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Essentials

» Platelets play an

recognition.

Platelets contain several complement factors and can

interact with E. coli.

Platelet’s complement protein C3 differs from plasmatic

C3 in its electrophoretic mobility.

e Upon contact with bacteria, platelets are activated and
can enhance complement activation.

important role in pathogen

Summary. Background: The role of platelets in immune
defense is increasingly being recognized. Platelets bind
complement proteins from plasma, initiate complement
activation, and interact with bacteria. However, the con-
tribution of platelets to complement-mediated defense
against bacterial infections is not known in detail. Objec-
tives: To assess platelet interactions with Escherichia coli
strains, and evaluate the contributions of platelet comple-
ment proteins to host defense. Methods: We studied the
cell-cell interactions of a pathogenic and a non-patho-
genic E. coli strain with platelet concentrates, washed pla-
telets and manually isolated platelets by flow cytometry
and ELISA. The presence of complement proteins and
complement RNA in megakaryocytes and platelets was
analyzed by PCR, RT-PCR, confocal microscopy, and
western blotting. Results: Incubation with E. coli leads to
platelet activation, as indicated by the expression of
CDG62P and CD63 on the platelet surface. RNA and pro-
tein analyses show that megakaryocytes and platelets con-
tain complement C3, and that platelet C3 migrates
differently on polyacrylamide gels than plasmatic C3.
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Activation of platelets by bacteria leads to translocation
of C3 to the cell surface. This translocation is not induced
by thrombin receptor activating peptide or lipopolysac-
charide. Interaction of platelets with E. coli occurs even
in the absence of plasma proteins, and is independent of
platelet toll-like receptor 4 and onpPs3  (glycopro-
tein IIbllla). Conclusion: Platelets contain a specific form
of C3. Importantly, they can modulate immune defense
against bacteria by enhancing plasmatic complement acti-
vation.

Keywords: complement; Gram-negative bacteria; infection;
megakaryocytes; platelets.

Introduction

Platelets are blood cell elements without a nucleus that
are derived from bone marrow megakaryocytes. They
constitute the second most abundant cell type in the cir-
culation. During thrombopoiesis, they receive proteins,
organelles, granules and RNA from megakaryocytes.
Besides their role in hemostasis, platelets are important in
inflammation, and are connected to cellular and humoral
components of the immune system. Three mechanisms of
interaction between platelets and bacteria have been
described: (i) bacteria bind directly to platelet receptors
such as toll-like receptor (TLR) 2, TLR4, and glycopro-
tein (GP) Iba [1,2]; (ii) bacteria bind plasma proteins, e.g.
fibrinogen, von Willebrand factor, and IgG, which then
interact with platelet receptors (GPIIbllla, GPIba, and
FcyRIIa) [3.,4]; and (iii)) platelets respond to toxins
released by bacteria, such as o-toxin, Shiga toxin and
lipoteichoic acid by undergoing apoptosis or forming plate-
let aggregates [5-7]. Following direct or indirect interac-
tion, bacteria can cause platelet activation, platelet
aggregation, granule release, and the formation of platelet—
leukocyte complexes. Analyses of Gram-positive bacteria
such as Staphycococcus aureus and Streptococcus sanguis
showed all types of interaction, involving multiple bacterial
proteins and platelet receptors [8-12]. Gram-negative
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bacteria are less well studied, and are thought to interact
with platelets via platelet TLR4 [3]. Different types of
Escherichia coli lipopolysaccharide (LPS) stimulate the
production of cytokines in platelets, cause neutrophil
recruitment to sites of infection, and promote the forma-
tion of neutrophil extracellular traps, resulting in bacterial
clearance [13-15]. However, in vitro data regarding the
effect of E. coli LPS on platelet activation and aggrega-
tion are controversial [13,16-18].

Platelets have been shown to interact with the complement
system, which comprises several plasmatic proteins with
immunologic and inflammatory properties. Among their var-
ious surface proteins, platelets contain several complement
receptors, such as cCI1gR [19], gClgR [20,21], C3aR [22,23],
and C5aR [24], as well as P-selectin [2,25]. Platelets bind
plasma complement proteins via complement receptors,
whereby they become activated [25]. Activated platelets (e.g.
after thrombin activation) can activate the complement
cascade [26]. Platelets also express complement regulatory
molecules such as CD359, factor H, and decay acceleration
factor, which prevent excessive complement activation on the
platelet surface [27-29]. The importance of platelet-comple-
ment interactions has been studied in hemolytic uremic syn-
drome caused by Shiga toxin-producing E. coli infection [30].
After exposure to Shiga toxin, platelet microparticles and
platelet-leukocyte complexes carry high levels of surface-
bound C3 and C9, which may contribute to a prothrombotic
state and organ damage. Studies with Listeria monocytogenes
showed that bacterial clearance was dependent on platelets,
and involved plasmatic C3 and platelet GPIb [31]. High-
throughput analyses showed that platelets contain comple-
ment RNA and proteins [32,33]. Possibly, these intracellular
complement factors support platelet function as pathogen
‘sensors’ in the fight against dangerous intruders.

We evaluated whether complement proteins (C3 and
C5) are synthesized in megakaryocytes and are stored in
platelets intracellularly. We investigated whether this
complement C3 is retained in platelets, or is activated and
released upon contact of platelets with bacteria. We also
studied whether and under which conditions platelet com-
plement products support defense against bacteria, and if
and how platelets influence complement activation in
plasma in the presence of E. coli.

Materials and methods

The study was approved by the Ethics Committee of the
Medical University of Vienna.

