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Introduction: Platelets express Toll-like receptors (TLRs) that recognisemolecular components of pathogens and,
in nucleated cells, elicit immune responses through nuclear factor-kappaB (NF-κB) activation. We have shown
that NF-κB mediates platelet activation in response to classical agonists, suggesting that this transcription factor
exerts non-genomic functions in platelets. The aim of this study was to determine whether NF-κB activation is a
downstream signal involved in TLR2 and 4-mediated platelet responses.
Material and methods: Aggregation and ATP release were measured with a Lumi-aggregometer. Fibrinogen bind-
ing, P-selectin and CD40 ligand (CD40L) levels and platelet-neutrophil aggregates were measured by cytometry. I
kappa B alpha (IκBα) degradation andp65phosphorylationwere determinedbyWestern blot and vonWillebrand
factor (vWF) by ELISA.
Results: Platelet stimulation with Pam3CSK4 or LPS resulted in IκBα degradation and p65 phosphorylation. These
responses were suppressed by TLR2 and 4 blocking and synergised by thrombin. Aggregation, fibrinogen binding

and ATP and vWF release were triggered by Pam3CSK4. LPS did not induce platelet responses per se, except for
vWF release, but it did potentiate thrombin-induced aggregation, fibrinogen binding and ATP secretion. Pam3CSK4,
but not LPS, induced P-selectin and CD40L expression and mixed aggregate formation. All of these responses,
except for CD40L expression, were inhibited in platelets treated with the NF-κB inhibitors BAY 11-7082 or
Ro 106-9920.
Conclusion: TLR2 and 4 agonists trigger platelet activation responses through NF-κB. These data show another
non-genomic function of NF-κB in platelets and highlight this molecule as a potential target to prevent platelet
activation in inflammatory or infectious diseases.
© 2013 Elsevier Ltd. All rights reserved.
Introduction

Platelets are not only critical to haemostatic and thrombotic processes
but are also relevant participants in host inflammatory and innate im-
mune responses. In this context, activated platelets express cell adhesion
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molecules that promote adhesive interactions with leukocytes and
endothelial cells, resulting in reciprocal cross-talk that leads to several
proinflammatory events, including leukocyte rolling and activation,
the production of cytokine cascades, and leukocyte recruitment to
sites of tissue damage [1,2].

Among the differentmechanisms andmolecules involved in inflam-
mation, activation of the nuclear factor-kappa B (NF-κB) has a major
role, as it regulates the transcription of several proinflammatory cyto-
kines. Although platelets are anucleated cells, they express functional
transcription factors, as the retinoic X receptor [3], peroxisome
proliferator-activated receptors γ and β/δ [4–7] and signal transducer
and activator of transcription 3 [8]. The activation of these receptors
results in both negative and positive regulation of platelet activation.

In 2002, Liu et al. showed that platelets express NF-κB and that
thrombin-induced platelet activation triggers the degradation of I
kappa B alpha (IκBα), an NF-κB inhibitor [9]. More recently, we report-
ed that NF-κB activation is another signalling pathway involved in clas-
sical agonist-mediated platelet activation [10]. These findings were
confirmed and further extended by other groups [11–17]. Interestingly,
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IκBα kinase activity appears to be critical to the regulation of platelet
secretion, as it induces SNAP-23 phosphorylation, an event required to
facilitate the fusion of granule and plasma membranes for cargo release
[15]. Additionally, it was recently shown that the signalling transduc-
tion pathway involved in thrombin-mediated activation of protease
activated receptor (PAR)-4, but not the PAR-1, includes the activation
of a neutral sphingomyelinase that increases the intracellular ceramide
levels, followed by the activation of a downstream p38 mitogen-
activated protein kinase (MAPK)-NF-κB pathway [16]. In contrast to
these findings, it was also observed that the NF-κB pathway could play
a negative feedback regulatory role in platelet activation [17,18]. There-
fore, although these data indicate that NF-κB pathway activation is
increasingly recognised as a new signalling pathway in the regulation
of platelet biology, the underlying mechanisms of NF-κB function still
remain to be established.

