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Platelet-Dependent Neutrophil Function Is Dysregulated by M Protein
from Streptococcus pyogenes

Sinéad M. Hurley, Fredrik Kahn, Pontus Nordenfelt, Matthias Morgelin, Ole E. Serensen, Oonagh Shannon

Division of Infection Medicine, Department of Clinical Sciences, Lund University, Lund, Sweden

Platelets are rapidly responsive sentinel cells that patrol the bloodstream and contribute to the host response to infection. Plate-
lets have been reported to form heterotypic aggregates with leukocytes and may modulate their function. Here, we have investi-
gated platelet-neutrophil complex formation and neutrophil function in response to distinct agonists. The endogenous platelet
activator thrombin gave rise to platelet-dependent neutrophil activation, resulting in enhanced phagocytosis and bacterial kill-
ing. Streptococcus pyogenes is an important causative agent of severe infectious disease, which can manifest as sepsis and septic
shock. M1 protein from S. pyogenes also mediated platelet-neutrophil complex formation; however, these neutrophils were dys-
functional and exhibited diminished chemotactic ability and bacterial killing. This reveals an important agonist-dependent neu-

trophil dysfunction during platelet-neutrophil complex formation and highlights the role of platelets during the immune re-

sponse to streptococcal infection.

he predominant role of platelets is to maintain hemostasis;

however, these cells can also contribute to host defense and
inflammation (1). Platelet activation and aggregation have been
reported to occur in response to a number of bacterial pathogens
(2). Platelets have been reported to bind to leukocytes, and acti-
vated platelets release proinflammatory substances that stimulate
leukocyte function (3). Platelets form complexes more avidly with
monocytes than neutrophils (4), and platelet-neutrophil com-
plexes (PNCs) have been less investigated. There exist conflicting
reports on the relative contribution of neutrophil activation to
PNC formation. Peters et al. have demonstrated that neutrophil
activation does not influence PNC formation (5), while other
studies have reported that neutrophil activation can decrease
complex formation (6). PNC formation has mainly been investi-
gated in disease and is proposed to contribute to the pathogenesis
of allergy (7), murine lung injury (8), and sepsis (9, 10); however,
the importance of these complexes for neutrophil function is not
clear. Significant cross talk occurs between coagulation and in-
flammation, and modulation of these systems contributes to the
pathophysiology of sepsis (11). Streptococcus pyogenes is a leading
human pathogen, and invasive infections by this organism, such
as sepsis and septic shock, are an important cause of morbidity
and mortality (12). The pathogenesis of invasive streptococcal in-
fection involves dysregulation of multiple host defense systems,
including leukocyte function and coagulation (13). M protein is a
cell wall-associated bacterial protein that contributes to multiple
aspects of streptococcal pathogenesis (14). M protein can also be
released from the bacterial surface in a functionally active, soluble
form. M1 protein released from S. pyogenes AP1 forms a complex
with plasma fibrinogen, which directly stimulates neutrophil
granule release (15, 16) and the formation of neutrophil extracel-
lular traps (NETs) (17). M1 protein in complex with fibrinogen
also mediates platelet activation (18). Neutrophil activation and
platelet activation in direct response to M 1 protein are also depen-
dent on Fc-mediated activation of the cells by specific I1gG to-
ward the M1 protein (16, 18). In the present study, we investi-
gate neutrophil function in platelet-neutrophil complexes
formed in response to thrombin and M1 protein. We demon-
strate that platelet-dependent PNC formation occurs in re-
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sponse to both agonists; however, these PNCs are functionally
distinct. Thrombin gave rise to platelet-dependent neutrophil ac-
tivation, while M1 protein generated dysfunctional neutrophils
entrapped in a platelet and fibrinogen network.

MATERIALS AND METHODS

Blood collection. Blood samples from seven healthy volunteers, five
males and two females aged 25 to 39 years of age, were used throughout
the study. The regional Ethical Review Board in Lund, Sweden, approved
the recruitment of healthy blood donors to the study (reference number
657/2008). The donors had not taken antiplatelet medication in the pre-
ceding 10 days. Platelet-rich plasma (PRP) was prepared by centrifugation
at 150 X g for 15 min. Washed platelets were prepared by gel filtration of
PRP. Neutrophils were isolated using Lymphoprep (Axis Shield) accord-
ing to the manufacturer’s instructions.

