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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 (5-20 ng ml21) for 30–90 min

at 378C and NET formation measured using the following procedures to

detect extracellular DNA: (i) flow cytometry using VybrantVR DyeCycleTM

Ruby; (ii) spectrofluorimetry using the fluorophore, SytoxVR Orange (5 lM);

and (iii) NanoDropVR technology. These procedures were complemented

by fluorescence microscopy using 40, 6-diamino-2-phenylindole (DAPI)

(nuclear stain) in combination with anti-citrullinated histone monoclonal

antibodies to visualize 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 ml21) were 4�3 (4�2), 14.3

(9�9) and 16�5 (7�5), respectively (n 5 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.

Keywords: calcium, chronic granulomatous disease, neutrophils, NETosis,
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Introduction

Despite advances in antibiotic therapy and access to sophis-

ticated intensive care facilities, severe community-acquired

pneumonia (CAP), one of the most common infectious

diseases, carries an unacceptably high mortality rate of 10–

15% in hospitalized patients [1]. Those with developing or

impaired immune systems are most vulnerable, specifically

the very young, elderly people 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 immuniza-

tion 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), respi-

ratory 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 proin-

flammatory activities and direct cytotoxic effects on pulmo-

nary epithelium and endothelium, which also promote
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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 proinflammatory cytokines,

tumour necrosis factor a and interleukin 6 via activation of

the pattern recognition receptor, Toll-like receptor 4 (TLR-4),

on murine macrophages [8]. Ply has also been implicated in

the pathogenesis of acute coronary events in patients with bac-

terial CAP, which are also recognized 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 predomi-

nantly granule-derived anti-microbial proteins. NETs

entrap and, in some cases, neutralize, 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 contribu-

tor 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 lg ml21, respectively, and were

essentially free of contaminating endotoxin. The respective

haemolytic activities (using human erythrocytes, 1% final)

were 22 700 and 0 haemolytic units pmol21.

Unless indicated, all other chemicals and reagents were pur-

chased 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 5 41,

range 5 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’s bal-

anced 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 preincubation for 10 min at 378C, Ply (5–20 ng

ml21) or an equal volume of HBSS (40 ll, control system)

was added to the neutrophils (4 3 106 cells in 4 ml HBSS)

and the tubes incubated for 30, 60 and 90 min. After incu-

bation, 1 ml of cell suspension was removed from each

tube and allocated for flow cytometric detection of citrulli-

nated histone- and myeloperoxidase (MPO)-associated

extracellular DNA, as described below. The tubes contain-

ing the residual volume of 3 ml were centrifuged to pellet

the cells, after which the supernatant fluids were removed

and the cell pellets resuspended in 1 ml of HBSS and cell

viability measured as described below. The supernatants

from each tube were then aliquoted into 2�8 ml and 100 ml

volumes for detection of extracellular DNA using spectro-

fluorimetry and NanoDrop
VR

technology, as described

below.

Flow cytometric detection of NETs

Neutrophil suspensions were aliquoted into three flow

cytometry analysis tubes (Beckman Coulter, Miami, FL,

USA) and stained with 5 ll of mouse anti-human CD16-

allophycocyanin (APC) monoclonal antibody (Beckman

Coulter), 1 ll of VybrantVR DyeCycleTM (VDC) Ruby (final

concentration 0�5 lM; Life Technologies, Johannesburg,

South Africa) and one of the following in each tube: 5 ll

mouse anti-human MPO-fluorescein isothiocyanate

(FITC) monoclonal antibody (Beckman Coulter), 4 ll of

anti-histone H4 (citrulline 3) rabbit polyclonal antibody

(Merck Millipore, Billerica, MA, USA) or 4 ll goat anti-

rabbit immunoglobulin (Ig)G (H 1 L)-Alexa Fluor
VR

488

secondary antibody (Life Technologies). The tubes were

mixed gently and incubated in the dark for 10 min at room

temperature followed by the addition of 4 ll goat anti-

rabbit IgG (H 1 L)-Alexa Fluor
VR

488 secondary antibody

to the tube treated with the purified anti-histone H4 (cit-

rulline 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–/VDC

Ruby1/MPO1 or citrullinated histone H41 events.

