Pneumolysin activates neutrophil extracellular trap formation
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Summary

The primary objective of the current study was to investigate the potential of the
pneumococcal toxin, pneumolysin (Ply), to activate neutrophil extracellular trap
(NET) formation in vitro.

Isolated human blood neutrophils were exposed to recombinant Ply (2:5-20 ng.ml™)
for 30-90 min at 37°C and NET formation measured using the following procedures
to detect extracellular DNA: i) flow cytometry using Vybrant Dye Cycle Ruby; ii)
spectrofluorimetry using the fluorophore, Sytox® Orange (5 uM); iii) and NanoDrop®
technology. These procedures were complemented by fluorescence microscopy
using DAPI (nuclear stain) in combination with anti-citrullinated histone monoclonal
antibodies to visualise nets.

Exposure of neutrophils to Ply resulted in relatively rapid (detected within 30-60 min),
statistically significant (p<0.05) dose- and time-related increases in the release of
cellular DNA impregnated with both citrullinated histone and myeloperoxidase.
Microscopy revealed that NETosis appeared to be restricted to a subpopulation of
neutrophils, the numbers of NET-forming cells in the control and Ply-treated systems
(10 and 20 ng.ml™*) were 4.3(4.2), 14.3(9.9) and 16.5(7.5) respectively (n=4,
p<0.0001 for comparison of the control with both Ply-treated systems). Ply-induced
NETosis occurred in the setting of retention of cell viability, and apparent lack of
involvement of reactive oxygen species and Toll-like receptor 4.

In conclusion, Ply induces vital NETosis in human neutrophils, a process which may
either contribute to host defence or worsen disease severity depending on the

intensity of the inflammatory response during pneumococcal infection.



Introduction

Despite advances in antibiotic therapy and access to sophisticated intensive care
facilities, severe community-acquired pneumonia (CAP), one of the most common
infectious disease, carries an unacceptably high mortality rate of 10-15% in
hospitalised patients [1]. Those with developing or impaired immune systems are
most vulnerable, specifically the very young, the elderly and those with primary and
acquired immunodeficiency disorders [1, 2]. Of concern, the threat of CAP-related
mortality and morbidity is likely to increase in parallel with a growing elderly
population, particularly in developing countries, in whom immunisation procedures
against the major viral (influenza virus) and bacterial (Streptococcus pneumoniae,

also known as the pneumococcus) pathogens are less effective [2, 3].

In the case of invasive pneumococcal disease (IPD), respiratory failure, shock and
multi-organ dysfunction syndrome are leading causes of mortality [4]. The major
pneumococcal protein toxin, pneumolysin (Ply), contributes significantly to the
pathogenesis of acute lung injury, due largely to pro-inflammatory activities and
direct cytotoxic effects on pulmonary epithelium and endothelium, which also
promote extrapulmonary dissemination of the pathogen [5-7]. These activities result
from the cholesterol binding, pore forming activities of the toxin [5-7]. In addition, Ply
by a mechanism independent of pore-forming activity, has been reported to activate
the production of pro-inflammatory cytokines, tumour necrosis factor a and
interleukin 6, via activation of the pattern recognition receptor, Toll-like receptor 4
(TLR4) on murine macrophages [8]. Ply has also been implicated in the
pathogenesis of acute coronary events in patients with bacterial CAP, which are also

recognised as a significant cause of mortality [9-11]. Mechanistically, evidence from



experimental animal models of IPD has demonstrated the involvement of Ply in the
formation of microlesions in the myocardium, resulting in myocardial toxicity and

dysfunction [12, 13].

Dysregulation of neutrophil extracellular trap (NET) formation is another potential
mechanism which may exacerbate lung and cardiac injury in IPD [14-18]. The
process of NETosis, which is highly conserved throughout evolution [19], involves
the extracellular release of a web of hypercitrullinated chromatin impregnated with
predominantly granule-derived antimicrobial proteins. NETs entrap, and, in some
cases, neutralise, microbial and viral pathogens [20]. However, if excessive,
NETosis poses the potential hazard of cell and organ damage, due not only to the
cytotoxic actions of histone constituents [17, 21], but also to pro-thrombotic activity

[14, 15, 18].