The involvement of platelets in innate immune responses is partly
due to the expression of Toll-lικe receptors (TLRs). These receptors
detect and recognise pathogen-associated molecular patterns (PAMPs)
that are not present in host cells. Each TLR responds to a different set
of ligands or PAMPs from bacteria, viruses and fungi. Although platelets
express several TLR family members [19,20], TLR2 and 4 have been the
most studied because they recognise PAMPs present in Gram-positive
and negative bacteria, respectively [21], and because platelets not only
significantly contribute to the pathophysiology of sepsis but are also in-
volved in the high mortality levels associated with this disease [22–24].

TLR2 forms heterodimers with TLR1 or TLR6, and these are essential
to the identification of various microbial cell wall components,
including lipoproteins and peptidoglycans [20]. Although an early
study reported that TLR2 agonists were unable to modulate ADP or
platelet activating factor-mediated platelet activation [25], other groups
demonstrated that the triacetylated lipopeptide Pam3Cys-Ser-(Lys)4
(Pam3CSK4) can activate platelet haemostatic and inflammatory
responses through binding to the TLR2/1 complex [26–29]. This activa-
tion was associated with increased phosphoinositide-3-kinase (PI3-K)
activity and the phosphorylation of Akt, extracellular signal-regulated
kinase (ERK)1/2 and p38, as well as P2X1-mediated Ca2+ mobilisation,
TXA2 production and ADP receptor activation [26–28,30]. Data regard-
ing TLR4 activation are more controversial. More specifically, platelet
activation mediated by lipopolysaccharide (LPS), a component of all
Gram-negative bacteria and a TLR4 agonist, has been reported to be
incapable of inducing platelet responses [25], to promote platelet
activation [31–33], to enhance classical agonist-induced platelet aggre-
gation [31,34], and to inhibit platelet activation [35].

Because NF-κB is a downstream signal of the TLRs in nucleated cells
[21] and its participation in TLR2 or 4 agonist-stimulated platelets is not
yet known, in this study we explored whether NF-κB is involved in
platelet responses mediated by these immune receptors.

Materials and Methods

Reagents

Human α-thrombin was purchased from Enzyme Research Labs
(Swansea, UK). Purified LPS derived from E. coli O111:B4, luciferin-
luciferase and ATP were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Pam3CSK4 was purchased from InvivoGen (San Diego, CA, USA).
Alexa 488-fibrinogen was obtained from Invitrogen (Eugene, OR,
USA). FITC-conjugated anti-human CD62P, FITC-anti-CD45, FITC-anti-
CD40L, PE-anti-CD61, irrelevant FITC-or PE IgG1 and unlabelled IgG1,
mouse anti-IκBα and anti-β-actin were obtained from BD Biosciences
(San José, CA, USA). Mouse anti-phospho NF-κB p65 (Ser311), total
NF-κB p65 and HRP-conjugated anti-rabbit were obtained from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Blocking antibodies (Abs)
against human TLR2 (clone T2.5) and TLR4 (HTA125) were obtained
from eBioscience (San Diego, CA, USA). The NF-κB inhibitors (E)-3-[4-
methylphenylsulfonyl]-2-propenenitrile (BAY 11-7082) and 6-
(phenylsulfinyl)tetrazolo[1,5-b]pyridazine (Ro 106-9920) were pur-
chased from Biomol (Plymouth Meeting, PA, USA) and Tocris (Ellisville,
MO, USA), respectively. These drugs were dissolved in DMSO. The final
DMSO concentration (0.5% v/v) did not have a toxic effect. Where indi-
cated, plateletswere depleted from leukocytes byusing a high efficiency
leukoreduction filter (Purecell PL, PALLBiomedical Products, East Hills,
NY, USA).

Preparation of Human Platelets

Blood samples were obtained from healthy donors who had not
taken any non-steroidal anti-inflammatory drugs for 10 days prior to
sampling. This study was performed according to institutional guide-
lines and was approved by the Institutional Ethics Committee. Written
consent was obtained from all of the subjects. Platelet-rich plasma
(PRP) was obtained by blood sample centrifugation. To avoid leukocyte
contamination only the top 75% of the PRP was collected. For washed
platelet (WP) suspensions, PRP was centrifuged in the presence of
75 nM prostacyclin (PGI2, Cayman, Ann Arbor, MI, USA). After washing,
the WPs were resuspended in Tyrode’s buffer, kept at room tempera-
ture (RT) for 30 min prior to experimentation, and Ca2+ (1 mM) was
added prior to platelet stimulation. WPs were stimulated for 15 min
with different concentrations of Pam3CSK4 or LPS that were prepared
in buffer with foetal bovine serum (FBS, 1%) to provide the necessary
cofactors for its action, or with thrombin that was prepared in buffer
without serum. All experiments were performed at 37 °C.