Pneumolysin-induces NET formation
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Spectrofluorimetric detection of NETs

In the case of the spectrofluorimetric procedure, the cell-

free supernatants (2�8 ml) were mixed with 3 ll of the

DNA-binding fluorophore, Sytox
VR

Orange (5 mM 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 530 nm and

590 nm, respectively, followed by measurement of fluores-

cence intensity. The results are expressed as metered fluo-

rescence units (MFUs) following subtraction of the values

of time-matched background control systems, which were

held at room temperature (258C).

NanoDropVR procedure

Extracellular DNA concentrations were determined in the

cell-free supernatants using a NanoDrop ND-1000 spectro-

photometer (Thermo Scientific, Johannesburg, South

Africa), according to a previously published protocol [27],

and results recorded as nanograms (ng) ml21.

For this and the spectrofluorimetric procedure a maxi-

mum incubation time of 60 min was used, as this gave

optimum discrimination between the control and Ply-

treated systems.

A series of additional experiments was performed using

the spectrofluorimetric and NanoDrop
VR

procedures. These

were: (i) comparison of the pro-NETotic effects of native

Ply with those of delta6Ply (10 and 20 ng ml21) [23,28];

(ii) measurement of the requirement for extracellular Ca21

in the pro-NETotic actions of Ply by suspending the cells in

Ca21-free medium; (iii) measurement of the requirement

for cellular generation of reactive oxygen species (ROS) in

Ply-activated NETosis, first by pretreating the cells with the

nicotinamide adenine dinucleotide phosphate (NADPH)

oxidase inhibitor, diphenyleneiodonium chloride (DPI, 10

lM final) 5 min prior to the addition of the toxin, and sec-

ondly, by using cells from a 44-year-old male with the auto-

somal recessive form of chronic granulomatous disease

(CGD, deficiency of p47phox, GT deletion in exon 2) [29];

(iv) a comparison of the pro-NETotic actions of Ply (20 ng

ml21) with those of the potent activator of NADPH oxi-

dase, phorbol 12-myristate 13-acetate (6�25 ng ml21, 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 extracellu-

lar DNA demonstrated by other techniques was the prod-

uct of NETosis. Neutrophil suspension (1�25 3 105 cells in

250 ml) was allowed to adhere to glass coverslips for 30

min. Ply (10 and 20 ng ml21 final) or an equal volume of

HBSS was added to the adherent cells and the coverslips

incubated for 90 min at 378C 5% CO2. The cells were then

fixed with 4% paraformaldehyde for 10 min, washed three

times in phosphate-buffered saline (PBS) and blocked with

HBSS containing 5% goat serum and 5% bovine serum

albumin for 30 min at 378C. Neutrophils were incubated

overnight with polyclonal rabbit anti-histone H4 (citrulline

3; Merck Millipore) and washed three times in PBS.

Following the addition of Alexa Fluor 488-labelled goat

anti-rabbit secondary antibody (Life Technologies), DNA

present in the specimen was stained with the DNA-binding

dye, 40,6-diamidino-2-phenylindole (DAPI; Life Technolo-

gies) for 2 min and analysed for NET formation by fluores-

cence microscopy using a Zeiss Axio Vert. A1 fluorescence

microscope and Axio Vision Software (Zeiss, Johannesburg,

South Africa). Representative photomicrographs were

taken, and used for the generation of 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 ml21)

were determined spectrofluorimetrically according to the

magnitude of influx of Ca21 into neutrophils using fura-2

acetoxymethylester (fura-2 AM) as the Ca21-sensitive, flu-

orescent indicator. Briefly, neutrophils (1 3 107 ml21 in

PBS) were incubated with fura-2 AM (2 lM, final) for 25

min at 378C, washed and resuspended in HBSS. The fura-

2-loaded cells (1 3 106) were then preincubated for 10 min

at 378C and transferred to cuvettes which were maintained

at 378C in the Hitachi 650 10S fluorescence spectropho-

tometer with the excitation and emission wavelengths set at

340 nm and 500 nm, respectively. After a stable baseline

was obtained (6 1 min), Ply or delta6Ply was 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 ml21) in

the absence and presence of DPI (10 lM). Briefly, the neu-

trophils (1 3 106 ml21) in HBSS containing 0�1 mM lumi-

nol were preincubated for 10 min at 378C, without and

with DPI, followed by addition of Ply and measurement of

LECL during a 20-min time–course using a thermoregu-

lated chemiluminometer (LKB Wallac 1251 Chemilumin-

ometer; LKB Wallac, Turku, Finland) and results expressed

as the peak LECL responses in mV s21. In addition, a luci-

genin (bis-N-methylacridium nitrate, 0�2 mM, final)-

enhanced chemiluminescence method was used to demon-

strate the generation of superoxide by phorbol myristate

acetate (PMA) (6�25 ng ml21)-activated neutrophils from

the CGD subject.

