle influences on their environment. Whether
microparticle packaging is a passive or active process, increased
proximity of mediators to the cell plasma membrane would likely
increase their chances of becoming encapsulated by the released
microparticles.

MICROPARTICLE FUNCTIONS AND ROLES IN
INFLAMMATION
Microparticles are postulated to have several means to influ-
ence their environment. Burger et al. described their ability to
(1) promote coagulation, (2) scavenge NO, (3) generate reactive
oxygen species, (4) cleave cellular surface proteins via metallopro-
teinases, (5) signal cells via surface proteins, and (6) deliver cargo
via transfer of membrane and internal contents (128). Addition-
ally, microparticles are postulated to contribute to, and sometimes
exacerbate inflammation. It is likely that surface interactions and

the less studied delivery of internal microparticle contents are
both contributing to the influences of microparticles on their
environment.

TRANSCELLULAR COMMUNICATION
Circulating microparticles can interact with other blood cells they
encounter, such as leukocytes, lymphocytes, platelets, and with
endothelial cells. Specific modes of cell–microparticle interac-
tions include surface receptor signaling, plasma membrane fusion,
or internalization of microparticles (129). The fusion of platelet
microparticle membranes to target cell membranes was demon-
strated to transfer the surface protein CXCR4 to cells causing
recipient cell susceptibility to human immunodeficiency virus
infection (130). Membrane fusion or internalization of micropar-
ticles could also cause microparticle internal composition to be
transferred into the recipient cell cytoplasm. Lipids (131), RNA,
and protein (129) have been seen to be delivered in this fashion,
and multiple examples of each are reviewed by Mause and Weber
(132). Arachidonic acid is a lipid mediator delivered by platelet
microparticles that can be further processed into thromboxane
A2 by recipient platelets and contribute to their activation (131).
Overall, platelet microparticles contain various mediators that can
be delivered to surrounding cells to impact their function.

TRANSCRIPTION FACTORS IN MICROPARTICLES AND ROLES
IN TRANSCELLULAR COMMUNICATION
The influence of microparticles on recipient cell function is based
on microparticle composition. Not surprisingly, blood micropar-
ticle protein composition was found to be highly variable between
healthy humans (127). Our work showed that platelet microparti-
cles contain transcription factors, such as PPARγ, derived from
parent cells (34). Furthermore, proteomic analysis has led to
the discovery of three other transcription factors in platelet
microparticles, RuvB-like 2, STAT3, and STAT5A (133).

Transcription factors are transported from cells through
microparticles and retain function within the recipient cells (34,
72). Our lab was the first to show this ability with platelet-derived
microparticles delivering functional PPARγ to THP-1 monocytes,
detected through an electrophoresis mobility gel shift assay (134).
We have since developed a novel platform technology to engineer
microparticles through overexpression of PPARγ in platelet and
megakaryocyte-derived microparticles obtained from the cultured
megakaryoblastic cell line, Meg-01 cells. We showed that these
engineered microparticles could be taken up by THP-1 monocytes,
and that the transferred PPARγ was functional within recipi-
ents shown by induction fatty acid binding protein-4 (FABP4)
expression, a unique PPARγ-specific target gene (72) (Figure 5).

To identify the significance of the transferred PPARγ to recip-
ient cells, we compared recipient cell responses incubated with
microparticles that did or did not contain PPARγ, to inflamma-
tory stimuli (135). Monocytes that received PPARγ-containing
microparticles had decreased inflammatory mediator production
compared to the control microparticles. PPARγ activation has
been shown to induce cell differentiation (136, 137). Our work also
supported the influence of PPARγ on monocyte differentiation as
the cells receiving PPARγ-containing microparticles became more
adherent through increased integrin expression and fibronectin
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FIGURE 5 | Platelet microparticles as a method of transcellular
delivery of transcription factors. Platelet-derived PPARγ is packaged
into platelet microparticles, which can deliver intact PPARγ protein to
target cells, such as monocytes. PPARγ can then bind to peroxisome

proliferator response elements (PPRE) in the nucleus to affect
transcription of target genes. Transfer of PPARγ to monocytes via
microparticles has been shown to decrease LPS-induced inflammatory
mediator release.

production (135). These data support the notion that circulating
microparticles could have a profound impact on inflammatory
cells during responses to insult and injury. Specifically, the anti-
inflammatory PPARγ and proinflammatory NF-κB composition
of microparticles could vastly dampen or heighten responses of
recipient cells.

DIAGNOSTIC AND THERAPEUTIC POTENTIAL OF
MICROPARTICLES
Measurements of microparticle abundance are becoming a more
popular assessment of systemic inflammation. With current tech-
nology, it is easier and less expensive to measure micropar-
ticle number and surface composition rather than running
entire microparticle proteomic studies with each patient sam-
ple. Microparticle number and surface phenotype have provided
descriptive diagnostic tools indicative of disease severity. How-
ever, evaluation of the total protein composition of microparticles
would tell an infinitely more detailed summary of patient health
status. Particularly, looking at levels of the highly influential tran-
scription factors within circulating microparticles would provide
insight into the inflammatory state from the cells generating the
microparticles as well as the potential inflammatory impact on
recipient cells within the blood.

Delivery of platelet proteins such as PPARγ could have an anti-
inflammatory and/or pro-differentiation influence on activated
cells via microparticles and act as a physiological means of quench-
ing inflammation. Transcription factors would be among the most
influential mediators to deliver to a cell, as they are capable of
initiating transcripts of multiple downstream products that could
influence numerous networks and pathways. Certain transcription
factors may require signal or ligand activation to fully function in
a microparticle delivery setting. In the case of PPARγ, endogenous
ligands such as 15d-PGJ2 and others may be present or synthe-
sized. Whereas the components delivered by microparticles may
be short-lived, their effects on the recipient cells may sometimes be
permanent, such as inducing irreversible differentiation or death
of recipient cells.

Overall, platelet microparticles are abundant and influential
transcellular vesicles. They contain proteins, lipids, and RNA
derived from their parent cells. Therefore, these circulating bio-
markers provide insight into the cumulative activation and inflam-
matory state of all blood cell populations. Importantly,microparti-
cles have repeatedly been shown to not just be cell byproducts but
rather influential delivery mechanisms. Transportation of tran-
scription factors to cells could influence several ongoing or initiate
new pathways causing profound impacts within recipient cells.
Transcellular communication involving transcription factors via
platelet microparticles substantiates another possible key role of
transcription factors presence in platelets.

CONCLUSION
Transcription factors play numerous important and previously
unrecognized roles in regulating platelet function in a non-
genomic manner. Additionally, transfer of intact and functional
transcription factors to other cells via microparticles may serve
as a novel regulatory mechanism for inflammation. The initial
discovery of transcriptional regulatory elements in a particular
protein does not exclude the possibility of non-genomic roles
for that protein as well. The anucleate platelet can serve as an
important model system to study non-genomic roles of tran-
scription factors. Further elucidation of the non-genomic func-
tions of transcription factors will yield important discoveries that
have the potential to illuminate platelet biology and also help to
explain the pleotropic effects of pharmaceuticals that target these
pathways.
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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.

Keywords: neutrophils, platelets, inflammation, monocytes, vascular permeability, bleeding, thrombocytopenia,
ITAM

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

soluble factors involved

References

Vascular permeability Arthritis GPVI/Serotonin Cloutier et al. (10)

Peritonitis GPIb/vWF Petri et al. (2)

Leukocytoclastic vasculitis P-selectin/PSGL-l Hara et al. (3)

Chronic cutaneous hypersensitivity ND Tamagawa-Mineoka et al. (4)

Acute lung inflammation P-selectin 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 Schulz et al. (22)

CD40L and MCP-l Lievens et al. (23)

GPIb, GPIIbIIIa Massberg et al. (12)

P-selectin Huo et al. (24)

Cerebral I/R GPIIbIIIa Massberg et al. (15)

CD40/CD40L/sCD40L Ishikawa et al. (14)

Intestinal I/R P-selectin Ishikawa et al. (14)

Abdominal sepsis Serotonin Duerschmied et al. (25)

ND/Mac-1 Asaduzzaman et al. (6)

Peritonitis GPIb/vWF Petri et al. (2)

Serotonin Duerschmied et al. (25)

Experimental colitis CD40L Vowinkel et al. (20)

P-selectin/PSGL-1 Vowinkel et al. (20)

Aseptic wound Serotonin Duerschmied et al. (25)

Acute Lung inflammation Serotonin, TXA2, P-selectin Duerschmied et al. (25), Hidalgo et al. (7), Zarbock et al. (5)

Leukocytoclastic vasculitis P-selectin/PSGL-1 Hara et al. (3)

Chronic cutaneous hypersensitivity P-selectin Tamagawa-Mineoka et al. (4)

Allergic asthma P-selectin, Serotonin 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.

CD40, 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, vWF, 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-1α (MIP-1α), 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 αvβ3 on endothelial cells through the
secretion of IL-1β (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-1β, 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 GPIbα led to
reduced platelet–monocyte and platelet–neutrophil interactions,
and to increased circulating levels of TNF-α, MCP-1, IL-6, and
MIP-1β (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 TNF-
α, IL-6, and MCP-1 were increased in thrombocytopenic mice,
which also displayed reduced levels of TGF-β 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 S1P 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.
(A) During the early phase of inflammatory reactions, platelets are recruited
to inflamed vessels and enhance vascular permeability by secreting
pro-permeability factors such as serotonin, vascular endothelial growth factor
A (VEGF-A), or platelet-activating factor (PAF). Platelets further enhance the
recruitment and infiltration of leukocytes by secreting chemokines [e.g.,
activation or normal T cell expressed and secreted (RANTES) or platelet factor
4 (PF-4)], and by upregulating the expression and/or activation of adhesion
molecules on leukocytes and endothelial cells via direct cell–cell contacts and
secretion of pro-inflammatory cytokines. The platelet receptors (e.g., GPVI,
GPIb, GPIIbIIIa, or P-selectin) supporting the interactions of platelets with
inflamed vessels and/or leukocytes vary with the organ and inflammatory
reactions concerned. (B) Platelets can modulate various leukocyte effector

functions: toll-like receptor 4 (TLR4)-dependent activation of platelets
promotes the formation of antibacterial neutrophil extracellular traps (NETs);
platelets can also either stimulate or inhibit the production of reactive oxygen
species (ROS) and/or secretion of cytokines and cytotoxic enzymes [e.g.,
myeloperoxidase (MPO), serine proteases] by neutrophils and macrophages
depending on the inflammatory situation; platelets can stimulate
phagocytosis and thus enhance foam cell formation by promoting the uptake
of oxidized low-density lipoprotein by monocytes/macrophages (oxLDL).
(C) Platelets prevent bleeding associated with leukocyte trafficking. This
protective action of platelets has been shown to be independent of thrombus
formation and to rely on the engagement of platelet ITAM receptors, which
might cause secretion of anti-permeability factors such as angiopoietin-1
(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).
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Platelets contribute to processes beyond thrombus formation and may play a so far under-
estimated role as an immune cell in various circumstances. This review outlines immune
functions of platelets in host defense, but also how they may contribute to mechanisms
of infectious diseases. A particular emphasis is placed on the interaction of platelets with
other immune cells. Furthermore, this article outlines the features of atherosclerosis as
an inflammatory vascular disease highlighting the role of platelet crosstalk with cellular
and soluble factors involved in atheroprogression. Understanding, how platelets influence
these processes of vascular remodeling will shed light on their role for tissue homeosta-
sis beyond intravascular thrombosis. Finally, translational implications of platelet-mediated
inflammation in atherosclerosis are discussed.

Keywords: platelets, inflammation, atherosclerosis

INTRODUCTION
The vasculature is one of the large networks of the human body
and, thus, it needs to be well protected by immune mechanisms.
When tissue is injured, the wound is paralleled by a severance of
the vascular network, as well. Disruption of the endothelial mono-
layer lining all vessels from the inside triggers a process referred
to as thrombus formation, a well regulated and complex cascade
of events (1). During thrombus formation, other systems located
within the vasculature can be activated, the most prominent of
which is the immune system and inflammation being a part of
its innate response. The inflammatory response to tissue injury
triggers various events, which allow for defense against possible
intruders and initiate the healing process (2). Simultaneously and
in close proximity, platelets are recruited to the wound to restore
endothelial integrity; they are activated and initiate thrombus
formation. Given the close spatiotemporal relationship of these
molecular processes, it is not surprising that growing evidence
suggests that platelets are not only effectors of thrombus forma-
tion, but actively participate in inflammation and other processes
related to tissue remodeling (3).

PLATELETS PRESERVE VASCULAR INTEGRITY
Repair of vascular damage while simultaneously preserving the
patency of narrow capillaries is a complex task and requires a finely
tuned machinery of pro- as well as anti-thrombotic mechanisms.
Platelets are the key cells of primary hemostasis and thrombus for-
mation. They mediate thrombus formation through cellular and
soluble factors [recently also reviewed in Ref. (1, 4–7)]. GPIbα is a
platelet transmembrane receptor associated with GPIX and GPV
(8). GPIbα binding to von-Willebrand-factor (vWF) initiates pri-
mary hemostasis (8). In a shear-dependent fashion, GPIbα binding
to vWF immobilized on collagen enables initial platelet rolling,
which precedes all further steps of thrombus formation (9). Except
at sites of high shear rates (10), stable platelet adhesion requires
additional contribution of GPVI and integrins (11). GPVI is one of

the platelet collagen receptors. It provides strong mechanic adhe-
sion but also serves as the primary inducer of platelet activation
mediated by its FcRγ-chain (12, 13). Amongst other signaling
events, activation of GPVI causes an elevation of intracellular
Ca2+ and subsequent platelet shape change (14). Platelet activa-
tion is paralleled by the secretion of soluble factors from platelet
granules, the most important of which are ADP and TxA2 (15–
17), as they activate platelets in an autocrine fashion (18). C-type
lectin-like type II (CLEC-2) supports GPVI as it sustains a similar
signaling pathway as the one induced by the GPVI/FcRγ complex
(19, 20). In fact, CLEC-2 was found to be of particular impor-
tance for stable aggregate formation under flow conditions (21).
The thrombotic activity of platelets is regulated by controlling the
surface density of these major receptors by ectodomain shedding
(22). A central process in platelet-mediated thrombus formation is
integrin activation, as integrins connect the ECM to the platelets’
cytoskeleton and enable platelet aggregate formation (11). The
integrin αIIbβ3 has the ability to“crosslink”platelets via fibrinogen-
bridging (23), thus stabilizing the forming thrombus. Due to its
central importance, its inside-out activation is referred to as the
“final common pathway of platelet activation” (24). The activa-
tion of αIIbβ3 is mediated by the classical platelet agonists ADP
or TxA2, and interfering with these pathways was successfully
transferred into patient treatment (25). Similar to other integrins,
αIIbβ3 promotes “outside-in” signaling as well as platelet spread-
ing and clot retraction (26). Finally, platelets also interact with
the coagulation system in various ways stabilizing the develop-
ing thrombus by fibrin formation, which provides for provisional
wound closure (27–29).

