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Abstract

Cells of the innate immune system use Toll-like receptors (TLRS) to initiate the proinflammatory
response to microbial infection. Recent studies have shown acute infections are associated with a
transient increase in the risk of vascular thrombotic events. Although platelets play a central role in
acute thrombosis and accumulating evidence demonstrates their role in inflammation and innate
immunity, investigations into the expression and functionality of platelet TLRs have been limited.
In the present study, we demonstrate that human platelets express TLR2, TLR1, and TLR6.
Incubation of isolated platelets with Pam3CSK4, a synthetic TLR2/TLR1 agonist, directly induced
platelet aggregation and adhesion to collagen. These functional responses were inhibited in TLR2-
deficient mice and, in human platelets, by pretreatment with TLR2-blocking antibody. Stimulation
of platelet TLR2 also increased P-selectin surface expression, activation of integrin 33, generation
of reactive oxygen species, and, in human whole blood, formation of platelet—neutrophil heterotypic
aggregates. TLR2 stimulation also activated the phosphoinositide 3-kinase (P13-K)/Akt signaling
pathway in platelets, and inhibition of PI3-K significantly reduced Pam3CSK4-induced platelet
responses. In vivo challenge with live Porphyromonas gingivalis, a Gram-negative pathogenic
bacterium that uses TLR2 for innate immune signaling, also induced significant formation of platelet—
neutrophil aggregates in wild-type but not TLR2-deficient mice. Together, these data provide the
first demonstration that human platelets express functional TLR2 capable of recognizing bacterial
components and activating the platelet thrombotic and/or inflammatory pathways. This work
substantiates the role of platelets in the immune and inflammatory response and suggests a
mechanism by which bacteria could directly activate platelets.
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The innate immune system constitutes the first line of host defense against invasion by
pathogenic microorganisms. Innate immune cells detect highly conserved bacterial, viral, and
fungal components known as pathogen-associated molecular patterns (PAMPS). Recognition
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of PAMPs is primarily mediated by the family of Toll-like receptors (TLRS). To date, at least
11 members of the TLR family have been reported in humans (TLR1 through-11), with each
member recognizing PAMPs of distinct microbial origin. TLR4, for instance, recognizes the
Gram-negative cell wall component lipopolysaccharide (LPS), whereas TLR2 recognizes
components of Gram-positive bacteria and, in cooperation with TLR1 and TLR6, bacterial
lipoproteins.! Binding of PAMPs to TLRs initiates a complex intracellular signaling cascade
often resulting in activation of nuclear factor (NF)-xB, induction of proinflammatory genes,
and downstream activation of the adaptive immune system.2 Thus, TLRs play a fundamental
role in both the initiation and propagation of the inflammatory response to microbial infection.

Though primarily involved in hemostasis, platelets also participate in the immune and
inflammatory response. Activated platelets release a variety of prothrombotic,
proinflammatory, and antimicrobial mediators.3 In vitro and in vivo studies establish that
platelets and bacteria physically interact, leading to direct platelet activation and aggregation.
4-6 Recent clinical studies have demonstrated that bacterial infections are associated with a
transient increase in the risk of acute thrombotic events such as myocardial infarction and
stroke.” Furthermore, platelets contribute significantly to the pathophysiology and high
mortality rates of sepsis.8 Uncontrolled bacterial infection leads to widespread platelet
activation, and, accordingly, platelet counts are decreased in septic patients, with the degree
of thrombocytopenia correlating with the severity of the sepsis.® Platelets, therefore, provide
a fundamental link between the immune and thrombotic cascades, but the precise mechanism
by which they interact with bacteria and their ligands is still unclear.

The expression, functionality, and signaling pathways of TLRs have been well studied in many
hematologic and vascular cells, including neutrophils, monocytes/macrophages, and
endothelial cells. Several groups have recently demonstrated that TLRs (specifically, TLR1,
TLR2, TLR4, TLR6, TLRS, and TLR9) are expressed in human platelets.10:11 However,
investigations of TLR functionality have focused mainly on TLR4 and the platelet response to
LPS.12-18 Notably, LPS has been shown to induce thrombocytopenia and platelet
accumulation in the lungs of wild-type but not TLR4-deficient mice.18 Another recent report
demonstrates that LPS stimulation of platelet TLR4 induces platelet binding to and activation
of adherent neutrophils.12 In the present study, we report for the first time that stimulation of
platelet TLR2 by synthetic bacterial lipopeptide directly activates the platelet’s thrombotic and
inflammatory response. Additionally, our data suggest that platelet TLR2 signals
intracellularly through the phosphoinositide 3-kinase (P13-K) signaling pathway. Finally, we
report that a live bacterium, Porphyromonas gingivalis, induces a proinflammatory response
in platelets in a TLR2-dependent manner. This work substantiates the functionality of platelet
TLRs and suggests a possible mechanism by which select bacteria and bacterial components
directly activate platelets.