J. G. Nel et al.
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Cell viability

This was measured at each time interval following addition

of Ply or PMA to neutrophils using a flow cytometric pro-

pidium iodide-based dye exclusion assay. The cells

(4 3 106 ml21) were incubated for 5 min with propidium

iodide (50 lg ml21, 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 (s.d.), with the

exception of the spectrofluorimetric measurements of Ca21

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, CA, USA). A two-way

analysis of variance (ANOVA) with Sidak’s multiple compari-

sons test was used to determine statistically significant

differences between the untreated control groups and the

Ply-treated groups (various concentrations) over the differ-

ent time-points. For bivariate hypothesis testing, t-tests

were used. A P-value of < 0�05 was taken as statistically

significant.

Results

Induction of NETosis by Ply

A representative gating strategy used to identify citrulli-

nated histone1/MPO1 extracellular DNA fragments fol-

lowing treatment of neutrophils with Ply (20 ng ml21) for

90 min at 37�C is shown in Fig. 1a–d. The various panels

show exclusion of intact CD161 neutrophils (a); the non-

specific staining control using secondary antibody only (b);

indication of extracellular DNA fragment size of CD16–/

VDC Ruby1/citrullinated histone1 events (c); and identifi-

cation of CD16–/VDC Ruby1/citrullinated histone1 or

Fig. 1. The flow cytometric

gating strategy and staining

approach to detect

extracellular DNA fragments

are shown in (a–d). Exclusion

of intact CD161 neutrophils is

shown in (a); staining with

goat anti-rabbit

immunoglobulin (Ig)G

(H 1 L)-Alexa Fluor
VR

488

secondary antibody only (non-

specific staining control) in

(b); indication of extracellular

DNA fragment size of CD16–/

VybrantVR DyeCycleTM (VDC)

Ruby1/citrullinated (citr)

histone1 events in (c); and

identification of CD16–/VDC

Ruby1/citrullinated histone1

events in (d).

Pneumolysin-induces NET formation
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MPO1 extracellular DNA fragments. Due probably to

shear pressure applied to the fragments during flow cyto-

metric analysis, the majority of these extracellular DNA

fragments, equivalent to 79�59% (7�43), displayed low

forward-scatter properties (Fig. 1d). Only 20�41% (7�43) of

the fragments were comparable in size to intact cells (inter-

mediate/high forward-scatter).

The effects of addition of Ply (5–20 ng ml21) on NETosis

during a 90-min time–course, using the flow cytometric pro-

cedure, are shown in Fig. 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 20 ng ml21

(P < 0�05–P < 0�01) at 60 min, and at concentrations of 10

and 20 ng ml21 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 ml21) on NETosis,

measured using the spectrofluorimetric and NanoDrop
VR

procedures and a fixed incubation time of 60 min, are

shown in Fig. 3.

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 percentage viability (s.d.) being 97�4 (0�9),

98�2 (0�5) and 97�7 (0�7) for the control and Ply (10 and 20

ng ml21)-treated systems, respectively (n 5 6).

A comparison of Ply (20 ng ml21)- and PMA (6�25 ng

ml21)-activated NET formation using the spectrofluori-

metric procedure is shown in Fig. 4a, with the correspond-

ing cell viability data shown in Fig. 4b. Fixed incubation

times of 60 and 90 min were used for Ply and PMA, respec-

tively, as meaningful PMA-activated NETosis only became

detectable at 90 min. PMA, which was a more effective acti-

vator 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

(s.d.) of NETotic cells in the control system and systems

Fig. 2. Flow cytometric determination of pneumolysin (Ply) (5, 10

and 20 ng ml21)-activated NETosis over a 30–90-min time–course.

The results of five separate experiments (n 5 5) are expressed as the

mean percentages of total VybrantVR DyeCycleTM (VDC) Ruby1

events [standard deviation (s.d.)], including intact nucleated cells.

