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Abstract

Platelets are circulating blood cells classically known for their key roles in mediating

hemostasis and vascular wall repair. Platelets also possess a dynamic repertoire of effector

functions in the immune continuum that span from rapid innate immune responses to more

delayed adaptive and acquired immune activities. Platelets express a wide array of struc-

tural and functional characteristics of host defense effector cells that augment host defenses

to bacterial infections. Platelets display a diverse range of surface ligands and receptors that

recognize and bind bacteria, including complement receptors, FcγRII, toll-like receptors

(TLRs), and integrins conventionally described in the hemostatic response, such as αIIbβ3
and GPIb. Both direct and indirect binding of bacteria, bacterial toxins, and other agonists

to platelets via fibrinogen, fibronectin, C1q, or von Willebrand factor (vWF) may result in

platelet activation. Platelets may also internalize bacteria, although the function and fate of

these host defense mechanisms remain incompletely understood. Once activated, platelets

transform from quiescent discoid forms to amoeboid cells that chemotax to and target

microbial pathogens or ligands displayed by tissues injured during infectious insults. Upon

activation and subsequent degranulation, platelets secrete an array of multifunctional host

defense and antimicrobial peptides that act as direct anti-infective agents and coordinate

additional molecular and cellular host defenses. Platelets also release soluble immunomod-
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ulatory factors that play crucial roles in the formation of neutrophil extracellular traps

(NETs), resulting in bacterial elimination but also enhancing thrombosis in disease

situations. Therefore, platelets are increasingly recognized as key effector cells in immune

and inflammatory responses to host infection. The multiplicity of events underscores the

complexity of platelet–bacterial interaction and illustrates the emerging view that platelets

are important sentinel and effector cells in host defenses against pathogens.

Introduction

Due to their high number in the circulation, platelets may be

the first blood cell that encounters bacteria circulating sys-

temically. As such, platelets have been suggested to be key

sentinels residing within the vascular space. The amount and

variety of functional immunoreceptors define these small

cells as complex and unique blood “all-purpose” elements

and weapons. Nevertheless, the recognition of platelets as

fully functional immune cells is still controversial, primarily

due to their lack of a nucleus and their structural “simplic-

ity.” In the last decade, a multitude of previously unrecog-

nized and dynamic functions have been discovered for

platelets. These emerging functions are comprehensive and

adaptive and span the immune continuum. Many of these

newly recognized functions are essential for pathogen sur-

veillance, host defenses and containment, and wound

healing (Hamzeh-Cognasse et al. 2015; Vieira-de-Abreu

et al. 2012; Weyrich et al. 2003; Weyrich and Zimmerman

2004). In this chapter, we will discuss the role of platelets as

innate and adaptive immune cells and the relationship of

immune activities of platelets to their hemostatic effector

functions.

We will first focus on platelet–bacterial interactions,

platelet-released immunomodulatory molecules, and

platelet-mediated host defense systems. We will also discuss

the intersection of bacterial infection and thrombosis, the

interactions of platelets with other classic immune cells, and

the necessary cross talk between platelets and neutrophils in

neutrophil extracellular trap (NET) formation.

Platelet–Bacterial Interactions: One-on-One

When talking about platelets and their potential to interact

with bacteria, there are several different possible

mechanisms of interaction (Fig. 1). First, bacteria them-

selves bind host plasma proteins, which have a

Fig. 1 Human platelets directly

interact with bacteria. Human

platelets were incubated with

bacteria for 2 h. (a) Platelets were
incubated with S. aureus or (b)
E. coli, fixed, spun down, and

subsequently stained using

Topro-3 for DNA-containing

bacteria (yellow) and wheat germ

agglutinin (WGA, magenta).

White arrows indicate sites of
platelet–bacterial interaction.

Platelets were analyzed using

transmission electron microscopy

(TEM) after being incubated with

S. aureus or (c) E. coli (d). White
arrows indicate sites of platelet–
bacterial interaction
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corresponding receptor on the platelet surface. Second is the

direct binding or adhesion to platelet receptors or the platelet

surface. Third is the interaction of secreted bacterial

products, exotoxins, or bacterial degradation product with

platelet surface receptors. Since platelets express a diverse

array of surface receptors, these interactions are highly com-

plex and may result in different activation patterns.

Indirect Interactions

The Integrin aIIbb3 (GPIIb–IIIa)
The platelet fibrinogen receptor αIIbβ3 is a key mediator of

the hemostatic function of platelets. The engagement of the

integrin by fibrinogen leads to platelet adhesion, aggrega-

tion, and activation via outside-in signaling events and is a

pharmaceutical target in several disease scenarios (Bennett

et al. 1999, 2009; Coller 1997). One family of bacteria that

provides an example for direct fibrinogen and fibronectin

binding to platelets is the genus Staphylococci. Binding of

Staphylococci to tissues and the extracellular matrix is a

critical step in establishing infection of a host organism. To

achieve this, Staphylococci express surface receptors

belonging to the microbial surface components recognizing

adhesive matrix molecules (MSCRAMM) family (Josefsson

et al. 1998). Some of the most common examples of

MSCRAMM are listed in Table 1. While these various

MSCRAMMs are highly similar proteins, they bind to fibrin-

ogen via very heterogeneous binding sites. For example, the

C-terminal region of the fibrinogen g-chain is the binding

site for ClfA, Fbl, and FnbpA and B (McDevitt et al. 1994;

Mitchell et al. 2004; Ni Eidhin et al. 1998). In contrast, ClfB

binds to the C-terminal region of the fibrinogen a-chain, and

SdrG on the b-chain (Flock et al. 1987; Brennan et al. 2009).