“NON-CLASSICAL” PLATELET FUNCTIONS
Although traditionally not conceived as immune cells, platelets
hold important functions in the immune response, particularly in
innate immunity (30–32). In both host defense and preservation
of vascular functions, platelets are helpful in some and harmful in
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other conditions (33). In the following, we will aim to exemplify
how platelets mediate effects beyond thrombus formation.

PLATELETS IN HOST DEFENSE
Platelets contribute to pathogen recognition by interacting with
immune cells, but also by interacting with the bacteria them-
selves (34–41). Recently, it was demonstrated that platelet-rich
plasma (PRP) inhibited the growth of bacteria (42). The various
receptor interactions involved in this platelet–bacteria crosstalk
were already reviewed elsewhere (43, 44). For instance, platelets
are able to recognize CpG islands upon thrombin activation and
subsequent TLR9 expression (40). Furthermore, platelets react
to fungal infections in vitro and in vivo (45). Finally, platelet
“nuclear functions”are increasingly uncovered and recognized (2).
Via transcription of mRNA and post-transcriptional modification
(46–48), platelets seem to contribute to the inflammasome by pro-
ducing IL-1β (49), they are involved in modulating NFκB (50) and
may influence endothelial polarization by miRNA secretion (51).

PLATELETS CONTRIBUTING TO MECHANISMS OF INFECTIONS
On the other hand, there are a number of reports describing
platelets as an important element in the progression of infections
(52). The platelet receptor CLEC-2 has been shown to facilitate the
entry of HI-viruses (53), and platelets contribute to disease pro-
gression via CD40L (54, 55). Furthermore, platelets are involved
in the progression of HBV-infection and other viral diseases (56,
57) by the recruitment of cytotoxic T-cells (CTL) to the liver (58)
or other organs in a serotonin-dependent manner (59). Verschoor
et al. could recently show that platelets are a relevant factor in the
process of immune evasion by intracellular bacteria such as Listeria
(38). Furthermore, platelets play an important role in infections
by Leishmania (60) and in the pathogenesis of Hantavirus infec-
tion (61). A fact, which complicates the picture even more, is that
platelets can also modulate the function of further cells involved
in the response to infections – the leukocyte.

PLATELET CROSSTALK WITH IMMUNE CELLS
One of the main immune mechanisms of platelets is their capa-
bility to recruit leukocytes to sites of infection and inflammation
(32, 62). P-selectin–PSGL-1 binding (63, 64), ICAM1 (51), and
GPIbα (65) play an important role in how platelets bring other
immune cells to the scene (66), particularly under high shear
conditions (67). Platelets have the ability to form aggregates with
neutrophils (68). In periodontitis, aggregate formation of platelets
and neutrophils (NPA) enhances neutrophil phagocytosis in a
TLR-2-dependent manner (69). In acute lung injury, NPA forma-
tion mediates neutrophil extravasation (70) and platelet-derived
platelet factor 4 (PF4) fostered neutrophil survival in a model
of arterial occlusion (71). Furthermore, platelet–leukocyte aggre-
gates can be used as a diagnostic tool, for example as a parameter
to assess sepsis severity (72). Another recently discovered way,
how platelets modulate neutrophil function is their involvement in
neutrophil extracellular trap (NET) formation to ensnare intrud-
ers (73). Platelet TLR-4 (74) as well as platelet β-defensins have
been implicated in NET formation (75, 76). Specifically, platelet-
induced NET formation may play a role in viral infections (77) or
transfusion-related lung injury (78). Rossaint et al. have recently

proposed that simultaneous activation of neutrophils via Mac-
1 outside-in signaling and Gαi engagement by platelet-derived
RANTES–PF4 heterodimers is required for NET formation (79).
Interestingly, platelets seem to form especially stable aggregates
with monocytes (80), and activated platelets induce an inflamma-
tory monocyte phenotype (81). As this process seems to be par-
tially independent of P-selectin interaction with PSGL-1,paracrine
mechanisms to strengthen platelet–monocyte aggregate formation
have been proposed as an alternative mechanism (81). Platelet–
monocyte interaction seems to be of functional relevance, as their
formation increases the number of circulating monocytes with
a higher affinity for adhesion to the endothelium (82). Further-
more, activated platelets are taken up by monocytes which induces
enhancement of cytokine release from macrophages (83). Other
authors, however, report on anti-inflammatory effects of platelet–
monocyte interaction (84–86) via CXCR5 engagement of CXCL13
on monocytes (84) or, following experimental sepsis, by inhibition
of macrophage tumor necrosis factor α (TNF-α) and IL-6 secre-
tion (85, 86). Thus, the effect of platelets on monocytes appears to
be context-dependent.

Via P-selectin PSGL-1 interaction, platelets can form aggre-
gates with lymphocytes (PLA), as well. Platelet interaction with
T-cells, B-cells, and NK-cells induces their homing, activation, and
recruitment as recently reviewed (87). Platelets may even serve as
a bridge directing T-cells to the endothelium (88). Furthermore,
platelets modulate lymphocyte function via direct cell–cell inter-
action as well as soluble mediators (87). In rheumatoid arthritis
patients, platelet binding to lymphocytes promoted activation-
induced proliferation as well as IL-17 and interferon-γ production
by GPVI positive CD4+ T-cells (89). Serotonin from platelet vesi-
cles may also stimulate T-lymphocytes (90). Through release of
PF4 and CCL5, platelets can enhance cytokine production in
CD4+ T-cells (34). Furthermore, in HCV infection, platelet CCL5
causes upregulation of T-lymphocyte helper cells type 1 (Th1)
(91). Finally, platelets may also enhance T-cell-mediated germi-
nal center formation and release of specific IgGs from B-cells
via CD40L signaling (35, 41). In fact, platelets may substitute
CD40L when few CD40L-positive T-cells are present to stimu-
late B-cell maturation (92). However, platelets may also induce
anti-inflammatory effects. PF4 released from platelets leads to
an increase in regulatory T-lymphocytes (Tregs) (93) and limits
Th17 differentiation (94). Interestingly, T-lymphocytes can acti-
vate platelets, which amplify the release of CCL5 (95). Addressing
antigen-presenting cells, there are a number of ways in which
platelets interact with dendritic cells (DCs). For instance, platelets
can recruit DC via Mac-1 interaction with JAM-C and can activate
them inducing platelet phagocytosis and subsequently apoptosis
of DCs (96). High shear rates may be a trigger for platelets to
recruit DCs and promote their maturation (97). In fact, direct
contact of platelets and DCs seems to induce other effects than
crosstalk via soluble factors suggesting that platelets have the abil-
ity to differentially regulate a DC response (98). This conclusion
is supported by recent findings demonstrating that platelets can
enhance DC-mediated Th-2 cell response in allergy by secreted
RANKL (99). Platelets can, however, also impair DC differen-
tiation or reduce DC production of proinflammatory cytokines
IL-12p70 and TNF-α (100).
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PLATELETS IN ATHEROSCLEROSIS
Atherosclerosis is a chronic inflammatory disease featuring var-
ious complex processes contributing to its pathophysiology and
the development of the atherosclerotic plaque over decades.
Figure 1 summarizes the steps contributing to fatty streak forma-
tion, inflammation, progression of the plaque, and finally plaque
rupture.

PLATELET CONTRIBUTION TO ATHEROSCLEROSIS
In atherosclerosis, platelets are known to contribute to early steps
of this chronic vascular pathology (Figure 2) such as endothelial
dysfunction (101, 102), but also to final events such as rupture

of the vulnerable plaque [(103), see also Figure 4]. For instance,
platelets participate in atherogenesis by chemokine release (79,
104, 105), surface association of oxLDL (106), direct cell–cell
interaction (107, 108), release of microparticles (109), and pro-
vision of inflammatory mediators [(110), see also Figure 3].
Platelets within the atherosclerotic plaque may remain activated
for a long time providing for proinflammatory IL-1β production
[(111), see also Figure 3]. One of the most considered func-
tions of platelets in atherosclerosis is the recruitment of leukocytes
via direct receptor–ligand interactions or augmented by released
factors such as chemokines [(112, 113), see also previous sections
and Figure 3]. The role of a particular leukocyte subtype – DCs,

FIGURE 1 | Pathophysiology of atherosclerosis. During atherogenesis, a
plaque forms on the luminal side of the arterial wall through a complex
process involving lipid accumulation, cellular activation inducing the
transformation and differentiation of monocytes into foam cells, and various
immune reactions mediated by T- and B-cells, neutrophils, granulocytes
(neutrophils), and dendritic cells (DCs). Hence, the progression of
atherosclerosis is driven by inflammation, although some of these
inflammatory cells/factors may also mediate atheroprotection under certain

conditions. At later stages, the atherosclerotic plaque develops a necrotic
core with areas of neovascularization, a thin fibrous cap, and scattered
calcifications. Finally, plaque rupture exposes the thrombogenic
atherosclerotic core inducing platelet activation and, subsequently, initiation
of the coagulation cascade. Ab, antibody; Hb, hemoglobin; HSP, heat shock
protein; NET, neutrophil extracellular trap; PF4, platelet factor 4; SMC,
smooth muscle cell; Treg, regulatory T-cell; VALT, vascular-associated
lymphatic tissue.
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FIGURE 2 | Mechanisms, how platelets affect the initiation of
atherosclerosis. Upon activation within the microenvironment of the
atherosclerotic plaque or even at very early stages of atherogenesis in areas
of high shear stress, platelets express increased levels of inflammatory
adhesion receptors (ICAM1, intracellular adhesion molecule 1; GPIbα,
glycoprotein Ibα; αIIbβ3, glycoprotein αIIbβ3) associated with oxLDL binding to

platelets. TLR-mediated signaling may contribute via binding of
lipopolysaccharides (LPS), leukocyte interaction, or binding of
carboxyalkylpyrroles (CAPs). The complement system also contributes to
atherogenesis. MIF, macrophage migratory inhibitory factor; PF4, platelet
factor 4; RANTES, chemokine ligand 5 (CCL5); TLRs, Toll-like receptors;
oxLDL, oxidized low-density lipoprotein.

the classical antigen presenting cells of our body – has been empha-
sized recently in the context of atherosclerosis and, interestingly,
platelets interact with DCs (Figure 3). In fact, GPIb–Mac-1 inter-
action may be an interesting signaling mechanism in the context
of platelet–DC crosstalk modulating atheroprogression (114, 115).
This is of particular importance,as DCs have been proposed to play
a significant role in the different steps of atherosclerosis (116).

PLATELETS IN THE COMPLEMENT SYSTEM AND ATHEROSCLEROSIS
A further part of our innate immune response, the complement
system receives increasing attention in the context of atheroscle-
rosis. This cascade of soluble plasma proteins constitutes a phylo-
genetically very old part of the inherited immune system (117).
Complement activation is important for inflammatory condi-
tions associated with vascular injury (118, 119). Most interestingly,
platelets were reported to express a number of complement recep-
tors relevant for platelet function and their crosstalk with the local
microenvironment (120–122). Several complement components
can be bound to the platelet surface (123, 124). We found that
expression of complement anaphylatoxin receptors on platelets
showed a strong and positive correlation with platelet activa-
tion markers such as P-selectin in patients with atherosclerosis
(125). Further mechanistic studies will have to address the rel-
evance of this association. In a recent review, the literature on
platelets and potential intersection points with the complement

system in diverse settings was summarized (126). Additional pro-
found studies are needed to differentiate our understanding of
the intersection points of platelet activation with the immuno-
logical elements of atherogenesis such as endothelial inflamma-
tion, leukocyte recruitment, antigen presentation, chemokine and
cytokine production, or complement activation.

PLAQUE RUPTURE
At later stages, the atherosclerotic core becomes hypoxic inducing
the outgrowth of vasa vasorum from the adventitia toward the
intima [(127, 128), see also Figure 4]. As a consequence, fragile
and leaky vessels form, which facilitate further invasion of immune
cells and release of soluble factors into the surrounding atheroscle-
rotic tissue (129, 130). Moreover, red blood cells get stuck in the
plaque liberating hemoglobin and iron (131). These mechanisms
ultimately result in plaque destabilization (132). Foam cells pro-
duce tissue factor (133), and as soon as the thrombogenic lipid core
is exposed to the lumen, fibrin generation is initiated (134–136).
In parallel, platelets as well as the coagulation cascade become
activated (137, 138). Plaque rupture in the region of a thin fibrous
cap is the final event, how atherosclerosis causes acute vascular
complications such as myocardial infarction or stroke (139–143).