Materials. Thrombin was purchased from Chrono-Log and induces
both platelet activation and fibrin polymerization; therefore, throughout
this study, all experiments with thrombin were carried out in the presence
of the peptide inhibitor of fibrin polymerization GPRP, from Bachem.
ADP and formyl-methionyl-leucyl phenylalanine (fMLF) were purchased
from Sigma. M1 protein was purified from the growth medium of an
isogenic mutant strain that lacks the membrane-spanning region and se-
cretes a soluble form of the protein (19). Anti-human CD62P (clone 9E1)
for blocking experiments was purchased from R&D systems, and the
control antibody (mouse I1gG1 kappa isotype control clone P3) was
from eBiosciences. The platelet inhibitor prostacyclin (PGI,) was from
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Bayer. CD61, CD42PerCP, CD62P PE, PAC1 FITC, CD11bPE-Cy5, and
CD61PE were purchased from BD Biosciences, and CD11b.Activation
epitope-FITC was from eBiosciences. Secondary antibodies were from
Jackson ImmunoResearch. The enzyme-linked immunosorbent assay
(ELISA) kits for neutrophil myeloperoxidase (MPO) and human neutro-
phil gelatinase-associated lipocalin (N-Gal) were from Hycult Biotech.
The ELISA kit for neutrophil matrix metalloproteinase 9 (MMP-9) was
from Nordic Biosite. Heparin-binding protein (HBP) release was deter-
mined using an in-house ELISA as previously described (20). Fibrinopep-
tide A generation was measured using an ELISA kit from Hyphen Biomed.

Flow cytometry. Citrated whole blood was diluted in HEPES buffer
(10 mM HEPES, 150 mM NaCl, 5 mM KCl, 1 mM MgSO,, pH 7.4) and
incubated with agonists for 5 min: ADP (10 wM), thrombin (0.5 U/ml +
GPRP), fMLF (1 pM), ADP + fMLF, or M1 protein (5 pg/ml). For plate-
let blockade experiments, diluted whole blood was incubated with anti-
human CD62P (5 pg/ml), isotype control antibody (5 pg/ml), or prosta-
cyclin (240 pg/ml) for 20 min, prior to stimulation with agonists. After
incubation, antibodies were added to study the platelet population
(CD42-PerCP, CD62P-PE, and PACI-FITC). In parallel, samples were
incubated with another set of antibodies to study the neutrophil popula-
tion (CD61-PE, CD11b.Activation epitope-FITC, or CD11b-PerCP). In-
cubations were terminated after 15 min by addition of Uti-Lyse erythro-
cyte lysis (DakoCytomation). Samples were analyzed on a BD FacsCalibur
flow cytometer. PNCs were determined as platelet-positive events (CD61)
within the neutrophil population. The activation status of the neutrophil
was determined using an antibody against the active conformation of the
integrin CD11b (CD11b.Activation epitope).

ELISA. Diluted whole blood was incubated with platelet and neutrophil
agonists as described for flow cytometry. Cells were pelleted at 2,500 X g for
15 min, and the supernatant was subjected to ELISA for determination of
neutrophil granule release products: MMP-9, N-Gal, MPO, and HBP.
The fibrinopeptide A concentrations in the supernatant of thrombin and
M1-activated samples were also measured by ELISA. Anti-M1 IgG anti-
bodies were detected in plasma samples from healthy donors by ELISA as
described previously (16).

Immunofluorescence microscopy. PNC formation was induced by
addition of platelet and neutrophil agonists as described for flow cytom-
etry. The red cells were lysed, and the samples were fixed with 1% para-
formaldehyde for 45 min at room temperature (RT) and washed with
quenching buffer (Dulbecco’s phosphate-buffered saline [D-PBS], 5%
bovine serum albumin [BSA], 50 mM glycine). Primary antibodies (1:500
of mouse anti-human CD61; clone VI-PL2) or goat anti-human fibrino-
gen (polyclonal) were incubated with the samples for 60 min at RT. After
washing with block buffer (D-PBS, 5% BSA), fluorochrome-conjugated
secondary antibodies (1:1,000) were incubated with the samples for 60
min at RT. The samples were washed twice, adhered onto poly-L-lysine-
coated coverslips, and mounted using DAPI (4',6-diamidino-2-phenylin-
dole) ProLong Gold medium. Acquisition of images was performed using
a fluorescence microscope (Nikon Eclipse TE300 equipped with a
Hamamatsu C4742-95 cooled charge-coupled-device [CCD] camera, us-
ing a Plan Apochromat 100X objective with numerical aperture [NA] of
1.4). To increase depth resolution, z-series were captured and out-of-
focus light was removed by deconvolution (NIS-Elements 3; Nikon).