Besides Staphylococci there are other bacteria, which can

engage with fibrinogen. These include the two members of

the Streptococcus family. Streptococcus pyogenes and

Streptococcus mitis can bind fibrinogen via the M1 protein

and lysine, respectively (Cox et al. 2011). While serving as

an indirect receptor for bacterial adhesion to platelets, αIIbβ3
can also be directly bound by several bacterial surface

proteins, which is discussed in more detail below.

Involvement of Glycoprotein Iba (GPIba)
GP1bα is an essential and integral part of the vonWillebrand

factor (vWF) binding complex on the platelet surface, which

is comprised of GPIbα, GPIbβ, GPIX, and GPV (Bennett

et al. 2009). The GPIb/IX/V complex is a key mediator of

primary hemostasis. In addition, some bacteria are capable

of binding to vWF, docking onto the platelet surface via

engagement of the GPIb/IX/V complex. Similarly, protein

A from S. aureus is capable of binding to vWF, promoting

thrombus formation in vitro and under conditions of flow

(Claes et al. 2014; O’Seaghdha et al. 2006; Thomer et al.

2013). Helicobacter pylori also directly binds to platelet

vWF, although the ligand on H. pylori mediating this inter-

action has not yet been identified. These interactions ulti-

mately cause platelet aggregation (Byrne et al. 2003).

Besides the vWF-mediated binding of GPIb by bacteria,

the glycoprotein can also be directly bound with some bac-

terial surface proteins, a mechanism discussed in more detail

below.

Binding to Platelets via Complement Receptors
It is well known that the complement system can activate

platelets by inducing the expression of procoagulant factors,

such as prothrombinase complex, on the surface of the cells

(Peerschke et al. 2010). Furthermore, both complement

pathways—the conventional as well as the alternative path-

way—are known to interact with bacteria via complement

proteins bound to the bacterial surface (Gadjeva 2014).

Upon activation, platelet surface expression of gC1q-R, the

receptor for C1q, increases. This enables platelets to indi-

rectly bind bacteria coated with C1q on their surface

(Peerschke et al. 2003). Moreover, platelet activation also

triggers the increased surface expression of CD62P, a potent

Table 1 Bacterial adhesion to platelets. MSCRAMM and their binding partners

MSCRAMM Expressing bacteria Ligand on platelet

ClfA/ClfB Staphylococcus aureus αIIbβ3 via fibrinogen/fibronectin
FnbpA/FnbpB Staphylococcus aureus αIIbβ3 via fibrinogen
Fbl Staphylococcus lugdunensis αIIbβ3 via fibrinogen
SdrG Staphylococcus epidermidis αIIbβ3 via fibrinogen

Direct αIIbβ3 interaction
M1 Streptococcus pyogenes αIIbβ3 via fibrinogen
Lysin Sytreptococcus mitis αIIbβ3 via fibrinogen
Isd Staphylococcus aureus Direct αIIbβ3 interaction
PadA Streptococcus gordonii Direct αIIbβ3 interaction
Examples of microbial surface components recognizing adhesive matrix molecules (MSCRAMM), used by bacteria enabling them to directly or

indirectly interact with platelets surface receptors. Clf, clumping factor; Fnbp, fibronectin-binding protein; SdrG, serine–aspartate repeat protein;

Isd, iron-regulated surface determinant; Pad, platelet adherence protein
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binding partner for the complement protein C3b, leading to

platelet-complement factor-coated bacteria interaction

(Hamad et al. 2010). Complement-mediated platelet–bacte-

rial interactions were also demonstrated for S. sanguinis and

S. aureus, which induce complement-dependent platelet

aggregation (Ford et al. 1996; Loughman et al. 2005).

Complement bacteria–platelet interactions provide a

mechanism by which platelets may facilitate the destruction

of bacteria by enhancing the complement cascade via

surface-bound complement factors and exposed complement

receptors. This process may also result in the potential

destruction of platelets themselves by being targeted by the

lytic activity of the complement system. The complement

modulatory potential demonstrated by platelets highlights

the immunologic function of this dynamic anucleate cell.

Expression and Functional Significance
of the FcgRIIa Receptor
While the expression of the immune receptor FcγRIIa was

previously thought to be reserved for classic immune cells,

blood platelets also surface-express this receptor (Cassel

et al. 1993), although only the Fcγ receptor has been

identified in platelets to date. The general function of the

immune receptor of the FcγRIIa class is to recognize and

bind the Fc domain of immunoglobulin G (IgG). The Fcγ
receptor demonstrates a higher affinity for complexed IgG

and has a weaker affinity for monomeric IgG. Platelet

FcγRIIa is also a key mediator of heparin-induced thrombo-

cytopenia, where autoantibodies recognize the platelet factor

4 (PF4)–heparin complexes that bind to the platelet FcγRIIa
(Greinacher 2015). In addition, bacteria recognized and

bound by IgG can be attached to this platelet receptor and

subsequently internalized (Worth et al. 2006). As platelets

are the second most abundant circulating blood cell and

express the FcγRIIa in a high copy number on their surface

(Cox et al. 2011), platelets may be a significant, yet under-

appreciated mediator, of antibacterial responses during

human infectious settings.

Direct Interactions

Role of Integrin aIIbb3 (GPIIb–IIIa)
In addition to indirect platelet–bacterial interactions utilizing

platelet surface receptors traditionally recognizing extracellu-

lar matrix, those receptors directly engage with bacterial sur-

face proteins. The aforementioned S. epidermidis surface

protein SdrG, in addition to binding fibrinogen, also directly

targets platelet glycoprotein IIb–IIIa (Brennan et al. 2009).