Immunoblotting

WPs were stimulated with Pam3CSK4, LPS or thrombin and then
solubilised in loading buffer (62.5 mM Tris-HCl at pH 6.8, 25% glycerol,
2% SDS, 0.01% bromophenol blue and 5% 2-mercaptoethanol). Equal
amounts of sample proteins were electrophoresed on a 10% SDS-PAGE
gel and electrotransferred to nitrocellulose membranes. After blocking,
the membranes were incubated with primary Abs, followed by incuba-
tionwith HRP-conjugated secondary Abs. Protein bandswere visualised
by ECL. Immunoblotting results were quantified using the integrated
optical density (IOD) of each band with Gel-Pro Analyzer 3.1 software,
and the values from blot reprobes were used to monitor equal protein
loads.

Platelet Aggregation and ATP Release

Aggregation and ATP release were measured simultaneously in a
Lumiaggregometer (Chrono-Log, Havertown, PA, USA). ATP levels
were calculated at the end of the assay by adding a known amount of
ATP. The aggregation results were expressed as the percentage of
maximal light transmission.

Flow Cytometry Analysis

WPs were stimulated, fixed and stained with FITC-CD62P (anti-P-
selectin) or FITC-CD40L or an equivalent amount of isotype-matched
control Ab in PBS with 0.1% FBS. In selected experiments, WPs were
pre-treated with the inhibitors BAY 11-7082 (25 μM) and Ro 106-
9920 (12.5 μM) for 5 min. To measure fibrinogen binding, WPs were
stimulated in the presence of Alexa-488 fibrinogen. Samples were
analysed by flow cytometry on a FACSCalibur using CELLQUEST soft-
ware (BD Biosciences, Franklin Lakes, NJ, USA) and the results were
expressed as percentage of positive cells or mean of fluorescence
intensity (MFI).

Measurement of von Willebrand Factor (vWF)

WPs were stimulated, with either Pam3CSK4 or LPS. The reactions
were halted by the addition of PBS with 75 nM PGI2. The samples
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were centrifuged first at 1100 x g for 5 min, followed by 9300 x g for
5 min and the supernatants were stored at -80 °C until assayed. vWF
release was determined by ELISA as previously described [36].

Platelet-neutrophil Mixed Aggregates Assays

Human neutrophils were prepared by Ficoll-Hypaque gradient cen-
trifugation and dextran sedimentation as previously described [36].
Equal volumes ofWPs (2x108/ml) and neutrophils (5x106/ml) were in-
cubated together in Tyrode’s buffer for 20 min, followed by stimulation
with either Thr (0.01 U/ml), Pam3CSK4 (1 μg/ml) or LPS (1 μg/ml) for
15 min.When itwas indicated,WPswere pretreatedwith the inhibitors
BAY11-7082 (25 μM)and Ro 106-9920 (12.5 μM) for 5 min. After stim-
ulation, the samples were fixed with 1% PFA, stained with FITC-CD45
and PE-CD61 Abs or equivalent amounts of FITC and PE-isotype-
matched controls and then analysed by flow cytometry. The results
were expressed as the percentage of CD45+/CD61+ events within the
total CD45+ population.

Statistical Analysis

The data are expressed as the means ± SEM. ANOVA and the
Newman-Keuls test were employed to determine the significant
Fig. 1. The NF-κB pathway in platelets is activated by TLR2 and TLR4 agonists. WPs (1x109

cated, the cells were preincubated for 20 min with TLR2 (50 μg/ml) or TLR4 (50 μg/ml) blo
in cell lysates. Each membrane was reprobed with anti-β-actin or total p65 antibodies respec
experiments (** p b 0.01, *** p b 0.001 vs. the unstimulated control).
differences between the groups. A p value less than 0.05was considered
to be statistically significant.