Neutrophil phagocytosis. Neutrophil phagocytosis was investigated
using flow cytometry as previously described (21). S. pyogenes AP1 was
grown to mid-exponential phase (4 to 5 h) in Todd-Hewitt medium,
washed twice in PBS, heat killed, and labeled with Alexa Fluor 647.
Washed bacteria were suspended in RPMI medium containing 2% hu-
man serum for opsonization. Purified neutrophils (5 X 10°/ml) were
suspended in RPMI or PRP. Thrombin (0.5 U/ml + GPRP) was added to
one sample of neutrophils in PRP to induce PNC formation. As a negative
control, the platelet inhibitor prostacyclin was added to a sample of neu-
trophils in PRP in order to prevent platelet activation and PNC formation.
After 20 min at RT, those platelets not associated with neutrophils were
removed by washing at 200 X g for 5 min at 4°C, and the pellet was
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suspended in RPML. Isolated neutrophils in the absence of platelets were
either left untreated or primed with fMLF (1 wM). Neutrophils that had
been suspended in platelets were not primed with fMLF. Labeled bacteria
were added at a multiplicity of infection (MOI) of 15. Phagocytosis was
initiated by incubation at 37°C with rotation and terminated after 60 min
by placing the tubes on ice. DyLight 488-conjugated goat anti-human IgG
was then added (1:500) for 30 min on ice to label extracellular bacteria.
Samples were analyzed on a BD Accuri flow cytometer.

In a parallel experiment, bacterial killing was assessed using a modified
Lancefield assay. Thrombin (0.5 U/ml + GPRP) or M1 protein (5 pg/ml)
was added to 1 ml of citrated blood to induce PNC formation. After 15
min, washed S. pyogenes AP1 bacteria (2 X 10*) were added. The bacterial
load was determined by plating samples immediately upon addition of
bacteria and after 1 h of incubation with rotation at 37°C. The multipli-
cation factor was determined by dividing the bacterial count after 60 min
by the bacterial count at the start of the incubation.

Scanning electron microscopy. PNC formation was induced in undi-
luted whole blood by addition of platelet and neutrophil agonists. The red
cells were lysed, and the cells were pelleted at 1,000 X g for 15 min, sus-
pended in fixation solution (4% formaldehyde and 2.5% glutaraldehyde
in sodium cacodylate), and absorbed onto poly-L-lysine-coated glass cov-
erslips for 1 h. Samples were processed as previously described (22) and
examined in a Philips/FEI XL30 FEG scanning electron microscope at an
acceleration voltage of 5 kV and a working distance of 10 mm.

Neutrophil chemotaxis. Purified neutrophils (2 X 10°/ml) were sus-
pended in PRP, and PNC formation was induced by addition of platelet
and neutrophil agonists as described for neutrophil phagocytosis. Neu-
trophils were applied to a microchemotaxis chamber (NeuroProbe) for 30
min at 37°C, and directed migration toward fMLF (10 nM) was assessed
according to the leading front principle with three cells in one high-power
field (23, 24). Three fields were read per well, and the mean migration was
calculated.

Neutrophil extracellular trap formation. Purified neutrophils (2 X
10/ml) were suspended in PRP from M1 protein responders. PNC for-
mation was induced by addition of buffer or 5 pg/ml M1 protein for 45
min. As a positive control, 100 mU/ml of glucose oxidase was added to
purified neutrophils for 2.5 h. After incubation, all samples were applied
to glass slides by cytospin, and the samples were mounted using mounting
medium (DAPI ProLong Gold). Acquisition of images was performed
using a fluorescence microscope (Nikon Eclipse TE300 equipped with a
Hamamatsu C4742-95 cooled CCD camera, using a Plan Apochromat
objective).

Statistics. For flow cytometry data, variance among different treat-
ments of blood samples was assessed with a one-way analysis of variance
(ANOVA). Differences between various treatments were then assessed
with a ¢ test. For ELISA data, the difference between treatments was as-
sessed with a 7 test. Differences among various treatments for immuno-
fluorescence and phagocytosis assays were assessed with the Mann-Whit-
ney test. All P values are uncorrected for multiple comparisons. All
statistical analyses were performed in Graphpad Prism version 6.

RESULTS
Platelet activation results in platelet-dependent PNC formation
and neutrophil activation. Platelet and neutrophil activation in
whole blood was determined using flow cytometry. ADP and
thrombin generated platelet activation as expected (see Fig. S1 in the
supplemental material), and both agonists gave rise to PNC forma-
tion (Fig. 1A). Thrombin generated significantly more PNCs and
significantly greater neutrophil integrin activation than did ADP
alone (Fig. 1A and B). The neutrophil agonist fMLF specifically acti-
vated neutrophils (Fig. 1B) but did not cause platelet activation
(see Fig. S1 in the supplemental material) or PNC formation (Fig.
1A).