Furthermore, S. aureus uses one of its iron-regulated surface

determinant (Isd) proteins (IsdB), which are usually used to

ensure iron supply for themicrobe via heme binding, to bind to

integrin αIIbβ3 in the absence of plasma protein (Miajlovic

et al. 2010). Specificity of this interaction was demonstrated

using platelets treated with αIIbβ3 antibodies, a treatment

resulting in complete inhibition of platelet–bacterial adhe-

sion. Recently, S. gordonii was found to express a surface

factor, termed platelet adherence protein A (PadA), which

directly interacts with αIIbβ3 (Petersen et al. 2010).

Interaction with Glycoprotein Iba (GPIba)
GPIbα can also serve as a binding ligand by bacteria for

direct engagement with human platelets. This interaction

involves a family of highly glycosylated, serine-rich bacte-

rial proteins. These proteins include serine-rich protein A

(SrpA) from S. sanguinis (Plummer et al. 2005),

glycosylated streptococcal protein B (GspB), and hemagglu-

tinin salivary antigen (Hsa) from S. gordonii (Bensing et al.

2004). Moreover, the staphylococcal accessory regulator

(Sar) P protein expressed by S. aureus also mediates direct

adhesion of bacteria to platelets (Siboo et al. 2005).

Effects of Platelet–Bacteria Interactions
on Aggregation

As discussed above, platelet–bacterial interactions include

the engagement of platelet surface receptors traditionally

viewed as primary mediators of hemostasis. As such,

published evidence demonstrates that platelet aggregation

is, at least, partially dependent on docking of bacteria with

platelets. Once bacteria have bound to platelet surface αIIbβ3
via fibrinogen or fibronectin, platelet aggregation is initiated

in a manner similar as seen with other fibrinogen-coated

surfaces (Cox et al. 2011). The SrpA and GspB proteins of

S. sanguinis and S. gordonii, respectively, bind platelets and

are requisite for platelet aggregation. If these two proteins

are genetically deleted, aggregation is eliminated (Cox et al.

2011). Bacteria-induced platelet aggregation can be shear

dependent and shear independent. For example, S. pyogenes
and S. aureus shear forces appear to be dispensable for the

induction of platelet aggregation.

There remain aspects of platelet–bacterial interactions

and resulting aggregation responses that are incompletely

understood. For example, S. gordonii, which directly

interacts with αIIbβ3 on platelets through its PadA protein,

does not induce platelet aggregation (Petersen et al. 2010). It

has been hypothesized that for some of these bacterial

groups, binding of GPIb might result in rearrangements

that bring other platelet surface receptors, such as FcγRIIa
or αIIbβ3, together in closer proximity, thus promoting

thrombus formation (Cox et al. 2011).

In addition to direct interactions leading to aggregation,

other mechanisms are involved. Platelet activation induced

by surface-bound S. sanguinis (via GPIb) results in the

release of platelet dense granule content, namely, the vaso-

active substances ATP and ADP, which can act via autocrine

signaling to further amplify platelet activation. This
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mechanism can be enhanced by S. sanguinis through the

hydrolyzation of ATP to ADP by the surface-expressed

ecto-ATPases. The additionally produced ADPs will

increase platelet activation using the P2Y signaling pathway

(Cox et al. 2011). Several reports highlighted the need

for FcγRIIa involvement on platelet aggregation after bac-

terial adhesion (Cox et al. 2011). Nevertheless, the observed

aggregation seemed to be independent of IgG, and therefore

FcγRIIa receptors may have alternative functions in addition

to what has been traditionally described. In this context, two

publications reported a functional interplay between FcγRIIa
and GPIb during bacterial stimulation, which might be the

first step in signal transduction (Sullam et al. 1998; Sun et al.

1999). Since GPIb binds to FcγRIIa using the same binding

motif as when binding to actin, one might speculate that an

alternative functional role of FcγRIIa is mediated by cytoskel-

etal remodeling (Sun et al. 1999). Similarly, Newman et al.

showed that the Src residue from αIIbβ3 phosphorylates the

immunoreceptor tyrosine-based activation motif (ITAM) res-

idue of FcγRIIa and thus amplifies the platelet activation

signals (Boylan et al. 2008).

In other aspects, bacteria-induced platelet aggregation may

be distinct from conventional agonist (ADP, ATP, and

thrombin)-induced aggregation. For example, in “binary”
aggregation, there is a bacterial density below which platelet

aggregation is not observed and above which platelet aggrega-

tion is maximal (Kerrigan and Cox 2010). Furthermore, in the

presence of bacteria, the lag time before platelet aggregation

begins is longer than that observed with hemostatic activation.

For some bacteria the lag time might be as long as 20 min,

although in some settings, the lag time is dependent on bacte-

rial density (Kerrigan and Cox 2010). There could be several

explanations for these lag time variations, including different

times required for platelet to bind and interact with bacteria or

induction of a weak receptor response.

Bacterial Toxins and Platelets

It is well recognized that bacteria secrete toxins into the host

circulation or release endotoxins when lysed or destroyed in

other fashion. Members of the Staphylococcus family

express alpha-toxin, which binds to the lipid bilayer mem-

brane of platelets to form a pore, followed by a flow of

calcium, similar to that induced by calcium ionophore

(Arvand et al. 1990). Alpha-toxin-induced platelet activation

was described to induce RNA splicing and protein synthesis

events in platelets as well as the formation of platelet–bacterial

aggregates (Rondina et al. 2011; Schubert et al. 2011).

Other pore-forming toxins engaging with the platelet surface

have been described. These include streptolysin O from

S. pyogenes (Bryant et al. 2005) and pneumolysin from

Streptococcus pneumoniae (Johnson et al. 1981).