The pro-NETotic activity of Ply as a potential contributor to pulmonary and cardiac
dysfunction during severe pneumococcal infection is, however, largely unexplored

and represents the primary focus of the current study.

Materials and Methods

Recombinant pneumolysin and delta6Ply

Recombinant native Ply was expressed in Escherichia coli and purified from cell
extracts [22]. The pneumolysoid, delta6Ply, with a double amino acid deletion
(alanine 146 and arginine 147), resulting in attenuation of pore-forming activity, was
generated by site-directed mutagenesis [23]. The purities of both toxins were

confirmed by sodium dodecyl-sulphate-polyacrylamide gel electrophoresis. The



stock protein concentrations of native recombinant Ply and delta6Ply were 493 and
768 pg.ml™ respectively and were essentially free of contaminating endotoxin. The
respective haemolytic activities (using human erythrocytes, 1% final) were 22,700
and 0 haemolytic units.pmol™.

Unless indicated, all other chemicals and reagents were purchased from the Sigma

Chemical Co, St Louis, MO, USA.

Ethics Approval
The study was approved by the Research Ethics Committee of the Faculty of Health

Sciences, University of Pretoria (Approval No. 31/2014).

Neutrophils

Neutrophils were obtained from the blood of a total of 19 healthy, non-smoking
volunteers, mean age 41, range 23-66. Exclusion criteria included the use of any
medication on the day of venepuncture. Neutrophils were prepared as described
previously [24, 25]. The cells, which were routinely of high purity (>90%) and viability
(>95%), were suspended in indicator-free Hanks balanced salt solution (HBSS, pH
7.4; Highveld Biological Co., Johannesburg, South Africa) and used immediately in

assays of NET formation.

Exposure of neutrophils to Ply

Following pre-incubation for 10 min at 37°C, Ply (5-20ng.ml™) or an equal volume of
HBSS (40 pl, control system) was added to the neutrophils (4 X10°cells in 4 ml
HBSS) and the tubes incubated for 30, 60 and 90 min. After incubation, 1 ml of cell

suspension was removed from each tube and allocated for flow cytometric detection



of extracellular citrullinated histone- and myeloperoxidase (MPO)-associated
extracellular DNA as described below. The tubes containing the residual volume of
3ml were centrifuged to pellet the cells after which the supernatant fluids were
removed and the cell pellets resuspended in 1ml of HBSS and cell viability measured
as described below. The supernatants from each tube were then aliquoted into 2.8
ml and 100 pl volumes for detection of extracellular DNA using spectrofluorimetry

and NanoDrop® technology as described below.

Flow cytometric detection of NETs

Neutrophil suspensions were aliquoted into three flow cytometry analysis tubes
(Beckman Coulter, Miami, USA) and stained with 5 ul of mouse anti-human CD16-
APC monoclonal antibody (Beckman Coulter), 1 ul of Vybrant DyeCycle (VDC) Ruby
(final concentration 0.5 uM, Life Technologies, Johannesburg, South Africa) and one
of the following in each tube: 5 pl mouse anti-human myeloperoxidase (MPO)-FITC
monoclonal antibody (Beckman Coulter), 4 ul of anti-histone H4 (citrulline 3) rabbit
polyclonal antibody (Merck Millipore, Bellerica, USA), or 4 ul goat anti-rabbit IgG
(H+L)-Alexa Fluor® 488 secondary antibody (Life Technologies). The tubes were
gently mixed and incubated in the dark for 10 minutes at room temperature followed
by the addition of 4 pl goat anti-rabbit IgG (H+L)-Alexa Fluor® 488 secondary
antibody to the tube treated with the purified anti-histone H4 (citrulline 3) rabbit
polyclonal antibody. After an additional 10 min period of incubation, flow cytometry
analyses were performed using a Gallios flow cytometer (Beckman Coulter).
Extracellular DNA was identified as CD16"%"¢/\/\DC RubyP*s"™e/MPQPOsitve of

citrullinated Histone H4P°S"e events.