PNC formation in response to both ADP and thrombin was
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FIG 1 PNC formation and subsequent neutrophil activation are dependent on platelet activation and CD62P translocation. Citrated whole blood was
incubated with buffer, ADP (10 pM), thrombin (0.5 U/ml + GPRP peptide), fMLF (1 wM), or ADP + fMLF. Flow cytometry was used to determine PNC
formation (A) and neutrophil CD11b integrin activation (CD11b-Activation) (B). The mean fluorescent intensity (MFI) was determined for each
antibody, and this value for agonists was divided by the MFI for buffer alone to generate a fold increase for each agonist. The MFI for PNC formation in
buffer alone was 4 = 0.5, and for CD11b-Activation the MFI in buffer alone was 22 = 5. The means * standard errors of the means (SEM) from at least
five experiments are shown. For inhibition experiments, citrated whole blood was left untreated (black bars) or preincubated with anti-CD62P (light gray
bars) or prostacyclin (dark gray bars) before the addition of agonists and determination of PNC formation (C) and neutrophil CD11b integrin activation
(D). The MFI for each antibody in the untreated sample was set as the maximum (100%), and all other values were expressed as a percentage of this value.
The means = SEM from four experiments are shown. (E) Neutrophils in whole blood were stimulated with the supernatant of resting washed platelets,
thrombin-activated washed platelets, or fMLF (1 wM), and neutrophil CD11b integrin activation was determined. The MFI for fMLF was set as the
maximum (100%), and all other values were expressed as a percentage of this value. The means * SEM from four experiments are shown. (F) Isolated
neutrophils in RPMI were stimulated with buffer, thrombin (0.5 U/ml + GPRP peptide), or fMLF (1 wM), and neutrophil CD11b integrin activation was
determined. The means = SEM from six experiments are shown. A one-tailed paired t test was used to analyze differences in all panels: *, P < 0.05; **, P
= 0.01; ***, P < 0.001; ****, P < 0.0001; ns, nonsignificant.
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FIG 2 Platelet activation results in limited neutrophil granule release. Citrated whole blood was stimulated with agonists: buffer, ADP (10 wM), thrombin (0.5
U/ml + GPRP peptide), fMLF (1 uM), fMLF + ADP, or fMLF + cytochalasin B (cytb); then, the supernatants were harvested, and neutrophil granule release
products were determined for CD11b (A), MMP-9 (B), N-Gal (C), MPO (D), and HBP (E). Flow cytometry was used to determine CD11b release, and data are
expressed as mean fluorescent intensity (A). MMP-9, N-Gal, and MPO levels were determined by ELISA, and data are expressed in nanograms per milliliter. HBP
levels were determined by ELISA, and data are expressed as the percentage of the maximum release obtained by cell lysis with Triton X-100. The means
+ SEM from at least 4 experiments are shown. A two-tailed paired ¢ test was used to analyze differences between agonist- and buffer-treated samples: **,

P =< 0.01; %, P < 0.05; ns, nonsignificant.

abolished in the presence of prostacyclin or blockade of platelet
CD62P (Fig. 1C), demonstrating that PNC formation was strictly
dependent on platelet activation and CD62P translocation. An
isotype control antibody had no effect on PNC formation in re-
sponse to ADP or thrombin (data not shown). In the presence of
prostacyclin, neutrophil integrin activation in response to the
platelet agonist thrombin was inhibited (Fig. 1D), while prostacy-
clin had no significant effect on neutrophil activation in response
to the neutrophil agonist fMLF (Fig. 1D). Importantly, thrombin
also failed to directly activate purified neutrophils in the absence
of platelets (Fig. 1F), providing further evidence for platelet-me-
diated neutrophil integrin activation. Thrombin-mediated neu-
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trophil integrin activation was significantly decreased, but not
abolished, when the physical contact between the cells was
blocked by anti-CD62P (Fig. 1D). In order to test the hypothesis
that platelet release products also contribute to neutrophil activa-
tion, the supernatant of thrombin-activated isolated platelets was
added to neutrophils in whole blood and neutrophil integrin ac-
tivation was determined. These experiments were carried out in
the presence of prostacyclin in order to prevent de novo activation
of platelets. The supernatant of resting platelets failed to mediate
neutrophil integrin activation, while the supernatant of throm-
bin-activated platelets generated significant neutrophil integrin
activation (Fig. 1E), illustrating that platelet-dependent neutro-
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FIG 3 M1 protein from S. pyogenes generates platelet-dependent PNCs. Citrated whole blood was incubated with buffer, M1 protein (5 pg/ml), or fMLF + ADP.
Flow cytometry was used to determine PNC formation (A) and neutrophil CD11b presentation on the neutrophil surface (B). The median fluorescent intensity
(MFI) was determined for each antibody, and this value for M1 protein or fMLF + ADP stimulation was divided by the MFI for buffer alone to generate a fold
increase. A fold increase of 1 reflects no change above buffer and an inability to respond to a stimulus (nonresponder). The amount of PNCs formed in response
to M1 protein in different donors (n = 10) was measured and correlated to the titer of specific IgG against M1 protein from the same individual (C). Whole blood
from four responder donors was left untreated (black bars) or preincubated with antibodies against CD62P (light gray bars) or prostacyclin (dark gray bars) prior
to stimulation with M1 protein (5 pug/ml) (D). The MFI for each antibody in the untreated sample was set as the maximum (100%), and all other values were
expressed as a percentage of this value. Data are expressed as means * SEM from four independent donor experiments performed in duplicate. A two-tailed
paired ¢ test was used to analyze differences: ***, P < 0.001; ns, nonsignificant. unact, unactivated (buffer).