Furthermore, Porphyromonas gingivalis secretes a family

of cysteine proteases called gingipains. These secreted

toxins recognize the platelet protease-activated receptor

(PAR) 1, cleaving it in a similar fashion to the natural ligand

thrombin, thereby making it functional (Fitzpatrick et al.

2009). Some bacterial toxins have known superantigenic

effects. Among those toxins are the family of staphylococcal

superantigen-like (SSL) toxins, released by Staphylococcus

aureus and S. pyogenes. One of them, SSL5, can directly

interact with GPIba as well as having a direct affinity for

GPIV (Cox et al. 2011).

Lipopolysaccharide (LPS) is one of the most important

endotoxins expressed on the surface of Gram-negative

pathogens. It can be recognized by toll-like receptors

(TLRs) expressed by platelets. Platelet surface-expressed

TLR-4 is capable of interacting with LPS, leading to platelet

activation, P-selectin surface exposure, pre-mRNA splicing

events, induction NETs (see later paragraphs), and protein

synthetic events and may also contribute to the thrombocy-

topenia that commonly occurs in sepsis (Akinosoglou and

Alexopoulos 2014; Rondina et al. 2011; Semple et al. 2011).

Bacterial-Triggered Release of Platelet-Derived
Immunomodulatory Factors

Numerous inflammatory and immune modulating factors are

stored in platelet α- and dense granules (Table 2). These

molecules are released during platelet activation, modifying

host immune responses (Fong et al. 2011; Karshovska et al.

2013; Vieira-de-Abreu et al. 2012; Weyrich and Zimmerman

2004). We will focus in this chapter on several of these

molecules and their key signaling events. CD40L (CD154)

is a well-established immunoregulatory molecule released by

platelets. Platelets were also identified as the major source of

circulating soluble CD40L (sCD40L) (Andre et al. 2002). It is

known that bacterial ligands interacting with platelet surface

TLR-2 (Assinger et al. 2012; Assinger et al. 2011; Cognasse

et al. 2007) and TLR-4 (Assinger et al. 2012; Berthet et al.

2012; Cognasse et al. 2007; Ward et al. 2005) induce the

release of sCD40L. CD40L is first exposed on the platelet

surface membrane in trimeric form (the biologically most

active form) and is then cleaved by proteolytic activity, yield-

ing a soluble biologically active fragment. Although not defi-

nitely established, there is some evidence suggesting that

matrix metalloproteinase (MMP)-9 cleaves the trimeric form

of CD40L. The fragment, sCD40L, is recognized by a recep-

tor, CD40, on B lymphocytes, monocytes, and endothelial

cells (Blumberg et al. 2009). 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 (Garraud et al. 2013). sCD40L can facilitate T and B

cell interactions leading to antibody production or inducing
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class switching of B lymphocytes (Elzey et al. 2005). In

addition, sCD40L released from platelet storage pools

(granules) induces cytokines, chemokines, and lipid

mediators through the activation of CD40+ cells (Blumberg

et al. 2009). These cytokines potentiate and modulate neutro-

phil functions in defense against Gram-positive and Gram-

negative bacteria (Miedzobrodzki et al. 2008). Thus, sCD40L

is one archetypal molecule that platelets use to orchestrate

host defense responses with lymphocytes, endothelial cells,

and other host defense effector cells.

Another platelet cytokine being of importance is platelet

factor 4 (PF4), a known platelet kinocidin (this term will be

elucidated in more detail in the next paragraph). Numerous

studies have shown that PF4 plasma levels increase dramati-

cally in the setting of a microbial challenge in vivo. For

example, PF4 plasma levels increase during bacterial septi-

cemia (Lorenz and Brauer 1988) and streptococcal nephritis

(Mezzano et al. 1992). Soluble PF4 can bind to bacteria

through its positive charge, thus forming a new recognition

site for IgG and effector immune cells (Krauel et al. 2011,

2012). This mechanism is also true for Gram-negative bac-

teria, 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. In

addition to the lymphocyte modulatory function, an array of

bioactive molecules, released from platelets activated by

microbial challenge, are chemoattractants for monocytes

and neutrophils. These include platelet-derived growth fac-

tor (PDGF), platelet-activating factor (PAF), regulated on

activation normal T cell expressed and secreted (RANTES)

protein, macrophage inflammatory protein (MIP-1 alpha),

monocyte chemoattractant protein, and PF4 (Clark-Lewis

et al. 1993; Deuel et al. 1981; Tzeng et al. 1985; Semple

et al. 2011; Weyrich and Zimmerman 2004).

Platelets Are an Integral Part
of the Antimicrobial Host Defense System

The Internalization of Bacteria

In the 1970s, Clawson and colleagues studied the interac-

tion between platelets and bacteria and observed the inter-

nalization of S. aureus into some platelets (Clawson 1973;

Clawson et al. 1975; Clawson and White 1980). These

Table 2 Inflammatory, antimicrobial, and immunomodulatory factors released by platelets

Function Factor Reported target cell

Pleiotropic inflammatory and immune

modulators

Histamine
5-HT; serotonin

ECs, monocytes, PMNs, NK cells, T and B cells, eosinophils

Monocytes, macrophages

Inflammatory and immunomodulatory

lipids

TXA2

PAF
Platelets, T lymphocyte, and macrophage subsets

Platelets, PMNs, monocytes, macrophage, and lymphocyte

subsets

Growth factors with immune activities PDGF
TGF-b

Monocytes, macrophages, T lymphocytes

Monocytes, macrophages, T and B lymphocytes

Chemokines NAP2 (CXCL7) and related TG
variants
PF4 (CXCL4)
GRO-a (CXCL1)
ENA-78 (CXCL5)
RANTES (CCL5)
MIP-1a (CCL3)
MCP-3 (CCL7)

