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Abstract
Platelets express TLR4 receptors, but its ligand lipopolysaccharide (LPS) does not directly activate
thrombotic functions nor, obviously, transcription by these anucleate cells. Platelets, however, store
information that changes their phenotype over a few hours in the form of unprocessed RNA
transcripts. We show even low concentrations of LPS in the presence of soluble CD14 initiated
splicing of unprocessed IL-1β RNA, with translation and accumulation of IL-1β protein. LPS was a
more robust agonist for this response than thrombin. Platelets also contained cyclooxygenase-2 pre-
mRNA, which also was spliced and translated after LPS stimulation. Flow cytometry and
immunocytochemistry of platelets extensively purified by negative immunodepletion showed
platelets contained IL-1β, and quantitative assessment of white blood cell contamination by CD14
real time PCR confirms that leukocytes were not the IL-1β source, nor were they required for platelet
stimulation. LPS did not initiate rapid platelet responses, but over time did prime platelet aggregation
to soluble agonists, induced actin rearrangement, and initiated granule secretion with P-selectin
expression that resulted the coating of quiescent leukocytes with activated platelets. LPS is a direct
agonist for platelets that allows these cells to directly participate in the innate immune response to
bacteria.
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Introduction
Lipopolysaccharide stimulates gene transcription in nucleated inflammatory cells through its
interaction with extracellular LPS-binding protein (LBP), the CD14 displayed on the cell
surface, and the transmembrane signaling receptor TLR4(1). Platelets express TLR4(2–4) in
sufficient quantities to physically bind LPS(5), but they do not express CD14. This need not
exclude potential platelet responses to LPS because plasma contains microgram levels of
soluble CD14(6) that also can present LPS to TLR4. In vivo experiments show that LPS
promotes platelet function(2,4,7,8), induces thrombocytopenia (4), and expands the
inflammatory reaction through TNFα expression (4). Whether these events result from a direct
effect on platelets is debated because LPS neither enhances rapid homotypic platelet
aggregation(7,9,10) nor induces surface P-selectin expression(2,7,10) by isolated platelets.
LPS does enhance platelet adhesion to fibrinogen under flow(2), although it is less effective
at this than thrombin, and it enhances surface expression of GPIIb/GPIIIa and CD40L through
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TLR4(5). LPS, it is clear, is a poor agonist for typical ex vivo platelet responses, although this
may reflect the type of LPS employed because LPS from enterohemorrhagic E. coli are potent
platelet agonists(5).

Platelets lack nuclei and so cannot transcribe new mRNA to alter their proteome, but they do
contain a select group of mRNAs(11–14) that are translated to new protein in a highly regulated
manner(11,15–17). Platelets also contain unprocessed RNA transcripts, and they possess a
functional, activation-dependent spliceosome that converts these transcripts to translatable
mRNAs(18–20). One of these platelet pre-mRNA that is spliced and translated to new protein
after thrombin stimulation encodes the multi-faceted inflammatory cytokine IL-1β(18).
Thrombin activated platelets move IL-1β to their surface(21,22) where it participates in
juxtacrine stimulation of endothelial cells(21), and they secrete small amounts of mature
IL-1β(23) that participates in the inflammatory process. These observations have now been
challenged with the suggestion that even low numbers of monocytes in platelet preparations
are sufficient to account for thrombin-stimulated IL-1β production(24). Assessing
contaminating nucleated cells in platelet preparations is difficult(25) when their abundance
needs to be less than one per hundred thousand platelets(24). This is an important topic given
that extreme leukoreduction, on the order of 1 leukocyte per million platelets, is a critical issue
in platelet transfusion medicine ((26), and references therein). Purifying platelets to this extent
without activation is problematic, so these opposing views regarding the direct effects of LPS
on platelets have yet to be reconciled.

Platelets express cyclooxygenase-1 that produces thromboxane A2 that enhances homotypic
aggregation(27). Cyclooxygenase-1 is irreversibly inhibited by aspirin, while the
cyclooxygenase-2 isoform—which can be induced by inflammatory stimuli in a variety of cells
—is less sensitive to this inhibitor(28). Because this might contribute to the clinical and
laboratory phenomenon of aspirin resistance(29), the presence of cyclooxygenase-2 in platelets
has been well studied. Although cyclooxygenase-2 occasionally has been reported in platelets
(30,31), potentially remaining from megakaryopoiesis(32), it is not apparent that mature
platelets express cyclooxygenase-2(33,34). Platelets stimulated over a short time by thrombin
also do not express functional cyclooxygenase-2(33).

