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Pro-inflammatory interactions of streptolysin O toxin with human neutrophils 
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ABSTRACT 
The recent global resurgence of severe infections caused by the Group A streptococcus (GAS) pathogen, 
Streptococcus pyogenes, has focused attention on this microbial pathogen, which produces an array of 
virulence factors, such as the pore-forming toxin, streptolysin O (SOT). Importantly, the interactions of 
SOT with human neutrophils (PMN), are not well understood. The current study was designed to investi
gate the effects of pretreatment of isolated human PMN with purified SOT on several pro-inflammatory 
activities, including generation of reactive oxygen species (ROS), degranulation (elastase release), influx of 
extracellular calcium (Ca2þ) and release of extracellular DNA (NETosis), using chemiluminescence, spectro
photometric and fluorimetric procedures, respectively. Exposure of PMN to SOT alone caused modest pro
duction of ROS and elastase release, while pretreatment with the toxin caused significant augmentation 
of chemoattractant (fMLP)-activated ROS generation and release of elastase by activated PMN. These 
effects of treatment of PMN with SOT were associated with both a marked and sustained elevation of 
cytosolic Ca2þconcentrations and significant increases in the concentrations of extracellular DNA, indica
tive of NETosis. The current study has identified a potential role for SOT in augmenting the Ca2þ-depend
ent pro-inflammatory interactions of PMN, which, if operative in a clinical setting, may contribute to 
hyper-activation of PMN and GAS-mediated tissue injury.
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Introduction

Streptococcus pyogenes (or Group A streptococcus [GAS]), is an 
important cause of pharyngitis and tonsillitis in humans (Walker 
et al. 2014), and may also cause severe invasive infections (Ochi 
et al. 2018). Prior to the antibiotic era, GAS was also a frequent 
cause of community-acquired pneumonia (CAP) (Akuzawa and 
Kurabayashi 2016; Tamayo et al. 2016), but the widespread use 
of antimicrobial therapy has resulted in fewer cases of CAP due 
to S. pyogenes. However, a recent global resurgence in the inci
dence of GAS infections in children has escalated attention to 
the adverse impact of this important pathogen (WHO 2022; 
Bamford and Whittaker 2023). In this context, infection with the 
influenza virus predisposes to secondary infections with GAS, 
which may result in necrotizing lung and soft tissue infections. 
In addition to necrotizing pneumonia, lung abscesses and empy
ema, GAS may also result in the toxic shock syndrome (Parks 
et al. 2015). Recent concerns related to the resurgence of invasive 
Group A streptococcal infections are strongly linked to the emer
gence of the globally distributed highly toxigenic emm1 strains of 
S. pyogenes such as the M1UK variant (Bamford and Whittaker 
2023; Brouwer et al. 2023; Li et al. 2023).

Human neutrophils (PMN) play a vital role in eradicating 
bacterial pathogens and are important cells during the innate 
immune response to invading GAS (Limbago et al. 2000; Zhu 

et al. 2017). Activated PMN produce an array of mediators that 
are able to destroy microbial pathogens, including reactive oxy
gen species (ROS), proteolytic granules, and bioactive lipids. In 
addition, PMN following exposure to various microbial patho
gens, including GAS (Yipp et al. 2012), are able to generate 
extracellular traps composed of chromatin and histones during 
the process of NETosis. These extracellular chromatin structures 
contribute to host defense against bacteria by trapping microbes 
and facilitating their dispersal and, in some cases, destruction.

Importantly, microbial pathogens may escape host defenses 
via multiple mechanisms, which include inhibition of PMN ROS 
production and the release of PMN-derived cationic peptides, as 
well as proteinases such as elastase, enabling evasion of the host 
immune system, promoting the spread of bacterial pathogens 
such as GAS. In this context, GAS produces an array of virulence 
factors, most prominently the pore-forming toxin, streptolysin O 
(SOT) which harmonizes with NADase to disrupt eukaryotic cell 
energy metabolism (Zhu et al. 2017; Brouwer et al. 2023). Via its 
pore-forming activities, SOT causes structural alterations to cell 
membranes, which not only enable intracellular penetration of 
NADase but also inhibit clearance of the pathogen by interfering 
with PMN-mediated phagocytosis (Sierig et al. 2003). These 
interactions of the two streptococcal virulence factors with PMN 
also lead to suppression of the anti-microbial reactivities of these 
cells (Limbago et al. 2000; Zhu et al. 2017).
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In addition to suppression of innate immune mechanisms, 
microbial pore-forming toxins such as pneumolysin (Ply), have 
also been reported to promote hyper-activation of PMN 
(Cockeran et al. 2001). The unregulated or exaggerated stimula
tion of PMN may, in turn, induce tissue damage and organ dys
function via indiscriminate release of ROS and proteolytic 
enzymes (Cockeran et al. 2001; Letsiou et al. 2021). However, 
potentially cytotoxic effects of SOT on human PMN, which may 
underpin the severity of disease caused by emergent, highly-toxi
genic strains of S. pyogenes, have not been well-explored, but if 
operative in vivo, may promote poorly-controlled reactivity of 
PMN with consequent collateral damage to bystander tissues.