PMNs

PMNs

PMNs

PMNs

Monocytes, eosinophils, basophils, NK cells, T lymphocytes, and

DC subsets

Monocytes, eosinophils, basophils, NK cells, lymphocytes, and

DC subsets

Monocytes, basophils, NK cells, lymphocytes, and DC subsets

Antimicrobial peptides Thrombocidins
hBD-1, 2, 3

No human cellular targets identified; microbicidal for several

bacteria and fungi

No human cellular targets identified; microbicidal for several

bacteria

Cytokines IL-1b
HMGB1
sCD40L

Monocytes, ECs, dendritic and macrophage subsets

Macrophages, PMNs, ECs

Monocytes, B lymphocytes, ECs, platelets

The table is not comprehensive, and additional signaling molecules are found in the platelet secretome; new factors continue to be identified. Some

factors are not only secreted but also perform signaling roles while associated with the platelet plasma membrane or on the surfaces of platelet

microparticles (e.g., PAF, IL-1β). Many factors also activate target cells in addition to immune effectors, such as fibroblasts and smooth muscle

cells. Thrombocidins and hBDs are examples of a larger group of platelet microbicidal proteins (PmPs)

DC, dendritic cell; ECs, endothelial cells; ENA-78, epithelial neutrophil-activating protein-78; GRO-α, growth-regulating oncogene-α; 5-HT,
5-hydroxytryptamine; hBD, human beta defensin; HMGB1, high mobility group box 1; IL-1β, interleukin-1β; MCP-3, monocyte chemotactic

protein-3; MIP-1α, macrophage inflammatory protein-1α; NAP2, neutrophil-activating peptide 2; NK, natural killer; PAF, platelet-activating

factor; PDGF, platelet-derived growth factor; PF4, platelet factor 4; sCD40L, soluble CD40 ligand; TGF-β, transforming growth factor β; TXA2,

thromboxane A2
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observations were confirmed by other investigators, espe-

cially for S. aureus (Youssefian et al. 2002). Youssefian

et al. proposed that platelets have the ability to actively

internalize or phagocytose microorganisms. This hypothe-

sis was based on finding bacteria inside of vacuoles that

were not connected to the open canalicular system (OCS)

(Youssefian et al. 2002). Furthermore, it appears that

bacterial internalization resembles morphologic evidence

of platelet activation. In turn, platelets seem to gain

enhanced capacity for bacterial internalization if been

activated by bacteria or even conventional agonists

(ADP or thrombin), indicating a common mechanism

between activation and internalization. Interestingly,

immunolabeling revealed that the engulfing vacuoles and

the OCS were composed of distinct antigens. When

S. aureus was engulfed by platelets, membranes expressed

CD62P and αIIbβ3, but not GPIb, similar expression

markers seen an activated platelet membrane. Moreover,

endocytotic vacuoles containing S. aureus were

demonstrated to fuse with α-granules, which contain

platelet antimicrobicidal proteins. Because of its close

proximity to the plasma membrane and the differential

surface marker array, these vacuoles may be formed

through invagination of the plasma membrane. Internali-

zation of S. aureus has also been demonstrated in settings

of ADP-induced platelet activation (Li et al. 2008). Under

these activating conditions, P. gingivalis can also be

internalized by platelets (Li et al. 2008). P. gingivalis,

however, may also be internalized in the absence of acti-

vation, an observation not noted with S. aureus. While

internalization of both bacteria results in them being

found in vacuoles independent of the OCS, these findings

suggest there may be unique mechanisms regulating the

internalization of different bacterial species.

Platelet binding to bacteria using the FcγRII receptor

could also initiate the internalization of IgG-bacteria

complexes (Worth et al. 2006). In 2011, Antczak et al.

demonstrated that platelets are capable of internalizing

IgG-coated polystyrene beads (0.5–1.5 μm diameter) in a

FcγRII-specific mechanism (Antczak et al. 2011). This

endocytotic mechanism was inhibited by the actin-

polymerization inhibitor cytochalasin D, demonstrating

that actin cytoskeletal dynamics are an integral process

of bacteria internalization. While these and other studies

support the concept that platelets can internalize or

endocytose bacteria, the final fate of these internalized

microbes remains uncertain. Some have suggested that

the absence of phagolysosomes in platelets precludes

their ability to degrade or destroy bacteria (White 2006).

Other lines of evidence suppose that the fusion of bacteria

with platelet α-granules, which contain antimicrobicidal

proteins, could result in pathogen destruction (Youssefian

et al. 2002).

Platelets Release Antibacterial Effector
Molecules Contributing to Host Defense

In addition to platelets’ ability to directly interact with and

internalize bacteria, platelets also release antimicrobial

proteins and peptides. In 1901, Gengou demonstrated that

the bactericidal activity of a previously identified molecule

within serum (Fodor 1887), β-lysin, was derived from cells

involved in the clotting of blood in a mechanism that was

independent of complement (Gengou 1901). This may have

been the first study to identify a role for platelets in antimi-

crobial host defense responses.