Platelets have a role in inflammation beyond their initial, rapid response(18–20,35), and here
we show that LPS is a potent agonist for prolonged platelet responses. We generated highly
purified platelets by negative immunoselection and then quantified monocyte contamination
by quantitative RT-PCR for CD14 mRNA. This allowed us to show that LPS acts directly on
platelets to induce RNA processing and translation, including cyclooxygenase-2 RNA
processing and expression, functionally altered platelet physiology, and initiated platelet
coating of quiescent leukocytes.

Materials and Methods
Cell isolation

Human blood in a protocol approved by the Cleveland Clinic IRB was drawn into acid-citrate-
dextrose (ACD) and centrifuged (200×g, 20 min) to obtain platelet-rich plasma. All
centrifugations were without braking. Platelet-rich plasma was filtered through two layers of
5 μ mesh (BioDesign, Carmel, NY) to remove nucleated cells and recentrifuged (500×g, 20
min) in the presence of 100 nM prostaglandin E1 (PGE1). The pellet was resuspended in 50
ml Pipes/saline/glucose (5 mM Pipes, 145 mM NaCl, 4 mM KCl, 50 μM Na2HPO4, 1 mM
MgCl2, and 5.5 mM glucose) containing 100 nM of PGE1. These cells were centrifuged (500×g,
20 min), resuspended in AutoMACS sample buffer, 5 μL anti-CD45-, anti-CD15-, anti-CD14
and anti-glycophorin-coated magnetic beads (Miltenyi) per 109 cells for 25 min with constant
rotation before purification in an AutoMACS magnetic separator (Miltenyi). For some
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experiments, this negative microbead selection was repeated. Light microscopy was used to
confirm the cells had a discoidal, unactivated shape. Recovered platelets were centrifuged
(500×g, 20 min) and resuspended in HBSS/A (0.5% human serum albumin in HBSS) at 4 ×
108 cells/ml for confocal microscopy, aggregation and FACS analysis, and at 8 × 108 platelets/
ml for all other uses. Platelet activation was induced by 100 ng/ml of LPS or Kdo2-Lipid A,
10 μg/ml Pam3Cys-SK4, or 0.1U thrombin for the stated time. Autologous serum (0.5%) or
recombinant soluble CD14 and LPS-binding protein (final concentration 0.15 μg/ml and 0.1
μg/ml, respectively) was added with TLR4 agonists. Density purified monocytes were isolated
as before (36).

RNA isolation and Real Time RT-PCR
Total RNA from 2.4 × 109 platelets or 107 monocytes or PMN was isolated using RnEasy Mini
Kit (Qiagen Inc., Valencia, CA) and treated with RNase-free DNase (Qiagen Inc.). Total RNA
was quantitated by NanoDrop and used to normalize PCR samples. Real time reverse
transcriptase-polymerase chain reaction primers for: IL1β mRNA, sense 5′-
AAACCTCTTCGAGGCACAAG-3′ (exon 1), antisense 5′-
GTTTAGGGCCATCAGCTTCA-3′ (exon 3); COX-2 mRNA, sense - 5′-
TGAAACCCACTCCAAACACA-3′ (exon 3) and antisense – 5′-
GAGAAGGCTTCCCAGCTTTT-3′ (exon 4); CD14 mRNA, sense 5′-
GGGTTCACAGAGGAGGGAAC-3′ (exon 1), antisense 5′-CGCGCTCCATGGTCGATA-3′
(the junction between exon 1 and 2). Conditions for IL-1β were: reverse transcription (30′, 50°
C); PCR 94°C (15″), 61°C (30″), 72°C (30″), data collection (80°C, 15″), 40–45 cycles with
SYBR Green I in either an Applied Biosystems ABI Prism 7700 Sequence Detection System
or a MyCycler. This amplification across intron 2 does not detect unprocessed IL-1β RNA.
Conditions for COX-2 and CD14 were the same, with the exception that annealing temperature
was 60 °C and 61.9°C, respectively, and data collection for COX-2 was at 75.5°C. Products
were analyzed by melting curve, gel electrophoresis, and sequencing. DNAse I treatment did
not affect IL-1β mRNA expression, while RNAse I and no RT abolished amplification.