Spectrofluorimetric detection of NETs

In the case of the spectrofluorimetric procedure, the cell-free supernatants (2.8 ml)
were mixed with 3ul of the DNA-binding fluorophore, SYTOX® Orange (5uM final,
Life Technologies) [26], transferred to cuvettes, and placed in the cuvette holder of a
Hitachi 650 10S fluorescence spectrophotometer (Hitachi Ltd, Tokyo, Japan) with the
excitation and emission wavelengths set at 530nm and 590nm respectively followed
by measurement of fluorescence intensity. The results are expressed as metered
fluorescence units (MFUs) following subtraction of the values of time-matched

background control systems which were held at room temperature (25°C).

NanoDrop® procedure

Extracellular DNA concentrations were determined in the cell free supernatants
using a Nano-Drop ND-1000 spectrophotometer (Thermo Scientific, Johannesburg,
South Africa) according to a previously published protocol [27] and results recorded
as nanograms (ng).pl™.

For this and the spectrofluorimetric procedure a maximum incubation time of 60 min
was used, as this gave optimum discrimination between the control and Ply-treated

systems.

A series of additional experiments were performed using the spectrofluorimetric and
NanoDrop® procedures. These were: i) comparison of the pro-NETotic effects of
native Ply with those of delta6Ply (10 and 20 ng.ml™) [23, 28]; ii) measurement of
the requirement for extracellular Ca®" in the pro-NETotic actions of Ply by
suspending the cells in Ca®*-free medium:; iii) measurement of the requirement for

cellular generation of reactive oxygen species (ROS) in Ply-activated NETosis, firstly



by pre-treating the cells with the NADPH oxidase inhibitor, diphenyleneiodonium
chloride (DPI, 10uM final), 5 min prior to the addition of the toxin, and secondly, by
using cells from a 44 year old male with the autosomal recessive form of chronic
granulomatous disease (CGD, deficiency of p47°", GT deletion in exon 2) [29]; iv) a
comparison of the pro-NETotic actions of Ply (20ng.mI™) with those of the potent
activator of NADPH oxidase, phorbol 12-myristate 13-acetate (6.25 ng.ml™, final)
;and vi) a comparison of the effects of native Ply and the pneumolysoid, delta6Ply,

on NETosis.

Microscopic detection of NETs

Microscopy was performed to confirm that the extracellular DNA demonstrated by
other techniques was the product of NETosis. Neutrophil suspension (1.25 x10° cells
in 250 pl) was allowed to adhere to glass cover slips for 30min. Ply (10 and 20ng.ml™
final) or an equal volume of HBSS was added to the adherent cells and the
coverslips incubated for 90 min at 37°C 5%CO.. The cells were then fixed with 4%
paraformaldehyde for 10 min, washed 3 times in phosphate-buffered saline (PBS)
and blocked with HBSS containing 5% goat serum and 5% bovine serum albumin for
30 min at 37°C. Neutrophils were incubated overnight with polyclonal rabbit anti-
histone H4 (citrulline 3, Merck Millipore) and washed three times in PBS. Following
addition of Alexa Fluor 488-labeled goat anti-rabbit secondary antibody (Life
Technologies), DNA present in the specimen was stained with the DNA-binding dye,
4'.6-diamidino-2-phenylindole (DAPI ,Life Technologies), for 2 minutes and analysed
for NET formation by fluorescence microscopy using a Zeiss Axio Vert. Al
fluorescence microscope and Axio Vision Software (Zeiss, Johannesburg, South

Africa). Representative photomicrographs were taken, and used for the generation of
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counts by a single non-blinded observer. Results are expressed as percentage of

NET forming cells.

Assessment of pore-forming activity

The pore-forming activities of Ply (10 and 20 ng.mI™) were determined
spectrofluorimetrically according to the magnitude of influx of Ca** into neutrophils
using fura-2 acetoxymethylester (fura-2 AM) as the Ca**-sensitive, fluorescent
indicator. Briefly, neutrophils (1 x 10”.ml™ in PBS) were incubated with fura-2 AM (2
MM, final) for 25 min at 37°C, washed and resuspended in HBSS. The fura-2-loaded
cells (1 x 10°) were then pre-incubated for 10 min at 37°C and transferred to
cuvettes which were maintained at 37°C in the Hitachi 650 10S fluorescence
spectrophotometer with the excitation and emission wavelengths set at 340 nm and
500 nm respectively. After a stable baseline was obtained (x1 min), Ply, or delta6Ply
were added to the cells and alterations in fluorescence intensity monitored over a 5-

10 min time course.