Megakaryocytes and cell lines

Cord blood was obtained from the Clinic of Gynecology
of the Medical University of Vienna. All donors gave
their written informed consent. CD34" hematopoietic
stem cells were isolated from cord blood with CD34
MACS magnetic beads (Miltenyi, Bergisch Gladbach,

Germany). CD34" cells were cultured with 50 ng mL ™!
thrombopoietin, 1 ng mL~" stem cell factor and inter-
leukin-3 (Miltenyi) in Stem Pro 34 medium (Invitrogen,
Carlsbad, CA, USA) at 37 °C in 5% CO, for 12 days to
obtain mature culture differentiated megakaryocytes.
Mature megakaryocytes were stained with CD41, CD14
and CD45 antibodies (eBioscience, San Diego, CA,
USA), and their purity was analyzed by fluorescence-acti-
vated cell sorting (FACS). Cultures containing > 3% con-
taminating leukocytes were used for our experiments. Cell
lines CHRF, Meg-01, HL-60 and HepG2 were purchased
from ATCC. They were grown in RPMI medium or
Dulbecco’s modified Eagles’s medium (Invitrogen) supple-
mented with 10% fetal bovine serum and gentamicin
(Gibco, Carlsbad, CA, USA) at 37 °Cin 5% CO,.

Platelets

Platelet concentrates (PCs) from healthy donors were
obtained by apheresis with the Trima Accel automated blood
collection system. PCs were leukocyte-depleted by use of the
LRS chamber to a concentration of <1 leukocyte per
10° platelets. PCs containing ~ 5% plasma were used directly
(platelet concentrates) or were washed twice with SSP+
(Macopharma SA, Turcoing, France) containing 400 nm
prostaglandin I, (PGI,) (Sigma-Aldrich, Munich, Germany)
to remove residual plasma (washed platelet concentrates).

Manually isolated platelets from healthy donors were pre-
pared from fresh citrated blood collected at the Department
of Transfusion Medicine, Medical University of Vienna. All
donors gave their written informed consent. The blood was
centrifuged within 30 min at room temperature at 150 x g
for 15 min to obtain platelet-rich plasma (PRP). This was
mixed with Optiprep (Axis-Shield, Oslo, Norway), and sub-
jected to centrifugation at 300 x g for 15 min. The platelet
layer was recovered, resuspended in HEPES-Tyrode buffer
(10 mm HEPES, 137 mMm NaCl, 2.8 mm KCI, 1 mm MgCl,,
12 mm NaHCO;, 0.4 mm Na,HPO,, 5.5 mm glucose, and
0.35% bovine serum albumin [BSA]), and centrifuged at
800 x g for 10 min. The platelet pellet was washed with
HEPES-Tyrode buffer, centrifuged at 500 x g for 10 min,
and resuspended in HEPES-Tyrode buffer or SSP+
(69.3 mm NaCl, 10.8 mm trisodium citrate, 32.5 mm sodium
acetate, 28.2 mm phosphate, 5 mm KCl, and 1.5 mm magne-
sium). The platelet count was determined on a Sysmex XE-
2100 instrument (Sysmex, Kobe, Japan). Platelets were
allowed to rest for 1 h before experiments were performed.
All centrifugations were carried out without brake in the
presence of 400 nm PGI, (Sigma-Aldrich). In all isolations,
the contaminating number of leukocytes was < 1 leukocyte
per 4 x 10* platelets.

For some experiments, citrated plasma was prepared by
centrifugation of blood at 2000 x g for 20 min at 4 °C
without brake followed by a second centrifugation for
10 min at 18 000 x g at4 °C to obtain platelet-free plasma,
which was aliquoted and immediately frozen at — 80 °C.

© 2016 The Authors. Journal of Thrombosis and Haemostasis published by Wiley Periodicals, Inc. on behalf of International Society on Thrombosis and Haemostasis.



Bacteria

The uropathogenic complement-resistant E. coli O18:K1
bacterial strain was isolated from a patient and was a gift
from S. Knapp (Medical University Vienna, Austria). The
non-pathogenic E. coli K12 C600 strain was purchased
from the Coli Genetic Stock Center (Yale, CT, USA).
Bacteria were grown in lysogeny broth medium at 37 °C
until they reached an ODggp nm Of 0.4-0.9. They were
either collected by centrifugation at 18 000 x g for
10 min, resuspended in SSP+ buffer, and used immedi-
ately for the experiments, or killed by heating at 80 °C
for 90 min (heat-killed [HK]). Bacteria were washed with
0.95% NaCl, adjusted to 4.7 x 10% cells mL !, aliquoted
in SSP+ buffer, and stored at — 20 °C for later use. Bac-
terial viability after heat killing was evaluated by plating
the bacteria at 37 °C in agar plates overnight.

Analysis of platelet-bacteria interactions by flow cytometry

Platelets from PRP or manually isolated platelets (1 x 10°)
were resuspended in SSP+ in the presence of 1.25 mm Gly-
Pro-Arg-Pro peptide (Sigma-Aldrich). Platelets were
exposed to E. coliata 1 : 10 ratio (live or heat-inactivated).
To analyze LPS from E. coli O111:B4 (Sigma-Aldrich),
3 pg mL™' LPS was incubated with 1 x 10° platelets at
37 °C for 45 min and 3 h. In control experiments, TLR4
was blocked by incubation with 20 ug mL~" polyclonal
antibody nTLR4 (Invitrogen), and GPIIbIlla receptors
were blocked with 1-2 mm Arg-Gly-Asp-Ser (RGDS) pep-
tide [34] (Tocris Bioscience, Bristol, UK), for 20 min before
incubation with bacteria. To block the FcyRII receptor on
platelets, AT10 at 4 ug mL~"' (AbD Serotec, Oxford, UK)
was used, which prevented binding of IgG antibodies. Con-
trol experiments were performed with platelets activated
with 14 um thrombin receptor activating peptide 6 (TRAP-6),
5 um ADP (Roche, Penzberg, Germany), or 1 U mL™"
thrombin (Sigma-Aldrich).