In 2010, Yeaman and colleagues proposed calling these

antimicrobial molecules platelet microbicidal proteins

(PmPs) (Yeaman 2010). These proteins are also known

as thrombocidins. PmPs (predominantly PmP1 and PmP2)

are released when platelets are activated by thrombin or

bacteria. PmPs differ from classically described defensins

by their molecular mass, their sequence, and the chains of

lysine and arginine residues, which gives them a cationic

charge. As with PARs (protease-activated receptors),

PmPs must be cleaved by thrombin to become fully func-

tional. The two PmP subunits then act in an autonomous,

but complementary, manner, by alternating the permeabil-

ity of the bacterial wall (Yeaman 2010). The ATP/ADP

signaling pathway, utilizing the P2 receptors, primarily

triggers the release of PmPs. The initial signal is further

amplified by the release of platelet ADP, resulting in

potentially autocrine activation of even neighboring

platelets (Trier et al. 2008). Over the years, the PmP

family was enlarged through the integration of kinocidins,

which include those platelet-derived cytokines that have a

direct bactericidal effect (Yang et al. 2003). This broad

collection of antimicrobial peptides is released from

human platelets following thrombin or bacterial stimula-

tion. Similar to chemokines, kinocidins have been

organized into classes, which are related to their structural

immunobiology. The hallmark CXC motif is the defining

element of α-kinocidins. This group includes PF4 (platelet

factor 4), platelet basic protein (PBP), connective tissue-

activating peptide (CTAP3), and neutrophil-activating

peptide (NAP2). In contrast, RANTES is a member of

the β-kinocidins, containing the typical CC-chemokine

motif. Importantly, members of the α-kinocidin and the

β-kinocidin subgroups have synergistic effects. For exam-

ple, CTAP3 does not have an effect on the viability of

E. coli. However, the presence of PF4 potentiates CTAP3

activity and thereby reduces the bacterial density signifi-

cantly. This result is not obtained for PF4 alone (Tang

et al. 2002). Using elaborate structural biochemical

analyses, the 60–74 structural domain in PF4 was

identified as being responsible for this synergistic activity

(Yeaman et al. 2007). Kinocidins still also maintain their
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primary role, which is the chemoattraction of leukocytes.

This mechanism fosters cooperation between platelet and

leukocyte factors in bacterial clearance, thus integrating

different mechanisms in innate immunity (Agerberth and

Gudmundsson 2006; Yeaman et al. 2007).

Kraemer et al. demonstrated that S. aureus growth

decreases in the presence of human platelets (Kraemer

et al. 2011). This platelet bactericidal effect was attributed

to the expression of human β-defensin-1 (hBD-1), an anti-

microbial peptide primarily expressed by epithelial cells, but

also detectable in human blood (Fang et al. 2003). hBD-1 is

present in CD34+ hematopoietic progenitor cell-derived

megakaryocytes and human platelets at both the messenger

RNA (mRNA) and protein level and was localized to an

extragranular cytoplasmic compartment. Moreover, treating

platelets with S. aureus-derived α-toxin, a bacterial pore-

forming product, resulted in hBD-1 secretion. Subsequent

studies have found that other family members, including

hBD-2 and hBD-3, are present in human platelets and pos-

sess potent microbicidal activity (Tohidnezhad et al. 2011,

2012).

Boilard and colleagues recently extended these findings,

describing a new mechanism by which platelets modulate

inflammatory responses by using bactericidal phospholipase

(Boudreau et al. 2014). They demonstrate that activated

platelets release respiratory-competent mitochondria inside

microparticles or as free organelles. The authors further

show that the platelet-derived mitochondria are a substrate

for the secreted phospholipase A2 IIA (sPLA2-IIA), a phos-

pholipase otherwise specific for bacteria. This substrate spec-

ificity may reflect the ancestral Proteobacteria origin of

mitochondria. Upon mitochondrial membrane phospholipid

hydrolysis by sPLA2-IIA, platelets released a number of

lysophospholipids (lyso-PAF, lyso-PC, lysoPE) and free

fatty acids. The release of these products resulted in damaged

structural integrity and the generation of mitochondrial DNA

(mtDNA), a potent pro-inflammatory molecule. Taken

together, these and other observations suggest that platelets

are involved in infectious immune responses both directly

through the release of antimicrobial factors and indirectly

through the release of cytokines and other mediators.

Role of Platelets in the Development
and Pathophysiology of Bacterial Sepsis

Sepsis is a common and often lethal infectious syndrome

that is increasing in incidence. Dysregulated immune and

hemostatic responses to pathogens, pathogen-associated

molecular patterns, and microbial toxins are central to the

pathogenesis of septic syndromes (Fig. 2) (Vincent and

Abraham 2006).

Coagulopathy Induced by Septic Triggers

Up to 30–50 % of patients with severe sepsis or septic shock

develop disseminated intravascular coagulation (DIC). DIC,

in conjunction with peripheral consumption and destruction

of platelets, impaired thrombopoiesis, and sequestration of

platelets in the microvasculature in platelet–fibrin deposits

contributes to thrombocytopenia in sepsis. Moreover, severe

Thrombotic &
Inflammatory

Events

Gram+
microorganisms

Gram–
microorganisms

Fibrinogen
Platelets

Monocyte

PMN

NET

Lymphocyte

Fig. 2 Platelets interact with bacteria, recruit immune cells, and sub-

sequently trigger inflammatory and thrombotic events. Activation of

platelets by bacteria or microbial toxins can trigger platelet–bacterial

aggregation or promote the interaction of activated platelets with

monocytes, lymphocytes, and neutrophils. Interaction of platelets

with leukocytes can also lead to NETosis and bacterial destruction.

Platelet or platelet–bacteria/immune cell aggregate sequestration in

microvascular beds can mediate increased local inflammatory signal-

ing. In addition, the interaction with fibrinogen and the deposition of

fibrin is a central pathophysiological process in sepsis. Furthermore,

fibrin degradation products can modify platelet–cell interactions and

contribute to the dysregulated hemostasis characteristic of sepsis
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thrombocytopenia or a delayed recovery in the platelet count

is associated with adverse outcomes from sepsis. As a result

of the inflammatory response in sepsis, neutrophils synthesize

and release tissue factor, which may initiate or amplify acti-

vation of the coagulation cascade, ultimately activating

circulating platelets. Activated platelets have increased

surface expression of adhesion molecules, promoting

interactions with and binding to the damaged endothelial

surface and subendothelial matrix proteins (Warkentin et al.