Accordingly, the current study was designed to investigate the 
effects of pretreatment of human PMN with purified SOT on the 
production of ROS and release of elastase on subsequent activa
tion of the cells with the chemoattractant, N-formyl-L-methionyl- 
L-leucyl-L-phenylalanine (fMLP), as well as the effects of the 
toxin on influx of Ca2þ and release of extracellular DNA 
(NETosis) by human PMN in vitro.

Materials and methods

Ethics approval

Permission to undertake this study and draw blood from healthy, 
adult human volunteers was granted by the Research Ethics 
Committee of the Faculty of Health Sciences, University of 
Pretoria in full compliance with the World Medical Association 
Declaration of Helsinki, 2013 (Approval #123/2018). Informed 
consent was obtained from all participants in the study prior to 
the blood draw.

Streptolysin O toxin

Recombinant streptolysin O toxin (SOT, 8000 ng in 1 ml indica
tor-free Hanks Balanced Salt Solution [HBSS; pH 7.4] supple
mented with 0.1% bovine serum albumin) was purchased from 
Sigma (St Louis, MO]. Aliquots of stock were prepared as 100-ml 
volumes and stored at −70�C until use. The final concentration 
of SOT (80 ng/ml) used in this study was determined in prelim
inary dose-response experiments to result in influx of Ca2þ into 
isolated human PMN – indicative of membrane pore formation. 
With respect to all other chemicals and reagents, these were also 
purchased from Sigma, unless stated otherwise.

Preparation of neutrophils (PMN)

Cells were isolated from heparinized venous blood (5 U preserva
tive-free heparin/ml blood) that had been drawn from healthy 
adult volunteers. The PMN were separated from mononuclear 
leukocytes by centrifugation over Histopaque-1077 (Sigma) cush
ions at 400 � g for 25 min at room temperature. The resultant 
pellets were re-suspended in phosphate-buffered saline (PBS, 
0.15 M, pH 7.4) and sedimented with 3% gelatin to remove 
erythrocytes. Following centrifugation (280 � g at 4�C for 
10 min), any residual erythrocytes were removed by selective lysis 
by incubation of the re-suspended cells in 0.83% (w/v) ammo
nium chloride at 4�C for 10 min. The isolated PMN, which were 
routinely of high purity (> 90%) and viability (> 95%) as deter
mined by flow cytometric procedures, were then re-suspended to 
107 cells/ml in PBS and held on ice until used.

Measurement of reactive oxygen species (ROS)

The production of ROS by PMN was measured using a luminol 
(5-amino-2,3-dihydro-1,4-phthalazine dione)-enhanced chemilu
minescence (CL) procedure that predominantly detects ROS gen
erated by the myeloperoxidase/H2O2/halide system (Minkenberg 
and Ferber 1984). In brief, PMN (2� 105 cells) were pre-incu
bated for 10 min at 37 �C in 900 ml of HBSS containing luminol 
(0.1 mM), followed by sequential addition - 2 min apart - of SOT 
(80 ng/ml) and the chemoattractant fMLP (1 mM), or equal vol
umes of HBSS to control systems. All CL responses were then 
recorded using a Lumac Biocounter (Model 2010, Lumac 
Systems Inc., Titusville, FL). The final volume in each vial was 
1 ml; results are expressed in relative light units (rlu) as the peak 
values for fMLP-activated systems that were reached 40-50 s after 
addition of the stimulant.

Elastase release

The extent of PMN degranulation was measured according to 
the extent of release of the primary granule enzyme, elastase. 
The PMN were incubated at a concentration of 2� 106/ml in 
HBSS for 10 min at 37�C followed by addition of SOT (80 ng/ 
ml) or an equal volume of HBSS and 2 min later by fMLP 
(0.1 mM) in combination with cytochalasin B (1 mM, final). Tubes 
were incubated for 10 min at 37�C, then transferred to an ice 
bath, followed by centrifugation at 400 � g for 5 min to pellet 
the cells. The PMN-free supernatants were then decanted and 
assayed for elastase using a micro-modification of a standard col
orimetric procedure (Beatty et al. 1982). In brief, 125 mL of 
supernatant was added to the elastase substrate, N-succinyl-L- 
alanyl-L-alanyl-L-alanine-p-nitroanilide [3 mM in dimethyl sulfox
ide (DMSO) in 0.05 M Tris-HCl [pH 8.0]) and elastase activity 
was then monitored spectrophotometrically at a wavelength of 
405 nm and the results expressed as milliunits enzyme/107 cells.