Stimulation of platelets was stopped by addition of 1%
formalin (Scharlab, Barcelona, Spain). Cells were washed
with phosphate-buffered saline (PBS), and exposed to
monoclonal CD4l-allophycocyanin (APC), CD63—fluo-
rescein isothiocyanate (FITC), CD62P—phycoerythrin
(BioLegend, San Diego, CA, USA) and CDG61-FITC
(eBioscience), or polyclonal C3d and C3c-FITC (Dako,
Glostrup, Denmark). Flow cytometry was performed
within 3 days on a FACScalibur (BD Biosciences, San
Jose, CA, USA), and analyses were performed with
rFLowJo (TreeStar, Ashland, OR, USA).

Protein analyses of megakaryocytes and platelets following
exposure to bacteria

Mature megakaryocytes  differentiated in  culture
(1 x 10% were exposed to live and HK E. coli O18:K1
and E. coli K12 C600 at a concentration of
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4.7 x 107 colony-forming units mL™', in the absence of
plasma or other sources of complement proteins, for
15 min, 1 h, 3 h, or overnight. Manually isolated plate-
lets, washed platelets from concentrates or PCs prepared
for therapeutic use containing ~ 5% plasma were incu-
bated with bacteria under the same conditions, at a plate-
let/bacteria ratio of 2 : 1. After incubation, the platelet—
bacteria suspension was centrifuged at 2000 x g for
15 min. Supernatants were removed, aliquoted, and fro-
zen at — 80 °C. The cell pellets were washed twice with
PBS (Sigma-Aldrich), and lysed with radio-immunopreci-
pitation (RIPA) buffer containing SDS and a protease
inhibitor cocktail (Thermo Scientific, Boston, MA, USA).
Supernatants and lysates were used for ELISA analyses.
In certain experiments, bacterial cells and platelets were
separated by centrifugation at 18 000 x g for 10 min.

For some ELISA experiments, bacteria were incubated
at room temperature for 1 h with plasma. Supernatants
were then collected and incubated with (i) manually iso-
lated platelets, (i) manually isolated platelets that had
been previously activated by 14 um TRAP-6, or (iii)
E. coli K12 C600 for 1 h, or (iv) platelets treated with
300 um theophylline and 500 pum adenosine to block pla-
telet activation.

Quantitative analyses of the activation of complement
proteins in supernatants and lysates were performed with
C3a and C5a ELISA kits (Quidel, San Diego, CA, USA).

Western blot protein analyses

Platelets, megakaryocytes, HepG2 cells and HL-60 cells
were lysed in RIPA buffer. After determination of the
protein concentration by bicinchoninic acid analysis
(Thermo Scientific), 18 pg of total protein was mixed with
100 mm dithiothreitol and Nupage loading buffer (Invit-
rogen), and boiled for 5 min. The presence of comple-
ment proteins was tested for with reducing SDS-PAGE
on 6-7% polyacrylamide gels under standard conditions.
Proteins were transferred to nitrocellulose membranes,
which were blocked with 5% skimmed milk in PBS con-
taining 0.1% Tween-20 prior to an overnight incubation
with C3c-horseradish peroxidase (HRP) sheep polyclonal
antibody (1 : 1000; Life Span Biosciences, Seattle, WA,
USA) or C3d rabbit polyclonal antibody (1 : 3000,
Dako). Goat anti-rabbit H + L HRP (1 : 50 000;
BioRad, Hercules, CA, USA) was used as the secondary
antibody, and the signal was developed with the ECL
West Pico and West Femto detection system (Thermo
Scientific).

Immunocytochemistry

For immunocytochemistry, cytospins of megakaryocytes
were prepared according to standard procedures. They
were stained with C3c chicken polyclonal antibody
(1 :300; Antibodies Online, Aachen, Germany), C3d
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rabbit polyclonal antibody (1 : 150, Dako), anti-rabbit
APC (Invitrogen, Life Technologies, Carlsbad, CA, USA),
and CD61-FITC (1 : 200; eBioscience), or isotypes in 3%
PBS 0.1% BSA and Triton X-100 for 1 h at room tempera-
ture. After being washed in PBS, the slides were stained
with secondary donkey anti-chicken Cy5 antibody (1 : 500;
Jackson Immuno Research, West Grove, PA, USA) or
goat anti-rabbit AF555 (1 : 2000; Invitrogen) for 45 min at
room temperature. Platelets from PCs or resting platelets
were attached to polylysine-coated glass slides in the pres-
ence of 1 pm PGI, (Sigma-Aldrich), before being stained
with C3c, C3d and CD61 antibodies. An LSM 700 confo-
cal microscope (Carl Zeiss, Jena, Germany) with a x 63
objective and zeN 2009 BLAck software were used for the
immunocytochemical analysis.

RNA isolation and analysis

RNA from megakaryocytes was obtained with an
RNAeasy kit (Qiagen, Hilden, Germany), according to the
manufacturer’s instructions. Platelet RNA was isolated
with a standard phenol-chloroform procedure. For RNA
isolation from PCs, 1 x 10° platelets were lysed with 1 mL
of Trizol (Invitrogen). Cell lysates were transferred to a
Phase Lock Tube (Prime-5) together with chloroform, and
were centrifuged at 4 °C for 10 min at 13 000 x g. Isolated
RNA was treated with DNase I according to the manufac-
turer’s instructions (Invitrogen). cDNA was synthesized
with the High Capacity cDNA reverse transcription kit
with RNase inhibitor (Invitrogen).

The presence of C3 and C5 mRNA in platelets at different
time points was determined by quantitative real-time PCR
with TagMan probes (Applied BioSystems, Foster City,
CA, USA). An initial denaturation cycle of 10 min at 95 °C
was followed by 50 cycles of 15 s at 95 °C and 1 min at
60 °C. In megakaryocytes, mRNA expression was analyzed
by qualitative PCR performed in an Eppendorf Vapo Pro-
tect thermo cycler. For this, an initial denaturation cycle of
10 min at 95 °C was followed by 35 cycles of 1 min at
95°C, 1 min at 63 °C, and 1 min at 75°C; a final
elongation of 10 min at 72 °C concluded the reaction. The
following intron-spanning primers were used: exon 9 C3 for-
ward, 5-TGACATGGTGCAGGCAGAGCG-3'; exon 10
reverse, 5-CCACGGGGACTCGGTAGGCT-3'; exon 13
C5 forward, 5-TCCACTTTGGCACGAGGGAGA-3'; and
exon 14 reverse, 5-CCACTGCTGCTAATGCCACCCA-3'.