TRANSLATIONAL RELEVANCE
The fact that inflammation plays a key role in central steps of
atherosclerosis (31, 144), is increasingly integrated into clinical
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FIGURE 3 | Mechanisms, how platelets affect the progression of
atherosclerosis. Platelets contribute to the progression of atherosclerosis
by chemokine deposition (A) and leukocyte recruitment (B). Remnant
“nuclear” functions of platelets such as the ability to translate and modify
mRNA promote inflammation and endothelial polarization (C). Furthermore,
the interaction with antigen-presenting dendritic cells can contribute to
atheroprogression involving adhesion receptors and soluble mediators
(D). CXCR4, C-X-C chemokine receptor type 4 (CD184); SDF-1α, stromal
cell-derived factor 1α.

considerations. Accordingly, this hypothesis is addressed by
two current trials, the CANTOS trial launched in 2011 (145)
and the CIRT trial (146) using immunosuppressants to treat

FIGURE 4 | Mechanisms, how platelets affect plaque rupture. Plaque
rupture is tailored by platelets in several ways: platelets are known to
modulate angiogenesis, which is a decisive factor for plaque stability.
Platelets have also been found to promote smooth muscle cell (SMC)
progenitor recruitment via CXCR4-SDF-1α signaling. SMCs are responsible
for generating extracellular matrix stabilizing the fibrous cap of the plug.
Thrombus formation in areas of the ruptured fibrous cap exposing
components of the extracellular matrix is initiated by platelets. Future
investigations will also have to test, whether platelets enter the plaque
tissue and affect tissue remodeling. Ab, antibody; CD40L, CD40 ligand
(CD154); DC, dendritic cell; IL-1α, interleukin 1α; JAM-C, junctional adhesion
molecule type C; Mac-1, macrophage-1 antigen; MIF, macrophage
migratory inhibitory factor; miRNA, microRNA; NFκB, nuclear factor
kappa-light-chain-enhancer of activated B-cells; PF4, platelet factor 4;
PSGL-1, P-selectin glycoprotein ligand-1; RANKL, receptor activator of
nuclear factor kappa-B ligand; RANTES, chemokine ligand 5 (CCL5); TLRs,
Toll-like receptors; Treg, regulatory T-cell.

atherosclerosis. Earlier in this article, we have aimed at depict-
ing the importance of platelets for inflammation in atheroscle-
rosis. Inhibition of platelet-mediated inflammation may already
be everyday clinical practice considering the use of aspirin for
the treatment of cardiovascular disease (147). As an irreversible
inhibitor of the enzyme cyclooxygenase, aspirin is a mild inhibitor
of platelet function (148). Despite its widespread use, the def-
inite role of aspirin in the prevention of atherosclerosis and
atherosclerosis-related diseases is still under discussion (147).
There is evidence from preclinical studies that aspirin is able to
inhibit the initiation (149) and even the progression of experi-
mental atherosclerosis (150) via its effect on prostaglandin syn-
thesis but also by other mechanisms such as the modulation
of endothelial NO synthesis (151), NFκB signaling (152), CRP,
or soluble CD40 ligand (sCD40L) (153). Clinical studies on the
use of aspirin for primary prevention of atherosclerosis, however,
have also yielded negative results [recently reviewed by Gaziano
and Greenland (147)]. A large study in a Japanese population
over 60 years of age could demonstrate no benefit of low-dose
aspirin therapy (154, 155). In patients at low risk for cardiovas-
cular events, the use of aspirin needs to be weighed very carefully
against an elevated risk of bleeding events or even hemorrhagic
stroke (147).
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For the ADP-receptor antagonist clopidogrel, reports on an
effect in the context of atherosclerosis exist, too. In animal models,
clopidogrel has the ability to slow down the inflammatory pro-
gression of atherosclerosis (156, 157). Clopidogrel reduces platelet
activation as measured by P-selectin expression and other inflam-
matory markers (158), while others stress that important inflam-
matory markers such as hsCRP are not affected (159, 160). On the
other hand, platelet–leukocyte aggregate formation is inhibited
more effectively by clopidogrel compared to aspirin (161, 162). In
contrast, another group reported that under therapy with clopido-
grel, the expression of some inflammatory chemokines may even
be increased in peripheral blood mononuclear cells in patients
with coronary artery disease (163). On the platelet surface, a
number of inflammatory receptors may represent potential tar-
gets for new therapeutic approaches such as CXCL4, CCL5, CD40
ligand, PSGL-1 (164). Further targets may be platelet-activating
factor (PAF) (165) or Annexin A5 (166). Finally, we have already
described the evidence on complement receptor involvement in
atherosclerosis (126, 167). This class of receptors are involved in
a large number of inflammatory processes (117) and are also
expressed on platelets (120–122). There are a number of sub-
stances targeting different parts of the complement system which
are evaluated in different stages of clinical trials in conditions such
as age-related macular degeneration or hereditary angioedema
(168, 169). Some have even established themselves as first-line
treatment such as eculizumab for paroxysmal nocturnal hemoglo-
binuria (170, 171). It is tempting to speculate, that these substances
might be worth an evaluation in the context of atherosclerosis,
as well.

Moreover, biomarkers of atherosclerosis are of great impor-
tance from a clinical point of view. Due to the high prevalence
of cardiovascular disease, it is vital to identify which patient is
at particular risk for adverse cardiovascular events and would
benefit from preventive diagnostic or therapeutic interventions.
A number of platelet surface receptors may be promising can-
didates to consider in this context. A prominent example is sol-
uble CD40 ligand (sCD40L) released from platelets (172). In a
number of settings such as on hospital admission of patients
with acute coronary syndrome or in patients undergoing pri-
mary angioplasty, sCD40L levels appear to have predictive capacity
(173–175). Some authors even discuss sCD40L as a therapeu-
tic target (176). Apart from sCD40L, soluble P-selectin released
from platelets is referred to as a further potential platelet-derived
biomarker (177, 178).

Considering the achievements of platelet research over the last
two decades with a bounty of platelet-targeted drugs, which found
their way into everyday clinical practice, platelets and platelet-
associated molecular mechanisms offer potential translational
applications.

CONCLUSION
In conclusion, platelets – conceived as immune cells and mediators
of vascular/tissue remodeling – have a strong impact on athero-
sclerosis through inflammatory mechanisms discussed here on the
basis of selected cellular or soluble platelet-derived mediators. The
net effect of platelet-mediated inflammation may be an atheropro-
moting one, although these anucleate cells may mediate distinct

atheroprotective mechanisms, as well. Future investigations will
have to identify these specific platelet aspects to enable us to
develop better diagnostic markers and therapeutic approaches
with fewer undesired side effects.
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Platelet transfusion has been a vital therapeutic approach in patients with hematologic
malignancies for close to half a century. Randomized trials show that prophylactic platelet
transfusions mitigate bleeding in patients with acute myeloid leukemia. However, even with
prophylactic transfusions, as many as 75% of patients, experience hemorrhage. While
platelet transfusion efficacy is modest, questions and concerns have arisen about the
risks of platelet transfusion therapy. The acknowledged serious risks of platelet trans-
fusion include viral transmission, bacterial sepsis, and acute lung injury. Less serious
adverse effects include allergic and non-hemolytic febrile reactions. Rare hemolytic reac-
tions have occurred due to a common policy of transfusing without regard to ABO type. In
the last decade or so, new concerns have arisen; platelet-derived lipids are implicated in
transfusion-related acute lung injury after transfusion. With the recognition that platelets
are immune cells came the discoveries that supernatant IL-6, IL-27 sCD40L, and OX40L
are closely linked to febrile reactions and sCD40L with acute lung injury. Platelet trans-
fusions are pro-inflammatory, and may be pro-thrombotic. Anti-A and anti-B can bind to
incompatible recipient or donor platelets and soluble antigens, impair hemostasis and thus
increase bleeding. Finally, stored platelet supernatants contain biological mediators such
as VEGF and TGF-β1 that may compromise the host versus tumor response. This is partic-
ularly of concern in patients receiving many platelet transfusions, as for acute leukemia.
New evidence suggests that removing stored supernatant will improve clinical outcomes.
This new view of platelets as pro-inflammatory and immunomodulatory agents suggests
that innovative approaches to improving platelet storage and pre-transfusion manipulations
to reduce toxicity could substantially improve the efficacy and safety of this long-employed
therapy.

Keywords: platelets, transfusion, immune response, transfusion reaction, storage, thrombosis, bleeding

INTRODUCTION
Since their discovery, platelets have displayed a remarkable devel-
opment from a pro-thrombotic and pro-hemostatic cell fragment
to a surprisingly versatile immune-thrombotic cell. The plethora
of findings continues to surprise and excite at the same time.
In concordance, an old therapy, i.e., platelet transfusion, either
for prophylaxis or acute bleeding has been in transition as well.
Initially thought as an “easy fix” for thrombocytopenia, platelet
transfusions are now considered a double-edged sword at best.
Despite all the controversies, platelet transfusions are a clinical
necessity and do save lives every day worldwide. However, the
majority of platelet transfusions are administered for prophylactic
purposes, and for chronic conditions, rather than acute hemor-
rhage. It is presently unclear if platelet transfusions are effective

Abbreviations: NET, neutrophil extracellular trap; PMP, platelet microparticles; sPs,
soluble P-selectin.

in settings of acute hemorrhage. Moreover, the following ques-
tions are open and continue to evolve: Do platelet transfusions
work the way we think? What are the downsides to this therapy?
Some reports already highlight a pro-thrombotic side effect of
platelet transfusion, leaving the thrombocytopenic patient, who is
already at risk for bleeding with an increased risk of thrombosis
and bleeding at the same time.

PLATELETS – NOVEL FINDINGS IN IMMUNITY AND
INFLAMMATION
We briefly summarize a selection of the most relevant findings in
regards to an inflammatory and defensive role of platelets from
the recent literature.

Platelets are anucleate cell fragments, derived from megakary-
ocytes and circulate with an average number of 150,000–
300,000/µl in humans. Their role in thrombosis and hemostasis
has been well described. Their role in inflammation, however, was
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discovered only relatively recently and has constantly been evolv-
ing ever since. From an evolutionary perspective, platelets likely
originated from a versatile cell type with both strong hemosta-
tic and defensive cell properties (1, 2). Their role in hemostasis
is therefore closely intertwined with their sentinel and inflam-
matory properties. Activation of platelet surface receptors leads
to inside-out signaling, which is followed by integrin activation,
which in turn, is crucial for thrombus formation (3). In addition
to G-protein coupled receptors (mainly protease-activated recep-
tors, or PARs), platelets also possess immunoreceptor tyrosine-
based activation motif (ITAM), e.g., Fc-receptors, glycoprotein
VI, and C-type lectin-like receptor 2 (CLEC2). Fc-receptors allow
for immunoglobulin and immune complex binding, while GPVI
(the major collagen receptor) and CLEC2 are known to be impor-
tant for vascular integrity in inflammation (4). Toll-like receptors
(TLR) are present on platelets as well, although there are con-
flicting reports about their functionality (5–8). A recent report
indicated that platelets were able to discriminate between different
LPS isoforms by differential cytokine secretion by mononuclear
cells, including IL-6, TNF-α, and IL-8 (9). In addition, platelets
express the coxsackievirus and adenovirus receptor (CAR). Of
note, coxsackievirus 1 and 3 induced P-selectin exposure and
phosphatidyl serine exposure in platelets, albeit independently
of CAR. The presence of platelets led to lower coxsackievirus 1
and 3 titers, to less myocardial virus load and to better survival
in mice infected with the virus. To a similar conclusion came
authors of another recent paper, showing how platelets protect
the host during encephalomyocarditis virus (EMCV) infection
via TLR7. Platelet depletion led to reduced survival, and trans-
fusion of WT platelets into TLR7-deficient mice improved sur-
vival and was accompanied by a drop in platelet count (10).
Another virus, which has recently been described to interact with
platelets, is the H1N1 influenza virus. During infection with H1N1,
platelets show activation of their surface receptors, lipid mediator
generation, and release of microparticles. Interestingly, immu-
nized subjects showed circulating immune complexes of virus
and IgG, which were able to activate platelets via FcγRIIa. Alter-
natively, H1N1 virus was able to activate platelets via thrombin
generation (11).

Platelets express high-mobility group protein 1 (HMGB1) (12).
Upon activation, HMGB1 is translocated from the cytoplasm to
the outer plasma membrane. In its extracellular location, HMGB1
has been implicated in inflammatory, proliferative, and migratory
processes (13). TLR2, 4, 9, the receptor for advanced glycola-
tion end-products (RAGE) and Mac-1 have been described in
the inflammatory actions of HMGB1 (14–16), while ultimately
these signals lead to NF-κb activation. While HMGB1 has not
been investigated in the context of platelet transfusion, it is entirely
conceivable that HMGB1 accumulates during platelet storage and
triggers inflammatory sequela upon transfusion.

We and others have demonstrated that although platelets are
anucleate cell fragments they express an armamentarium of tran-
scription factors including the NF-κb transcriptional regulatory
system, Bcl-3, and PPARγ (17–22). The current concept is that
these factors act in non-transcriptional ways in platelets, e.g., by
modulating the response to activation, even though they act as
traditional transcription factors in megakaryocytes (17, 21).

Although platelets do not possess a nucleus, there is evidence
that platelets can synthesize IL-1β in substantial amounts upon
activation. In a resting state, platelets contain the pre-mRNA of
IL-1β. However, when activated, they synthesize pro-IL-1β pro-
tein, which is further processed and ends up as the mature form of
the cytokine IL-1β (23, 24). One of the earlier discoveries in platelet
biology was the tendency of platelets to “stick” to leukocytes when
activated and in generalized inflammatory conditions. All sub-
classes of leukocytes have been described to adhere to platelets
(25–27). However, the majority of studies describe myeloid leuko-
cytes as the platelet-binding partner. The interaction between
platelet and leukocyte mainly depends on the P-selectin – PSGL-1,
and fibrinogen – αIIbβ3, or directly to GPIb and αMβ2 (28).

The initial contact between leukocyte and platelet is established
via platelet P-selectin and leukocyte PSGL-1. On the molecular
level, P-selectin binds in a stereospecific manner to the N-terminal
region of PSGL-1, by recognizing a motif with tyrosine sulfate
residues, fucose, galactose, and sialic residues on a core-2 O-glycan
(29). Overall, the interaction between P-selectin and PSGL-1 has a
very rapid association/dissociation rate, facilitating the rapid cap-
ture, tethering, and rolling under high flow and shear conditions
(30). Of note, this initial step of tethering and rolling does not
require any leukocyte activation signals, but subsequent steps of
firm adhesion and transmigration require signaling events that
ultimately lead to integrin activation. Specifically, Nef-associated
factor 1 (Naf-1, downstream of PSGL-1) is phosphorylated by
Src-family kinase (SFK), and leads to Mac-1 (αMβ2) activation.
In addition, neutrophils show LFA-1 (αLβ2) activation, while
monocytes and lymphocytes show β1 and β2 activation (31, 32).
Integrin outside-in signaling via SFK then leads to phosphoryla-
tion of proline-rich tyrosine kinase 2 (Pyk2), which is followed
by a sustained leukocyte activation with stabilization of the inte-
grin bond and a delayed inflammatory response including NF-κb
activation. Furthermore, if circulating as heterotypic aggregates,
they can facilitate leukocyte deposition at sites of inflammation
and vascular injury and have been described in a plethora of
diseases (33–36).