phil integrin activation involves both direct contact with platelets
and release of soluble mediators from platelets.

Platelet-dependent activation of neutrophils results in lim-
ited granule release. Neutrophil activation results in mobilization
of subsets of granules in a tightly regulated fashion. Flow cytom-
etry was used to determine the translocation of CD11b (Fig. 2A)
from the tertiary granules. ELISA was used to determine release of
MMP-9 (Fig. 2B) from the tertiary granules, of N-Gal from the
secondary granules (Fig. 2C), and of MPO (Fig. 2D) and HBP (Fig.
2E) from the primary granules. ADP or thrombin treatment of
whole blood resulted in CD11b and MMP?9 release but failed to
mobilize N-Gal, MPO, or HBP from the neutrophils (Fig. 2). The
neutrophil agonist fMLF alone or in combination with cytochala-
sin B was used as a positive control and mediated release of granule
proteins (Fig. 2).

M1 protein from S. pyogenes generates platelet-dependent
PNCs. We have previously reported that M1 protein mediates
platelet activation (18) and neutrophil activation (15, 16). PNC
formation was then investigated in response to M1 protein using
flow cytometry. While ADP + fMLF induced PNC formation in
all donors, an interindividual variation was observed in response
to M1 protein (Fig. 3A). Some individuals responded vigorously
with substantial PNC formation, whereas others gave no PNC
formation above background (Fig. 3A). Based on these results,
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donors were categorized as responders (fold increase > 1) or non-
responders (fold increase = 1) to M1 protein (Fig. 3A). Further-
more, M1 protein induced neutrophil degranulation and upregu-
lation of CD11b on the neutrophils of only those individuals that
responded with PNC formation (Fig. 3B), whereas ADP + fMLF
induced an upregulation of CD11b in all donors (Fig. 3B). The
ability to respond with PNC formation correlated with the titer of
IgG against M1 protein present in the donor’s plasma (Fig. 3C).
PNC formation in response to M1 protein was abolished in the
presence of the platelet inhibitor prostacyclin or blockade of plate-
let CD62P (Fig. 3D). An isotype control antibody had no effect on
PNC formation in response to M1 protein (data not shown). The
activation status of the neutrophil, as judged by upregulation of
CD11b, was not significantly decreased despite inhibition of PNC
formation (Fig. 3D). This demonstrates that PNC formation is
dependent on platelets, despite the presence of significant direct
neutrophil activation by M1 protein.

Immunofluorescence microscopy was used to visualize the di-
rect interaction between platelets and neutrophils. Single platelets
and platelet aggregates associated with each neutrophil (Fig. 4).
For each stimulus and each of three independent experiments, the
number of platelets per neutrophil was determined for 60 neutro-
phils. Only platelets that were in direct contact with the neutrophil
were counted, and while platelet aggregates were often observed
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FIG 4 Platelets and platelet aggregates associate with neutrophils in PNCs.
Immunofluorescence microscopy was used to visualize CD61-stained platelets
and DAPI-stained neutrophils from whole blood stimulated with fMLF +
ADP, thrombin + GPRP peptide, or M1 protein (A). For each stimulus and
each of three independent experiments, the number of platelets per neutrophil
was determined for 60 neutrophils. Data are expressed as medians * inter-
quartile ranges (B).
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(Fig. 4A), these were determined only as one point of contact and
therefore one platelet per neutrophil. Consequently, a median of 2
platelets per neutrophil was determined for thrombin, ADP +
fMLF, and M1 protein (Fig. 4B).