Data analysis

The results of at least three experiments are presented as
mean + standard error of the mean. Differences were
assessed with unpaired r-tests between groups and in
comparison with controls. P-values of < 0.05 were con-
sidered to be statistically significant. Three levels of
significance were differentiated: P < 0.05, P < 0.01, and
P <0.001.

Results

Platelets are activated by E. coli

We found that incubation with E. coli K12 C600 led to pla-
telet activation in PRP, as demonstrated by the expression
of CD63 and CD62P on the platelet surface. Manually iso-
lated washed platelets were also activated by E. coli K12
C600. Platelet activation by E. coli K12 C600 was compa-
rable to the activation achieved with TRAP-6 (Fig. 1A-D).
The complement-resistant E. coli O18:K1 strain was not
able to induce significant platelet activation in PRP
(Fig. 1A,B). Mean fluorescence intensity (MFI) results are
shown in Fig. SIA-D. To determine whether the activation
of platelets by E. coli K12 C600 was mediated by platelet
TLR4 [15], PRP and washed platelets were incubated with
1 pg mL™" and 3 ug mL™" E. coli O111:B4 LPS. In agree-
ment with the literature [13,35,36], platelets were not acti-
vated by LPS (data not shown). Pretreatment of platelets
with a polyclonal anti-TLR4 antibody prior to exposure to
E. coli K12 C600 did not inhibit platelet activation. Possi-
ble platelet activation via binding of nTLR4 to the Fc
receptor was blocked with AT10. These data suggest that
this E. coli strain does not interact with platelets via the
TLR4 receptor (Fig. 2A,B). Integrin on,P3 is the most
abundant GP on platelets. It has been reported to mediate
interactions of platelets with bacteria [37,38]. Therefore,
the integrin-binding capacity was inhibited with 1 mm and
2 mMm of an RGDS peptide. Incubation of the pretreated
platelets with bacteria did not reduce platelet activation
(Fig. 2C,D). MFI data are shown in Fig. S2A-F.

FACS analyses showed that HK E. coli K12 C600 was
able to trigger platelet activation to a level of approxi-
mately one-third of that induced by live E. coli
(Table S6). Interestingly, HK E. coli O18:K1 also acti-
vated platelets, as indicated by increased CDG62P levels
(Fig. 2E,F). Representative scatter plots of FACS analy-
ses are shown in Figs S3-S7. Statistical data are shown in
Tables S1-S8.

Megakaryocytes and platelets contain complement RNA and
protein

PCR analyses with intron-spanning primers showed the
presence of C3 and C5 mRNA in culture-differentiated
megakaryocytes and in the megakaryocytic cell line
CHRF (Fig. 3A). Sequence analysis confirmed that the
bands corresponded to C3 and C5 (Figs S8 and S9).

Real-time PCR analyses of RNA isolated from washed
platelets showed the presence of C3 and C5 mRNA at
low concentrations (Fig. 3B).

Confocal laser microscopy

Confocal laser microscopy confirmed the presence of
complement protein in megakaryocytes and platelets.
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Fig. 1. CD62P and CD63 expression on platelets after incubation with bacteria. (A, B) Detection of CD62P (A) and CD63 (B) in platelet-rich

plasma platelets by flow cytometry, following gating for CD41™ platelets that were either unstimulated, stimulated with thrombin receptor acti-
vating peptide 6 (TRAP-6) or stimulated with live Escherichia coli K12 or live E. coli O18:K1 for 45 min (n = 4). (C, D) CD62P expression (C)
and CD63 expression (D) were also present in manually isolated platelets that were either unstimulated, stimulated with TRAP-6 or stimulated
with live E. coli K12 or live E. coli O18:K1 for 45 min in the presence or absence of 5% autologous plasma (n = 5). Data represent percentages
(mean + standard error of the mean) from independent experiments. Levels of significance with respect to the controls are as follows:

*P <0.05, *P < 0.01, and ***P < 0.001. NS, not significant.

Complement C3 was observed intracellularly in mature
culture-differentiated megakaryocytes in the absence of
other complement sources. The incubation of megakary-
ocytes with HK E. coli O18:K1 led to the release of C3
products that bound to the bacterial surface (Fig. 3C).
When unstimulated resting manually isolated platelets
were analyzed by confocal microscopy, C3 was identified
in granules of platelets (Fig. 3D). Isotype controls are
shown in Fig. S10. Incubation of washed platelets with
live and HK E. coli K12 C600 or E. coli O18:K1 did not
induce binding of C3 to the bacterial surface (Fig. S11).

Western blot results for cellular and plasmatic C3 protein

We determined the electrophoretic migration behavior of
the C3 protein in megakaryocytes, platelets, hepatocytes,
and monocytes. With use of an anti-C3d antibody, the a-
chain of C3 was detectable in all four cell types. The
molecular mass was ~ 100 kDa in all cell lysates, and the
concentration of C3 was highest in HepG?2 cells, followed
by HL-60 cells, platelets, and megakaryocytes. Surpris-
ingly, the molecular mass of plasma C3 was slightly
higher than that of cellular C3. The previously reported
pro-C3 with a molecular mass of ~ 180 kDa [39] was only

found in hepatocytes. The C3 B-chain was observed in
most samples (Fig. 4).

Western blot analysis of C3 in PCs showed two bands:
a larger one, corresponding to plasmatic C3, and a smal-
ler one, migrating with the same size as C3 in all variants
of washed platelets as well as in hepatocytes (Fig. 4A).
The data suggest that platelets can bind complement C3
from plasma, as previously reported, but they also con-
tain C3 originating from megakaryocytes.