Confocal microscopy
Platelets were incubated for the stated times in gelatin-coated 4-well borosilicate chambered
coverslips. Adherent cells were washed with endotoxin-free PBS and fixed with 2%
paraformaldehyde for 30 min. Globular G-actin was detected using Alexa594-DNAse I, and
polymerized F-actin with Alexa488-phalloidin. IL-1β expression was visualized with anti-
IL-1β antibody and Alexa488-conjugated goat-anti-mouse. Plasma membranes were stained
with Alexa594-wheat germ agglutinin. White blood cell nuclei were stained with DAPI.
Microscopy used a Plan Apochromat 63X, N.A. 1.4 oil objective and processed with Leica
confocal software.

Nucleation assay
Platelets were incubated in gelatin-coated 4-well borosilicate chambered coverslips as above.
After 3h of incubation, cells were permeabilized with saponin and challenged with 2 μM
rhodamine G-actin for 5 min. Cells were then fixed with 2% paraformaldehyde, blocked by 10
min incubation in 0.1M glycine, washed five times in PBS and counterstained with Alexa488-
phalloidin. Samples were mounted in Vectashield (Vector Laboratories, Inc., Burlingame, CA)
and examined under epifluorescence. The intensity of G-actin staining was analyzed using
Image-Pro software (Media Cybernetics, Inc., Silver Spring, MD).

Flow Cytometry
FACScan analysis used the same anti-IL-1β as above and PerCP-conjugated secondary goat-
anti-mouse antibodies. Cells were washed, permeabilized using BD Pharmingen Cytofix/
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Cytoperm kits. Platelets were gated by forward and side scatter that defined a CD42b+

population.

Aggregometry
ADP initiated aggregation in platelet-rich plasma, assessed by transmittance (Chrono-Log,
Havertown, PA). Platelets from different donors demonstrated broad variation in their agonist
sensitivity, ranging from 2–10 μg/ml (N = 13), so a threshold concentration was determined
for every donor.

Western blotting and mass spectrometry
Monocytes or platelets were incubated with buffer or LPS and MG132, lysed in RIPA buffer,
the proteins resolved by SDS-PAGE before the resulting blot was stained with anti-
cycloxygenase-2 monoclonal antibody and goat-anti-mouse-HRP tagged secondary antibody.
Actin staining of a duplicate blot used mouse-anti-actin monoclonal antibody followed by goat-
anti-mouse-HRP tagged secondary antibody. The unique cyclooxygenase-2 peptide
LILIGETIK was detected by mass spectrometry after the appropriate sized band was excised
from a 1D SDS-PAGE, reduced, alkylated, and digested with trypsin. The digests were
analyzed on an LTQ linear ion trap instrument (ThermoFinnigan) with selected reaction
monitoring.

Chemicals and Reagents
Chemicals and reagents were purchased from the following sources: sterile filtered HBSS and
M199, BioWhittaker (Walkersville, MD); sterile tissue culture plates, Falcon Labware
(Lincoln Park, NJ); human serum albumin, Baxter Healthcare (Glendale, CA); endotoxin-free
PBS, phenol-extracted LPS (Escherichia coli O111:B4) that is free of lipoprotein
contamination, List Biological Laboratories, Inc. (Campbell, CA); Kdo2-Lipid A, Avanti Polar
Lipids (Alabaster, AL); Pam3Cys-SK4 and Cdc2-like kinase (Clk-1) inhibitor TG003,
Calbiochem (San Diego, CA); 4-well Lab-Tek® II Chamber Slide System, Nalge Nunc
International (Naperville, IL); Alexa594 chicken anti-rabbit IgG (H + L), Alexa488-phalloidin,
Alexa594-wheat germ agglutinin, Alexa594-DNAse I, and DAPI, Molecular Probes (Eugene,
OR); recombinant soluble CD14, LPS-binding protein, IL-1β ELISA kit, ELISpot kit, IL-1β
antibody, R&D Systems (Minneapolis, MN); PerCP-conjugated goat-anti-mouse, FITC-
mouse IgG1, phycoerythrin-anti-human CD42b, and phycoerythrin-mouse IgG1κ BD
Pharmingen (San Diego, CA); anti-cyclooxygenase-2 and cognate peptide, Cayman Chemical
(Ann Arbor, MI); rhodamine-labeled G-actin (Cytoskeleton Inc. Denver, CO). Other chemicals
were from Sigma or BIOMOL Research Laboratories (Plymouth Meeting, PA).