PNC formation in response to thrombin results in enhanced
phagocytosis. Neutrophils were purified, suspended in RPMI or
PRP, and incubated with labeled bacteria preopsonized with IgG.
Phagocytosis was assessed using flow cytometry to distinguish ex-
tracellular bacteria from intracellular bacteria (see Fig. S2 in the
supplemental material). fMLF-primed neutrophils in RPMI per-
formed efficient phagocytosis (Fig. 5B). Nonprimed neutrophils
in PRP in the absence of PNC formation (PRP + inhibitor) did
not perform phagocytosis (Fig. 5B), while PNC formation in re-
sponse to thrombin significantly enhanced the phagocytic ability
of nonprimed neutrophils (Fig. 5B). The phagocytosis assay could
not be performed with M1 protein-treated samples due to the
formation of large cellular aggregates that could not be subjected
to flow cytometry. Scanning electron microscopy was used to in-
vestigate the morphology of these aggregates. PNCs were previ-
ously visualized using immunofluorescence microscopy (Fig. 4)
of diluted blood; however, samples for electron microscopy were
prepared in undiluted blood in order to have cell numbers equiv-
alent to those used in the phagocytosis assay. No PNCs were ob-
served in buffer-treated samples (Fig. 5B subpanel A). PNCs oc-
curred in the presence of ADP, ADP + fMLF, and thrombin (Fig.
5B subpanels B, C, and D). M1 protein generated PNCs that were
composed of almost all available neutrophils and platelets en-
meshed in large aggregates (Fig. 5B subpanel E). The large aggre-
gates generated in the M1 protein-mediated PNCs are not due to
fibrin formation since fibrinopeptide A was not generated in sam-
ples treated with M1 protein (see Fig. S3 in the supplemental ma-
terial).

A Lancefield assay was performed with whole blood in order
to assess the bactericidal effects of neutrophils in PNCs. S. pyo-
genes exhibits a donor-dependent ability to grow in human blood
(25); therefore, at least a doubling of the bacteria in blood during
1 h was set as the cutoff for bacterial growth in our experiments.
Using this criterion, S. pyogenes AP1 was determined to grow in
the blood of three of the five donors that had previously been
demonstrated to generate PNCs in response to M1 protein. For
these three donors, bacterial growth was decreased upon forma-
tion of thrombin-induced PNCs compared with the negative con-
trol, while bacterial growth was increased upon formation of M1
protein-induced PNCs (Fig. 5C). This suggests that thrombin-
induced PNCs enhance the bactericidal effects of neutrophils,
while M1 protein-induced PNCs fail to do so.

PNC formation results in agonist-dependent inhibition of
chemotaxis. Purified neutrophils were suspended in PRP, and
their chemotactic ability toward fMLF was assessed. As a negative
control, neutrophils were suspended in PRP in the presence of
prostacyclin, which inhibits PNC formation (PRP + inhibitor),
and the distance migrated under these conditions was set to 100%
for each experiment. The migration of neutrophils treated with
other agonists was expressed as a percentage of this value. PNC
formation in response to thrombin or ADP + fMLF did not in-
fluence neutrophil chemotaxis (Fig. 6A). PNC formation in re-
sponse to M1 protein resulted in fewer neutrophils entering into
the chemotaxis membrane, and the neutrophils at the leading
front migrated a significantly shorter distance (Fig. 6B). This was a
platelet-dependent effect since M1 protein did not inhibit che-
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FIG 5 Neutrophil phagocytosis and bacterial killing are stimulated by PNC formation in response to thrombin. Neutrophils were suspended in RPMI
alone (RPMI), in RPMI containing 1 wM fMLF (fMLF), in platelet-rich plasma in the presence of prostacyclin (PRP + inhibitor), or in platelet-rich
plasma in the presence of 0.5 U/ml thrombin + GPRP peptide (PRP + thrombin). The neutrophils were incubated with opsonized labeled bacteria before
determination of phagocytosis by flow cytometry. Data are expressed as the percentage of neutrophils that have intracellular bacteria (A). The medians
+ the interquartile ranges from six experiments are shown. The Mann-Whitney test was used to analyze differences; **, P = 0.01; *, P = 0.05. (B) Citrated
whole blood was incubated with buffer (subpanel A), ADP (10 wM) (subpanel B), thrombin (0.5 U/ml + GPRP peptide) (subpanel C), fMLF + ADP
(subpanel D), or M1 protein (5 pg/ml) (subpanel E), and the morphology of the complexes formed was investigated using scanning electron microscopy. Citrated
whole blood was incubated with buffer (unactivated), thrombin + GPRP peptide (thrombin), or M1 protein (M1) prior to addition of washed S. pyogenes bacteria.
Bacterial growth was determined by viable count determination, and a multiplication factor was generated by dividing the bacterial count after 60 min by the
bacterial count at the start of the incubation (C). The mean of three experiments per donor is represented as a symbol for each donor (filled circle, donor 1; filled

square, donor 2; filled diamond, donor 3).