*P < 0�05; **P < 0�01; ***P < 0�001. A two-way analysis of variance

(ANOVA) with Sidak’s multiple comparison test were used to

determine significance of the various Ply concentrations at different

time-points.

Fig. 3. Measurement of pneumolysin (Ply) (10 and 20 ng ml21)-

activated NETosis according to measurement of extracellular DNA

after 60 min incubation using the spectrofluorimetric (a) and

NanoDrop
VR

(b) procedures. The results of 10 separate experiments

are expressed as the mean values and standard deviations (s.d.) as

metered fluorescence units (MFUs) or ng DNA ml21. *P < 0�01;

**P < 0�0001. Data shown in both (a) and (b), data were analysed

using the t-test.

J. G. Nel et al.
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treated with 10 and 20 ng ml21 Ply following 90 min incu-

bation were 4�3 (4�2), 14�3 (9�9) and 16�5 (7�5), respectively

(n 5 4, P < 0�0001 for comparison of the control with

both Ply-treated systems). A photomicrograph demonstrat-

ing Ply (20 ng ml21)-induced NETs is shown in Fig. 5.

Assessment of the involvement of TLR-4, ROS and
extracellular Ca21 in the pro-NETotic actions of Ply

Exposure of neutrophils to delta6Ply which, like Ply, acti-

vates TLR-4 [8], failed to induce NETosis, the MFU values

(s.d.) being 15�3 (4�1), 96 (52�3) and 10�1 (10�48) for the

control system and the systems treated with 20 ng ml21 Ply

or delta6Ply, respectively (n 5 3). Similar results were

obtained with the NanoDrop
VR

procedure (not shown).

These results apparently exclude involvement of TLR-4 in

the pro-NETotic actions of Ply.

The effects of the NADPH oxidase inhibitor, DPI (10

lM), on Ply-activated NETosis, as well as the effects of the

pore-forming toxin on CGD cells, are shown in Fig. 6.

Treatment of neutrophils with DPI 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

Fig. 4. Comparison of the effects of pneumolysin (Ply) (20 ng ml21)

and phorbol myristate acetate (PMA) (6�25 ng ml21) 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 five experiments (n 5 5) are presented as the

mean values as metered fluorescence units (MFUs) or percentage

viability and s.d. for measurement of NETosis and viability,

respectively. *P < 0�03; **P < 0�02; ***P < 0�007. Data were

analysed using the t-test.

Fig. 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 ml21 (b) stained

with 40, 6-diamino-2-phenylindole (DAPI) (nuclear stain) and

citrullinated histone antibody viewed at 310 magnification.

(c) NETotic cells at a higher magnification (340).

Pneumolysin-induces NET formation
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the pro-NETotic actions of Ply, while confirming their role

in PMA-activated NETosis.

Exposure of neutrophils suspended in Ca21-free medium

to Ply (10 ng ml21) for 60 min resulted in significant

cytotoxicity accompanied by a massive increase in extracel-

lular DNA (s.d.), with values of 0�41 (0�25) and 10�35

(1�74) ng DNA ml21 for the control and Ply-treated systems,

respectively, using the NanoDrop
VR

procedure, with corre-

sponding mean percentages (s.d.) viability of 97�5 (0�5) and

11�7 (11�6), n 5 3.

Assessment of the pore-forming activities of Ply and
delta6Ply

Pore-forming activity was assessed spectrofluorimetrically

using fura-2/AM as the Ca21-sensitive fluorescent probe

and these results, which are typical traces from a single rep-

resentative experiment, are shown in Fig. 7. Following a

short lag, treatment of neutrophils with native Ply, but not

delta6Ply, caused significant influx of Ca21.

Measurement of ROS

Exposure of neutrophils to Ply resulted in a modest

increase in the generation of ROS, which was abolished

completely by treatment of the cells with DPI (P 5 0�03).

The mean peak values (s.d.) for the control Ply-free system

and those treated with 20 ng ml21 Ply without and with

DPI were 1140 (286), 1427 (376) and 36 (36) mV s21,

respectively (n 5 3). In the case of superoxide generation

by the CGD cells, the peak values for unstimulated and

PMA (6�25 ng ml21) -activated neutrophils from a healthy

control subject were 877 (212) and 5100 (246) mV s21,

respectively, while the corresponding values from the CGD

subject were 87 (43) and 72 (35) mV s21.