Expression of data and statistics
Experiments were performed at least three times with cells from different donors, and all assays
were performed in triplicate. The mean ± SE from all experiments are presented. Representative
experiments are shown in some cases because we observed significant interassay variation in
IL-1β expression from different donors. ANOVA was used to determine differences among
the groups. If significant differences were found, a Newman-Keuls post hoc procedure was
used to determine the location of the difference. P < 0.05 was considered statistically
significant.

Results
LPS stimulates IL-1β transcript processing

Thrombin rapidly stimulates platelet processing of IL-1β pre-mRNA to functional, intronless
mRNA(18), which we confirmed using real time PCR with primers anchored in exon 1 and 3
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that do not amplify unprocessed message (Fig. 1A). The progression curves of the real time
PCR show that E. coli LPS also induced platelet IL-1β RNA processing, and was significantly
better at this than thrombin. The thousand-fold increase in spliced IL-1β RNA after LPS
exposure was time-dependent (Fig 1B); maximal accumulation of processed IL-1β RNA
occurred 3 h after stimulation, but with significant accumulation of spliced message 1 h after
LPS exposure. Accumulation of processed IL-1β RNA in response to LPS developed more
slowly than in response to the complete platelet agonist thrombin, but was both more effective
and more prolonged (Fig. 1B). The amount of processed RNA after stimulation with either
agonist gradually declined, although not to background levels, by 20 h post stimulation. The
loss of processed RNA was not due to a loss of cell viability or functionality because platelets,
even after 20 h of continuous LPS stimulation, remained metabolically competent with
functional, polarized mitochondria that could be depolarized with the protonophore CCCP
(Fig. 1C).

The response to E. coli LPS was receptor mediated because it was enhanced by a source of
soluble CD14, which is needed to present LPS to TLR4, that we supplied as recombinant CD14
along with LPS-binding protein (Fig. 1D). Additionally the response to LPS was blocked by
the competitive TLR4 antagonist (37) Rhodobacter sphaeroides LPS (Fig. 1D). The invariant
lipid core of LPS was all that was required to stimulate platelet splicing because the
homogeneous lipid ligand Kdo2-lipid A that lacks the outer carbohydrate chain of LPS was a
highly effective agonist. Platelets express(4) the TLR2 receptor for endotoxic bacterial
lipoproteins(38), and we found (Fig. 1D) that the synthetic TLR2 agonist Pam3-Cys-SK4,
which contains the bioactive lipid modification of Gram negative and Gram positive bacterial
lipoproteins, stimulated IL-1β RNA splicing. This synthetic lipopeptide was less effective than
LPS, being about as effective as thrombin.

LPS stimulates IL-1β protein accumulation in platelets
Newly synthesized IL-1β primarily remains cell-associated in purified preparations of platelets
stimulated by thrombin(16). Since platelet preparations contain contaminating monocytes, we
used flow cytometery to define the population(s) of cells that synthesized and accumulated
IL-1β in response to LPS stimulation. We gated the platelet population by forward and side
scatter and then for cells that stained for surface CD42b (not shown). Staining this population
for IL-1β after permeabilization revealed no staining beyond background levels in unstimulated
cells, with an increase in IL-1β over time after LPS stimulation (Fig. 2A). This occurred in a
way that varied with the concentration of agonist, with as little as 10 ng of E. coli LPS increasing
the content of immunoreactive IL-1β (Fig. 2B).

Monocytes are not required in the platelet response to LPS
Monocytes may directly, or indirectly through cytokine production, contribute to platelet
IL-1β accumulation, and quantification of small numbers of contaminating monocytes is
problematic. We took advantage of the abundant expression of CD14 by monocytes and the
paucity of this component of LPS signaling on platelets to establish a quantitative definition
of monocyte contamination by real time PCR for CD14 mRNA. This mRNA was abundant in
unstimulated monocytes (Fig. 3A), but was present in platelet-rich plasma even after filtration
through 5μ mesh. We immunodepleted monocytes with a combination of anti-CD14, anti-
CD15 and anti-CD45 conjugated to magnetic beads, while a second immunodepletion after
addition of additional beads further reduced the CD14 RNA content. Based on RNA content,
we calculate that 106 filtered, immunodepleted, and doubly immunodepleted platelets could
contain up to 17 ± 16, 7.4 ± 3.6, and 2.5 ± 0.9 monocytes, respectively.