motaxis of neutrophils in platelet-poor plasma (PPP + M1) (Fig.
6B). NET formation did not occur when neutrophils were sus-
pended in PRP treated with M1 protein, while the positive control,
glucose oxidase, generated significant NET formation (Fig. 6C).
In order to further investigate the role of NET formation, the
preformed PNCs were treated with DNase at concentrations that
disintegrate NETs (200 mU at 37°C for 30 min) prior to che-
motaxis. The mean migration of neutrophils in M1 protein-stim-
ulated PNCs in the presence of DNase remained significantly de-
creased (Fig. 6B).

Fibrinogen is associated with PNCs formed in response to
M1 protein. Platelet and neutrophil activation by M1 protein has
previously been demonstrated to be dependent on the formation
of a complex between M1 protein and plasma fibrinogen. Immu-
nofluorescence microscopy was used to determine the association
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of plasma fibrinogen with thrombin- or M1 protein-stimulated
PNCs. Fibrinogen was associated with platelet aggregates in re-
sponse to both stimuli; however, only in the case of M1 protein
were large amounts of fibrinogen incorporated into the PNCs
(Fig. 7). The tight interactions between neutrophils, platelets, and
fibrinogen were evident only in the M1-stimulated samples (Fig.
7, lower panels).

DISCUSSION

The underlying pathophysiology of invasive infectious disease,
such as sepsis and septic shock, is complex, and multiple host
response systems become dysregulated. PNCs have been demon-
strated to occur during the pathogenesis of diverse cardiovascular
diseases, including sepsis (26); however, neutrophil function
within these complexes has not been elucidated. We report that
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FIG 6 Neutrophil chemotaxis is diminished by PNC formation in response to M1 protein from S. pyogenes. Neutrophils were allowed to migrate toward
fMLF (10 nM), and the mean migration (in micrometers) was determined. The effect of platelets on chemotaxis was assessed by suspension of isolated
neutrophils in platelet-rich plasma in the presence of prostacyclin (PRP + inhibitor), thrombin + GPRP peptide (PRP + thrombin), or fMLF+ADP (PRP +
fMLF&ADP). The mean migration (in micrometers) of neutrophils in PRP + inhibitor was set to 100% for each experiment, and the migration of all other
agonists was expressed as a percentage of this value (A). In parallel experiments, neutrophils were suspended in platelet-rich plasma in the presence of
prostacyclin (PRP + inhibitor), M1 protein (PRP + M1), or M1 protein + DNase (PRP + M1+ DNase). As an additional control for M1 protein, neutrophils
were suspended in platelet-poor plasma in the presence of M1 protein (PPP + M1) (B). Data are expressed as means = SEM from at least 3 experiments. A
two-tailed paired ¢ test was used to analyze the differences; **, P =< 0.01. (C) NET formation was assessed by immunofluorescence microscopy of DAPI-stained
neutrophils in RPMI (control) or platelet-rich plasma in the presence of M1 protein (PRP +M1) after 1 h to mimic the conditions of the chemotaxis assay. As
an additional control for NET formation, neutrophils in RPMI were left unstimulated or stimulated with 100 mU/ml of glucose oxidase for 2.5 h prior to DAPI

staining.

agonist-dependent modulation of neutrophil function occurs
during PNC formation. Thrombin-mediated PNCs resulted in
platelet-dependent neutrophil activation and enhanced neutro-
phil phagocytosis and killing. PNC formation in response to M1
protein generated neutrophils that were enmeshed in large hetero-
typic aggregates with platelets and fibrinogen and were compro-
mised in their functional ability.

The potent platelet agonist thrombin generated neutrophil ac-
tivation through physical contact but also through release of sol-
uble factor(s). Although neutrophils have protease-activated re-
ceptors (PARs) (27), they do not respond directly to thrombin
(Fig. 1F). Our findings imply that in the absence of a direct neu-
trophil agonist, activated platelets stimulate phagocytosis and

3522 iai.asm.org

Infection and Immunity

bacterial killing by neutrophils. This reveals an important proin-
flammatory role for thrombin-activated platelets. Aggregates of
activated platelets adhere to the endothelium and facilitate neu-
trophil adherence to and transmigration across the endothelium
(28, 29), and neutrophils have recently been demonstrated to scan
the intravascular space for activated platelets prior to transmigra-
tion (30). Activation of CD11b is an important step in neutrophil
adhesion and transmigration of the endothelium (31); however,
thrombin-mediated PNC formation in the circulation, as investi-
gated in our study, did not stimulate neutrophil chemotaxis. This
suggests that distinct neutrophil responses are generated by PNC
formation in the circulation compared with PNC formation on
the activated endothelium.