Materials and Methods

Materials

All TLR-related antibodies, fluorescently labeled antibodies, and corresponding isotype
controls were purchased from eBioscience (San Diego, Calif). FITC-conjugated anti-human
PAC-1 mouse monoclonal antibody (mAb) and fluorescently labeled isotype control was
purchased from BD Biosciences (Mountain View, Calf). Rabbit anti-phospho-AKT(Ser473),
anti-AKT, anti—f-actin, and anti-p85 polyclonal antibodies were purchased from Cell
Signaling Technology (Danvers, Mass). Mouse anti-platelet factor-4 polyclonal antibody was
purchased from Santa Cruz Biotechnology (Santa Cruz, Calif). Pam3CSK4 and Pam,CSK4
were purchased from InvivoGen (San Diego, Calif). Fibrinogen and thrombin were purchased
from Enzyme Research Laboratories (South Bend, Ind); collagen was from Chrono-Log Corp
(Havertown, Pa). LY294002 was purchased from EMB Chemicals (Gibbstown, NJ); 2',7'-
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dichlorofluorescein diacetate (DCFH-DA) and calcein-AM were from Invitrogen (Carlsbhad,
Calif).

Platelet Isolation

Washed platelets were isolated from human whole blood by previously described methods.
19To avoid leukocyte contamination, only the top 75% of the platelet rich plasma was collected.
Pelleted platelets were washed and resuspended in HEPES buffer, pH 7.4 (2x108 platelets/mL,
unless otherwise noted). Where indicated, washed platelets were pretreated with the following
antibodies or inhibitors (30 minutes; room temperature) before study: functional grade purified
anti-TLR2 (Clone TL2.1) or anti-TLR1 (Clone GD2.F4) mAb (25 xg/mL); LY294002 (25 to
100 umol/L); anti-P-selectin mAb (Clone AK-4) (10 x#g/mL); and abciximab (10 xg/mL).

Platelet Lysate Preparation, Imnmunoprecipitation of TLR2, and Western Blot Analysis

Platelets were left quiescent or stimulated with Pam3zCSK4 (0.1 to 10 #g/mL) before pelleting.
After pelleting, supernatants were retained to analyze the platelet releasate. For Western blot
analysis, platelets were lysed in 1% Triton-X cell lysis buffer with protease inhibitors; for
immunoprecipitation, 1% NP-40 buffer with protease inhibitors. For immunoprecipitation,
platelet lysates were precleared with isotype control, followed by incubation with Protein A/
G agarose beads. Mouse anti-human TLR2 mAb or isotype control was added to precleared
lysates at manufacturer-recommended concentrations. After overnight incubation (4°C),
Protein A/G agarose beads were added and then pelleted and prepared for electrophoresis
separation. For Western blot analysis, proteins of interest were analyzed similarly to published
methods.10

Flow Cytometric Analysis of Platelet Surface Proteins

Studies were conducted using a FACScan flow cytometer with CellQuest Pro software (BD
Biosciences, Mountain View, Calif). Briefly, PBS-suspended platelets were incubated with
fluorescently labeled mAb or isotype control (30 minutes; room temperature). Where indicated,
platelets were stimulated with Pam3CSK4 (5 to 10 ug/mL) before antibody staining. Unbound
antibody was removed by washing with PBS, and samples were fixed with 1.5% formaldehyde
in PBS. Samples were analyzed immediately on a flow cytometer, with at least 50 000 platelet
events collected per sample. Antibody reactivity is reported as mean fluorescence intensity,
which is calculated as mean fluorescence of specific antibody minus mean fluorescence of
isotype control.