Monocyte-depleted platelet preparations still produced IL-1β after LPS stimulation when
analyzed by ELISpot (Fig. 3B), and the frequency of cells expressing IL-1β after LPS
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stimulation was significantly greater than the 25 ± 9 monocytes that could have been present
in the well. We visualized the cells that contained IL-1β by confocal microscopy and used
DAPI to stain any contaminating nucleated cells in the platelet preparation. Confocal
microscopy showed that LPS increased the number and intensity of cells that stained for
IL-1β protein (Fig, 3C), which was maximal by 6 h and then declined modestly after 18 h of
LPS exposure. DAPI labeling of cell nuclei showed the platelet preparation was depleted of
nucleated cells, and that all of the newly generated IL-1β protein was associated with anucleate
platelets. We also found (not shown) that inhibition of transcription by actinomycin D
suppressed monocyte production of IL-1β, but not that associated with anuclate platelets. These
data show stimulation of monocyte cytokine production has no part in the platelet response to
LPS.

LPS stimulates platelet cyclooxygenase-2 RNA splicing
Quiescent platelets are reported(33,34) to contain no cyclooxygenase-2, but to test whether
LPS-stimulated platelets might do so we designed primers that hybridized within exon 3 of
cyclooxygenase-2 and at the junction formed by the splicing of exon 3 and 4. Little processed
cyclooxygenase-2 RNA was present in unstimulated platelets, but we found that purified
platelets stimulated by either LPS or the homogenous endotoxin Kdo2-Lipid A now contained
spliced cyclooxygenase-2 RNA (Fig. 4A). Amplification across exons 9 and 10 confirmed that
LPS initiated cyclooxygenase-2 splicing (not shown). The synthetic TLR2 agonist (Fig. 4A)
and thrombin (not shown) also stimulated splicing, but again were not as effective as the TLR4
agonists. Two color flow cytometery (Fig. 4B) showed the platelets that accumulated IL-1β
protein after LPS stimulation also accumulated cyclooxygenase-2 protein. Highly purified
platelet preparations expressed immunoreactive cyclooxygenase-2 at the appropriate
molecular weight after 17 h of LPS treatment (Fig. 4C). Staining of this band was abolished
by the cognate peptide, and peptide sequencing of this band by mass spectrometry demonstrated
unique cyclooxygenase-2 peptides (not shown).

LPS alters platelet physiology over time
LPS was not a typical platelet agonist, and did not induce rapid platelet shape change or
aggregation (not shown), as previously reported(10). However, both LPS and Kdo2-Lipid A
augmented ADP-induced aggregation in platelet rich plasma (Fig. 5A). In contrast to splicing,
the synthetic TLR2 agonist Pam3Cys was not an agonist for this response. Changes in platelet
physiology in response to LPS included a rearrangement of their cytoskeleton with an increase
in F-actin at the expense of monomeric G-actin (Fig. 5B). Direct quantification of actin
nucleation in platelet lysates by incorporation of rhodamine-labeled G-actin showed 3h of LPS
treatment increased actin polymerization 3.8 ± 0.8 fold. Changes in platelet physical structure
after LPS exposure was also reflected in the change in both forward and side scatter during
flow cytometry (Fig. 5C) reflecting changes in granularity and microparticle formation.

Surface expression of granule-stored proteins was increased after 3h of LPS exposure. Flow
cytometry showed that LPS increased expression of CD40L in some cells with the formation
of a CD40L high population (Fig. 6A). LPS also initiated a time-dependent increase in surface
P-selection expression that was evident by 1 h of exposure encompassing most platelets, with
one population becoming particularly bright (Fig. 6B). Neutrophils constitutively express
PSGL-1, which serves as a ligand for the P-selectin displayed by activated platelets. Platelets
treated with LPS for 2.5 h to increase surface P-selectin readily associated with quiescent
neutrophils (Fig. 6C). Blockade of this ligand-receptor interaction with anti-P-selectin
monoclonal antibody suppressed platelet-induced neutrophil interaction (not shown).
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Discussion
These data show platelets are components of the innate immune system that recognize and then
respond to endotoxin. Over time, LPS sensitized platelets to soluble agonists, altered the
platelet cytoskeleton, altered platelet size and granularity, generated microparticles, promoted
degranulation, induced surface expression of P-selectin and CD40L, and promoted leukocyte
binding. LPS also proved to be a robust agonist of platelet RNA processing and translation that
eclipsed thrombin as an agonist. This occurred in the virtual absence of contaminating
monocytes, which we could document by quantifying CD14 mRNA. Therefore while LPS is
a slowly acting secondary agonist for many of the responses typical of platelets, it now becomes
the most robust agonist that alters the platelet transcriptome and proteome.