Results

Platelet TLR2 and 4 Activation Results in Downstream Stimulation of the
NF-κB Pathway

To determine whether activated NF-κB is a downstream molecule
involved in TLR2 and 4 signalling in platelets, the cells were stimulated
with Pam3CSK4 or LPS.Western blot studies showed that the activation
of both receptors resulted in the degradation of the NF-κB inhibitor,
IκBα, and the phosphorylation of the NF-κB p65 subunit. While both
events were completely reversed by platelet pretreatment with Abs
against human TLR2 and 4 (Fig. 1A and B), a control IgG had no effect
(data not shown), indicating that NF-κB activationwas specifically asso-
ciated with the TLR.

Because NF-κB activation is triggered upon thrombin-mediated
platelet stimulation [10] and the coagulation cascade is usually acti-
vated during infection, we next investigated the effect of thrombin
in combination with Pam3CSK4 or LPS. Fig. 2A and B show that
thrombin-triggered IκBα degradation and NF-κB p65 subunit phos-
phorylation were significantly increased by different concentrations
/ml) were stimulated at 37 °C with (A) Pam3CSK4 or (B) LPS for 15 min. When indi-
cking Abs. The levels of IκBα degradation and p65 phosphorylation were determined
tively to calculate the relative IOD. The images are representative of three independent
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of Pam3CSK4 or LPS, indicating synergism between thrombin and
TLR2 or 4 activation.

NF-κB Activation is Necessary for Pam3CSK4 and LPS-mediated Aggrega-
tion and Fibrinogen Binding

To evaluate the functional role of NF-κB in Pam3CSK4 and LPS-
mediated platelet activation, we next examined several platelet
responses triggered by these TLR agonists in the presence of BAY 11-
7082 or Ro 106-9920, two specific and unrelated inhibitors of NF-κB
activation [10]. Initially, we analysed platelet aggregation. In agreement
with previous reports [26,28], we found that platelet stimulation
with Pam3CSK4 promoted platelet aggregation in a concentration-
dependent manner (EC50 = 5 ± 0.2 μg/ml, n = 3). This response
was observed with or without the addition of serum (n = 3, data not
shown). In contrast, LPS was not able to trigger aggregation but did
potentiate the response mediated by thrombin (Fig. 3A). Moreover,
the presence of serum was required to observe the effects of LPS on
platelet activation (data not shown). Preincubation of the platelets
with both NF-κB inhibitors completely suppressed the aggregatory
effects mediated by TLR2 and 4 stimulation (Fig. 3A).

To further understand the molecular mechanisms involved in this
effect and because platelet aggregation is mediated by fibrinogen bind-
ing, we next evaluated this process in the absence or presence of BAY
Fig. 2. TLR2 and TLR4 agonists enhance thrombin-triggered NF-κB activation.WPs (1x109/ml)w
bin (Thr) (0.01 U/ml). The levels of IκBα degradation and p65 phosphorylation were determin
respectively to calculate the relative IOD. The images are representative of three independent e
## p b 0.01, ### p b 0.001 vs. Thr alone; † p b 0.05, ††† p b 0.001 vs. the same concentration
11-7082 or Ro 106-9920. Like platelet aggregation, fibrinogen binding
was directly induced by Pam3CSK4; in the case of LPS, binding was
triggered only when this molecule was used in combination with
thrombin (Fig. 3B). These responses were significantly decreased in
platelets that had been pretreated with the NF-κB inhibitors (Fig. 3B).

Because it was previously reported that LPS-mediated platelet
responses are associated with the activation of contaminating leuko-
cytes in platelet suspensions [37], the platelets were further purified
with a high-efficiency leukoreduction filter to rule out this possibility.
Flow cytometry analysis showed that CD45+ and CD14+ cells were
not detected in filtered platelet suspensions. Under these conditions,
the LPS priming of thrombin-mediated aggregation and fibrinogen
binding was similar to that observed in non-filtered platelets (data not
shown).