Double Immunofluorescence Staining

Resting or Pam3CSK4-activated (10 ug/mL) platelets were layered on poly-L-lysine—coated
slides, fixed in ice-cold methanol:acetone (70:30), and permeabilized with 0.2% Triton-X.
Slides were blocked in Protein Block Solution (Dako, Carpinteria, Calif) and incubated
overnight (4°C) with appropriate primary antibodies, followed by incubation with secondary
FITC- and Texas red—conjugated antibodies. As controls, some slides were incubated with
either nonspecific 1gG at the same concentrations as the primary antibodies or secondary
antibody alone. Slides were examined by confocal microscopy (Leica TCS SP2 instrument;
Leica Microsystems, Exton, Pa) at X100 magnification, and images were captured using Leica
Confocal Software.

Platelet Aggregation

Aggregation of washed platelets was optically monitored using a PAP-4 platelet aggregometer
(Bio/Data Corporation, Horsham, Pa) as previously described.19 Percentage of aggregation
was recorded 6 minutes after addition of Pam3CSK4 (1 to 10 xg/mL) or thrombin (0.5 U/mL).
Platelet aggregation in whole blood was measured using a lumi-aggregometer (Chrono-Log
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Corporation, Havertown, Pa), as previously reported.2 Aggregation (ohms) was recorded 10
minutes after addition of Pam3CSK4 (10 xg/mL).

Measurement of Platelet—Leukocyte Aggregates by Two-Color Flow Cytometry

Immediately following whole blood aggregation, 30 xL of whole blood was added to a reaction
mixture containing 30 uL PBS, 10 uL of FITC-anti-CD41 mAb (platelet-specific), and 10 uL
of phycoerythrin (PE)-Cy7-anti-CD14 mAb (leukocyte-specific). Platelet-leukocyte
aggregates were analyzed by flow cytometry as previously described.20 Briefly, monocytes
and neutrophils were gated by light scattering and PE-Cy7-CD14 fluorescence and further
gated into CD41-negative and CD41-positive populations. Isotype controls were used to
compensate for nonspecific antibody binding. A minimum of 1000 monocytes or 5000
neutrophils were acquired, and the percentage of platelet-bound monocytes/neutrophils
(CD14-positive/CD41-positive) was quantified.

Platelet Adhesion Assay

Adhesion assay was performed as previously described.?! Briefly, calcein-AM-labeled
platelets were stimulated with Pam3CSK4 (10 xg/mL) and, using a cell adhesion flow chamber
(Immunetics, Boston, Mass), were recirculated for 20 minutes over coverslips uniformly coated
with collagen (1 xg/mL) or fibrinogen (1 mg/mL). Coverslips were then gently washed,
mounted on a glass slide, and examined with a fluorescence microscope (Nikon) at x20
magnification.

Platelet Production of Reactive Oxygen Species

Platelet reactive oxygen species (ROS) generation was measured by flow cytometry as
previously described, with slight modifications.® Isolated platelets were incubated with DCFH-
DA (20 umol/L), stimulated with Pam3CSK4 (10 ug/mL) for 10 minutes, and analyzed
immediately by flow cytometry.

Murine Platelet Studies

TLR27-C57BL/6 and C57BL/6 control mice were originally purchased from The Jackson
Laboratory (Bar Harbor, Me). The whole blood of 6 to 8 mice was pooled for each study, and
mouse platelets were isolated using previously published methods.22 Platelets were
resuspended in HEPES buffer (2x108 platelets/mL), and functional studies were performed
identically to the human protocols.

Murine Infection Model

TLR27-C57BL/6 and C57BL/6 control mice were injected subcutaneously with saline or live
P gingivalis strain 381 (1x10° CFU), cultured as previously described.23 Mice were euthanized
16 hours postinfection, whole blood was pooled, and the percentage of circulating platelet—
leukocyte aggregates was measured as described above, except PE-Cy7-Ly-6G mAb
(eBioscience) was used to label murine neutrophils.

Statistical Analysis

Numeric data are reported as means £SD. Data were analyzed by Student’s t test using
SigmaStat software, and statistical significance was assumed with a value of P<0.05.
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Results