2003). Dysregulated activation of coagulation cascade leads

to the deposition of platelet–fibrin thrombi and platelet

sequestration in microvessels (Warkentin et al. 2003). More-

over, the formation of homotypic platelet–platelet aggregates

and heterotypic platelet–bacteria, platelet–monocyte, and

platelet–neutrophil aggregates (in conjunction with excessive

thrombin generation and conversion of fibrinogen to fibrin)

may further contribute to micro- and macrovascular seques-

tration and thrombosis (Evans et al. 1969; Gawaz et al. 1995).

Thus, platelets are key mediator and effector cells involved in

the pathophysiology of sepsis.

The Inflammatory Face of Platelets during
Sepsis

First evidence for the inflammatory potential of platelets in

sepsis comes from studies demonstrating that the amount of

circulating sCD40L is increased in patients with sepsis when

compared to healthy control subjects, although levels of

sCD40L were independent of sepsis severity (Chew et al.

2010; Inwald et al. 2006; Lorente et al. 2011; Luo et al.

2014; Rahman et al. 2013; Zhang et al. 2011). In murine

models of sepsis, sCD40L is released from platelets

(Rahman et al. 2009), and matrix metalloproteinase-9,

which cleaves platelet-derived CD40L, is increased

(Rahman et al. 2012). sCD40L is a key molecule for the

recruitment of neutrophils, via macrophage-1 antigen

(Mac-1) expression on neutrophils to sites of infection or

injury. Mice deficient in CD40L cannot activate neutrophils

and do not develop edema or neutrophil infiltration in the

lungs in settings of sepsis induced by cecal ligation puncture

(CLP) (Asaduzzaman et al. 2009; Rahman et al. 2009).

Another host synthesized pro-inflammatory mediator

generated during sepsis is PAF (Yost et al. 2010). PAF

binds to its receptor, platelet-activating factor receptor

(PAFR), a G-protein coupled receptor expressed by immune

cells and platelets, leading to platelet degranulation, the

release of inflammatory factors, and initiation of the coagu-

lation cascade. The PAFR-related signaling cascade is usu-

ally tightly regulated to prevent excessive thrombo-

inflammatory response. Nevertheless, during sepsis, this

regulatory balance is shifted, and excessive PAF signaling

leads to the activation of neutrophils, monocytes, and

platelets, as well as to the formation of heterotypic platelet

aggregates (Yost et al. 2010). As discussed above, activation

of circulating platelets by bacterial triggers also causes the

expression of cell surface receptors and the release of

molecules that may further amplify immune responses

(Semple et al. 2011). P-selectin (CD62P), which is expressed

on the surface of platelets, and its receptor, P-selectin glyco-

protein ligand-1 (PSGL-1) on leukocytes, are additional

molecules with key functions during inflammatory and

immune responses (Diacovo et al. 1996; Katz et al. 2011;

Russwurm et al. 2002; Semple et al. 2011). The functional

cross talk between P-selectin and PSGL-1 in conjunction

with the leukocyte integrin αMβ2 (Mac-1) helps

orchestrating the molecular events necessary for leukocyte

recruitment (Semple et al. 2011; Weyrich and Zimmerman

2004).

Platelet Microparticles Fuel the Inflammatory
Fire in Sepsis

Increased levels of circulating microparticles are also com-

monly detected in sepsis patients (Ogura et al. 2001). These

membrane-enclosed vesicles can arise from different cell

types, including granulocytes, monocytes, endothelial

cells, and platelets (George 2008). Here, we will focus on

platelet-derived microparticles in sepsis. Platelet

microparticles (PMPs) are small phospholipid vesicles

between 100–1000 nm in diameter that are released after

budding from the platelet plasma membrane. As a result,

PMP express the same antigens as their parent cells, i.e.,

αIIbβ3, GPIb, CD31, CD61, and CD62P (Vasina et al.

2010). Platelet-derived microparticles comprise the

majority (e.g., approximately 70–90 %) of the pool of

circulating microparticles (Burnier et al. 2009). In sepsis,

microparticles can be produced via the stimulation of plate-

let TLR-4 by bacterial LPS (Brown and McIntyre 2011;

Hashimoto et al. 2009; Kappelmayer et al. 2013), but also

in response to the Shiga toxin (Ge et al. 2012). Formation of

platelet microparticles results in an asymmetrical distribu-

tion of membrane phospholipids (Flaumenhaft et al. 2010;

Italiano et al. 2010). Therefore, PMPs express highly

procoagulant phosphatidylserines (PS) on their surface,

although microparticles derived from platelets may be

less procoagulant than monocyte-derived microparticles

(Owens and Mackman 2011). Furthermore, in recent

studies it was shown that two distinct subpopulations

of microparticles exist: (1) PS-expressing and (2)

PS-nonexpressing MPs. As surface phosphatidylserine-

positive microparticles participate in the coagulation pro-

cess, these data suggest that PS-nonexpressing MPs might

have roles separate from the maintenance of primary hemo-

stasis (Arraud et al. 2014; Cloutier et al. 2013).
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Platelet microparticles are also capable of delivering

immunomodulatory factors, such as IL-1β (Boilard et al.