Inhibition of NF-κB Impaired Pam3CSK4 and LPS-induced Platelet
Granule Release

Because previous studies reported that both Pam3CSK4 [26] and LPS
[31] could induce the release of granule contents,we examinedwhether
NF-κB participates in platelet granule release triggered by the stimula-
tion of both TLRs. For this purpose, ATP and vWF secretion were deter-
mined as markers of dense and α granules release, respectively. As
observed with platelet aggregation, Pam3CSK4 promoted ATP release,
ere stimulated at 37 °Cwith (A) Pam3CSK4 or (B) LPS for 15 minwith or without throm-
ed in cell lysates. Each membrane was reprobed with anti-β-actin or total p65 antibodies
xperiments (* p b 0.05, ** p b 0.01, *** p b 0.001 vs. the unstimulated control; # p b 0.05,
of Pam3CSK4 or LPS alone).

image of Fig.�2


Fig. 3. Pam3CSK4 and LPS-mediated platelet aggregation and fibrinogen binding requires NF-κB activation. WPs (3x108/ml) were stimulated with Pam3CSK4 or Thr and LPS in the
presence or absence of BAY 11-7082 or Ro 106-9920 and (A) platelet aggregation or (B) fibrinogen binding were measured (n = 3, * p b 0.05, *** p b 0.001 vs. the unstimulated control;
# p b 0.05 vs. Pam3CSK4, Thr or Thr and LPS; † p b 0.05 vs. Thr).
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whereas LPS alone did not; however, LPS potentiated this response in
combination with thrombin (Fig. 4A). In contrast, platelet stimulation
with either TLR agonist resulted in a modest release of vWF that was
statistically significant (Fig. 4B).
Both ATP or vWF secretion were suppressed in the presence of BAY
11-7082 or Ro 106-9920, supporting the concept that NF-κB is a medi-
ator in both dense and α granules content release in response to TLR2
and 4 ligands (Fig. 4A and B).

image of Fig.�3


Fig. 4. Pam3CSK4 and LPS trigger platelet granule release via NF-κB activation.WPs (3x108/ml) were stimulatedwith Pam3CSK4, LPS or Thr and LPS in the presence or absence of BAY 11-
7082 or Ro 106-9920. (A) ATP or (B) vWF releaseweremeasured (n = 5, ** p b 0.01, *** p b 0.001 vs. the unstimulated control; #p b 0.05, ## p b 0.01, ###p b 0.001 vs. Pam3CSK4, Thr
alone, Thr and LPS or LPS alone; ††† p b 0.001 vs. Thr and LPS).
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Pam3CSK4 but not LPS Induces NF-κB-mediated
Proinflammatory Responses

Having observed that NF-κB mediated the haemostatic platelet re-
sponses induced by TLR2 or 4 stimulation, we then examined its role
in primary platelet-mediated proinflammatory responses, including
the expression of cell adhesion molecules such as CD40L, P-selectin
and platelet-leukocyte aggregates.

Flow cytometry studies revealed that platelet stimulation with
Pam3CSK4 triggered CD40L expression on the platelet surface, but this
expression was not modified by treatment of platelets with NF-κB
inhibitors. LPS neither induced CD40L expression nor modified the
thrombin-induced expression (Fig. 5A).

Platelet stimulation with Pam3CSK4 also induced P-selectin expres-
sion (Fig. 5B) and the formation of platelet-leukocyte aggregates
(Fig. 5C), and both platelet responses were significantly reduced in
platelets that had been pretreated with BAY 11-7082 or Ro 106-9920.
Again, LPS could not induce either response alone and did not modify
thrombin-mediated P-selection expression or mixed aggregates
formation (Fig. 5B and C).