Notably, platelets contain substantial amounts of CD40L (for-
mally known as CD154), a protein with a significant role in
T-cell-dependent isotype switching and generation of antibody
subclasses by B-cells. Platelets can stimulate neutrophils, T-cells,
and endothelial cells via CD40L (37–39). In addition to inter-
acting with leukocytes, platelets closely interact with endothe-
lial cells. Inflammatory conditions are usually accompanied by
a certain degree of vascular leakiness. Interestingly, thrombocy-
topenic patients usually do not bleed with platelet counts above
10,000/µl unless they develop inflammation. This contributory
role of platelets to vascular integrity seems to mainly depend on
platelet ITAM receptors (4, 40–42). In a similar way, platelets seem
to protect the vasculature in tumors and prevent bleeding inside
of tumors (43, 44). Surprisingly, platelets have also been found to
enhance vascular permeability during inflammation, perhaps due
to their secretion of VEGF, serotonin, and other similar factors.
These seemingly contradictory results might reflect model, species,
and site-specific differences, but it might also depend on a differen-
tial release of mediators, specifically serotonin has been shown to
be crucial for the induction of vessel permeability by platelets (45).
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How the differential contribution to vessel integrity and leakiness
is regulated in vivo remains to be investigated. Examining vas-
cular integrity during dengue virus infection, Hottz et al. found
that platelets contribute to vascular leakage by releasing IL-1β-
rich microparticles after assembly of nucleotide-binding domain
leucin-rich repeat containing protein (NLRP3), and are thus likely
to contribute to hemorrhage frequently observed during infection
with this virus (46). Other virus-induced hemorrhagic fevers also
critically involve platelets (47). Recent studies also highlight the
ability of platelets and platelet-like particles to transfer microRNA
to leukocytes and endothelial cells. Even though this has not been
shown to be the case in an inflammatory setting, it is an inter-
esting mechanism to transfer “long distance” information and
contribute to vascular homeostasis (48). An intriguing recent study
by Massberg et al. suggested that platelets serve as “first sensors”
for endothelial damage and potential invaders. Platelets adhered
to and activated neutrophils, which in turn released nucleosomes
and serine proteases in order to trigger the intrinsic and extrinsic
coagulation pathway. This localized promotion of thrombosis by
platelets and neutrophils in order to trap invaders in the micro-
circulation is a novel example of how closely intertwined innate
defense mechanisms and thrombotic processes are (49, 50).

One of the most striking recent findings is how neutrophils pro-
duce extracellular traps, or “neutrophil extracellular traps (NETs)”
in order to cause thrombosis and thereby trap invading microbes.
While neutrophils are the major inducer of NETs by ejecting their
nucleus, there is emerging evidence that platelets assist neutrophils
in this process: platelet β-defensin-1 released after stimulation with
Staphylococcus α-toxin was found to be critically involved in the
formation of NETs under flow conditions in vitro and in vivo
(51). Earlier, an elegant study by Clark et al. showed that TLR4
on platelets binds to circulating LPS and mediates neutrophil–
platelet binding with subsequent neutrophil activation and NET
formation in mice and humans. The authors were able to show
that NET formation helped trapping bacteria. Similar to the study
mentioned above by Massberg et al., platelets function as a “sen-
sor” for circulating LPS and facilitate neutrophil activation (52).
Of note, platelets were also critically involved in NET formation
in a mouse model of transfusion-related acute lung injury (53,
54). A somewhat under-recognized cell organelle in platelets has
recently been shown to contribute to the inflammatory response
by platelets: by releasing mitochondria, either free or coated by
microvesicles, they provided the substrate for secreted phospholi-
pase A2-IIa (PLA2-IIa), which in turn produces lysophospholipids,
fatty acids, and mtDNA to activate leukocytes (55).

PLATELET STORAGE AND INFLAMMATION
Prolonged storage leads to changes in platelets mostly associated
with platelet activation. Contents of the alpha granules are secreted
which leads to a gradual increase in P-selectin and CD40L mem-
brane expression. Consistently, the number of platelets attached to
leukocytes increases over time during storage (56). A substantial
amount of P-selectin and CD40L are shed into the plasma as solu-
ble P-selectin (sPS) and sCD40L, respectively (57, 58) (Figure 1).
CD40L and its interaction with neutrophils and endothelial
cells have been implicated in the development of non-antibody-
mediated transfusion-associated acute lung injury (TRALI) (39).

Of note, platelets act in concert with T-cells to mediate B-cell
stimulation and function as a “first wave” of B-cell activation (37).
Specifically, after a 3-day incubation with platelets, B cells showed
an increased production of IgG1, IgG2, and IgG3, but not IgG4,
IgA, or IgM (37). Interestingly, activation of dendritic cells by
platelets has proven to be independent of sCD40L. While platelets
do stick to dendritic cells, dendritic cell activation is mediated by
nucleotides like ADP and ATP (59). Platelet CD40L has also been
involved in host defense against Listeria monocytogenes in a mouse
model (60). In addition to its role in inflammation, platelet CD40L
has also been implicated in more traditional roles of platelets
such as thrombus formation and thrombus stabilization (61). In
addition to P-selectin and CD40L, multiple other platelet alpha
and dense granule substances are found in the supernatant: e.g.,
β-thromboglobulin, platelet factor 4, and serotonin (62).

Stored platelets also exhibit an increase in phosphatidylser-
ine (PS) exposure (Figure 1), which can be assessed via annexin
V binding. Of note, the degree of platelet activation does not
correlate with P-selectin expression, platelet count increment, or
function in vivo. P-selectin-expressing platelets that were trans-
fused into primates and rabbits rapidly lost their surface P-selectin
but continued to function and to circulate in vivo (63–65).

Platelet microparticles (PMP) are released from platelets upon
activation or apoptosis. Platelet concentrates contain PMPs in the
supernatant, reflecting activation during collection, and/or storage
(Figure 1). Apheresis collection is associated with less PMP for-
mation when compared to platelets separated from whole blood
donations (66, 67). PMPs have been shown to be critically involved
in inflammatory conditions like rheumatoid arthritis (68). Infu-
sion of activated platelets and microparticles causes early ather-
osclerotic lesions (fatty streaks) and exacerbate atherosclerosis in
mice and diabetic patients (69–71). Furthermore, PMPs enable
platelets to transport RNA, cytokines, or chemokines to other
cells and tissues, as they are small enough to exit the circulation
and to enter the surrounding tissues. This has been shown for
RANTES (72), IL-1α (68), IL-1β (24, 73), PPARγ (74), retinoid
X transcription factor (74), and CD40L (75, 76), albeit not under
transfusion conditions. Human cytomegalovirus (HCMV) acti-
vates platelets via TLR2 and triggers ADP release and subsequent
platelet leukocyte aggregate formation in vitro and in vivo, which
might explain how this virus might contribute to atherosclerotic
lesion formation (77).

We were recently able to show that the composition of
microparticles can be altered by genetic engineering. Using lentivi-
ral technology, we introduced green fluorescent protein (GFP) and
increased PPARγ expression in megakaryocytic cell lines and pri-
mary megakaryocytes. Platelets and microparticles generated by
modified megakaryocytes were internalized by a monocytic cell
line and altered the expression of a target protein of PPARγ. This
is a potentially useful tool in altering and investigating transcel-
lular communications (78). To what extend PMP contribute to
the hemostatic properties of platelet transfusions has not been yet
investigated. Moreover, PMPs function as messengers to convey
pro-inflammatory information to endothelial cells and leuko-
cytes. No study has investigated the pro-inflammatory role of
PMPs after transfusion yet, but it seems likely that there are
some systemic effects to the recipient. Stored platelets also contain

Frontiers in Immunology | Inflammation February 2015 | Volume 6 | Article 28 | 104

http://www.frontiersin.org/Inflammation
http://www.frontiersin.org/Inflammation/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Stolla et al. The immunology of platelet transfusions

FIGURE 1 | Unwanted passengers and events during platelet storage:
Besides platelets, platelet concentrates contain “unwanted passengers”
in the form of soluble mediators in the supernatant (in the case of
unwashed platelet concentrates – which are still the routine product
in virtually all US hospitals) and leukocytes (in the case of non-
leukoreduced platelet concentrates – which are still an available
product in some US hospitals). The supernatant (red background) contains
substances which are secreted or shed into the plasma during storage
containing soluble mediators, like sCD40L, PDGF, or sP-selectin. In addition,
cytokines and cell fragments can be found. The platelet themselves (yellow

background) change during storage. They become hyporesponsive (not
depicted), and degranulate with increased expression of alpha granule
contents (e.g., P-selectin). Platelets express ABO antigens, which lead to
suboptimal results and complications if transfused into ABO-unmatched
recipients. A marker for platelet activation is platelet leukocyte aggregate
formation (white background). With prolonged storage, the number of platelet
leukocyte aggregates increase. Leukocytes in the stored bag (gray
background) release cytokines, which can induce febrile transfusion reactions.
Passenger leukocytes lead to sensitization to HLA antigens with subsequent
refractoriness.

minute fragments of leukocytes that have been involved in HLA-
sensitization and platelet refractoriness in pre-clinical studies (79)
(Figure 1).

Adding some clinical relevance to the aforementioned pre-
clinical in vitro and lab findings, we were able to show that washing
red cells and platelets (i.e., removing the supernatant) is associated
with less inflammatory response in high-risk pediatric populations
compared to non-washed platelet transfusions (80). Furthermore,
the patients in the study-arm needed fewer transfusions and there
was a trend to lower mortality in the study-arm (washed units).
Larger clinical trials are needed to determine if this finding is
clinically significant (80).

TRANSFUSION REACTIONS AND IMMUNOMODULATION
Although platelet transfusions are generally well-tolerated, they
cause more transfusion reactions than any other blood prod-
uct (81). The adverse events range from simple allergic reactions
to severe anaphylactic reactions, febrile-non-hemolytic reactions,
transfusion-associated sepsis, and TRALI. Several strategies have
been shown to reduce the rate of transfusion reactions, e.g., leuko-
cyte reduction, washing, and ABO matching. As described above,

stored platelets release sCD40L and accumulate CD40L on their
surface. In fact, platelet concentrates from apheresis and whole
blood collection demonstrated the highest sCD40L concentrations
compared to all other blood products (39). Platelet concentrates
involved in TRALI had significantly higher sCD40L levels com-
pared to uninvolved ones. In vitro sCD40L was able to prime
the PMN oxidase rapidly suggesting that sCD40L could be criti-
cally involved in non-antibody-mediated TRALI (39). But, its role
might not be limited to that; earlier data from our group sug-
gested that sCD40L could induce febrile transfusion reactions by
activating cyclooxygenase-2 and thereby producing prostaglandin
E2 (82). Of note, the concentrations that were required to produce
PGE2 in vitro are easily met and even exceeded by one order of
magnitude after transfusion of unwashed platelets. In addition,
cytokine accumulation (e.g., IL-1β, IL-6, IL-27) and accumula-
tion of soluble OX40 ligand in the stored platelet bag has been
shown to contribute to febrile non-hemolytic reactions (83, 84)
(Figure 1). Washing and leukoreduction was protective and helped
to reduce the incidence of febrile transfusion reactions (85–87). In
addition to sCD40L, cytokines, and sPS, platelet-derived growth
factor (PDGF) accumulates during platelet storage (88). Moreover,
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other growth factors like VEGF, FGF-2, and TGF-β1 have been
shown to accumulate during platelet storage (89–91) (Figure 1).
Upon transfusion into patients with (hematologic-) malignancies,
these growth factors may promote cancer growth and antago-
nize growth factor-targeted therapies (90). Overall, there is good
reason to believe that the number of described soluble media-
tors is not complete; as a recent study showed the presence of
1048 proteins in the supernatant, including 69 membrane proteins
(10 had been shown to be shed from platelets before). However,
this data warrants further validation under storage conditions
since platelets were activated with agonists instead of activating
them by prolonged storage (92). We previously investigated the
platelet proteome under storage conditions, using mass spectrom-
etry and found that 117 proteins changed during storage condi-
tions. Notably, 22 out of 117 proteins were previously described
in platelets and two-thirds of these 22 were associated with alpha
granules, supporting degranulation as one of the major events
during storage (93).

In an intriguing study, Yazer et al. investigated if a febrile
non-hemolytic transfusion reaction renders the patient more sus-
ceptible for the development of alloantibodies to subsequent red
blood cell products, and found a significantly higher rate of sensi-
tization in the study-arm (94). This result corroborated recent
findings in animal models (95, 96) and is presumably due to
cytokines in the platelet unit that are high enough to induce
a febrile transfusion reaction and generate a humoral immune
response which predisposes the recipient to more effective anti-
body production (97). The idea that transfusions could alter the
immune system of the recipient other than through alloimmu-
nization stems from the discovery that allogeneic transfusions
enhanced kidney graft acceptance in transplant recipients (98).
Shortly afterwards, an association between colorectal cancer recur-
rence and transfusion was noted and confirmed in retrospective
studies (99–101). In concordance was another subsequent finding
that transfusions are associated with infections perioperatively in
cancer patients (102). Although all of the above mentioned ini-
tial work on transfusion-mediated immunomodulation was done
on red blood cell transfusions, it is likely that soluble mediators
that accumulate in platelet concentrates have an immunomodula-
tory effect upon transfusion into the recipient as well. Specifically,
sCD40L and similar mediators could alter host defense in a way
that tumor defense is impaired by shifting the immunity toward
a type-2 immune function (103, 104). Our group demonstrated
that sCD40L stimulates PGE2 production and induces COX-2 (58,
82, 105, 106). Another possible mechanism may be that sCD40L
functions as a proliferation and survival factor for the circulat-
ing leukemic cells. It is likely that washing platelet concentrates
before transfusions improves survival in leukemic patients (107,
108). We were recently able to replicate our previous findings in
younger patients with acute myeloid leukemia with a striking sur-
vival benefit of almost 100% in patients with favorable risk AML
on a washed transfusion protocol and a short-term mortality of
nearly 0% in patients with any type of AML in the treatment
group (washed protocol, unpublished observations). Washing the
platelet concentrate is an inexpensive and relatively easy way to get
rid of the supernatant. It goes along with a mild activation and
a minor loss of platelet numbers prior to transfusion. However,

these modest downsides are disproportionate as compared to the
potential benefits to patients in terms of survival.

Interestingly, the rate of TRALI is highest in platelet trans-
fusions. Although it has never been convincingly demonstrated
that transfused platelets are causally related to the development
of TRALI, a recent discovery linked recipient platelets to the
pathogenesis in antibody-mediated TRALI. Aspirin treatment and
platelet depletion prevented TRALI in a mouse model (54). Fur-
thermore, two papers linked NETs to the pathogenesis of TRALI
and one of them linked the occurrence of NETs directly to platelets
(53, 109).

ABO MATCHING FOR PLATELET TRANSFUSIONS
The ABO blood group system is still the most important system
in transfusion medicine since it was first discovered by Karl Land-
steiner roughly a century ago. ABO antigens are both integral to
and passively adsorbed onto the red blood cell surface. The discov-
ery that platelets also express ABO antigens was made in the 1950s
(110). More recently, they have been localized on integrins αIIbβ3
and α2β1 (111, 112). One of the earliest clinical discoveries was
that non-ABO-matched platelets transfusions yield a lower platelet
count increment (113). This was further substantiated in multiple
randomized and observational studies; in addition ABO-matched
platelet transfusion protected better from bleeding and led to less
frequent refractoriness (114–116). In vitro, co-incubation of A, B,
or AB platelets with O plasma with differing titers of anti-A and
anti-B inhibited platelet aggregation and was also associated with
other anticoagulant properties, delivering a potential explanation
for the reduced hemostatic activity of non-ABO-matched platelet
transfusions (117). The lower platelet increment is speculatively
due to clearance of antibody-coated platelets and platelets coated
with immune complexes by phagocytic cells. We showed previ-
ously, that circulating ABO immune complexes that were isolated
from patients after non-ABO-matched transfusion were able to
adhere to platelets via the Fc-receptor and complement recep-
tors, cC1q and gC1q. In addition, in vitro formed ABO immune
complexes showed the same ability to bind platelets via the afore-
mentioned receptors. Inhibition of the receptors with blocking
antibodies reduced the amount of bound immune complexes by
67–99%. Together these findings provide an additional poten-
tial mechanism for platelet clearance after non-ABO-matched
transfusion and overall for the importance of ABO-matched
transfusions clinically (118).