Measurement of reactive oxygen species (ROS)

A luminol (5-amino-2,3-dihydro-1,4-phthalazinedione)-enhanced chemiluminescence
(LECL) procedure , which is a composite measure of phagocyte-derived ROS, was
used to investigate the generation of ROS by Ply (20 ng.mlI™) in the absence and
presence of DPI (10 uM). Briefly, the neutrophils (1 x 10%.ml™) in HBSS containing
0.1 mM luminol were pre-incubated for 10 min at 37°C, without and with DPI,
followed by addition of Ply and measurement of LECL over a 20 min time course
using a thermoregulated chemiluminometer (LKB Wallac 1251 Chemiluminometer,

Turku, Finland) and results expressed as the peak LECL responses in mV.sec™. In
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addition, a lucigenin (bis-N-methylacridium nitrate, 0.2mM, final)-enhanced
chemiluminescence method was used to demonstrate the generation of superoxide
by PMA (6.25ng.ml™)-activated neutrophils from the CGD subject.

Cell viability

This was measured at each time interval following addition of Ply or PMA to
neutrophils using a flow cytometric propidium iodide-based dye exclusion assay. The
cells (4 x 10°.mI™") were incubated for 5 min with propidium iodide (50 pg.ml™, DNA
Prep-Stain, Beckman Coulter) and cell viability assessed flow cytometrically. Results

are expressed as percentage viable cells.

Expression and statistical analyses of results

The results of each series of experiments are expressed as the mean values and
standard deviations (SDs), with the exception of the spectrofluorimetric
measurements of Ca®" influx for which the traces are shown. In all cases, the ‘n’
values represent the number of different donors used in each series of experiments.
The exceptions are studies using CGD cells, in which several replicates were
performed on a single donor. For flow cytometric data, statistical analyses were
performed using GraphPad Prism 6 (version 6.07; GraphPad Software, San Diego,
USA). A 2-way ANOVA with Sidak’s multiple comparisons test was used to
determine statistically significant differences between the untreated control groups
and the Ply-treated groups (various concentrations) over the different time points.
For bivariate hypothesis testing, t-tests were used. A p-value of <0.05 was taken as

statistically significant.
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Results

Induction of NETosis by Ply

A representative gating strategy used to identify citrullinated histone P°*° / MPO P°®
extracellular DNA fragments following treatment of neutrophils with Ply (20 ng.mi™)
for 90 min at 37°C is shown in Figure 1A-D. The various panels show exclusion of
intact CD16P° neutrophils (A); the non-specific staining control using secondary
antibody only (B); indication of extracellular DNA fragment size of CD16"*9/VDC
RubyP®/citrullinated histoneP®® events (C); and identification of CD16"*9/VDC RubyP®®
/ citrullinated histoneP®® or MPOP®® extracellular DNA fragments. Probably due to
shear pressure applied to the fragments during flow cytometric analysis, the majority
of these extracellular DNA fragments, equivalent to 79.59% (7.43), displayed low
forward scatter properties (Figure 1D). Only 20.41% (7.43) of the fragments were

comparable in size to intact cells (intermediate/high forward scatter).

The effects of addition of Ply (5-20 ng.mI™) on NETosis, over a 90 min time course,
using the flow cytometric procedure are shown in Figure 2. Addition of Ply to the
cells resulted in a dose-and time-dependent activation of NETosis measured
according to the release of citrullinated histone-positive, extracellular DNA from the
cells, which achieved statistical significance at a concentration of 20ng.ml™(p<0.05-
p<0.01) at 60 min, and at concentrations of 10 and 20ng.ml™* Ply after 90 min
exposure (p<0.01 and p<0.001 respectively). Similar trends, were observed with
respect to detection of MPO-positive, extracellular DNA.