Discussion

We previously demonstrated that NF-κB is expressed in platelets
and that platelet pretreatmentwithNF-κB blocking agentsmarkedly re-
duces platelet function, suggesting that NF-κB activation is another
pathway involved in the generation of platelet responses [10]. We
now show that NF-κB is not only a mediator of classical agonist-
triggered platelet activation but is also a critical downstream signal
involved in TLR2 and 4 stimulation-induced platelet effector responses.
Our data demonstrate that the activation of TLR2 and 4 by their respec-
tive ligands, Pam3CSK4 and LPS, resulted in both IκBα degradation and
NF-κB p65 subunit phosphorylation, two events that are intimately
associated with NF-κB activation. This effect was specifically linked to
TLR2 and 4 activation, as both phenomena were potently suppressed
by platelet preincubation with neutralising Abs against these TLRs.
Interestingly, Pam3CSK4 or LPS synergised with thrombin to trigger
full NF-κB activation. The functional relevance of platelet NF-κB acti-
vation was demonstrated by the observation that all Pam3CSK4 or
LPS-triggered platelet responses, except for CD40L expression,
were significantly abrogated when platelets were treated with BAY
11-7082 or Ro 106-9920, two structurally non-related inhibitors of
NF-κB activation. In this sense and in agreement with previous studies,
we found that platelet stimulation with Pam3CSK4 resulted in
concentration-dependent aggregation and dense (ATP) and α (vWF,
CD40L and P-selectin) granules release (Fig. 6). In contrast to
Pam3CSK4, platelet responses associated with LPS stimulation were
more varied. LPS per se could not trigger platelet responses beyond
NF-κB activation and vWF release. Althoughwe did not observe a direct
effect of LPS, platelet aggregation, fibrinogen binding and ATP release in
response to threshold thrombin concentrations were primed by the
presence of LPS, and this effect was suppressed by blocking the activa-
tion of NF-κB, indicating a relevant role of this pathway in the priming
effects of LPS (Fig. 6). The different sensitivities of platelet responses
to LPS are unclear, but one possibility is that LPS signalling involvesmol-
ecules that are more directly associated with the regulation of granule
secretion than aggregation. Previous studies regarding LPS-mediated
platelet activation have been controversial. Some studies demonstrated
that LPS-mediated activation triggered dense and α granule content
release [31,38], whereas others observed that LPS synergised with
platelet agonists [31,34]. Still others reported that LPS regulated platelet
function in a negative manner [35] or that it did not directly induce
platelet activation [25]. Interestingly, our results demonstrate that LPS
promotes differential α granule release by inducing vWF release but
not P-selectin expression, thus associating bacterial products with the
novel concept of differential platelet secretion [39] for the first time.
In nucleated cells, TLR activation triggers a complex intracellular signal-
ling cascade that leads to NF-κB activation and proinflammatory gene
induction [21]. Although the signalling pathways that mediate platelet
activation by TLR2 stimulation are not yet completely elucidated,

image of Fig.�4


Fig. 5. Pam3CSK4 but not LPS induces NF-κB-mediated proinflammatory responses. WPs
(3x107/ml) were stimulated with Pam3CSK4 or Thr and LPS in the presence or absence
of BAY 11-7082 or Ro 106-9920 and (A) CD40L and (B) P-selectin expression were
analysed. (C) Equal volumes of platelets (2x108/ml) and neutrophils (5x106/ml) were
co-incubated for 20 min and then stimulated with either Pam3CSK4 or Thr and LPS
5 min. Results are expressed as the percentage of CD61+ events within the total CD45+

population (n = 5, * p b 0.05, ** p b 0.01, *** p b 0.001 vs. the unstimulated control;
# p b 0.05, ### p b 0.001 vs. Pam3CSK4).

241L. Rivadeneyra et al. / Thrombosis Research 133 (2014) 235–243
activation of the PI3-K/Akt axis, phosphorylation of ERK1/2 and p38,
as well as Ca2+ mobilisation were shown to be involved [26,28–30].
Studies that have observed LPS-mediatedplatelet activation have deter-
mined that LPS stimulates platelet secretion and potentiates platelet
activation through a TLR4/MyD88 and cGMP/PKG-dependent pathway
[31]. Our data showing that none of the Pam3CSK4 or LPS-triggered
platelet responses were elicited in the presence of the NF-κB inhibitors
suggested that activated NF-κB is also an effector molecule necessary
for the stimulation of platelet responses through TLR2 and 4 and further
strengthens the notion that even in the absence of a nucleus, NF-κB
exerts relevant non-genomic functions (Fig. 6).