Whether LPS directly affects platelet function has been controversial(9,10), but in vivo
experiments are definitive and show the TLR4 receptor of platelets has a role at least in the
systemic response to endotoxin(2,4,5). A critical issue to be answered in experiments
examining LPS as an ex vivo platelet agonist is the potential role of monocytes remaining in
the preparation because monocytes abundantly produce IL-1β that might then be incorrectly
ascribed to activated platelets (24). Moreover, it is possible that LPS acts solely on monocytes
to produce an agonist that then acts on platelets. Quantification of contaminating leukocytes
at less than one per hundred thousand platelets(24) is problematic by flow cytometry(25), and
platelet-monocyte aggregates will be excluded from the analysis. We approached this issue by
first creating a protocol that produced highly purified platelet populations and then devising a
method to quantitatively assess monocytic cell content in this preparation. We filtered platelet-
rich plasma through 5 mircon mesh, and then negatively purified platelets by removing cells
that expressed CD14, CD15 and CD45, along with anti-glycophorin to remove residual
erythrocytes, by magnetic bead separation. While we found this reduced leukocyte
contamination, we also found that a second pass through the AutoMax column after addition
of additional antibodies and magnetic beads further reduced nucleated cell contamination,
perhaps because the sample overloaded the capacity of the column.

Platelets are not known to express CD14 and accordingly we found it necessary to provide
exogenous CD14, provided either as a recombinant protein or as the constitutively expressed
protein in human serum (not shown), to aid their response to LPS. This enhancement varied
among donors, but most often the response was greatly enhanced by exogenous CD14.
Platelets, then, are analogous to endothelial cells(39,40) that are aided by circulating soluble
CD14 and LPS binding protein. In contrast, CD14 is a prominent mRNA and protein of
monocytes, and so quantifying CD14 mRNA by real time PCR provides a quantifiable measure
of the number of monocytes that could be present in any given platelet preparation. We used
this value to show that the number of cells expressing IL-1β in an ELISpot assay was
significantly larger than the maximum number of monocytes that could be present, and used
this approach to show that an equivalent number of monocytes fail to produce detectable
IL-1β (not shown). We found that reducing the number of contaminating monocytes to a few
per million platelets did not diminish the responsiveness of the platelet population to LPS, and,
as a complementary direct test, we found that blocking transcription with actinomycin D
blocked IL-1β production by purified monocytes but not purified platelets. All these data show
that LPS is a direct platelet agonist.

LPS stimulation of platelets initiated splicing of cyclooxygenase-2 RNA and ultimately,
production of the corresponding protein. This occurred in highly purified platelet populations
and in a population of cells defined as platelets during flow cytometry by forward, scatter, side
scatter, and CD42b staining. Western blotting and mass spectrometry confirmed the presence
of the protein in LPS-stimulated platelets. We emphasize, however, the extreme variability of
this response, even when compared to IL-1β expression; the protein was present in some
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preparations without activation, while in others it could not be upregulated by LPS stimulation.
The basis for this variability may lie in donor variability. More importantly, we could not
demonstrate increased product formation nor sensitivity to the cyclooxygenase-2 inhibitor
NS398 (not shown). Unstimulated platelets are not a source of cyclooxygenase-2 products
(34), and it appears LPS stimulated platelets either generate protein that is not active, or it is
present in insufficient quantities to affect arachidonate metabolism.

These data show that LPS synergizes with rapidly acting stimuli, but over time develops an
independent capacity as a direct platelet agonist. Platelets also express TLR1, TLR2, TLR6
and TLR9 (4,41,42), and a synthetic TLR2 ligand—the only other TLR ligand we tested—
proved to be an agonist, although a weak one, for splicing. Agonist stimulation of platelet
splicing and activation-dependent translation of platelet mRNA includes IL-1β(18), Bcl-3 that
aids clot retraction(43), tissue factor(19), now cyclooxygenase-2, and indeed many other
currently unidentified proteins(11). LPS promoted platelet granule release accompanied by
surface P-selectin expression that then promoted leukocyte interaction, so in vivo endotoxin
exposure has the potential to directly alter platelet reactivity. Indeed, in vivo exposure to LPS
shows platelet TLR4 to be a critical component of the response to endotoxemia (2).