The effects of Ply (10 and 20 ng.mI™) on NETosis, measured using the
spectrofluorimetric and NanoDrop® procedures and a fixed incubation time of 60

min, are shown in Figure 3.
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Figure 1: The flow cytometric gating strategy and staining approach to detect extracellular DNA
fragments are shown in panels A-D. Exclusion of intact CD16"*° neutrophils is shown in A; staining
with goat anti-rabbit IgG (H+L)-Alexa Fluor® 488 secondary antibody only (non-specific staining
control) in B; indication of extracellular DNA fragment size of CD16"°/VDC Ruby’**/citrullinated (citr).
histone events in C; and identification of CD16"%/VDC Ruby’**/citrullinated. histone* events in D-
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Figure 2: Flow cytometric determination of Ply (5, 10 and 20 ng.ml™)-activated NETosis over a 30—90
min time course. The results of 5 separate experiments (n=5) are expressed as the mean

Positve avents (SD), including intact nucleated cells. *p<0.05; **p<0.01;

percentages of total VDC Ruby
***n<0.001. A 2-way ANOVA with Sidak’s multiple comparison test were used to determine

significance of the various Ply concentrations at different time points.
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procedures. The results of 10 separate experiments are expressed as the mean values and SDs. as
metered fluorescence units (MFUs) or ng DNA.pl™. *p<0.01; **p<0.0001. Data shown in both graphs

A and B, data was analysed using the t-test.
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Using both procedures, exposure of neutrophils to Ply at both concentrations
resulted in significant increases (p<0.01-p<0.0001) in release of extracellular DNA.
Importantly, no loss of neutrophil viability was observed following treatment of
neutrophils with Ply for up to 60 min, the mean percentages viability (SD) being
97.4(0.9), 98.2(0.5), and 97.7(0.7), for the control and Ply (10 and 20 ng.ml™?)-

treated systems respectively (n=6).

A comparison of Ply (20ng.mI™)- and PMA (6.25 ng.ml™* )-activated NET formation
using the spectrofluorimetric procedure are shown in Figure 4A with the
corresponding cell viability data shown in Figure 4B. Fixed incubation times of 60
min and 90 min were used for Ply and PMA respectively as meaningful PMA-
activated NETosis only became detectable at 90 min. PMA, which was a more
effective activator of NETosis than Ply, was also associated with loss of viability. A

similar time course of PMA-activated NETosis has been described [30].

Microscopic detection of NETosis

According to microscopic analysis, the mean percentages (SD) of NETotic cells in
the control system and systems treated with 10 and 20 ng.ml™ Ply following 90 min
incubation were 4.3(4.2), 14.3(9.9) and 16.5(7.5) respectively (n=4, p<0.0001 for
comparison of the control with both Ply-treated systems). A photomicrograph

demonstrating Ply (20ng.mI™ )-induced NETSs is shown in Figure 5.
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Figure 4: Comparison of the effects of Ply (20 ng.ml"l) and PMA (6.25 ng.ml'l) on: i) NETosis using
the spectrofluorimetric procedure and exposure times of 60 min and 90 min for systems treated with
Ply and PMA respectively (A); and ii) cell viability using the same exposure times (B). The results of 5
experiments (n=5) are presented as the mean values as metered fluorescence units (MFUS) or
percentage viability and SD for measurement of NETosis and viability respectively. *p<0.03; **p<0.02;

***n<(0.007. Data was analysed using the t-test.
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Figure 5: Fluorescence microscopic images of neutrophil extracellular trap formation by control
neutrophils (A) and cells treated for 90 min with pneumolysin at a concentration of 20 ng.mL™ (B)
stained with DAPI (huclear stain) and citrullinated histone antibody viewed at 20x magnification.

Image C shows NETotic cells at a higher magnification (40x).
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Assessment of the involvement of Toll-like receptor 4 (TLR4), ROS and extracellular
Ca?* in the pro-NETotic actions of Ply

Exposure of neutrophils to delta6Ply, which like Ply activates TLR4 [8], failed to
induce NETosis, the MFU values (SD) being 15.3(4.1), 96(52.3) and 10.1(10.48), for
the control system and the systems treated with 20 ng.ml™ Ply or delta6Ply
respectively (n=3). Similar results were obtained with the NanoDrop® procedure (not
shown). These results apparently exclude involvement of TLR4 in the pro-NETotic

actions of Ply.