Human Platelets Express Functional TLR2

Previous reports have demonstrated that platelets express TLR2, TLR1, and TLR6, but the
functionality of these receptors in platelets has not been investigated. In the present study,
TLR2, TLR1, and TLR6 expression was further confirmed by immunoprecipitation and flow
cytometry (Figure | in the online data supplement, available at http://circres.ahajournals.org).
To determine whether these platelet-expressed TLRs are functional receptors, Pam3CSK4 (a
synthetic triacylated bacterial lipopeptide known to interact with TLR2/TLR1 heterodimers)
was added to stirred platelet suspensions.22> Pam3CSK4 dose-dependently induced platelet
aggregation (Figure 1A). Pam,CSK4, a known TLR2/TLR6 ligand,2426 also caused platelet
aggregation, although not as consistently or effectively as the TLR2/TLR1 ligand (data not
shown). To ensure that Pam3CSK4-induced platelet aggregation was dependent on TLRs,
platelet suspensions were pretreated with functional grade anti-TLR2 mAb, anti-TLR1 mADb,
or isotype control. Anti-TLR2 mAb has previously been shown to block TLR2-dependent
cytokine production in other cell types.27:28 Neutralization of TLR2 significantly reduced
Pam3CSK4-induced platelet aggregation (Figure 1B). TLR1 inhibition also reduced
aggregation, although not as effectively as TLR2 blockage. Platelet aggregation was not
affected by pretreatment with control antibody. Confocal microscopy also demonstrated that
TLR2 and TLR1 colocalize under resting conditions, with moderate increases in colocalization
in the presence of Pam3CSK4 (data not shown).

To confirm the role of TLR2 in Pam3CSK4-induced platelet aggregation, Pam3CSK4 was
added to stirred platelet suspensions obtained from either wild-type or TLR2-deficient mice.
Relative to human platelets, murine platelets appeared less sensitive to Pam3CSK4, possibly
attributable to interspecies differences in platelet TLR expression or receptor affinity for the
agonist. Nevertheless, TLR2-deficient platelets aggregated ~75% less than wild-type platelets
(10+1% versus 2.6+0.89%, P<0.001) (Figure 1C) in response to Pam3CSK4. By contrast,
collagen-induced platelet aggregation (10 gu/mL) was similar in wild-type and TLR2-deficient
mice (data not shown).

We further investigated platelet TLR functionality by examining the effect of Pam3CSK4 on
platelet adhesion and secretion. In a model of platelet adhesion under flow conditions, calcein-
labeled human platelets were activated with Pam3zCSK4 and recirculated over collagen-
covered slides. Pam3CSK4 significantly increased platelet adhesion to the collagen matrix,
whereas pretreatment with TLR2-blocking antibody considerably inhibited adhesion (Figure
1D). Similar results were obtained when Pam3CSK4-activated platelets were recirculated
across fibrinogen, although the extent of adhesion was less pronounced (data not shown).
Adhesion assays were also performed using washed platelets from both wild-type and TLR2-
deficient mice. Wild-type platelets were more adherent to collagen following Pam3zCSK4 (10
1g/mL) stimulation, whereas TLR2-deficient platelets treated with Pam3CSK4 showed no
change in adhesion compared to resting (Figure 1E). The effect of TLR2 stimulation on platelet
secretion was also investigated. Pam3zCSK4 stimulation of washed human platelets dose-
dependently increased surface expression of P-selectin (Figure 1F), and Western blot analysis
of the platelet releasate indicated that Pam3zCSK4 triggered significant release of platelet factor
4 (PF-4) (Figure 1G). Thus, Pam3CSK4 stimulation induces platelet secretion of
proinflammatory mediators.

TLR2 Stimulation in Whole Blood Generates Platelet—-Leukocyte Aggregates

In addition to secreting inflammatory mediators, platelets modulate the immune response by
interacting with leukocytes.3 To investigate the ability of platelet TLR2 to generate platelet—
leukocyte aggregates, we stimulated human whole blood with Pam3CSK4 (10 xg/mL) in a
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lumi-aggregometer. Interestingly, Pam3CSK4 did not induce platelet aggregation in whole
blood (Figure 2). However, flow cytometric analysis of the whole blood samples indicated that
Pam3CSK4 stimulated significant formation of platelet-neutrophil aggregates when compared
to stirred, untreated samples (Figure 2). Pam3CSK4 was equally found to induce formation of
platelet—-monocyte coaggregates (data not shown). Generation of platelet—neutrophil
aggregates was moderately but significantly inhibited by pretreatment with TLR2 antibody. In
whole blood, in the presence of other TLR-expressing cells, higher concentrations of blocking
antibody may be required to fully inhibit platelet TLR-induced responses. By contrast, anti—
P-selectin mAb, which blocks the interaction between platelet P-selectin and neutrophilic P-
selectin glycoprotein ligand-1, inhibited aggregate formation almost entirely (Figure 2).
Control experiments using isolated platelets and neutrophils demonstrated that direct
stimulation of platelet TLR2 is sufficient to induce platelet—neutrophil aggregates
(supplemental Figure 11). Thus, under nonaggregating conditions, stimulation of platelet TLR2
induces formation of platelet-neutrophil heterotypic aggregates in a P-selectin-dependent
manner.