In a cohort trial investigating the effect of ABO matching
platelets in patients undergoing cardiac surgery, we showed that
patients who received at least one ABO-mismatched pool of
platelet had significantly longer hospital stays, more days of
fever, and more RBC transfusions. Notably, recipients of ABO-
identical platelets had one-quarter the mortality, fewer mean days
of antibiotics and hours in the ICU than patients receiving ABO-
mismatched transfusions. Maybe due to the smaller number of
patients, these latter differences were not significant (119). Our
institution switched to universal ABO-matched platelet and cryo-
precipitate transfusion in 2005, and this approach led to improved
clinical outcomes and reduced transfusion requirements in sur-
gical patients (120). Furthermore, this approach has also proven
feasible from a blood management and administrative standpoint
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(121). Table 1 summarizes all findings from trials that were per-
formed by our group, at our institution with regards to ABO
matching and platelets transfusions.

ALLOIMMUNIZATION TO HLA
Patients who receive frequent platelet transfusions sometimes
become less responsive to platelet transfusion, a phenomenon
termed “refractoriness.” There are immune-mediated mecha-
nisms of platelet refractoriness and non-immune-mediated mech-
anisms. Overall, the non-immune platelet removal is more com-
mon than immune-mediated removal (122). However, in light of
the focus of this review article, we will focus on the immune-
mediated mechanisms. The most common reason to develop
immune-mediated platelet refractoriness is the development of
antibodies to foreign HLA A, B (class I MHC), which are expressed
on platelets and most other cell types, or the development of
platelet-specific antibodies. Interestingly, in case of the sensitiza-
tion to HLA antigens, transfusion of leukocyte containing blood
products is associated with a higher rate of immunization, and
consistently, universal leukoreduction leads to a significant reduc-
tion in platelet refractoriness (123) (Figure 1). This along with
others lead to the conclusion that transfusing a small amount of
leukocytes with red blood cells or platelets is more immunogenic
than the transfused platelets themselves. Our institution’s pol-
icy is to transfuse only leukoreduced and ABO-identical platelets,
and our internal data suggest that this leads to fewer incidences
of platelet refractoriness (<1% of patients). One potential solu-
tion when alloimmunization has occurred and refractoriness is
evident is to expend the money necessary and engage in the time-
consuming process of finding an HLA-matched donor. This can

be facilitated by HLA-matching or by a test that determines the
antibody specificity and selects donors based on their lack of the
corresponding antigens (124).

PLATELET TRANSFUSION AND THROMBOSIS
Inflammation and thrombosis are closely intertwined; it is there-
fore conceivable that platelet transfusions not only lead to inflam-
mation, but also thrombosis. Indeed, there is evidence, mainly
coming from an observational study, that transfusions are asso-
ciated with thrombosis. A retrospective study investigated the
associations between transfusions and venous thromboembolism,
arterial thromboembolism, and mortality in hospitalized patients
with cancer. All three outcomes were significantly more common
in patients that received platelet transfusion (125). However, more
studies, preferably randomized, controlled trials are needed to
show this association is indeed causal. More data is available for
red blood cell transfusions (126, 127), while overall clinical data
on this subject is still rather scarce.

It is one of the issues of platelet transfusions that the hemostatic
potential of the stored platelets decrease over time in the storage
bag. On the other hand, the amount of soluble pro-inflammatory
and pro-thrombotic mediators in the supernatant increases. These
mediators presumably partially compensate for the loss of platelet
function, but it is plausible that they contribute to thrombosis
as well. Platelet-derived microparticles and sCD40L have been
shown to be involved in thrombosis under pre-clinical, experi-
mental conditions and are most likely amongst the culprits that
mediate thrombosis (128–131).

Overall it appears, as if fresher platelets (<3 days of storage)
are preferable due to reduced cytokine load and are likely less

Table 1 | Studies investigating the role of ABO-group matching in platelet transfusions.

Author Study type/question Result Year Journal Reference

Heal et al. In vitro study investigating the role of

circulating immune complexes after

ABO-non-identical transfusion

Circulating immune complexes adhere to platelets via

Fc-receptor and complement receptors and provide a

potential mechanism for platelet clearance

1996 Vox sanguinis (118)

Blumberg et al. Retrospective cohort-study investigating

patients undergoing cardiac surgery

Patients who received ABO-mismatched platelets had

a longer hospital stay, more fever, and more RBC

transfusion. Furthermore, there was a trend toward a

75% reduction in mortality with ABO-identical platelets

2001 Transfusion (119)

Refaai et al. Retrospective analysis of non-ABO-

identical platelet transfusion and the

effect on transfusion requirements and

other clinical parameters

ABO-identical transfusions might lead to lower

transfusion requirements and better clinical outcome

2011 Vox sanguinis (120)

Henrichs et al. Feasibility trial, designed to answer if

uniform ABO-identical platelet transfusion

is doable in a tertiary care hospital setting

97% of patients received ABO-identical platelets.

There was an unexpected reduction in febrile and

allergic reactions. In addition, there was a reduction in

RBC alloimmunization and HLA platelet requirements

2012 Transfusion (121)

Refaai et al. In vitro study investigating the effect of

anti-A and anti-B on platelet function and

clot formation

Anti-A and anti-B inhibit platelet aggregation and

reduce clot formation in various in vitro assays

2013 Transfusion (117)

The table summarizes the in vitro and clinical studies by our group at the University of Rochester investigating the role of the ABO blood group system in platelet

transfusions.
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pathogenic. More clinical studies are needed to evaluate the hemo-
static improvement and/or impairment, as well as the thrombotic
risk as a function of storage time.

AUTHOR CONTRIBUTIONS
MS and NB wrote a draft of the manuscript and revised it crit-
ically for important intellectual content. MR, SS, JH, and RP
provided important feedback and revised the manuscript criti-
cally for important intellectual content. All authors approved the
final version of the manuscript.

ACKNOWLEDGMENTS
Moritz Stolla received a training grant from the American Society
of Hematology together with Neil Blumberg.

REFERENCES
1. Semple JW, Italiano JE Jr, Freedman J. Platelets and the immune continuum.

Nat Rev Immunol (2011) 11(4):264–74. doi:10.1038/nri2956
2. Vieira-de-Abreu A, Campbell RA, Weyrich AS, Zimmerman GA. Platelets: ver-

satile effector cells in hemostasis, inflammation, and the immune continuum.
Semin Immunopathol (2012) 34(1):5–30. doi:10.1007/s00281-011-0286-4

3. van de Vijver E, De Cuyper IM, Gerrits AJ, Verhoeven AJ, Seeger K, Gutiérrez
L, et al. Defects in Glanzmann thrombasthenia and LAD-III (LAD-1/v) syn-
drome: the role of integrin beta1 and beta3 in platelet adhesion to collagen.
Blood (2012) 119(2):583–6. doi:10.1182/blood-2011-02-337188

4. 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

5. Aslam R, Speck ER, Kim M, Crow AR, Bang KW, Nestel FP, et al. Platelet
Toll-like receptor expression modulates lipopolysaccharide-induced thrombo-
cytopenia and tumor necrosis factor-alpha production in vivo. Blood (2006)
107(2):637–41. doi:10.1182/blood-2005-06-2202

6. Cognasse F, Hamzeh H, Chavarin P, Acquart S, Genin C, Garraud O. Evidence
of Toll-like receptor molecules on human platelets. Immunol Cell Biol (2005)
83(2):196–8. doi:10.1111/j.1440-1711.2005.01314.x

7. Ståhl AL, Svensson M, Mörgelin M, Svanborg C, Tarr PI, Mooney JC,
et al. Lipopolysaccharide from enterohemorrhagic Escherichia coli binds to
platelets through TLR4 and CD62 and is detected on circulating platelets
in patients with hemolytic uremic syndrome. Blood (2006) 108(1):167–76.
doi:10.1182/blood-2005-08-3219

8. Garraud O, Berthet J, Hamzeh-Cognasse H, Cognasse F. Pathogen sensing, sub-
sequent signalling, and signalosome in human platelets. Thromb Res (2011)
127(4):283–6. doi:10.1016/j.thromres.2010.10.015

9. Berthet J, Damien P, Hamzeh-Cognasse H, Arthaud CA, Eyraud MA, Zéni F,
et al. Human platelets can discriminate between various bacterial LPS isoforms
via TLR4 signaling and differential cytokine secretion. Clin Immunol (2012)
145(3):189–200. doi:10.1016/j.clim.2012.09.004

10. 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(5):791–802.
doi:10.1182/blood-2013-11-536003

11. Boilard E, Paré G, Rousseau M, Cloutier N, Dubuc I, Lévesque T, et al. Influenza
virus H1N1 activates platelets through FcgammaRIIA signaling and throm-
bin generation. Blood (2014) 123(18):2854–63. doi:10.1182/blood-2013-07-
515536

12. Rouhiainen A, Imai S, Rauvala H, Parkkinen J. Occurrence of amphoterin
(HMG1) as an endogenous protein of human platelets that is exported
to the cell surface upon platelet activation. Thromb Haemost (2000)
84(6):1087–94. Available from: http://th.schattauer.de/en/contents/archive/
issue/892/manuscript/2627/show.html

13. Bianchi ME. HMGB1 loves company. J Leukoc Biol (2009) 86(3):573–6.
doi:10.1189/jlb.1008585

14. Tian J, Avalos AM, Mao SY, Chen B, Senthil K, Wu H, et al. Toll-like receptor
9-dependent activation by DNA-containing immune complexes is mediated by
HMGB1 and RAGE. Nat Immunol (2007) 8(5):487–96. doi:10.1038/ni1457

15. Lotze MT, Tracey KJ. High-mobility group box 1 protein (HMGB1): nuclear
weapon in the immune arsenal. Nat Rev Immunol (2005) 5(4):331–42.
doi:10.1038/nri1594

16. Orlova VV, Choi EY, Xie C, Chavakis E, Bierhaus A, Ihanus E, et al. A novel path-
way of HMGB1-mediated inflammatory cell recruitment that requires Mac-1-
integrin. EMBO J (2007) 26(4):1129–39. doi:10.1038/sj.emboj.7601552

17. Akbiyik F, Ray DM, Gettings KF, Blumberg N, Francis CW, Phipps RP.
Human bone marrow megakaryocytes and platelets express PPARgamma, and
PPARgamma agonists blunt platelet release of CD40 ligand and thromboxanes.
Blood (2004) 104(5):1361–8. doi:10.1182/blood-2004-03-0926

18. Gambaryan S, Kobsar A, Rukoyatkina N, Herterich S, Geiger J, Smolenski A,
et al. Thrombin and collagen induce a feedback inhibitory signaling pathway
in platelets involving dissociation of the catalytic subunit of protein kinase A
from an NFkappaB-IkappaB complex. J Biol Chem (2010) 285(24):18352–63.
doi:10.1074/jbc.M109.077602

19. Liu F, Morris S, Epps J, Carroll R. Demonstration of an activation regulated
NF-kappaB/I-kappaBalpha complex in human platelets. Thromb Res (2002)
106(4–5):199–203. doi:10.1016/S0049-3848(02)00130-5

20. Spinelli SL, Casey AE, Pollock SJ, Gertz JM, McMillan DH, Narasipura SD,
et al. Platelets and megakaryocytes contain functional nuclear factor-kappaB.
Arterioscler Thromb Vasc Biol (2010) 30(3):591–8. doi:10.1161/ATVBAHA.109.
197343

21. Spinelli SL, Maggirwar SB, Blumberg N, Phipps RP. Nuclear emancipation:
a platelet tour de force. Sci Signal (2010) 3(144):e37. doi:10.1126/scisignal.
3144pe37

22. Weyrich AS, Dixon DA, Pabla R, Elstad MR, McIntyre TM, Prescott SM,
et al. Signal-dependent translation of a regulatory protein, Bcl-3, in acti-
vated human platelets. Proc Natl Acad Sci U S A (1998) 95(10):5556–61.
doi:10.1073/pnas.95.10.5556

23. Denis MM, Tolley ND, Bunting M, Schwertz H, Jiang H, Lindemann S,
et al. Escaping the nuclear confines: signal-dependent pre-mRNA splicing
in anucleate platelets. Cell (2005) 122(3):379–91. doi:10.1016/j.cell.2005.06.
015

24. Lindemann S, Tolley ND, Dixon DA, McIntyre TM, Prescott SM, Zimmer-
man GA, et al. Activated platelets mediate inflammatory signaling by regulated
interleukin 1beta synthesis. J Cell Biol (2001) 154(3):485–90. doi:10.1083/jcb.
200105058

25. Li N. Platelet-lymphocyte cross-talk. J Leukoc Biol (2008) 83(5):1069–78.
doi:10.1189/jlb.0907615

26. van Gils JM, Zwaginga JJ, Hordijk PL. Molecular and functional interac-
tions among monocytes, platelets, and endothelial cells and their relevance
for cardiovascular diseases. J Leukoc Biol (2009) 85(2):195–204. doi:10.1189/
jlb.0708400

27. Zarbock A, Polanowska-Grabowska RK, Ley K. Platelet-neutrophil-
interactions: linking hemostasis and inflammation. Blood Rev (2007)
21(2):99–111. doi:10.1016/j.blre.2006.06.001

28. Smyth SS, McEver RP, Weyrich AS, Morrell CN, Hoffman MR, Arepally
GM, et al. Platelet functions beyond hemostasis. J Thromb Haemost (2009)
7(11):1759–66. doi:10.1111/j.1538-7836.2009.03586.x

29. Leppanen A, White SP, Helin J, McEver RP, Cummings RD. Binding of gly-
cosulfopeptides to P-selectin requires stereospecific contributions of individ-
ual tyrosine sulfate and sugar residues. J Biol Chem (2000) 275(50):39569–78.
doi:10.1074/jbc.M005005200

30. McEver RP, Cummings RD. Perspectives series: cell adhesion in vascular biol-
ogy. Role of PSGL-1 binding to selectins in leukocyte recruitment. J Clin Invest
(1997) 100(3):485–91. doi:10.1172/JCI119556

31. Wang HB, Wang JT, Zhang L, Geng ZH, Xu WL, Xu T, et al. P-selectin primes
leukocyte integrin activation during inflammation. Nat Immunol (2007)
8(8):882–92. doi:10.1038/nature05671

32. Evangelista V, Pamuklar Z, Piccoli A, Manarini S, Dell’elba G, Pecce R, et al. Src
family kinases mediate neutrophil adhesion to adherent platelets. Blood (2007)
109(6):2461–9. doi:10.1182/blood-2006-06-029082

33. Diacovo TG, Roth SJ, Buccola JM, Bainton DF, Springer TA. Neutrophil
rolling, arrest, and transmigration across activated, surface-adherent platelets
via sequential action of P-selectin and the beta 2-integrin CD11b/CD18. Blood
(1996) 88(1):146–57.