Bacteria trigger C3 expression in platelets

We observed a five-fold increase in C3 expression on the
surfaces of manually isolated platelets after exposure of
platelets to live E. coli K12 C600 for 1 h. TRAP-6 and
3 pug mL™" LPS from E. coli O111:B4 failed to induce
comparable upregulation of C3 (Fig. 5). ADP and throm-
bin also did not upregulate C3 (Fig. S12). A representa-
tive scatter plot is shown in Fig. S13.

Platelets can modify C3 activation caused by E. coli

ELISA analyses of C3a levels showed that incubation of
PCs containing ~ 5% plasma with HK E. coli O18:K1
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Fig. 2. Escherichia coli activates platelets independently of toll-like receptor (TLR) 4 and glycoprotein (GP) IIbllla. (A, B) Before stimulation
with various agonists, platelets were incubated with 20 pg mL ™" neutralizing polyclonal TLR4 antibody for 20 min. AT10 was used to block
FcyRII. Stimulation was performed with thrombin receptor activating peptide 6 (TRAP-6) or live E. coli K12. CD62P (A) and CD63 (B) expres-
sion was analyzed by flow cytometry (» = 3). Unstimulated platelets were used as controls. Bars represent percentages (mean + standard error of
the mean [SEM)). (C, D) Prior to stimulation with various agonists, platelets were also incubated with 1-2 mm Arg-Gly-Asp-Ser (RGDS) peptide
to block the GPIIblIIa receptor. Stimulation was performed with TRAP-6 or live E. coli K12. CD62P (C) and CD63 (D) expression was subse-
quently analyzed (n = 6). Unstimulated platelets were used as controls. Bars represent percentages (mean + SEM). (E) Platelet-rich plasma

(2.5 pL) was incubated with heat-killed (HK) E. coli K12 and HK E. coli O18:K 1, and compared with unstimulated and TRAP-stimulated plate-
lets. Expression of CD62P (E) and CD63 (F) is shown. The data represent percentages (mean + SEM) from six independent experiments. Levels
of significance with respect to the controls are as follows: *P < 0.05, *P < 0.01, and ***P < 0.001. NS, not significant.

Fig. 3. DNA, RNA and protein analysis of C3 and C5 in megakaryocytes and platelets. (A) PCR amplification with intron-spanning primers
shows the presence of complement C3 and C5 mRNA in the megakaryocytic cell line CHFR, as well as in megakaryocytes differentiated in cul-
ture. In contrast, unspliced fragments are seen when DNA is used. (B) Real time PCR analysis of C3 and C5 mRNA in apheresis platelets ana-
lyzed using Tagman probes indicates the amount of C3 and C5 mRNA. B2-microglobulin served as reference gene, P-selectin as positive
control. (C) C3 (red) and CD61 (green) are detectable in MKs differentiated in culture. After 1 h incubation with heat inactivated E. coli
O18:K1 (blue, stained with DAPI), C3 is released and transferred to the bacteria surface. (D) Confocal laser microscopy allows detection of
CD61 (green) and C3 (red) in platelet granules of manually isolated platelets. DAPI, 4’,6-diamidino-2-phenylindole; gDNA, genomic DNA;
GP, glycoprotein; MK, megakaryocyte; RFU, relative fluorescence units.
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Fig. 5. C3 expression in platelets increases with bacterial incubation.
Manually isolated platelets were incubated with 14 pm thrombin
receptor activating peptide 6 (TRAP-6), 3 pg mL ™' lipopolysaccha-
ride (LPS) from Escherichia coli O111:B4 and from live E. coli K12
at a ratio of 1 : 10 or SSP+ buffer for 45 min, and stained with C3d
antibody. Flow cytometry analysis showed an increase in C3 expres-
sion on the surfaces of platelets after incubation with bacteria, but
not after incubation with other platelet activators, e.g. TRAP-6. The
level of significance with respect to the controls is ***P < 0.001

resulted in complement activation. C3a activation was
high in both platelet releasates (Fig. 6A) and platelet
lysates (Fig. 6B). In contrast, incubation of platelets
with LPS did not induce C3 activation (Fig. 6C).
Whereas incubation of plasma with HK E. coli O18:K1
led to only moderate C3 activation (32 ng mL™'), the
addition of autologous manually isolated platelets
increased the C3a release by > 10-fold (565.6 ng mL™")
(Fig. 6D).

Also, the moderate C3 activation by E. coli K12 C600
in plasma was measurably enhanced by the addition of

platelets. Preactivated platelets (activated by TRAP-6 or
E. coli K12 C600) did not lead to an increase in C3a
release (Fig. 6E).

Interestingly, E. coli O18:K1 also induced C5 activation
in PCs, resulting in a 200-fold increase in released C5a
(Fig. 6F). Taken together, these data indicate that plate-
lets promote complement activation in plasma in the pres-
ence of E. coli.

Discussion

Most available data regarding interactions of Gram-nega-
tive bacteria with platelets are based on the use of LPS. We
studied the interaction of E. coli with platelets and the
effect on platelet activation. An indicator of platelet activa-
tion was the expression of CD62P and CD63. Contact of
platelets with E. coli leads to rapid platelet activation and
release of the contents of a-granules and dense granules.
The results of flow cytometry indicate that E. coli can
directly interact with and activate platelets in the absence
of bridging plasma proteins. Blocking of TLR4 with a
specific polyclonal antibody did not inhibit platelet activa-
tion by bacteria. E. coli O111:B4 LPS failed to trigger pla-
telet activation, which is in accordance with the current
literature [13,16,40]. An RGDS peptide blocking the most
abundant platelet GP, o,,B; (GPIIbIIIa), also did not
affect platelet activation by E. coli. Apparently, o,ps3 is
not involved in the interaction of E. coli with platelets.

Our results show that heat-treated complement-resis-
tant E. coli O18:K1 can trigger platelet activation much
more effectively than the live bacterial strain. We hypoth-
esize that heat treatment modifies bacterial surface pro-
teins, allowing more efficient interaction between bacteria
and platelets.