TLR2 Stimulation Directly Activates the PI3-K/AKT Signaling Pathway

In other immune cells, a common end point of TLR stimulation is activation of nuclear factor
kB and transcription of proinflammatory genes.! However, in anucleate platelets, TLRs likely
stimulate alternative signaling pathways. TLR stimulation has previously been shown to
activate the P13-K signaling pathway in a variety of immune cells,?° and in platelets, the P13-
K/Akt pathway regulates a broad range of functions, including platelet adhesion, secretion,
and aggregation.30 We, therefore, investigated whether Pam3CSK4 stimulation of TLR2
activates the P13-K/Akt pathway in human platelets. Pam3CSK4 dose-dependently increased
Akt phosphorylation at serine 473 (Figure 3A), and preincubation with TLR2-blocking
antibody reduced Pam3CSK4-induced Akt phosphorylation (Figure 3B). Preincubation with
LY294002, a specific inhibitor of P13-K, also dose-dependently inhibited Akt phosphorylation
(Figure 3C).

Inplatelets, P13-K isalthough to play arole in shape change, secretion, and inside-out activation
of integrin oy f3.30:31 PI3-K can also be activated downstream of integrin oy g3, at which
time it contributes to clot stability. To determine whether TLR2 stimulation activates the PI3-
K/Akt pathway before or after integrin «gf3 activation, we incubated platelets under
aggregating conditions with abciximab, an mAb that blocks the interaction between fibrinogen
and a,)gfi3, before addition of Pam3zCSK4. Western blot analysis indicated that PamzCSK4—
induced Akt phosphorylation was not affected by the presence of abciximab (Figure 3D), thus
suggesting TLR2 stimulation activates the PI3-K/Akt signaling pathway upstream of integrin

angfs.

The mechanisms of PI3-K activation in TLR signaling are not completely understood, but it
has been reported that the regulatory subunit of P13-K, p85, can directly bind to the intracellular
domain of TLRs.32 In platelets, Pam3CSK4 stimulation induced a dramatic increase in p85/
TLR2 colocalization, as determined by confocal microscopy (Figure 3E). Immunoprecipitation
studies further verified that p85/TLR2 interactions increased on Pam3CSK4 stimulation
(Figure 3F). These data suggest that PI13-K is directly activated by TLR2 and may therefore
play a fundamental role in transduction of the TLR signal in platelets.

PI13-K Regulates TLR2-Mediated Platelet Functional Responses

To assess the significance of the PI13-K signaling pathway in TLR2-mediated platelet
responses, we treated platelets with LY 294002 before various functional studies. Preincubation
with LY294002 significantly and dose-dependently inhibited Pam3CSK4-induced platelet
aggregation (Figure 4A). Moreover, pretreatment with LY 294002 (25 zmol/L) prevented
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Pam3CSK4-induced platelet adhesion to collagen-coated slides (Figure 4B). P13-K inhibition
was found to reduce Pam3zCSK4-induced increases in P-selectin surface expression (Figure
4C) and, subsequently, formation of platelet-neutrophil aggregates (Figure 4D). The effect of
LY294002 on other Pam3zCSK4-induced platelet responses was also investigated. TLR2
stimulation triggered inside-out activation of integrin agf3, as determined by increased
surface binding of PAC-1, an mAb which recognizes only the active conformation of integrin
ay1sf3 (Figure 4E). This activation response was then inhibited by L'Y294002. Pam3CSK4 also
stimulated platelet production of ROS, a response that is known to be downstream of P13-K
activation in platelets, and this production was similarly blocked by LY294002 (Figure 4F).
Taken together, these data suggest that PI3-K plays an integral role in many TLR2-mediated
functional responses, including platelet aggregation, adhesion, secretion, leukocyte
interactions, integrin activation, and ROS generation.

TLR2 Participates in the In Vivo Platelet Response to P gingivalis

In macrophages and endothelial cells, TLR2 has previously been reported to mediate immune
recognition of the Gram-negative bacterium, P gingivalis.23:33 Therefore, to determine whether
in vivo challenge with live bacteria affects platelet function and, further, to investigate whether
TLR2 participates in this platelet response, wild-type and TLR2-deficient mice were
challenged with live P gingivalis. As shown, relative to uninfected controls in each group, P
gingivalis infection increased circulating platelet—neutrophil aggregates in the whole blood of
wild-type but not TLR2-deficient mice (Figure 5). Therefore, challenge with a specific
bacterium, P gingivalis, induces a proinflammatory response in platelets in a manner modulated
by TLR2.