34. Ghasemzadeh M, Hosseini E. Platelet-leukocyte crosstalk: linking proinflam-
matory responses to procoagulant state. Thromb Res (2013) 131(3):191–7.
doi:10.1016/j.thromres.2012.11.028

Frontiers in Immunology | Inflammation February 2015 | Volume 6 | Article 28 | 108

http://dx.doi.org/10.1038/nri2956
http://dx.doi.org/10.1007/s00281-011-0286-4
http://dx.doi.org/10.1182/blood-2011-02-337188
http://dx.doi.org/10.1172/JCI65154
http://dx.doi.org/10.1182/blood-2005-06-2202
http://dx.doi.org/10.1111/j.1440-1711.2005.01314.x
http://dx.doi.org/10.1182/blood-2005-08-3219
http://dx.doi.org/10.1016/j.thromres.2010.10.015
http://dx.doi.org/10.1016/j.clim.2012.09.004
http://dx.doi.org/10.1182/blood-2013-11-536003
http://dx.doi.org/10.1182/blood-2013-07-515536
http://dx.doi.org/10.1182/blood-2013-07-515536
http://th.schattauer.de/en/contents/archive/issue/892/manuscript/2627/show.html
http://th.schattauer.de/en/contents/archive/issue/892/manuscript/2627/show.html
http://dx.doi.org/10.1189/jlb.1008585
http://dx.doi.org/10.1038/ni1457
http://dx.doi.org/10.1038/nri1594
http://dx.doi.org/10.1038/sj.emboj.7601552
http://dx.doi.org/10.1182/blood-2004-03-0926
http://dx.doi.org/10.1074/jbc.M109.077602
http://dx.doi.org/10.1016/S0049-3848(02)00130-5
http://dx.doi.org/10.1161/ATVBAHA.109.197343
http://dx.doi.org/10.1161/ATVBAHA.109.197343
http://dx.doi.org/10.1126/scisignal.3144pe37
http://dx.doi.org/10.1126/scisignal.3144pe37
http://dx.doi.org/10.1073/pnas.95.10.5556
http://dx.doi.org/10.1016/j.cell.2005.06.015
http://dx.doi.org/10.1016/j.cell.2005.06.015
http://dx.doi.org/10.1083/jcb.200105058
http://dx.doi.org/10.1083/jcb.200105058
http://dx.doi.org/10.1189/jlb.0907615
http://dx.doi.org/10.1189/jlb.0708400
http://dx.doi.org/10.1189/jlb.0708400
http://dx.doi.org/10.1016/j.blre.2006.06.001
http://dx.doi.org/10.1111/j.1538-7836.2009.03586.x
http://dx.doi.org/10.1074/jbc.M005005200
http://dx.doi.org/10.1172/JCI119556
http://dx.doi.org/10.1038/nature05671
http://dx.doi.org/10.1182/blood-2006-06-029082
http://dx.doi.org/10.1016/j.thromres.2012.11.028
http://www.frontiersin.org/Inflammation
http://www.frontiersin.org/Inflammation/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Stolla et al. The immunology of platelet transfusions

35. Rinder HM, Bonan JL, Rinder CS, Ault KA, Smith BR. Activated and
unactivated platelet adhesion to monocytes and neutrophils. Blood (1991)
78(7):1760–9.

36. Schulz C, Schäfer A, Stolla M, Kerstan S, Lorenz M, von Brühl ML,
et al. Chemokine fractalkine mediates leukocyte recruitment to inflamma-
tory endothelial cells in flowing whole blood: a critical role for P-selectin
expressed on activated platelets. Circulation (2007) 116(7):764–73. doi:10.
1161/CIRCULATIONAHA.107.695189

37. Cognasse F, Hamzeh-Cognasse H, Lafarge S, Chavarin P, Cogné M, Richard
Y, et al. Human platelets can activate peripheral blood B cells and increase
production of immunoglobulins. Exp Hematol (2007) 35(9):1376–87. doi:10.
1016/j.exphem.2007.05.021

38. Henn V, Slupsky JR, Gräfe M, Anagnostopoulos I, Förster R, Müller-Berghaus
G, et al. CD40 ligand on activated platelets triggers an inflammatory reaction
of endothelial cells. Nature (1998) 391(6667):591–4. doi:10.1038/35393

39. Khan SY, Kelher MR, Heal JM, Blumberg N, Boshkov LK, Phipps R, et al. Solu-
ble CD40 ligand accumulates in stored blood components, primes neutrophils
through CD40, and is a potential cofactor in the development of transfusion-
related acute lung injury. Blood (2006) 108(7):2455–62. doi:10.1182/blood-
2006-04-017251

40. Boulaftali Y, Hess PR, Kahn ML, Bergmeier W. Platelet immunoreceptor
tyrosine-based activation motif (ITAM) signaling and vascular integrity. Circ
Res (2014) 114(7):1174–84. doi:10.1161/CIRCRESAHA.114.301611

41. 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(10):4958–64. doi:10.1182/blood-2007-11-123620

42. 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

43. Ho-Tin-Noe B, Carbo C, Demers M, Cifuni SM, Goerge T, Wagner DD. Innate
immune cells induce hemorrhage in tumors during thrombocytopenia. Am J
Pathol (2009) 175(4):1699–708. doi:10.2353/ajpath.2009.090460

44. Ho-Tin-Noe B, Goerge T, Wagner DD. Platelets: guardians of tumor vascula-
ture. Cancer Res (2009) 69(14):5623–6. doi:10.1158/0008-5472.CAN-09-1370

45. Cloutier N, Pare A, Farndale RW, Schumacher HR, Nigrovic PA, Lacroix S, et al.
Platelets can enhance vascular permeability. Blood (2012) 120(6):1334–43.
doi:10.1182/blood-2012-02-413047

46. Hottz ED, Lopes JF, Freitas C, Valls-de-Souza R, Oliveira MF, Bozza MT,
et al. Platelets mediate increased endothelium permeability in dengue through
NLRP3-inflammasome activation. Blood (2013) 122(20):3405–14. doi:10.
1182/blood-2013-05-504449

47. Zapata JC, Cox D, Salvato MS. The role of platelets in the pathogenesis of
viral hemorrhagic fevers. PLoS Negl Trop Dis (2014) 8(6):e2858. doi:10.1371/
journal.pntd.0002858

48. Risitano A, Beaulieu LM, Vitseva O, Freedman JE. Platelets and platelet-like
particles mediate intercellular RNA transfer. Blood (2012) 119(26):6288–95.
doi:10.1182/blood-2011-12-396440

49. 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(8):887–96. doi:10.1038/nm.2184

50. Ruf W, Ruggeri ZM. Neutrophils release brakes of coagulation. Nat Med (2010)
16(8):851–2. doi:10.1038/nm0810-851

51. Kraemer BF, Campbell RA, Schwertz H, Cody MJ, Franks Z, Tolley ND, et al.
Novel anti-bacterial activities of beta-defensin 1 in human platelets: suppres-
sion of pathogen growth and signaling of neutrophil extracellular trap forma-
tion. PLoS Pathog (2011) 7(11):e1002355. doi:10.1371/journal.ppat.1002355

52. 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(4):463–9. doi:10.1038/nm1565

53. 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(7):2661–71. doi:10.1172/JCI61303

54. Looney MR, Nguyen JX, Hu Y, Van Ziffle JA, Lowell CA, Matthay MA.
Platelet depletion and aspirin treatment protect mice in a two-event model
of transfusion-related acute lung injury. J Clin Invest (2009) 119(11):3450–61.
doi:10.1172/JCI38432

55. Boudreau LH, Duchez AC, Cloutier N, Soulet D, Martin N, Bollinger J,
et al. Platelets release mitochondria serving as substrate for bactericidal

group IIA secreted phospholipase A2 to promote inflammation. Blood (2014)
124(14):2173–83. doi:10.1182/blood-2014-05-573543

56. Cognasse F, Hamzeh-Cognasse H, Lafarge S, Acquart S, Chavarin P, Courbil
R, et al. Donor platelets stored for at least 3 days can elicit activation marker
expression by the recipient’s blood mononuclear cells: an in vitro study. Trans-
fusion (2009) 49(1):91–8. doi:10.1111/j.1537-2995.2008.01931.x

57. Kostelijk EH, Fijnheer R, Nieuwenhuis HK, Gouwerok CW, de Korte D. Soluble
P-selectin as parameter for platelet activation during storage. Thromb Haemost
(1996) 76(6):1086–9.

58. Kaufman J, Spinelli SL, Schultz E, Blumberg N, Phipps RP. Release of bio-
logically active CD154 during collection and storage of platelet concentrates
prepared for transfusion. J Thromb Haemost (2007) 5(4):788–96. doi:10.1111/
j.1538-7836.2007.02412.x

59. Hamzeh-Cognasse H, Cognasse F, Palle S, Chavarin P, Olivier T, Delézay
O, et al. Direct contact of platelets and their released products exert differ-
ent effects on human dendritic cell maturation. BMC Immunol (2008) 9:54.
doi:10.1186/1471-2172-9-54

60. Elzey BD, Schmidt NW, Crist SA, Kresowik TP, Harty JT, Nieswandt B, et al.
Platelet-derived CD154 enables T-cell priming and protection against Listeria
monocytogenes challenge. Blood (2008) 111(7):3684–91. doi:10.1182/blood-
2007-05-091728

61. André P, Prasad KS, Denis CV, He M, Papalia JM, Hynes RO, et al. CD40L sta-
bilizes arterial thrombi by a beta3 integrin – dependent mechanism. Nat Med
(2002) 8(3):247–52. doi:10.1038/nm0302-247

62. Snyder EL, Hezzey A, Katz AJ, Bock J. Occurrence of the release reaction during
preparation and storage of platelet concentrates. Vox Sang (1981) 41(3):172–7.
doi:10.1111/j.1423-0410.1981.tb01032.x

63. Berger G, Hartwell DW, Wagner DD. P-Selectin and platelet clearance. Blood
(1998) 92(11):4446–52.

64. Michelson AD, Barnard MR, Hechtman HB, MacGregor H, Connolly RJ,
Loscalzo J, et al. In vivo tracking of platelets: circulating degranulated platelets
rapidly lose surface P-selectin but continue to circulate and function. Proc Natl
Acad Sci U S A (1996) 93(21):11877–82. doi:10.1073/pnas.93.21.11877

65. Krishnamurti C, Maglasang P, Rothwell SW. Reduction of blood loss by infu-
sion of human platelets in a rabbit kidney injury model. Transfusion (1999)
39(9):967–74. doi:10.1046/j.1537-2995.1999.39090967.x

66. Rank A, Nieuwland R, Liebhardt S, Iberer M, Grützner S, Toth B, et al. Aphere-
sis platelet concentrates contain platelet-derived and endothelial cell-derived
microparticles. Vox Sang (2011) 100(2):179–86. doi:10.1111/j.1423-0410.2010.
01385.x

67. Sloand EM, Yu M, Klein HG. Comparison of random-donor platelet concen-
trates prepared from whole blood units and platelets prepared from single-
donor apheresis collections. Transfusion (1996) 36(11–12):955–9. doi:10.1046/
j.1537-2995.1996.36111297091737.x

68. Boilard E, Nigrovic PA, Larabee K, Watts GF, Coblyn JS, Weinblatt ME, et al.
Platelets amplify inflammation in arthritis via collagen-dependent microparti-
cle production. Science (2010) 327(5965):580–3. doi:10.1126/science.1181928

69. Huo Y, Schober A, Forlow SB, Smith DF, Hyman MC, Jung S, et al. Circulating
activated platelets exacerbate atherosclerosis in mice deficient in apolipopro-
tein E. Nat Med (2003) 9(1):61–7. doi:10.1038/nm810

70. Massberg S, Brand K, Grüner S, Page S, Müller E, Müller I, et al. A critical role
of platelet adhesion in the initiation of atherosclerotic lesion formation. J Exp
Med (2002) 196(7):887–96. doi:10.1084/jem.20012044

71. Nomura S, Suzuki M, Katsura K, Xie GL, Miyazaki Y, Miyake T, et al. Platelet-
derived microparticles may influence the development of atherosclerosis in
diabetes mellitus. Atherosclerosis (1995) 116(2):235–40. doi:10.1016/0021-
9150(95)05551-7

72. Mause SF, von Hundelshausen P, Zernecke A, Koenen RR, Weber C. Platelet
microparticles: a transcellular delivery system for RANTES promoting mono-
cyte recruitment on endothelium. Arterioscler Thromb Vasc Biol (2005)
25(7):1512–8. doi:10.1161/01.ATV.0000170133.43608.37

73. Brown GT, McIntyre TM. Lipopolysaccharide signaling without a nucleus:
kinase cascades stimulate platelet shedding of proinflammatory IL-1beta-
rich microparticles. J Immunol (2011) 186(9):5489–96. doi:10.4049/jimmunol.
1001623