Pathogenic bacteria have different ways of evading the
immune response, such as inhibition of complement

© 2016 The Authors. Journal of Thrombosis and Haemostasis published by Wiley Periodicals, Inc. on behalf of International Society on Thrombosis and Haemostasis.



A 1000 -
_ 800+
4
£
€ 600 -
c
& 400 -
(@)

200 -

C 601
‘L 40_
€
()]
c
3
O 20 A
0_
E 100 -
80 A
T
- -
£ 60
2
s 404
™
(@)
20
0_
TRAP Ki2 TA TA
Platelet - + + + + -
SN + + + + + +

Platelets, bacteria and complement interaction 2249

C3a ng mL-1 w
B [o)] [e]
o o o
1 1 J
*

n
o
1

o
L

C3ang mL-1
™)

100 +

C5a ng mL-1
a1
o

0 T
O
&

Fig. 6. Platelets enhance plasmatic C3 activation caused by Escherichia coli. (A, B) Platelet concentrates containing 5% plasma were incubated
with heat-killed (HK) E. coli O18:K1 for 3 h, after which C3a was measured by ELISA in (A) releasates (n = 12) and (B) lysates (n = 4). (C)
Lipopolysaccharide (LPS) failed to trigger C3 activation and C3a release. (D) Incubation of plasma with HK E. coli O18:K1 for 3 h induced
C3a release, which was lower than when plasma containing platelets was incubated (n = 7-12, normalized to control). (E) Live E. coli K12 was
incubated with fresh plasma for 1 h. The supernatant containing activated C3 was recovered, and subsequently incubated for 1 h with resting
manually isolated platelets, platelets activated with thrombin receptor activating peptide 6 (TRAP-6) or E. coli K12, and platelets inactivated
by theophylline-adenosine (TA) treatment. Resting and inactivated platelets enhanced the plasmatic activation caused by E. coli. (F) Platelet
concentrates were incubated with HK E. coli O18:K1 for 3 h, and C5a was measured by ELISA. Mean + standard error of the mean is shown
for all graphs. Levels of significance with respect to the controls are as follows: *P < 0.05, *P < 0.01, and ***P < 0.001. PLT, platelet; SN,

supernatant.

activation. Complement-resistant bacteria with the O anti-
gen restrict alternative complement activation, whereas
the K1 antigen inhibits classic complement activation
[41,42]. Other bacteria can withstand the complement sys-
tem effect by binding host complement regulatory mole-
cules such as factor H or C4-binding protein [43,44], by

preventing bacterial opsonization, or by resisting mem-
brane attack complex (MAC)-mediated lysis [45].
Previous RNA and protein array studies showed the
presence of complement C3 protein and mRNA in plate-
lets [32,33]. However, it was not clarified whether the
detected complement had bound to the platelets from
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plasma and was integrated by pinocytosis. We analyzed
the presence of C3 mRNA and protein in megakaryocytes
in the absence of any external source of complement C3,
and proved its presence. However, our results indicate
that, under the chosen conditions, platelets presumably
do not synthesize new C3 protein, because no changes in
mRNA were observed.

The C3 protein of washed platelets and that of
megakaryocytes showed the same mobility on polyacry-
lamide gels, which differed from that of plasma C3. This
strongly suggests that megakaryocytes synthesize C3 and
transfer it to platelets during thrombopoiesis. Impor-
tantly, unwashed platelets showed two bands: a larger
band corresponding to plasmatic complement, and a
smaller one corresponding to megakaryocytic C3. Thus, it
is highly likely that some platelet C3 comes from
megakaryocytes. Whether or not this platelet C3 has any
functional importance has not yet been evaluated. We
found that C3 stored in the granules of washed platelets
can translocate to the platelet surface upon bacteria-
induced platelet activation and degranulation. Transloca-
tion of platelet C3 seems to be attributable to an effect of
bacteria, as TRAP-6 and LPS from E. coli O111:B4 failed
to induce significant upregulation of C3 expression on the
platelet surface. There is general agreement that the
majority of C3 in plasma originates from hepatocytes
[46]. Surprisingly, the migration behavior of hepatocytic
C3 on polyacrylamide gels corresponds to that of C3
from megakaryocytes, and differs from that of plasmatic
C3. Presumably, post-translational modifications occur
during secretion from the liver into the plasma.

Several publications have reported that activated plate-
lets can induce activation of the plasmatic complement
system, e.g. via chondroitin sulfate, which is expressed on
platelets upon thrombin activation [26]. P-selectin on acti-
vated platelets was shown to bind C3b, forming C3 con-
vertase together with factor B, which can trigger
formation of the C5b-9 MAC complex on the platelet
surface [25]. Properdin on activated platelets can recruit
C3(H,0)/C3b, forming C3 convertase on the platelet sur-
face in the presence of factor B [47]. However, we did not
observe induction of platelet complement activation and
C3a formation in washed platelets activated by E. coli.
This lack of activation of platelet-borne complement is
probably attributable to the absence of necessary cofac-
tors or the presence of complement activation inhibitors
on the platelet surface. Interestingly, platelets in combina-
tion with plasma were able to induce complement activa-
tion to a significantly higher extent than plasma alone.
Importantly, even though, in plasma, both E. coli
K12C600 and E. coli O18:K1 activated C3 and induced
release of C3a, the addition of autologous platelets to
plasma increased complement activation.

In conclusion, the contribution of platelets to activation
of the complement system could be very important for

strengthening innate immune defense against bacteria, as
platelets are the first cells to arrive at the site of an injury.
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E. coli K12.

Fig. S5. Scatter graph of platelets incubated with live
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Fig. S13. Scatter graph of platelets incubated with live
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live E. coli K12 and LPS. n = 6.

References

1 Plummer C, Wu H, Kerrigan SW, Meade G, Cox D, Ian Douglas
CW. A serine-rich glycoprotein of Streptococcus sanguis mediates
adhesion to platelets via GPIb. Br J Haematol 2005; 129: 101-9.