Discussion

TLRs represent the most fundamental immune receptors, and their role in the recognition of
foreign pathogens and the initiation of the inflammatory response is indispensable to host
defense. TLRs have been studied extensively in many immune and vascular cells, including
neutrophils, monocytes/macrophages, and endothelial cells, and, recently, their expression has
also been described in platelets. Nonetheless, studies of TLR functionality in platelets have
largely focused on LPS stimulation of platelet TLR4, and, to the best of our knowledge, there
have been no studies positively demonstrating platelet TLR2 functionality. Here, we show that
platelets express a subset of TLRs, namely TLR2, TLR1, and TLR6. Moreover, we report for
the first time that platelet TLR2 is a functional receptor, because treatment with Pam3CSK4
(a synthetic triacylated bacterial lipopeptide widely used in other cell types as a prototypical
TLR2 ligand) stimulates a variety of prothrombotic and proinflammatory platelet responses.
These responses were significantly inhibited in human platelets by blocking TLR2 with mAb,
and adhesion and aggregation were specifically inhibited in platelets from TLR2-deficient
mice. Therefore, functional responses associated with Pam3CSK4 were determined to be
TLR2-dependent and not attributable to other nonspecific effects of the agonist. Interestingly,
Pam3CSK4 has previously been shown to induce platelet aggregation, albeit through an
unknown mechanism, at similar concentrations to those used in this study.3* Another recent
report did not detect platelet secretion or aggregation in response to Pam3CSK4, but this study
was performed in platelet-rich plasma using lower ligand concentrations.3® Our group also did
not observe changes in platelet response after stimulation with low-concentration Pam3sCSK4
(1000 ng/mL). The physiological significance of the ligand concentrations presently used needs
to be explored more fully, but platelet stimulation by high-concentration bacterial lipopeptide
suggests an interesting scenario whereby platelets may act as sensors of acute infection,
becoming activated in the presence of high bacterial concentrations but otherwise remaining
quiescent to avoid an overwhelming immune response.
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The presence of functional TLRs highlights the role of platelets as immunologic cells, critically
participating in both inflammatory and thrombotic processes.3¢ Stimulation of platelet TLRs
would logically trigger a combined prothrombotic and proinflammatory response. In the
present study, TLR2 activation directly induced platelet aggregation, in addition to prompting
increased platelet adhesion to collagen under flow conditions. Although adhesion and
aggregation are primarily viewed as hemostatic responses, platelet adhesion at localized sites
of vascular injury or bacterial infection represents a critical first step in the accumulation of
platelets and the subsequent amplification of platelet-derived inflammatory signals. TLR2
stimulation did not cause platelet aggregation in human whole blood but did induce a significant
increase in platelet-leukocyte interactions. These interactions were dependent on platelet
secretion of P-selectin and possibly further regulated by PF-4, an a-granule protein which, in
addition to possessing bactericidal properties, stimulates neutrophil chemotaxis and activation.
Platelet—leukocyte interactions activate each cell synergistically, as demonstrated by a recent
report showing that platelet—neutrophil interactions increase neutrophil superoxide generation
and platelet release of soluble CD40 ligand.2 Formation of platelet-neutrophil heterotypic
aggregates may be particularly important in the setting of sepsis, because neutrophil production
of cytotoxic oxygen metabolites constitutes a major defense strategy against bacterial infection.
Here, TLR2 stimulation also induced direct platelet ROS generation.