The effects of the NADPH oxidase inhibitor, DPI (10 uM), on Ply-activated NETosis,
as well as the effects of the pore-forming toxin on CGD cells, are shown in Figure 6.
Treatment of neutrophils with DPI1 had modest, statistically insignificant effects on
Ply-activated NETosis, while exposure of CGD neutrophils to the toxin, but not to
PMA, resulted in significant NETosis. These results appear to exclude meaningful
involvement of NADPH oxidase-derived ROS in the pro-NETotic actions of Ply, while

confirming their role in PMA-activated NETosis.

Exposure of neutrophils suspended in Ca?*-free medium to Ply (10 ng.ml™) for 60
min resulted in significant cytotoxicity accompanied by a massive increase in
extracellular DNA (SD) with values of 0.41 (0.25) and 10.35 (1.74) ng DNA.ul™ for
the control and Ply-treated systems respectively using the NanoDrop® procedure,
with corresponding mean percentages (SD) viability of 97.5 (0.5) and 11.7 (11.6) n=

3.
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Figure 6: Measurement of the involvement of reactive oxygen species in Ply (20 ng.ml'l)-mediated
NETosis using: i) neutrophils from healthy individuals (n=4) treated with the NADPH oxidase inhibitor

diphenyleneiodonium chloride (DPI, 10uM) shown in A; and ii) neutrophils from a single patient with
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chronic granulomatous disease (CGD) exposed to Ply (20ng.m|’1) or PMA (6.25 ng.ml'l) for 60 and 90
min respectively (4 replicates in each experimental system) as shown in B.

*p<0.03 for comparison of the Ply-treated systems at both 10 and 20 ng.ml'l with the untreated control
system. Inclusion of DPI had no statistically significant effects on NETosis-activated by Ply at either
10 or 20 ng.ml™ (A).

*p<0.03 for comparison of the responses of Ply-exposed CGD cells with the corresponding control
system, while no significant differences were evident between the control and PMA-activated systems

(B). Data from both A and B was analysed using the t-test.

Assessment of the pore-forming activities of Ply and delta6Ply

Pore-forming activity was assessed spectrofluorimetrically using fura-2/AM as the
Ca”*-sensitive, fluorescent probe and these results, which are typical traces from a
single representative experiment, are shown in Figure 7. Following a short lag,

treatment of neutrophils with native Ply, but not delta6Ply, caused significant influx of
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Figure 7: Fura-2/AM fluorescence traces from a single representative experiment showing the effect
of addition (denoted by the arrow, |) of either Ply (10 and 20 ng.ml™) or delta6Ply (20 ng.mI™) on the
influx of Ca** into neutrophils recorded as increased fluorescence intensity as a measure of pore-

forming activity.
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Measurement of ROS

Exposure of neutrophils to Ply resulted in a modest increase in the generation of
ROS which was completely abolished by treatment of the cells with DPI (p=0.03).
The mean peak values (SD) for the control Ply-free system and those treated with
20ng.ml™ Ply without and with DPI, were 1140(286), 1427(376) and 36(36) mV.sec™
respectively (n=3). In the case of superoxide generation by the CGD cells, the peak
values for unstimulated and PMA (6.25 ng.ml™ )-activated neutrophils from a healthy
control subject were 877(212), 5100(246) mV.sec ™ respectively, while the

corresponding values from the CGD subject were 87(43) and 72(35) mV.sec™.

Discussion

This study, using, a range of mutually confirmatory procedures, has demonstrated
that exposure of human neutrophils to Ply at pathologically relevant concentrations
[31] results in activation of NETosis. If such interactions occur in the clinical setting,
this may explain, at least in part, the mechanisms underlying the cardiopulmonary
complications of severe pneumococcal disease which are associated with a high

mortality despite seemingly appropriate antimicrobial therapy [9, 32].

The pro-NETotic actions of Ply resulted in mobilisation of citrullinated histone- and
MPO-associated, nuclear DNA, but in contrast to those of the prototype pro-oxidative
activator of NETosis, phorbol ester (PMA) which induces late suicidal NETosis [30,
33], these were detected earlier (within 30-60 min), were independent of activation of
NADPH oxidase, and occurred in the setting of retention of cell viability. These
findings are consistent with the process of vital NETosis previously reported to be