74. Ray DM, Spinelli SL, Pollock SJ, Murant TI, O’Brien JJ, Blumberg N, et al.
Peroxisome proliferator-activated receptor gamma and retinoid X receptor
transcription factors are released from activated human platelets and shed in

www.frontiersin.org February 2015 | Volume 6 | Article 28 | 109

http://dx.doi.org/10.1161/CIRCULATIONAHA.107.695189
http://dx.doi.org/10.1161/CIRCULATIONAHA.107.695189
http://dx.doi.org/10.1016/j.exphem.2007.05.021
http://dx.doi.org/10.1016/j.exphem.2007.05.021
http://dx.doi.org/10.1038/35393
http://dx.doi.org/10.1182/blood-2006-04-017251
http://dx.doi.org/10.1182/blood-2006-04-017251
http://dx.doi.org/10.1161/CIRCRESAHA.114.301611
http://dx.doi.org/10.1182/blood-2007-11-123620
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/10.2353/ajpath.2009.090460
http://dx.doi.org/10.1158/0008-5472.CAN-09-1370
http://dx.doi.org/10.1182/blood-2012-02-413047
http://dx.doi.org/10.1182/blood-2013-05-504449
http://dx.doi.org/10.1182/blood-2013-05-504449
http://dx.doi.org/10.1371/journal.pntd.0002858
http://dx.doi.org/10.1371/journal.pntd.0002858
http://dx.doi.org/10.1182/blood-2011-12-396440
http://dx.doi.org/10.1038/nm.2184
http://dx.doi.org/10.1038/nm0810-851
http://dx.doi.org/10.1371/journal.ppat.1002355
http://dx.doi.org/10.1038/nm1565
http://dx.doi.org/10.1172/JCI61303
http://dx.doi.org/10.1172/JCI38432
http://dx.doi.org/10.1182/blood-2014-05-573543
http://dx.doi.org/10.1111/j.1537-2995.2008.01931.x
http://dx.doi.org/10.1111/j.1538-7836.2007.02412.x
http://dx.doi.org/10.1111/j.1538-7836.2007.02412.x
http://dx.doi.org/10.1186/1471-2172-9-54
http://dx.doi.org/10.1182/blood-2007-05-091728
http://dx.doi.org/10.1182/blood-2007-05-091728
http://dx.doi.org/10.1038/nm0302-247
http://dx.doi.org/10.1111/j.1423-0410.1981.tb01032.x
http://dx.doi.org/10.1073/pnas.93.21.11877
http://dx.doi.org/10.1046/j.1537-2995.1999.39090967.x
http://dx.doi.org/10.1111/j.1423-0410.2010.01385.x
http://dx.doi.org/10.1111/j.1423-0410.2010.01385.x
http://dx.doi.org/10.1046/j.1537-2995.1996.36111297091737.x
http://dx.doi.org/10.1046/j.1537-2995.1996.36111297091737.x
http://dx.doi.org/10.1126/science.1181928
http://dx.doi.org/10.1038/nm810
http://dx.doi.org/10.1084/jem.20012044
http://dx.doi.org/10.1016/0021-9150(95)05551-7
http://dx.doi.org/10.1016/0021-9150(95)05551-7
http://dx.doi.org/10.1161/01.ATV.0000170133.43608.37
http://dx.doi.org/10.4049/jimmunol.1001623
http://dx.doi.org/10.4049/jimmunol.1001623
http://www.frontiersin.org
http://www.frontiersin.org/Inflammation/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Stolla et al. The immunology of platelet transfusions

microparticles. Thromb Haemost (2008) 99(1):86–95. doi:10.1160/TH07-05-
0328

75. Elzey BD, Ratliff TL, Sowa JM, Crist SA. Platelet CD40L at the interface of
adaptive immunity. Thromb Res (2011) 127(3):180–3. doi:10.1016/j.thromres.
2010.10.011

76. Sprague DL, Elzey BD, Crist SA, Waldschmidt TJ, Jensen RJ, Ratliff TL. Platelet-
mediated modulation of adaptive immunity: unique delivery of CD154 sig-
nal by platelet-derived membrane vesicles. Blood (2008) 111(10):5028–36.
doi:10.1182/blood-2007-06-097410

77. Assinger A, Kral JB, Yaiw KC, Schrottmaier WC, Kurzejamska E, Wang Y,
et al. Human cytomegalovirus-platelet interaction triggers toll-like receptor 2-
dependent proinflammatory and proangiogenic responses. Arterioscler Thromb
Vasc Biol (2014) 34(4):801–9. doi:10.1161/ATVBAHA.114.303287

78. Sahler J, Woeller C, Spinelli S, Blumberg N, Phipps R. A novel method for over-
expression of peroxisome proliferator-activated receptor-gamma in megakary-
ocyte and platelet microparticles achieves transcellular signaling. J Thromb
Haemost (2012) 10(12):2563–72. doi:10.1111/jth.12017

79. Blajchman MA, Bardossy L, Carmen RA, Goldman M, Heddle NM, Singal DP.
An animal model of allogeneic donor platelet refractoriness: the effect of the
time of leukodepletion. Blood (1992) 79(5):1371–5.

80. Cholette JM, Henrichs KF, Alfieris GM, Powers KS, Phipps R, Spinelli SL,
et al. Washing red blood cells and platelets transfused in cardiac surgery
reduces postoperative inflammation and number of transfusions: results of a
prospective, randomized, controlled clinical trial. Pediatr Crit Care Med (2012)
13(3):290–9. doi:10.1097/PCC.0b013e31822f173c

81. Heddle NM, Klama LN, Griffith L, Roberts R, Shukla G, Kelton JG. A
prospective study to identify the risk factors associated with acute reac-
tions to platelet and red cell transfusions. Transfusion (1993) 33(10):794–7.
doi:10.1046/j.1537-2995.1993.331094054613.x

82. Phipps RP, Kaufman J, Blumberg N. Platelet derived CD154 (CD40 lig-
and) and febrile responses to transfusion. Lancet (2001) 357(9273):2023–4.
doi:10.1016/S0140-6736(00)05108-4

83. Heddle NM, Klama L, Singer J, Richards C, Fedak P, Walker I, et al. The role of
the plasma from platelet concentrates in transfusion reactions. N Engl J Med
(1994) 331(10):625–8. doi:10.1056/NEJM199409083311001

84. Hamzeh-Cognasse H, Damien P, Nguyen KA, Arthaud CA, Eyraud MA,
Chavarin P, et al. Immune-reactive soluble OX40 ligand, soluble CD40 ligand,
and interleukin-27 are simultaneously oversecreted in platelet components
associated with acute transfusion reactions. Transfusion (2014) 54(3):613–25.
doi:10.1111/trf.12378

85. Hetland G, Mollnes TE, Bergh K, Hogasen K, Bergerud UE, Solheim BG.
Effect of filtration and storage of platelet concentrates on the produc-
tion of the chemotaxins C5a, interleukin 8, tumor necrosis factor alpha,
and leukotriene B4. Transfusion (1998) 38(1):16–23. doi:10.1046/j.1537-2995.
1998.38198141493.x

86. Wang RR, Triulzi DJ, Qu L. Effects of prestorage vs poststorage leukoreduction
on the rate of febrile nonhemolytic transfusion reactions to platelets. Am J Clin
Pathol (2012) 138(2):255–9. doi:10.1309/AJCP5H7EKZTGGBKZ

87. Vo TD, Cowles J, Heal JM, Blumberg N. Platelet washing to prevent recur-
rent febrile reactions to leucocyte-reduced transfusions. Transfus Med (2001)
11(1):45–7. doi:10.1046/j.1365-3148.2001.00280.x

88. Cognasse F, Boussoulade F, Chavarin P, Acquart S, Fabrigli P, Lamy B, et al.
Release of potential immunomodulatory factors during platelet storage. Trans-
fusion (2006) 46(7):1184–9. doi:10.1111/j.1537-2995.2006.00869.x

89. Kunz D, Luley C, Heim MU, Bock M. Transforming growth factor beta is
increased in plasma of patients with hematologic malignancies after transfu-
sion of platelet concentrates. Transfusion (1998) 38(2):156–9. doi:10.1046/j.
1537-2995.1998.38298193097.x

90. Kanter J, Khan SY, Kelher M, Gore L, Silliman CC. Oncogenic and angiogenic
growth factors accumulate during routine storage of apheresis platelet concen-
trates. Clin Cancer Res (2008) 14(12):3942–7. doi:10.1158/1078-0432.CCR-
07-4824

91. Mohle R, Green D, Moore MA, Nachman RL, Rafii S. Constitutive production
and thrombin-induced release of vascular endothelial growth factor by human
megakaryocytes and platelets. Proc Natl Acad Sci U S A (1997) 94(2):663–8.
doi:10.1073/pnas.94.2.663

92. Fong KP, Barry C, Tran AN, Traxler EA, Wannemacher KM, Tang HY, et al.
Deciphering the human platelet sheddome. Blood (2011) 117(1):e15–26.
doi:10.1182/blood-2010-05-283838

93. Springer DL, Miller JH, Spinelli SL, Pasa-Tolic L, Purvine SO, Daly DS, et al.
Platelet proteome changes associated with diabetes and during platelet storage
for transfusion. J Proteome Res (2009) 8(5):2261–72. doi:10.1021/pr800885j

94. Yazer MH, Triulzi DJ, Shaz B, Kraus T, Zimring JC. Does a febrile reaction to
platelets predispose recipients to red blood cell alloimmunization? Transfusion
(2009) 49(6):1070–5. doi:10.1111/j.1537-2995.2009.02116.x

95. Hendrickson JE, Desmarets M, Deshpande SS, Chadwick TE, Hillyer CD,
Roback JD, et al. Recipient inflammation affects the frequency and mag-
nitude of immunization to transfused red blood cells. Transfusion (2006)
46(9):1526–36. doi:10.1111/j.1537-2995.2006.00946.x

96. Hendrickson JE, Chadwick TE, Roback JD, Hillyer CD, Zimring JC. Inflam-
mation enhances consumption and presentation of transfused RBC antigens
by dendritic cells. Blood (2007) 110(7):2736–43. doi:10.1182/blood-2007-03-
083105

97. Heal JM, Phipps RP, Blumberg N. One big unhappy family: transfusion alloim-
munization, thrombosis, and immune modulation/inflammation. Transfusion
(2009) 49(6):1032–6. doi:10.1111/j.1537-2995.2009.02182.x

98. Opelz G, Terasaki PI. Poor kidney-transplant survival in recipients with
frozen-blood transfusions or no transfusions. Lancet (1974) 2(7882):696–8.
doi:10.1016/S0140-6736(74)93268-1

99. Burrows L, Tartter P, Aufses A. Increased recurrence rates in perioperatively
transfused colorectal malignancy patients. Cancer Detect Prev (1987) 10(5–
6):361–9.

100. Blumberg N, Agarwal MM, Chuang C. Relation between recurrence of can-
cer of the colon and blood transfusion. Br Med J (1985) 290(6474):1037–9.
doi:10.1136/bmj.290.6474.1037

101. Burrows L, Tartter P. Effect of blood transfusions on colonic malignancy recur-
rent rate. Lancet (1982) 2(8299):662. doi:10.1016/S0140-6736(82)92764-7

102. Tartter PI, Quintero S, Barron DM. Perioperative blood transfusion associated
with infectious complications after colorectal cancer operations. Am J Surg
(1986) 152(5):479–82. doi:10.1016/0002-9610(86)90207-2

103. Babcock GF, Alexander JW. The effects of blood transfusion on cytokine pro-
duction by TH1 and TH2 lymphocytes in the mouse. Transplantation (1996)
61(3):465–8. doi:10.1097/00007890-199602150-00026

104. Kirkley SA, Cowles J, Pellegrini VD Jr, Harris CM, Boyd AD, Blumberg N.
Cytokine secretion after allogeneic or autologous blood transfusion. Lancet
(1995) 345(8948):527. doi:10.1016/S0140-6736(95)90627-4

105. Blumberg N, Phipps RP, Kaufman J, Heal JM. The causes and treatment of
reactions to platelet transfusions. Transfusion (2003) 43(2):291–2. doi:10.1046/
j.1537-2995.2003.t01-2-00362.x

106. Blumberg N, Gettings KF, Turner C, Heal JM, Phipps RP. An associa-
tion of soluble CD40 ligand (CD154) with adverse reactions to platelet trans-
fusions. Transfusion (2006) 46(10):1813–21. doi:10.1111/j.1537-2995.2006.
00979.x

107. Blumberg N, Heal JM, Liesveld JL, Phillips GL, Rowe JM. Platelet transfu-
sion and survival in adults with acute leukemia. Leukemia (2008) 22(3):631–5.
doi:10.1038/sj.leu.2404920

108. Blumberg N, Heal JM, Rowe JM. A randomized trial of washed red blood cell
and platelet transfusions in adult acute leukemia [ISRCTN76536440]. BMC
Blood Disord (2004) 4(1):6. doi:10.1186/1471-2326-4-6

109. Thomas GM, Carbo C, Curtis BR, Martinod K, Mazo IB, Schatzberg D, et al.
Extracellular DNA traps are associated with the pathogenesis of TRALI in
humans and mice. Blood (2012) 119(26):6335–43. doi:10.1182/blood-2012-
01-405183

110. Gurevitch J, Nelken D. ABO groups in blood platelets. Nature (1954)
173(4399):356. doi:10.1038/173356a0

111. Santoso S, Kiefel V, Mueller-Eckhardt C. Blood group A and B determinants are
expressed on platelet glycoproteins IIa, IIIa, and Ib. Thromb Haemost (1991)
65(2):196–201.

112. Ogasawara K, Ueki J, Takenaka M, Furihata K. Study on the expression of ABH
antigens on platelets. Blood (1993) 82(3):993–9.

113. Aster RH. Effect of anticoagulant and ABO incompatibility on recovery of
transfused human platelets. Blood (1965) 26(6):732–43.