2 Kaushansky K. The molecular mechanisms that control throm-
bopoiesis. J Clin Investig 2005; 115: 3339-47.

3 Cox D, Kerrigan SW, Watson SP. Platelets and the innate
immune system: mechanisms of bacterial-induced platelet activa-
tion. J Thromb Haemost 2011; 9: 1097-107.

4 Kerrigan S, Cox D. Platelet-bacterial interactions. Cell Mol Life
Sci 20105 67: 513-23.

S Bhakdi S, Muhly M, Mannhardt U, Hugo F, Klapettek K,
Mueller-Eckhardt C, Roka L. Staphylococcal o toxin promotes
blood coagulation via attack on human platelets. J Exp Med
1988; 168: 527-42.

6 Karpman D, Papadopoulou D, Nilsson K, Sjogren AC, Mikaels-
son C, Lethagen S. Platelet activation by Shiga toxin and circula-
tory factors as a pathogenetic mechanism in the hemolytic
uremic syndrome. Blood 2001; 97: 3100-8.

7 Shannon O. Platelet interaction with bacterial toxins and secreted
products. Platelets 2015; 26: 302-8.

8 O’Brien L, Kerrigan SW, Kaw G, Hogan M, Penades J, Litt D,
Fitzgerald DJ, Foster TJ, Cox D. Multiple mechanisms for the
activation of human platelet aggregation by Staphylococcus aur-
eus: roles for the clumping factors CIfA and CIfB, the serine-
aspartate repeat protein SdrE and protein A. Mol Microbiol
2002; 44: 1033-44.

9 Yeaman MR, Bayer AS, Koo SP, Foss W, Sullam PM. Platelet
microbicidal proteins and neutrophil defensin disrupt the Staphy-
lococcus aureus cytoplasmic membrane by distinct mechanisms
of action. J Clin Invest 1998; 101: 178-87.

10 McNicol A, Agpalza A, Jackson EC, Hamzeh-Cognasse H, Gar-
raud O, Cognasse F. Streptococcus sanguinis-induced cytokine
release from platelets. J Thromb Haemost 2011; 9: 2038-49.

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

Platelets, bacteria and complement interaction 2251

Kerrigan SW, Douglas I, Wray A, Heath J, Byrne MF, Fitzger-
ald D, Cox D. A role for glycoprotein Ib in Streptococcus san-
guis-induced platelet aggregation. Blood 2002; 100: 509-16.
Fitzgerald JR, Foster TJ, Cox D. The interaction of bacterial
pathogens with platelets. Nat Rev Microbiol 2006; 4: 445-57.
Clark SR, Ma AC, Tavener SA, McDonald B, Goodarzi Z,
Kelly MM, Patel KD, Chakrabarti S, McAvoy E, Sinclair GD,
Keys EM, Allen-Vercoe E, DeVinney R, Doig CJ, Green FHY,
Kubes P. Platelet TLR4 activates neutrophil extracellular traps
to ensnare bacteria in septic blood. Nat Med 2007; 13: 463-9.
Massberg S, Grahl L, von Bruehl ML, Manukyan D, Pfeiler S,
Goosmann C, Brinkmann V, Lorenz M, Bidzhekov K, Khanda-
gale AB, Konrad I, Kennerknecht E, Reges K, Holdenrieder S,
Braun S, Reinhardt C, Spannagl M, Preissner KT, Engelmann
B. Reciprocal coupling of coagulation and innate immunity via
neutrophil serine proteases. Nat Med 2010; 16: 887-96.

Andrews RK, Arthur JF, Gardiner E. Neutrophil extracellular
traps (NETs) and the role of platelets in infection. Thromb Hae-
most. 2014; 112: 659-65.

Kappelmayer J, Beke Debreceni I, Vida A, Antal-Szalmas P,
Clemetson KJ, Nagy B Jr. Distinct effects of Re- and S-forms of
LPS on modulating platelet activation. J Thromb Haemost 2013;
11: 775-8.

Andonegui G, Kerfoot SM, McNagny K, Ebbert KVIJ, Patel
KD, Kubes P. Platelets express functional Toll-like receptor-4.
Blood 2005; 106: 2417-23.

Berthet J, Damien P, Hamzeh-Cognasse H, Arthaud CA, Eyraud
MA, Zeni F, Pozzetto B, McNicol A, Garraud O, Cognasse F.
Human platelets can discriminate between various bacterial LPS
isoforms via TLR4 signaling and differential cytokine secretion.
Clin Immunol 2012; 145: 189-200.

Peerschke EI, Ghebrehiwet B. Clq augments platelet activation
in response to aggregated Ig. J Immunol 1997; 159: 5594-8.
Peerschke EI, Reid KB, Ghebrehiwet B. Identification of a novel
33-kDa Clg-binding site on human blood platelets. J Immunol
1994; 152: 5896-901.

Nguyen T, Ghebrehiwet B, Peerschke EI. Staphylococcus aureus
protein A recognizes platelet gC1qR/p33: a novel mechanism for
staphylococcal interactions with platelets. Infect Immun 2000; 68:
2061-8.

Wysoczynski M, Kucia M, Ratajczak J, Ratajczak MZ. Cleavage
fragments of the third complement component (C3) enhance
stromal derived factor-1 (SDF-1)-mediated platelet production
during reactive postbleeding thrombocytosis. Leukemia 2007; 21:
973-82.

Stahl AL, Sartz L, Nelsson A, Bekassy ZD, Karpman D. Shiga
toxin and lipopolysaccharide induce platelet-leukocyte aggregates
and tissue factor release, a thrombotic mechanism in hemolytic
uremic syndrome. PLoS One 2009; 4: ¢6990.

Martel C, Cointe S, Maurice P, Matar S, Ghitescu M, Théroux
P, Bonnefoy A. Requirements for membrane attack complex for-
mation and anaphylatoxins binding to collagen-activated plate-
lets. PLoS One 2011; 6: ¢18812.