A key distinction between the findings reported here and other experiments examining the
effect of LPS on platelets that requires emphasis is that LPS is not a typical rapidly-acting,
soluble agonist. Thus, the response of platelets to LPS developed over time and, for example,
the binding of human neutrophils to LPS-stimulated platelets was apparent after several hours
(Fig. 6C) and not after several minutes (not shown) of incubation. Platelet responses are
typically analyzed as immediate responses to introduced agonists, and LPS modulation of
platelet function does not fit the paradigm of established platelet agonists. The measured rate
of change in platelet phenotype after LPS stimulation indicates that the effect of LPS on
platelets will manifest in systemic changes, rather than local ones, as indeed has been observed
in in vivo models of endotoxemia (2).
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Figure 1. LPS induces IL-1β RNA processing in purified platelets
A. Real-time RT-PCR progression curves for spliced IL-1β RNA. Logarithmic accumulation
of IL-1β amplicons using primers anchored in exon 1 and 3. Duplicate determinations using
RNA extracted from platelets (8 ng total RNA) left untreated, or stimulated with 0.1 U thrombin
for 30 min, or 100 ng/ml of LPS along with 150 ng/ml of recombinant CD14 and 100 ng/ml
LPS-binding protein (LBP) for 3 hours. ▵Rn is the magnitude of the signal normalized to total
RNA. B. Kinetics of IL-1β mRNA accumulation. The accumulation of spliced IL-1β RNA in
purified human platelets treated with 0.1 u/ml thrombin or LPS in the presence of soluble CD14
and LBP (in three separate experiments ± SE) compared to the basal amount by quantitative
RT-PCR as in the above panel. C. Platelets remain viable after prolonged stimulation.
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Accumulation of the cationic dye MitoTracker Red®, with or without subsequent dissipation
of the mitochondrial transmembrane potential with CCCP, was imaged after 20 h of LPS
exposure. D. LPS stimulation of platelet RNA splicing requires TLR4 receptor components.
Purified platelets were stimulated with 100 ng/ml LPS, 100 ng/ml KDO2-Lipid A, 100 μg/ml
Pam3Cys-SK4, or 0.1 units of thrombin before RNA isolated 3 hours later. Some samples
contained soluble CD14 and LBP, while the competitive TLR4 receptor antagonist
Rhodobacter sphaeroides LPS (RS-LPS) was present in one sample as stated. Bars represent
standard errors. N = 4.
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Figure 2. LPS treatment induces IL1β expression
A. Platelet IL-1β accumulation is time dependent. Purified platelets were treated with 100 ng/
ml of E. coli LPS, recombinant CD14 and recombinant LBP for the stated times as in Fig. 1,
permeabilized and stained with either anti-IL-1β or an isotype matched control antibody and
then analyzed by flow cytometry as described in “Materials and Methods”. Both non-immune
and anti-IL-1β antibodies were used at time 0 to define background binding, the shaded area
and the light gray trace, that were equivalent. The ordinate is the number of events normalized
to the maximal number of counts, the abscissa is the fluorescent channel 1 bin. B. LPS
concentration/response profile. Platelets were treated with the stated concentration of LPS,
along with recombinant CD14 and LBP, for 1 hour, and then assessed for IL-1β expression as
above. Representative of four independent experiments.
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Figure 3. Platelets are a direct target of LPS stimulation
A. Quantitative assessment of the effectiveness of platelet purification by immunodepletion of
leukocytes. Platelet rich plasma (PRP) was purified using anti-CD14, -CD15, -CD45 and anti-
glycophorin coated magnetic beads by passage once or twice over a Miltenyi AutoMACS
column. RNA was extracted from the recovered cells and normalized for total RNA content
before the content of CD14 RNA was quantitatively assessed in duplicate samples by real-time
PCR as described in “Materials and methods”. B. ELISpot detection of IL-1β producing cells
in a preparation of purified platelets. The top leftmost panel is a negative buffer control, 0.8
ng recombinant IL-1β (top middle), and 20,000 density purified monocytes stimulated by LPS
(top right). The right panel shows 107 platelets stimulated by 100 ng LPS for 17 hours. C.
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Confocal microscopy of cells in a platelet preparation expressing IL-1β. Platelets suspended
over gelatin-coated cover slips were treated with 100 ng/ml LPS for the stated times,
permeabilized, and then stained with mouse anti-IL-1β and Alexa 488-conjugated anti-mouse