114. Pavenski K, Warkentin TE, Shen H, Liu Y, Heddle NM. Posttransfusion platelet
count increments after ABO-compatible versus ABO-incompatible platelet
transfusions in noncancer patients: an observational study. Transfusion (2010)
50(7):1552–60. doi:10.1111/j.1537-2995.2010.02602.x

115. Slichter SJ, Davis K, Enright H, Braine H, Gernsheimer T, Kao KJ, et al.
Factors affecting posttransfusion platelet increments, platelet refractoriness,

Frontiers in Immunology | Inflammation February 2015 | Volume 6 | Article 28 | 110

http://dx.doi.org/10.1160/TH07-05-0328
http://dx.doi.org/10.1160/TH07-05-0328
http://dx.doi.org/10.1016/j.thromres.2010.10.011
http://dx.doi.org/10.1016/j.thromres.2010.10.011
http://dx.doi.org/10.1182/blood-2007-06-097410
http://dx.doi.org/10.1161/ATVBAHA.114.303287
http://dx.doi.org/10.1111/jth.12017
http://dx.doi.org/10.1097/PCC.0b013e31822f173c
http://dx.doi.org/10.1046/j.1537-2995.1993.331094054613.x
http://dx.doi.org/10.1016/S0140-6736(00)05108-4
http://dx.doi.org/10.1056/NEJM199409083311001
http://dx.doi.org/10.1111/trf.12378
http://dx.doi.org/10.1046/j.1537-2995.1998.38198141493.x
http://dx.doi.org/10.1046/j.1537-2995.1998.38198141493.x
http://dx.doi.org/10.1309/AJCP5H7EKZTGGBKZ
http://dx.doi.org/10.1046/j.1365-3148.2001.00280.x
http://dx.doi.org/10.1111/j.1537-2995.2006.00869.x
http://dx.doi.org/10.1046/j.1537-2995.1998.38298193097.x
http://dx.doi.org/10.1046/j.1537-2995.1998.38298193097.x
http://dx.doi.org/10.1158/1078-0432.CCR-07-4824
http://dx.doi.org/10.1158/1078-0432.CCR-07-4824
http://dx.doi.org/10.1073/pnas.94.2.663
http://dx.doi.org/10.1182/blood-2010-05-283838
http://dx.doi.org/10.1021/pr800885j
http://dx.doi.org/10.1111/j.1537-2995.2009.02116.x
http://dx.doi.org/10.1111/j.1537-2995.2006.00946.x
http://dx.doi.org/10.1182/blood-2007-03-083105
http://dx.doi.org/10.1182/blood-2007-03-083105
http://dx.doi.org/10.1111/j.1537-2995.2009.02182.x
http://dx.doi.org/10.1016/S0140-6736(74)93268-1
http://dx.doi.org/10.1136/bmj.290.6474.1037
http://dx.doi.org/10.1016/S0140-6736(82)92764-7
http://dx.doi.org/10.1016/0002-9610(86)90207-2
http://dx.doi.org/10.1097/00007890-199602150-00026
http://dx.doi.org/10.1016/S0140-6736(95)90627-4
http://dx.doi.org/10.1046/j.1537-2995.2003.t01-2-00362.x
http://dx.doi.org/10.1046/j.1537-2995.2003.t01-2-00362.x
http://dx.doi.org/10.1111/j.1537-2995.2006.00979.x
http://dx.doi.org/10.1111/j.1537-2995.2006.00979.x
http://dx.doi.org/10.1038/sj.leu.2404920
http://dx.doi.org/10.1186/1471-2326-4-6
http://dx.doi.org/10.1182/blood-2012-01-405183
http://dx.doi.org/10.1182/blood-2012-01-405183
http://dx.doi.org/10.1038/173356a0
http://dx.doi.org/10.1111/j.1537-2995.2010.02602.x
http://www.frontiersin.org/Inflammation
http://www.frontiersin.org/Inflammation/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Stolla et al. The immunology of platelet transfusions

and platelet transfusion intervals in thrombocytopenic patients. Blood (2005)
105(10):4106–14. doi:10.1182/blood-2003-08-2724

116. Heal JM, Rowe JM, McMican A, Masel D, Finke C, Blumberg N. The role of
ABO matching in platelet transfusion. Eur J Haematol (1993) 50(2):110–7.
doi:10.1111/j.1600-0609.1993.tb00150.x

117. Refaai MA, Carter J, Henrichs KF, Davidson DC, Pollock SJ, Casey AE, et al.
Alterations of platelet function and clot formation kinetics after in vitro expo-
sure to anti-A and -B. Transfusion (2013) 53(2):382–93. doi:10.1111/j.1537-
2995.2012.03718.x

118. Heal JM, Masel D, Blumberg N. Interaction of platelet fc and complement
receptors with circulating immune complexes involving the AB0 system. Vox
Sang (1996) 71(4):205–11. doi:10.1046/j.1423-0410.1996.7140205.x

119. Blumberg N, Heal JM, Hicks GL Jr, Risher WH. Association of ABO-
mismatched platelet transfusions with morbidity and mortality in car-
diac surgery. Transfusion (2001) 41(6):790–3. doi:10.1046/j.1537-2995.2001.
41060790.x

120. Refaai MA, Fialkow LB, Heal JM, Henrichs KF, Spinelli SL, Phipps RP, et al.
An association of ABO non-identical platelet and cryoprecipitate transfusions
with altered red cell transfusion needs in surgical patients. Vox Sang (2011)
101(1):55–60. doi:10.1111/j.1423-0410.2010.01464.x

121. Henrichs KF, Howk N, Masel DS, Thayer M, Refaai MA, Kirkley SA, et al.
Providing ABO-identical platelets and cryoprecipitate to (almost) all patients:
approach, logistics, and associated decreases in transfusion reaction and
red blood cell alloimmunization incidence. Transfusion (2012) 52(3):635–40.
doi:10.1111/j.1537-2995.2011.03329.x

122. Levin MD, de Veld JC, van der Holt B, van‘t Veer MB. Immune and nonimmune
causes of low recovery from leukodepleted platelet transfusions: a prospective
study. Ann Hematol (2003) 82(6):357–62. doi:10.1007/s00277-003-0648-7

123. Seftel MD, Growe GH, Petraszko T, Benny WB, Le A, Lee CY, et al. Universal
prestorage leukoreduction in Canada decreases platelet alloimmunization and
refractoriness. Blood (2004) 103(1):333–9. doi:10.1182/blood-2003-03-0940

124. Petz LD, Garratty G, Calhoun L, Clark BD, Terasaki PI, Gresens C, et al. Select-
ing donors of platelets for refractory patients on the basis of HLA antibody
specificity. Transfusion (2000) 40(12):1446–56. doi:10.1046/j.1537-2995.2000.
40121446.x

125. Khorana AA, Francis CW, Blumberg N, Culakova E, Refaai MA, Lyman
GH. Blood transfusions, thrombosis, and mortality in hospitalized patients
with cancer. Arch Intern Med (2008) 168(21):2377–81. doi:10.1001/archinte.
168.21.2377

126. Tan TW, Farber A, Hamburg NM, Eberhardt RT, Rybin D, Doros G, et al. Blood
transfusion for lower extremity bypass is associated with increased wound
infection and graft thrombosis. J Am Coll Surg (2013) 216(5):1005–14.e2.
doi:10.1016/j.jamcollsurg.2013.01.006

127. Tollefson MK, Karnes RJ, Rangel L, Carlson R, Boorjian SA. Blood type, lym-
phadenectomy and blood transfusion predict venous thromboembolic events
following radical prostatectomy with pelvic lymphadenectomy. J Urol (2014)
191(3):646–51. doi:10.1016/j.juro.2013.10.062

128. Blumberg N, Spinelli SL, Francis CW, Taubman MB, Phipps RP. The platelet as
an immune cell-CD40 ligand and transfusion immunomodulation. Immunol
Res (2009) 45(2–3):251–60. doi:10.1007/s12026-009-8106-9

129. Prasad KS, Andre P, Yan Y, Phillips DR. The platelet CD40L/GP IIb-IIIa
axis in atherothrombotic disease. Curr Opin Hematol (2003) 10(5):356–61.
doi:10.1097/00062752-200309000-00006

130. Nomura S, Okamae F, Abe M, Hosokawa M, Yamaoka M, Ohtani T, et al.
Platelets expressing P-selectin and platelet-derived microparticles in stored
platelet concentrates bind to PSGL-1 on filtrated leukocytes. Clin Appl Thromb
Hemost (2000) 6(4):213–21. doi:10.1177/107602960000600406

131. Siljander P, Carpen O, Lassila R. Platelet-derived microparticles associate with
fibrin during thrombosis. Blood (1996) 87(11):4651–63.

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; accepted: 14 January 2015; published online: 02 February
2015.
Citation: Stolla M, Refaai MA, Heal JM, Spinelli SL, Garraud O, Phipps RP and
Blumberg N (2015) Platelet transfusion – the new immunology of an old therapy.
Front. Immunol. 6:28. doi: 10.3389/fimmu.2015.00028
This article was submitted to Inflammation, a section of the journal Frontiers in
Immunology.
Copyright © 2015 Stolla, Refaai, Heal, Spinelli, Garraud, Phipps and Blumberg .
This is an open-access article distributed 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 is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

www.frontiersin.org February 2015 | Volume 6 | Article 28 | 111

http://dx.doi.org/10.1182/blood-2003-08-2724
http://dx.doi.org/10.1111/j.1600-0609.1993.tb00150.x
http://dx.doi.org/10.1111/j.1537-2995.2012.03718.x
http://dx.doi.org/10.1111/j.1537-2995.2012.03718.x
http://dx.doi.org/10.1046/j.1423-0410.1996.7140205.x
http://dx.doi.org/10.1046/j.1537-2995.2001.41060790.x
http://dx.doi.org/10.1046/j.1537-2995.2001.41060790.x
http://dx.doi.org/10.1111/j.1423-0410.2010.01464.x
http://dx.doi.org/10.1111/j.1537-2995.2011.03329.x
http://dx.doi.org/10.1007/s00277-003-0648-7
http://dx.doi.org/10.1182/blood-2003-03-0940
http://dx.doi.org/10.1046/j.1537-2995.2000.40121446.x
http://dx.doi.org/10.1046/j.1537-2995.2000.40121446.x
http://dx.doi.org/10.1001/archinte.168.21.2377
http://dx.doi.org/10.1001/archinte.168.21.2377
http://dx.doi.org/10.1016/j.jamcollsurg.2013.01.006
http://dx.doi.org/10.1016/j.juro.2013.10.062
http://dx.doi.org/10.1007/s12026-009-8106-9
http://dx.doi.org/10.1097/00062752-200309000-00006
http://dx.doi.org/10.1177/107602960000600406
http://dx.doi.org/10.3389/fimmu.2015.00028
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org
http://www.frontiersin.org/Inflammation/archive


EPFL Innovation Park · Building I · 1015 Lausanne · Switzerland

T +41 21 510 17 00 · info@frontiersin.org · frontiersin.org

ADVANTAGES OF PUBLISHING IN FRONTIERS

TRANSPARENT

Editors and reviewers 
acknowledged by name  

on published articles

OPEN ACCESS

Articles are free to read,  
for greatest visibility 

GLOBAL SPREAD

Six million monthly  
page views worldwide

SUPPORT

By our Swiss-based  
editorial team

COPYRIGHT TO AUTHORS

No limit to  
article distribution  

and re-use

IMPACT METRICS

Advanced metrics  
track your  

article’s impact

RESEARCH NETWORK

Our network  
increases readership  

for your article

COLLABORATIVE  
PEER-REVIEW

Designed to be rigorous –  
yet also collaborative, fair and 

constructive

FAST PUBLICATION

Average 90 days  
from submission  

to publication


	Cover
	Frontiers Copyright Statement
	Platelets as Immune Cells in Physiology and Immunopathology
	Table of Contents
	Editorial: Platelets as immune cells in physiology and immunopathology
	Acknowledgments
	References

	Are platelets cells? And if yes, are they immune cells?
	Introduction
	Discovery of platelets and their functions
	Why are platelets sometimes not recognized as cells?
	Platelets behave as cells
	Platelets as immune cells
	Concluding remarks
	References

	Emerging evidence for platelets as immune and inflammatory effector cells
	Introduction
	Platelet surface ligands sense and respond to pathogens
	Platelets secrete mediators that augment host immune mechanisms
	Clinical implications of platelet immune activities
	Conclusions
	Authors' contributions
	Acknowledgments
	References

	The inflammatory role of platelets via their TLRs and Siglec receptors
	Introduction
	An overview of the main platelet receptors
	The platelet toll-like receptors
	Background on TLRs
	TLR expression on/in megakaryocytes and platelets
	Identification in megakaryocytes
	Early identification on/in platelets
	Function of TLR4 in platelets
	Function of TLR2 in platelets
	Function of TLR9 in platelets


	The siglec: Sensors of pathogens newly acknowledged on platelets
	Background on siglec molecules
	Siglec and platelets

	Conclusion
	Acknowledgments
	References

	Platelets and infection – an emerging role of platelets in viral infection
	Introduction
	Mechanisms of virus-induced thrombocytopenia
	Decreased platelet production
	Enhanced platelet destruction
	Multifactorial mechanisms leading to thrombocytopenia
	Antiviral effects of platelets
	Adverse effects of platelet activation in viral infections
	Bleeding and thrombotic complications in response to viral infection
	Platelet–virus interplay in cardiovascular disease
	Conclusion
	Acknowledgments
	References

	Platelets and infections – complex interactions with bacteria
	Introduction
	Platelets and bacterial infections
	Platelets at the interface between bacterial infection and thrombosis
	Example of infectious endocarditis
	Inflammatory and thrombotic role of platelet microparticles

	Mechanisms of interaction between platelets and bacteria
	Role of glycoprotein IIb–IIIa
	Role of glycoprotein Ib
	Complement receptors
	FcRIIa receptor

	Bacterial toxins

	Effects of bacteria on platelet function
	Internalization of bacteria
	Platelet activation by bacteria
	Effect on aggregation
	Effect on the release of immunomodulatory factors
	Release of antibacterial platelet molecules


	Platelets–bacteria: Focus on staphylococcus aureus infection
	Role of platelets in the pathophysiology of sepsis
	Sepsis and coagulopathy
	Sepsis and inflammatory platelet molecules
	Platelet apoptosis in the microenvironment of sepsis
	Involvement of platelets in sepsis-related NETose

	Conclusion
	Author contributions
	Acknowledgments
	References

	Breaking the mold: transcription factors in the anucleate platelet and platelet-derived microparticles
	Introduction
	Nuclear factor kappa β
	IkappaB Kinase in Platelets
	NFκB in Platelets During Inflammation
	Signaling Mechanism of NFκB in Platelets
	Non-Genomic Functions of NFκB: Lessons from Nucleated Cells
	PPARγ in Platelets
	PPARγ Ligands are Cardioprotective
	PPARγ Ligands Improve Platelet Function in Type II Diabetic
	PPARγ Ligands Dampen Platelet Function from Healthy Donors
	Signaling Mechanism of PPARγ in Platelets
	PPARβ/δ
	PPARα
	Non-Genomic Functions of PPARs: Lessons from Nucleated Cells
	PPARγ–PKCα Crosstalk
	PPARα–PKCα Crosstalk
	PPARγ and PPARα Regulate MAP Kinases
	Liver X Receptors
	Retinoid X Receptors
	Glucocorticoid Receptors
	Aryl Hydrocarbon Receptor
	Signal Transducer and Activator of Transcriptions
	The Divergent Roles of Transcription Factors
	Microparticles as Transports of Transcription Factors
	Microparticle Functions and Roles in Inflammation
	Transcellular Communication
	Transcription Factors in Microparticles and Roles in Transcellular Communication
	Diagnostic and Therapeutic Potential of Microparticles
	Conclusion
	Acknowledgments
	References

	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

	Platelets in inflammation and atherogenesis
	Introduction
	Platelets preserve vascular integrity
	"Non-Classical" platelet functions
	Platelets in host defense
	Platelets contributing to mechanisms of infections
	Platelet crosstalk with immune cells

	Platelets in atherosclerosis
	Platelet contribution to atherosclerosis
	Platelets in the complement system and atherosclerosis
	Plaque rupture
	Translational relevance

	Conclusion
	Acknowledgments
	References

	Platelet transfusion – the new immunology of an old therapy
	Introduction
	Platelets – Novel findings in immunity and inflammation
	Platelet storage and inflammation
	Transfusion reactions and immunomodulation
	ABO matching for platelet transfusions
	Alloimmunization to HLA
	Platelet transfusion and thrombosis
	Author contributions
	Acknowledgments
	References