The signaling cascades which platelet TLRs use to generate a functional response have not
been described. Here, we novelly demonstrate that stimulation of TLR2 dose-dependently
activates the P13-K/Akt signaling pathway in human platelets. PI13-K activation appears to
occur directly, because the p85 regulatory subunit binds directly to TLR2 following
Pam3CSK4-stimulation. TLR-mediated PI3-K activation has been demonstrated in many
immune cells,2? but this mechanism of direct binding may be limited to TLR2, TLR1, and
TLR6, because only these isoforms contain the putative binding site for p85 within their
cytoplasmic tails.32 Activation of the PI3-K/Akt pathway appears to be critically important to
TLR2-mediated platelet responses, because pretreatment with a specific PI13-K inhibitor
decreased Pam3CSK4-induced platelet aggregation, adhesion, secretion, leukocyte
interactions, integrin oy gf3 activation, and ROS production. In nucleated immune cells, P13-
K putatively act as a negative regulator of TLR signaling.2® In platelets, however, activation
of P13-K is well known to positively modulate a number of platelet functions, including
adhesion, cytoskeletal remodeling, and aggregation.3° Thus, to stimulate a thrombotic and/or
inflammatory response in platelets, it is logical that platelet TLRs would be coupled to PI3-K.
Additional signaling pathways associated with TLRs, such p38 mitogen-activated protein
kinase and extracellular signal-regulated kinase 1/2, might also become activated in platelets,
but their activity and relative importance in TLR-mediated platelet responses remains unclear.

Many live bacteria, including P gingivalis, have previously been shown to stimulate platelet
activity, but the exact mechanism of activation remains debated. In the present study, we
demonstrate that in vivo challenge with live P gingivalis induces a platelet-dependent,
proinflammatory response, namely the formation of platelet-neutrophil aggregates. This
functional response was significantly reduced in TLR2-deficient mice, indicating that TLR2
participates in platelet recognition of P gingivalis. In other cell types, including macrophages
and endothelial cells, TLR2 has been shown to mediate the immune response to P gingivalis
through recognition of P gingivalis-derived LPS and fimbrial proteins.23:37—40 Whether these
PAMPs also stimulate platelet TLR2 remains to be determined, but, regardless, the expression
of functional TLRs represents a potential mechanism whereby live bacteria stimulate the
platelet thromboinflammatory response.

In summary, our data indicate that human platelets express a subset of TLRs which are
functional receptors capable of producing a measurable activation, aggregation, and signaling
response. The physiological, and possibly pathophysiological, significance of these receptors
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platelets remains to be elucidated, particularly in the setting of sepsis and atherosclerosis.

Nevertheless, the expression of functional TLRs in platelets provides a possible mechanism
by which platelets interact with bacteria and further highlights the importance of platelets in
the immune and inflammatory responses.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Pam3CSK4 induces platelet aggregation, adhesion, and secretion in a TLR2-dependent
manner. A and B, Pam3CSK4 (1 to 10 x#g/mL) or thrombin (0.5 U/mL) were added to stirred
human platelets, and aggregation was monitored for 6 minutes. Several platelet suspensions
(B) were preincubated with functional grade anti-TLR2 mADb, anti-TLR1 mAb, or equal
concentrations of their respective isotype controls (25 ug/mL) before stimulation with
Pam3CSK4 (5 ug/mL). Data are reported as maximum percentage of aggregation+SD (n=3)
for all groups. *P<0.01 compared to Pam3CSK4 alone. C, Pam3zCSK4 (30 «g/mL) was added
to stirred murine platelets isolated from either control C57BL/6 or TLR2-deficient mice.
Aggregation was monitored for 6 minutes, and maximum percentage of aggregation was
recorded. Reported data are normalized to control/wild-type (n=5 for both groups). *P<0.001
compared to control/wild-type. D, Calcein-labeled human platelets (resting or Pam3CSK4-
stimulated [10 ug/mL]) were recirculated over collagen-covered coverslips for 20 minutes in
a cell adhesion flow chamber. For some studies, platelets were pretreated with TLR2-blocking
antibody (25 ug/mL) before stimulation. Adherent cells were viewed on a fluorescent
microscope at X20 magnification. Representative fluorescent micrographs are shown. Scale
bar=5 um. E, Calcein-labeled platelets isolated from control C57BL/6 or TLR2-deficient mice
were left quiescent or stimulated with Pam3CSK4 (10 ug/mL) and recirculated over collagen-
coated coverslips for 20 minutes. Representative fluorescent micrographs are shown. Scale
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bar=5 um. F, Washed human platelets (resting or Pam3CSK4-stimulated) were labeled with
FITC-anti—P-selectin mAb and analyzed by flow cytometry. A representative histogram of 3
independent experiments is shown. G, Isolated human platelets were left quiescent or
stimulated with Pam3CSK4 (10 xg/mL). The supernatant/platelet releasate was harvested, and
equal volumes of releasate protein were separated by gel electrophoresis and immunoblotted
for platelet factor-4 (PF-4).
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Figure 2.