initiated by activators such as the Staphylococcus aureus pore-forming toxin,
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Panton-Valentine leukocidin (PVL) [33], and the calcium ionophore, ionomycin [34].
In both cases, there are some similarities with those of Ply-activated NETosis
[33].These include: i) relative rapidity of onset; ii) lack of involvement of ROS,; iii)
mobilisation of nuclear DNA,; iv) retention of cell viability; and v) restriction of vital
NETosis to <20% of the cell population, consistent with the involvement of a
neutrophil sub-population in this process [35]. Previous reports using non-opsonised
6 hour bacterial cultures have suggested that pneumococci are less effective
inducers of NETosis than Staphylococcus aureus [33]. However, as release of Ply
occurs late in the growth of pneumococci due to autolysis, 6 hours of culture is too
early for optimal release of Ply. In addition, induction of NETosis occurs most

effectively in the presence of opsonised bacteria [36].

With respect to alternative potential mechanisms of Ply-mediated NETosis, the toxin
in both its native and toxoid forms, has been reported to interact with and activate
TLR4 on macrophages [8],also present on neutrophils, representing a potential
mechanism of induction of NETosis. This can be excluded, however, on the basis of
the observed inactivity of delta6Ply observed in the current study, underscoring the
requirement for the pore-forming activity of the intact native toxin in activation of
NETosis. In this context, we have previously reported that Ply augments several
early-occurring inflammatory activities of neutrophils by a mechanism dependent on
pore-formation and influx of extracellular Ca®* [24, 25]. These activities include
increased generation of ROS, prostanoids and eicosanoids, as well as release of the
primary granule enzyme, elastase [24, 25]. In the current study, however, a link
between Ply-mediated NETosis and Ca®" influx was difficult to establish. This was

due to augmentation of the cytotoxic actions of Ply in Ca®*-free medium, a
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phenomenon we have observed previously [24], which is seemingly related to the
requirement for Ca** to repair Ply-mediated membrane pore formation [37]. The lack
of activity of delta6Ply therefore represents the major line of evidence, albeit indirect,
supporting a pore-forming/Ca**-dependent mechanism in the pro-NETotic actions of
Ply. It is, however, also supported by the similarities to the pro-NETotic actions of
ionomycin, which also occur within 30-60 min, in the setting of retentior-of-cell
viability-and lack of involvement of ROS [34]. In this context, it is noteworthy that
neutrophils from a CGD individual were responsive to Ply-induced NETosis in
keeping with previous reports of the existence of NADPH-oxidase-independent

mechanisms of NETosis operative in CGD neutrophils [16, 38, 39].

Pneumococcal pneumonia is associated with marked neutrophilic infiltration [37] and
the presence of NETSs in the lungs of mice experimentally-infected with the
pneumococcus [40]. Although unproven, the events involved in induction of NETosis
in this setting are likely to be related to the pro-NETotic actions of Ply described in
the current study, possibly augmented by pneumococcal alpha-enolase, which has
also been reported to induce NET formation, albeit via an indirect mechanism[41].
Although NETSs are intended to trap and possibly kill microbial pathogens, the
pneumococcus via expression of the polysaccharide capsule [42] and the surface
endonuclease, EndA [43], is particularly adept at evading and escaping from NETS.
Induction and subversion of NETosis therefore represents a potential strategy
favouring persistence and possibly invasiveness of the pathogen resulting from
alveolar epithelial and endothelial damage mediated by the cytotoxic components of

NETSs, especially histones [17, 21].
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The findings of the current study not only extend the repertoire of potentially harmful
pro-inflammatory, pro-infective activities of Ply, but may also provide novel insights
into the immunopathogenesis of acute lung injury and acute cardiac events during
severe pneumococcal infection. Notwithstanding direct cytotoxic effects [12-18] and
pro-inflammatory actions of the toxin [24, 25], indirect activities related to activation
of NETosis, including cytotoxic and pro-thrombotic activities of NETs [14, 15, 18] are
also likely to contribute to toxin-mediated pulmonary and cardiac injury. These
findings underscore the potential of Ply-targeted therapies such as macrolide and
macrolide-like antibiotics which are potent inhibitors of the production of Ply [44], as
well as cholesterol-rich liposomes which neutralise the toxin [45]. In addition,
pharmacological inhibitors of peptidylarginine deiminases, key enzymes in the

induction of NETosis, are currently in pre-clinical development [46].
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