antibody (green) and Alexa 594-conjugated wheat germ agglutinin (WGA) that stains plasma
membrane sialated proteins and gangliosides (red). The fixative contained the nuclear stain
DAPI to identify contaminating white blood cells (blue). Upper inset: Higher magnification
(3.7×) shows IL-1β is localized as punctate intracytoplasmic inclusions at times shortly after
LPS addition. Lower inset: 24 h of incubation in the absence of LPS reveals lower levels of
IL-1β staining. Representative of three experiments.
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Figure 4. Platelets express cyclooxygenase-2 after LPS stimulation
A. Progression curve of real-time PCR for spliced cyclooxygenase-2 RNA. Purified platelets
were stimulated with 100 ng E. coli LPS, 100 ng KDO2-Lipid A, 100 μg Pam3Cys-SK4 or left
untreated. RNA was extracted and tested as in Figure 3 using primers anchored exon 3 and the
junction formed by splicing exons 3 and 4. B. Platelet expression of IL-1β and
cyclooxygenase-2. Purified platelets were stimulated with 100 ng/ml E. coli LPS for 3h or left
untreated, permeabilized, fixed and stained with a combination of mouse anti-IL-1β and PerCP-
conjugated goat anti-mouse antibody followed by a directly conjugated FITC-anti-
cyclooxygenase-2 antibody. The cells were subjected to flow cytometry, gated by forward and
side scatter, and FITC and PerCP fluorescence was assessed in channels FL1 and FL3,
respectively. This experiment has been replicated more than fifteen times, although the level
of cyclooxygenase-2 expression varied among donors. C. Cyclooxygenase-2 immunoblot in
extracts of purified platelets. Platelets or density-purified monocytes were treated with LPS,
recombinant soluble CD14 and LPS binding protein as in the preceding panel for 17 h, while
monocytes were treated with 100 ng/ml LPS alone for 17 h. Upper panel, anti-
cyclooxygenase-2 western blot. Middle panel, anti-cyclooxygenase-2 western blot using
antibody pre-incubated with its cognate peptide. Lower panel, β-actin western blot.
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Figure 5. LPS primes platelet aggregation and alters platelet structure
A. LPS primes ADP-induced aggregation in platelet-rich plasma (PRP). LPS (100 ng),
KDO2-Lipid A (100 ng) or Pam3Cys-SK4 (100 μg) was added to 1 ml of PRP and incubated
for 1h before addition to a stirred aggregometer cuvette. As shown by the arrow, 20 μM ADP
was added and light transmittance was assessed over the subsequent 6 min. LPS did not induce
aggregation without the addition of ADP (not shown). B. Polymerized actin staining of
adherent platelets. Confocal microscopy images of control (left) and platelets stimulated with
100 ng/ml E. coli LPS (right) in the presence of autologous serum or soluble CD14 and LPS
binding protein for 3h. Green staining is polymerized (F-actin) stained by FITC-phalloidin and
red fluorescence is unpolymerized G-actin. The bar is 20 μm. Lower inserts: 2× magnified
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fields of respective images. Upper insert: pretreatment with cytochalasin B abrogated actin
polymerization. C. LPS affects platelet structure. Platelets were treated or not with LPS for 3
h as in the preceding panel and then analyzed by flow cytometry for forward scatter (size) and
side scatter (granularity). The area of the gate imposed on the dot blot stained for the platelet
protein CD42b. This experiment has been repeated more than twenty times.
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Figure 6. LPS induces degranulation and P-selectin expression that promotes neutrophil binding
A. CD40L surface expression. Platelets were stimulated by LPS, or not, for 3h, fixed and
stained with either mouse anti-CD40L or an isotype matched control antibody before the cells
were analyzed by flow cytometry. MFI, mean fluorescence intensity. B. P-selectin surface
expression. Platelets were treated with buffer or 100 ng/ml LPS for 1 or 2 hours before fixation,
antibody staining, and flow cytometry as before. The shadowed area shows unstained platelets,
the thin line defines isotype control antibody staining, while the bold line shows P-selectin
(CD62P) staining. C. LPS-stimulated platelets decorate quiescent neutrophils. Platelets were
treated with buffer or LPS for 2.5 h as before, washed, and then suspended with quiescent
autologous neutrophils for 10 min on gelatin-coated slides, fixed, and stained for P-selectin
(green FITC fluorescence), plasma membrane by Alexa 594-conjugated wheat germ agglutinin
(red), and nuclei with DAPI (blue). The images are representative of three experiments.
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