Pam3CSK4 does not induce platelet aggregation in human whole blood but stimulates
formation of platelet-leukocyte aggregates. A, Human whole blood was diluted in 0.9% saline
and stirred in a whole blood lumi-aggregometer. Pam3CSK4 (10 xg/mL) was added, and
aggregation was monitored for 10 minutes. Some samples were treated with TLR2-blocking
antibody (25 ug/mL) or P-selectin—blocking antibody (10 xg/mL) before stimulation.
Immediately following aggregation, 30 uL of whole blood was extracted and added to a cocktail
containing FITC-anti-CD41 and PE-Cy7-anti-CD14 mAbs. Samples were analyzed by flow
cytometry. Dot plots representative of 3 independent experiments are shown. Events located
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in the upper right quadrant represent CD14-positive/CD41-positive neutrophils. The
percentage of collected, platelet-positive neutrophils was quantified (n=3 for all groups).
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Figure 3.

Pam3CSK4 stimulation of human platelets activates Akt in a TLR2/P13-K-dependent manner.
A through D, Platelets were left quiescent or stimulated with increasing concentrations of
Pam3CSK4 (1 to 10 ug/mL) (A). Alternatively, platelets were treated with TLR2-blocking
antibody (25 ug/mL) (B), LY294002 (25 to 100 umol/L) (C), or abciximab (10 ug/mL) (D)
before stimulation with Pam3CSK4 (10 g/mL). For abciximab-treated samples, platelets were
supplemented with fibrinogen (1 mg/mL) and stirred constantly. Equal amounts of platelet
homogenate were resolved by SDS-PAGE and immunoblotted for phospho-Akt(Ser473),
AKT, or g-actin. Representative blots are shown. E, Resting or Pam3CSK4-stimulated (10
1g/mL) platelets were stained with anti-TLR2 (green) and anti-p85 (red) primary antibodies.
Slides were examined by confocal microscopy, and representative micrographs are shown. All
images were adjusted to account for nonspecific binding of antibodies. Scale bar=2 um. F,
Resting or Pam3CSK4-treated (10 x«g/mL) platelets were immunoprecipitated with anti-TLR2
mAb. Samples were resolved by SDS-PAGE and immunoblotted for p85 or TLR2.
Representative blots are shown.
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Figure 4.

P13-K regulates the thromboinflammatory response induced by stimulation of platelet TLR2.
A through D, Human platelets were treated with vehicle (DMSO) or LY 294002 (25 umol/L)
before stimulation with Pam3CSK4 (10 xg/mL). The effect of P13-K inhibition on the TLR2-
mediated functional responses was examined in assays of platelet aggregation (A), platelet
adhesion (B), platelet secretion (C), and heterotypic aggregate formation (D). All assays were
performed as described in preceding figures. E, Platelets (resting, Pam3CSK4-stimulated [10
1g/mL], or LY294002-pretreated [25 umol/L]) were stained with FITC-anti-PAC-1 antibody.
Samples were analyzed by flow cytometry, and mean fluorescence intensity was quantified as
a measure of antibody binding. Data are reported as change in PAC-1 binding+SD relative to
resting samples (n=>5 for all groups). *P<0.05 compared to Pam3CSK4 alone. F, Platelets were
pretreated with vehicle or LY294002 (25 umol/L) before addition of DCFH-DA (20 umol/L).
Platelets were then stimulated with Pam3CSK4 (10 xg/mL) and analyzed by flow cytometry.
Mean fluorescence intensity was quantified as a measure of DCF fluorescence/ROS
production. Data are reported as change in mean fluorescencexSD relative to resting samples
(n=5 for all groups). *P<0.05 compared to Pam3CSK4 alone.
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In vivo challenge with P gingivalis induces whole blood formation of platelet neutrophil
aggregates in a TLR2-dependent manner. C57BL/6 or TLR2-deficient mice were challenged

=z

B subcutaneously with live P gingivalis strain 381 (1 x 10° CFU) or saline (n=3 for all groups).
o) Mice were euthanized 16 hours postinfection, blood from individual groups was pooled, and
> levels of platelet—leukocyte aggregates were measured as described above. Data are reported
Zg as the percentage of platelet-positive neutrophils, relative to control/uninfected (n=3 for each
= group). *P<0.05 compared to control/uninfected. Data are representative of 2 individual

o experiments.

<

Q

S

c

%)

Q

=

<

o

0

>

>

=

>

Q

<

<)

S

c

%)

Q

-

Circ Res. Author manuscript; available in PMC 2009 August 27.