Del Conde I, Cruz MA, Zhang H, Lopez JA, Afshar-Kharghan
V. Platelet activation leads to activation and propagation of the
complement system. J Exp Med 2005; 201: 871-9.

Hamad OA, Ekdahl KN, Nilsson PH, Andersson J, Magotti P,
Lambris JD, Nilsson B. Complement activation triggered by
chondroitin sulfate released by thrombin receptor-activated plate-
lets. J Thromb Haemost 2008; 6: 1413-21.

Levin J. The evolution of mammalian platelets. In: Michelson
AD, ed. Platelets. Cambridge, MA: Elsevier, 2007, 3-22.

Quick AJ. Hemostasis as an evolutionary development. Thromb
Diath Haemorrh 1967; 18: 1-11.

Ruggeri ZM, Mendolicchio GL. Adhesion mechanisms in plate-
let function. Circ Res 2007; 100: 1673-85.

© 2016 The Authors. Journal of Thrombosis and Haemostasis published by Wiley Periodicals, Inc. on behalf of International Society on Thrombosis and Haemostasis.



2252 [. Arbesu et al

30

31

32

33

34

35

36

37

Stahl AL, Sartz L, Karpman D. Complement activation on
platelet-leukocyte complexes and microparticles in enterohemor-
rhagic Escherichia coli-induced hemolytic uremic syndrome.
Blood 2011; 117: 5503-13.

Verschoor A, Neuenhahn M, Navarini AA, Graef P, Plaumann
A, Seidlmeier A, Nieswandt B, Massberg S, Zinkernagel RM,
Hengartner H, Busch DH. A platelet-mediated system for shut-
tling blood-borne bacteria to CD8alpha+ dendritic cells depends
on glycoprotein GPIb and complement C3. Nat Immunol 2011;
12: 1194-201.

Maynard DM, Heijnen HF, Horne MK, White JG, Gahl WA.
Proteomic analysis of platelet alpha-granules using mass
spectrometry. J Thromb Haemost 2007; 5: 1945-55.

Bugert P, Dugrillon A, Gunaydin A, Eichler H, Kluter H. Mes-
senger RNA profiling of human platelets by microarray
hybridization. Thromb Haemost 2003; 90: 738-48.

Basani RB, D’Andrea G, Mitra N, Vilaire G, Richberg M,
Kowalska MA, Bennett JS, Poncz M. RGD-containing peptides
inhibit fibrinogen binding to platelet allbB3 by inducing an allos-
teric change in the amino-terminal portion of allb. J Biol Chem
2001; 276: 13975-81.

Ward JR, Bingle L, Judge HM, Brown SB, Storey RF, Whyte
MK, Dower SK, Buttle DJ, Sabroe 1. Agonists of toll-like recep-
tor (TLR)2 and TLR4 are unable to modulate platelet activation
by adenosine diphosphate and platelet activating factor. Thromb
Haemost 2005; 94: 831-8.

Rivadeneyra L, Carestia A, Etulain J, Pozner RG, Fondevila C,
Negrotto S, Schattner M. Regulation of platelet responses trig-
gered by Toll-like receptor 2 and 4 ligands is another non-
genomic role of nuclear factor-kappaB. Thromb Res 2014; 133:
235-43.

Fitzgerald JR, Loughman A, Keane F, Brennan M, Knobel M,
Higgins J, Visai L, Speziale P, Cox D, Foster TJ. Fibronectin-
binding proteins of Staphylococcus aureus mediate activation of
human platelets via fibrinogen and fibronectin bridges to integrin

38

39

40

41

42

43

44

45

46

47

GPIIb/ITa and IgG binding to the FcgammaRIla receptor. Mol
Microbiol 2006; 59: 212-30.

Hamzeh-Cognasse H, Damien P, Chabert A, Pozzetto B,
Cognasse F, Garraud O. Platelets and infections — complex inter-
actions with bacteria. Front Immunol 2015; 6: 82.

Morris KM, Goldberger G, Colten HR, Aden DP, Knowles BB.
Biosynthesis and processing of a human precursor complement
protein, pro-C3, in a hepatoma-derived cell line. Science 1982;
215: 399-400.

Damien P, Cognasse F, Eyraud MA, Arthaud CA, Pozzetto B,
Garraud O, Hamzeh-Cognasse H. LPS stimulation of purified
human platelets is partly dependent on plasma soluble CD14 to
secrete their main secreted product, soluble-CD40-Ligand. BMC
Immunol 2015; 16: 3.

Pluschke G, Mayden J, Achtman M, Levine RP. Role of the cap-
sule and the O antigen in resistance of O18:K1 Escherichia coli to
complement-mediated killing. Infect Immun 1983; 42: 907-13.
Devine DA, Roberts AP. K1, K5 and O antigens of Escherichia
coli in relation to serum Kkilling via the classical and alternative
complement pathways. J Med Microbiol 1994; 41: 139-44.
Hellwage J, Meri T, Heikkila T, Alitalo A, Panelius J, Lahdenne
P, Seppala 1J, Meri S. The complement regulator factor H binds
to the surface protein OspE of Borrelia burgdorferi. J Biol Chem
2001; 276: 8427-35.

Kraiczy P, Wurzner R. Complement escape of human patho-
genic bacteria by acquisition of complement regulators. Mol
Immunol 2006; 43: 31-44.

Lambris JD, Ricklin D, Geisbrecht BV. Complement evasion by
human pathogens. Nat Rev Microbiol 2008; 6: 132-42.

Morgan BP, Gasque P. Extrahepatic complement biosynthesis:
where, when and why? Clin Exp Immunol 1997; 107: 1-7.

Saggu G, Cortes C, Emch HN, Ramirez G, Worth RG, Ferreira
VP. Identification of a novel mode of complement activation
on stimulated platelets mediated by properdin and C3(H20).
J Immunol 2013; 190: 6457-67.

© 2016 The Authors. Journal of Thrombosis and Haemostasis published by Wiley Periodicals, Inc. on behalf of International Society on Thrombosis and Haemostasis.