Discussion

This study, using a range of mutually confirmatory proce-

dures, has demonstrated that exposure of human neutro-

phils to Ply at pathologically relevant concentrations [31]

results in activation of NETosis. If such interactions occur

Fig. 6. Measurement of the involvement of reactive oxygen species in

pneumolysin (Ply) (20 ng ml21)-mediated NETosis using: (i)

neutrophils from healthy individuals (n 5 4) treated with the

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase

inhibitor diphenyleneiodonium chloride (DPI, 10 lM) shown in (a)

and (ii) neutrophils from a single patient with chronic granulomatous

disease (CGD) exposed to Ply (20 ng ml21) or phorbol myristate

acetate (PMA) (6�25 ng ml21) for 60 and 90 min, respectively (four

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 ml21

with the untreated control system. Inclusion of DPI had no

statistically significant effects on NETosis-activated by Ply at either 10

or 20 ng ml21 (a). *P < 0�03 for comparison of the responses of

Ply-exposed chronic granulomatous disease (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) were analysed using the t-test.

Fig. 7. Fura-2/acetoxymethylester (AM) fluorescence traces from a

single representative experiment showing the effect of addition

(denoted by the arrow, #) of either pneumolysin (Ply) (10 and 20 ng

ml21) or delta6Ply (20 ng ml21) on the influx of Ca21 into

neutrophils recorded as increased fluorescence intensity as a measure

of pore-forming activity.
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364 VC 2016 British Society for Immunology, Clinical and Experimental Immunology, 184: 358–367



in the clinical setting this may explain, at least in part, the

mechanisms underlying the cardiopulmonary complica-

tions of severe pneumococcal disease which are associated

with a high mortality despite seemingly appropriate anti-

microbial therapy [9,32].

The pro-NETotic actions of Ply resulted in mobilization

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 pro-

cess of vital NETosis reported previously to be initiated by

activators such as the Staphylococcus aureus pore-forming

toxin, Panton–Valentine leucocidin (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) mobilization 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 subpopulation in this pro-

cess [35]. Previous reports using non-opsonized 6-h bacte-

rial cultures have suggested that pneumococci are less

effective inducers of NETosis than S. aureus [33]. However,

as release of Ply occurs late in the growth of pneumococci

due to autolysis, 6 h of culture is too early for optimal

release of Ply. In addition, induction of NETosis occurs

most effectively in the presence of opsonized 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 TLR-

4 on macrophages [8], also present on neutrophils, repre-

senting 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, under-

scoring the requirement for the pore-forming activity of

the intact native toxin in activation of NETosis. In this con-

text, we have reported previously that Ply augments several

early-occurring inflammatory activities of neutrophils by a

mechanism dependent on pore-formation and influx of

extracellular Ca21 [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 Ca21 influx was difficult to estab-

lish. This was due to augmentation of the cytotoxic actions

of Ply in Ca21-free medium, a phenomenon we have

observed previously [24], which is seemingly related to the

requirement for Ca21 to repair Ply-mediated membrane

pore formation [37]. The lack of activity of delta6Ply there-

fore represents the major line of evidence, albeit indirect,

supporting a pore-forming/Ca21-dependent mechanism in

the pro-NETotic actions of Ply. It is, however, also sup-

ported by the similarities to the pro-NETotic actions of

ionomycin, which also occur within 30–60 min, in the set-

ting of 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 NETs in

the lungs of mice infected experimentally with the pneu-

mococcus [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, augmented possibly by pneumococcal alpha-enolase,

which has also been reported to induce NET formation,

albeit via an indirect mechanism [41]. Although NETs 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 particu-

larly 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 endo-

thelial damage mediated by the cytotoxic components of

NETs, especially histones [17,21].

The findings of the current study not only extend the

repertoire of potentially harmful proinflammatory, proin-

fective 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

proinflammatory actions of the toxin [24,25], indirect

activities related to activation of NETosis, including cyto-

toxic 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 produc-

tion of Ply [44], as well as cholesterol-rich liposomes which

neutralize the toxin [45]. In addition, pharmacological

inhibitors of peptidylarginine deiminases, key enzymes in

the induction of NETosis, are currently in preclinical devel-

opment [46].
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