2010), as well as interacting with other cells. For example,

Provost et al. recently demonstrated that human platelet-

derived microparticles contained functional Argonaute

2 (Ago2)–miR-223 complexes that were capable of

regulating the expression of two endogenous genes in endo-

thelial cells (Laffont et al. 2013). These findings support the

concept that microparticles may act as intercellular carriers

of functional cell components, thereby influencing the func-

tion of other circulating cell types. Boilard et al. even further

refined the concept of microparticles being transport

vehicles. These investigators demonstrated that platelet-

derived microparticles were internalized by activated

neutrophils in the endomembrane system via 12(S)-HETE,

a hydroxyeicosatetraenoic acid produced through the activ-

ity of sPLA2-IIA, which is present in inflammatory fluids

(Duchez et al. 2015). Platelet microparticles can also be

internalized by macrophages, leading to the differential

expression of numerous miRNAs and mRNAs, including

transcripts encoding for chemokine (C–C motif) ligand

4 (CCL4/MIP-1β), colony-stimulating factor 1 (CSF1), and

TNF (Laffont et al. 2015). Additionally, platelet microparti-

cle uptake by macrophages led to an increase in their phago-

cytic capacity (Laffont et al. 2015). These recently

discovered functions of platelets and platelet-derived

microparticles highlight once more the versatility of this

anucleate cell and its key roles in inflammatory and immune

disorders.

Platelets Induce NETosis in Sepsis

NET formation in response to bacterial invasion was first

demonstrated by Brinkmann and colleagues in 2004

(Brinkmann et al. 2004). NETs consist of expulsed nuclear

DNA that forms lattices, containing histones (H1, H2A, H2B,

and H4), granule enzymes (elastase, myeloperoxidase), and

antimicrobial proteins released by the PMN in parallel with

extrusion of nuclear material (Brinkmann et al. 2004). NETs

can be generated under both flow and static conditions,

although there is some evidence that flow conditions enhance

bacterial trapping (analogous to the human circulatory sys-

tem) (Clark et al. 2007). NETs are long lattices that can be as

large as 25 nm in diameter (Clark et al. 2007). These

DNA/enzyme complexes accomplish both capture and killing

of extracellular bacteria. In addition, antimicrobial activities

can be blunted or subverted by endonucleases and DNases

expressed by some microorganisms (Beiter et al. 2006;

Buchanan et al. 2006). NETs are also implicated in vascular

injury associated with neutrophil–platelet interactions in

human sepsis (Clark et al. 2007). For example, Ma and

Kubes demonstrated that a bacterial environment or

stimulation using LPS resulted in the in vivo formation of

NETs which trapped bacteria, reducing their growth, and

blunted the severity of sepsis (Ma and Kubes 2008). Ma and

colleagues further demonstrated that NETs were able to trap

both Gram-negative and Gram-positive bacteria.

NETosis is an active mechanism occurring within

5–10 min after neutrophil stimulation and being distinct

from apoptosis and necrosis (Brinkmann et al. 2004).

There is evidence that reactive oxygen species (ROS) gener-

ation is a key event in NET formation (Fuchs et al. 2007;

Yost et al. 2009). However, ROS generation and NET for-

mation can be dissociated under some conditions, suggesting

that the pathways and mechanisms regulating NET forma-

tion are more complex than previously appreciated (Chow

et al. 2010; Marcos et al. 2010). Yost et al. found that the

mammalian target of rapamycin (mTOR) regulates NET

formation through induction of hypoxia-inducible factor 1α
(HIF-1α). Citrullination of histones, release of mtDNA, and

platelet hBD-1 also mediate key aspects of NET formation

(Kraemer et al. 2011; Yousefi et al. 2009). In addition,

platelet-derived microparticles containing mitochondria as

well as mitochondria released from platelets into the circu-

lation have been linked to NET formation. The hydrolysis of

the mitochondrial membrane by sPLA2-IIA also leads to the

formation of inflammatory mediators inducing robust NET

formation in an in vitro assay (Boudreau et al. 2014).

Nevertheless, while NETs may be key host defense

mechanisms in response to bacterial invasion, NET forma-

tion may also have adverse effects on the microvascular

circulation by promoting the formation of microthrombi,

thereby also potentially preventing immune cells from

reaching the bacteria. Emerging evidence implicates NET

formation as injurious in many inflammatory and thrombotic

diseases, including sepsis (Xu et al. 2009), coronary artery

disease (Borissoff et al. 2013), microvascular thrombosis

(Xu et al. 2009), and deep vein thrombosis (Fuchs et al.

2010). Recent work by Wagner and colleagues demonstrates

that thrombin-stimulated platelets induce NET formation via

P-selectin/PSGL-1 interactions (Etulain et al. 2015). These

intriguing findings suggest that the P-selectin/PSGL-1 axis

may be a potential therapeutic target for settings where

dysregulated NET formation is considered injurious (Etulain

et al. 2015).

Conclusion

Established and emerging evidence supports the role of

platelets as dynamic sentinels and effector cells during bac-

terial infections. These previously unrecognized functions

broaden the view of platelets as having complementary roles

in both hemostasis and immune pathways. Furthermore, as

platelets orchestrate key aspects of immune and
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inflammatory responses, platelets are being studied as a

potential therapeutic target in sepsis.

Take Home Messages

• Platelets are key sentinels and effector cells

involved in the pathophysiology of sepsis.

• Platelet integrins mediate platelet–bacterial

interactions.

• FcgRIIa on platelets coordinates antibacterial

host responses.

• The final fate of internalized bacteria remains

unclear and warrants further investigations.

• Platelets are involved in infectious immune

responses both directly through the release of anti-

microbial factors and indirectly through the release

of cytokines and other mediators.

• The P-selectin/PSGL-1 axis may be a potential

therapeutic target for settings of injurious NET

formation.
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