September 2015 Volume 83 Number 9


http://iai.asm.org

Platelet-Dependent Neutrophil Dysfunction
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FIG 7 PNCs formed in response to M1 protein from S. pyogenes contain aggregates of fibrinogen. Immunofluorescence microscopy was used to visualize
CD61-stained platelets, DAPI-stained neutrophils, and fibrinogen in whole blood stimulated with M1 protein or thrombin + GPRP peptide. The images were
scaled and acquired with the same settings. Representative deconvoluted images from two experiments are shown. The upper panels are collapsed three-
dimensional (3D) stacks to visualize all stained neutrophils, platelets, and fibrinogens in the field of view. The lower panels are 3D representations to exemplify

the tight interactions between all three components.

PNC formation occurs during sepsis; however, there are con-
flicting data with regard to the relative contribution of platelets
and neutrophils to this PNC formation. Peters et al. have reported
that neutrophils promote PNC formation (32), while Gawaz et al.
have reported platelets to be the most important players in plate-
let-neutrophil adhesion and in the development of organ dysfunc-
tion in sepsis (9). In our studys, it is clear that PNC formation is
strictly dependent on platelet activation and translocation of
CD62P, even in the presence of potent direct neutrophil activation
by either fMLF or M1 protein.

M protein is an important virulence factor for S. pyogenes
and contributes to multiple aspects of the dysregulated im-
mune response during invasive infection (14). Our study re-
veals an important aspect of the proinflammatory repertoire of
the soluble form of M1 protein. PNCs formed in response to
M1 protein contain neutrophils that exhibit diminished che-
motaxis and bacterial killing compared with neutrophils in
thrombin-induced PNCs. The majority of experimental mod-
els of sepsis have been performed with purified lipopolysaccha-
ride (LPS) from Gram-negative bacteria; however, these results
cannot be applied to Gram-positive pathogens. PNCs have
been reported to occur in response to LPS, resulting in the
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formation of platelet-dependent NETs that may ensnare bac-
teria but also cause collateral damage at the local site of inflam-
mation (33). We demonstrate that NET formation does not
contribute to neutrophil dysfunction in M1 protein-induced
PNCs. The interaction between soluble M1 protein and plasma
fibrinogen leads to the incorporation of large amounts of fibrino-
gen in M1 protein-induced PNCs, in contrast to thrombin (Fig.
7). This fibrinogen entrapment likely explains the neutrophil dys-
function associated with M1 protein and is in agreement with
other reports on the pathological effects of complex formation
between M1 protein and fibrinogen (34, 35). The ability to acquire
plasma fibrinogen is relatively conserved for streptococcal M pro-
teins; therefore, the mechanisms described here may be conserved
for other serotypes. There is an interindividual variation in the
ability to respond with PNC formation, and this is due to specific
IgG against the M1 protein present in only certain individuals.
This is in line with our previous findings that direct neutrophil
activation and direct platelet activation in response to M1 protein
are IgG dependent (16, 18). Individuals with I1gG against certain
regions of the M1 protein produced during a primary infection
may therefore be more at risk of the severe manifestations of sepsis
in response to reinfection with S. pyogenes.
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Vascular dysfunction and organ damage are a hallmark of
streptococcal sepsis (36), and neutrophils play a central role in
the pathogenesis of vascular dysfunction (37). We propose that
PNCs formed in response to M1 protein may adhere to the
inflamed endothelium and occlude the microvasculature. In-
terestingly, the administration of M1 protein to mice has pre-
viously been demonstrated to give rise to vascular dysfunction
(15, 34, 35). We have recently reported that PNCs are formed
in the circulation in response to S. pyogenes and that platelets
contribute to the pathogenesis of infection in a mouse model of
streptococcal sepsis (38). Furthermore, PNCs formed in response
to M1 protein occur at a distance from the bacteria; therefore, the
bacteria can avoid entrapment and exposure to antimicrobial ef-
fector mechanisms within the complexes. Collectively, the data
demonstrate that the functional consequences of PNC formation
for the neutrophil are agonist dependent and that PNC formation
may be an important event in the pathogenesis of sepsis.
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