Platelet activation not only results in haemostatic responses that are
critical to normal haemostasis but also induces the expression, synthesis
and release of molecules that are important factors in inflammatory re-
sponses. Among these, P-selectin and CD40L expression promote inter-
actions between platelets and leukocytes and endothelial cells that are
conducive to the reciprocal activation of the three cell types and the
amplification of the inflammatory response [1,2]. As in previous reports,
we found that platelet activation with Pam3CSK4 triggered the expres-
sion of both cell adhesion molecules and the formation of platelet-
leukocyte aggregates [26]. Although the treatment of platelets with
NF-κB inhibitors significantly reduced P-selectin expression and mixed
aggregate formation, the effects of these inhibitors were lower than
those exerted on platelet haemostatic responses. Moreover, CD40L
expression was not affected by the presence of the inhibitors (Fig. 6).
In this context, it is possible that the effector molecules involved in
the inflammatory-mediated effects elicited by Pam3CSK4 include the
activation of IRAK kinases, which are not influenced by BAY 11-7082
or Ro 106-9920. Consistent with previous data [25] and in contrast to
our observations with Pam3CSK4, LPS did not trigger P-selectin or
CD40L expression, and LPS-mediated activation of platelets and leuko-
cytes did not result in mixed cell aggregate formation either alone or
in combination with thrombin. Unlike the in vitro situation, LPS-
mediated platelet and neutrophil interactions were demonstrated
in vivo [23,40]. Moreover, this appears to be a relevant phenomenon
in sepsis thrombocytopenia and in the formation of neutrophil extracel-
lular traps. Additionally, platelet TLR4 is a critical molecule that
mediates these effects [22]. Thus, further experiments are required
to determine whether platelet NF-κB activation is required in the LPS-
mediated cross-talk between platelets and neutrophils.

Increasing numbers of in vitro and in vivo studies suggest that plate-
let activation in response to bacteria could be a pathogenic mechanism
responsible for the frequent association between thrombosis and infec-
tion as well as a factor in the development of atherosclerosis [41,42].
Thus, identification of the molecular mechanisms involved becomes
relevant for the improvement or development of new therapies.

In this study, we show that NF-κB pathway is amediator in TLR2 and
4-triggered platelet activation responses. A usual concern about the use
of pharmacological inhibitors is their potential off target effects. In this
sense, it has been demonstrated that BAY 11-7082 does not act as a
global inhibitor of cytokine-mediated phosphorylation, but selectively
inhibits the phosphorylation of IκBα [43]. In addition, Ro 106-9920, de-
spite not being structurally related to BAY 11-7082, selectively inhibits
IκBα by interfering with its ubiquitination, but not its phosphorylation
[44]. In fact, we have previously shown thatwhile BAY11-7082 inhibited
IκBα phosphorylation induced by thrombin in a concentration-
dependent manner, Ro 106-9920 had no effect [10], strengthening
the notion that the two drugs have different mechanisms of action.
Moreover, a recent study using platelet specific IKKβ knockout mice
(KO) showed that blocking IKKβ activity significantly prolonged tail-
bleeding times giving further support to the novel notion that elements
of NF-κB/IκBα cascade are mediators of platelet activation [15]. Thus,
although we do not rule out the possibility that BAY 11-7082 and Ro
106-9920 may have alternative modes of action, it is highly conceivable
that the inhibitory effect of these compounds on platelet function is due
to a selective inhibition of the NF-κB pathway.

In conclusion, our findings present another non-genomic function of
this transcription factor and suggest that this molecule could represent
a potentially interesting target to control platelet activation in infectious
diseases. Further human and animal models with platelet specific
receptor KO are required to explain the relevance of our in-vitro
findings.
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Fig. 6.Mechanisms involved in TLR 2 and 4-mediated platelet activation. The picture represents the principal mechanisms involved in platelet activationmediated by Pam3CSK4 and LPS,
TLR2/1 and 4 agonists, respectively. LPS binds to LPS-binding protein (LPB) and CD14 to promote platelet activation via TLR4. LPS directly induces the release of von Willebrand Factor
(vWF) throughNF-κB and the proinflammatory IL-1-β by activatingMyD88-TIRAP, IRAK-1-4, PI3K/AKT and JNK pathway [33]. Also, it potentiates thrombin-mediated platelet aggregation
and dense granule secretion viaNF-κB- andMyD88/cGMP/PKG-dependentmechanisms (bold line) [31]. It has also been reported that LPSdoesnot induce [25] or inhibit platelet activation
[35]. The stimulation of platelets with Pam3CSK4 triggers several platelet responses through interaction with TLR2/1. An ATP-dependent intracellular Ca2+ mobilisation, production
of TxA2, purinergic activation of P2Y1 and P2Y12 receptors, the activation of PI3K/AKT pathway [26,28], phosphorylation of MAP kinases p38 and ERK1/2 [30] as well as activation of
NF-κB are involved in the formation of platelet/leukocyte aggregates, platelet adhesion, aggregation and dense and alpha granule release. The dashed lines indicate that the mechanisms
involved are unknown.
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