Spectrofluorimetric measurement of extracellular calcium 
influx

Fura-2-acetomethoxyester (AM) was used as the fluorescent 
Ca2þ-sensitive indicator for these experiments (Grynkiewicz 
et al. 1985). The PMN (107/ml) were incubated with fura-2/AM 
(2 mM) for 30 min at 37�C, then pelleted by centrifugation and 
re-suspended in HBSS (pH 7.4) containing 1.25 mM CaCl2. The 
fura-2-loaded cells were then pre-incubated for 7 min at 37�C 
and transferred to disposable reaction cuvettes that were main
tained at 37�C in a Hitachi 650 10S fluorescence spectrophotom
eter (Hitachi Ltd, Tokyo, Japan), with excitation and emission 
wavelengths set at 340 nm and 500 nm, respectively. After a 
stable baseline was obtained (1 min), SOT (at fixed, final concen
tration of 80 ng/mL) was added to the cell suspension and altera
tions in fluorescence intensity monitored over a 5–10 min 
period. A Ca2þ-replete medium was used for these experiments 
to avoid the enhanced cytotoxicity of pore-forming toxins 
observed when PMN were suspended in a Ca2þ-free medium, 
which results from defective Ca2þ-dependent repair of toxin 
induced membrane pores (Wolfmeier et al. 2015; Nel et al. 
2016).

In a separate series of experiments, undertaken to confirm the 
validity of data generated using the dual wavelength Fura-2/AM 
Ca2þ indicator and the Hitachi 650 10S fluorescence spectropho
tometer, the following experiments were performed using the 
single wavelength fluorescent Ca2þ indicator fluo-8/AM (0.5 mM, 
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Abcam, Cambridge, UK) and a PerkinElmer LS45 luminescence 
spectrophotometer with excitation and emission wavelengths set 
at 485 and 525 nm, respectively: (i) influx of extracellular Ca2þ

into neutrophils activated with the Ca2þ ionophore A23187 
(1 mM, final), in presence and absence of the Ca2þ-chelating 
agent ethylene-diaminetetraacetic acid (EGTA, 10 mM final); and 
(ii) the effects of the SOT surrogate, Ply (recombinant, 20 ng/ml, 
final), on Ca2þ influx in the absence and presence of EGTA.

Some of the data are presented as representative traces, 
including those involving both fura-2/AM and fluo-8/AM, while 
composite data are expressed as alterations in fluorescence inten
sity measured as mean metered fluorescence units (MFU) ± SD.

Spectrophotometric detection of NETs

Following pre-incubation for 10 min at 37�C, SOT (80 ng/ml) or 
phorbol 12-myristate 13-acetate (PMA, 6.25 ng/ml final) - a 
potent inducer of NETosis, or an equal volume of solvent was 
added to the PMN (4� 106 cells in 4 ml HBSS). The tubes were 
then incubated for 60 min and centrifuged to pellet the cells. To 
the supernatant fluids (3 mL), 2 ll of the DNA-binding fluoro
phore SytoxVR Orange (5 mM final; Life Technologies, Eugene, 
OR) was added, followed by transfer to cuvettes that were placed 
in the cuvette holder of the Hitachi 650 10S fluorescence spectro
photometer, with excitation and emission wavelengths set at 
530 nm and 590 nm, respectively and measurement of fluores
cence intensity with the results expressed as MFU.

Expression of results and statistical analysis

Statistical analyses of data from each series of experiments were 
performed using Prism software (v.5.0, GraphPad, San Diego, 
CA), with levels of statistical significance calculated using the 
Mann-Whitney U-test for comparison of non-parametric data 
[with numbers of different donors (n) clearly indicated]. A p- 
value < 0.05 was considered significant.

Results

Measurement of ROS

Exposure of PMN to SOT resulted in a modest increase in the 
generation of ROS (Figure 1). However, addition of SOT 2 min 
prior to fMLP resulted in significant augmentation of the chemo
attractant-activated responses of PMN. These observations dem
onstrate that SOT sensitizes PMN for enhanced generation of 
ROS following activation with fMLP.

Elastase

The effects of SOT on the release of the granule protease, elas
tase, are shown in Figure 1. Exposure of PMN to SOT alone 
resulted in a modest release of elastase. However, pretreatment 
of PMN with SOT for 2 min prior to addition of fMLP/CB 
resulted in augmentation of elastase release, which was signifi
cantly greater than that observed with cells activated by fMLP/ 
CB alone.

Influx of extracellular Ca21

The results shown in Figure 2(A,B) are representative traces 
from six different experiments using cells from three different 
donors showing alterations in cytosolic Ca2þ (fura-2 fluores
cence) in PMN in the presence of SOT (80 ng/ml). Treatment of 
PMN with SOT was accompanied by a significant elevation of 
cytosolic Ca2þ, which, following a short lag period, increased 
from basal values of 188 [± 73] MFU to peak values of 739 
[± 334]. The peak cytosolic Ca2þ responses remained elevated 
for the entire duration that fluorescence intensity was monitored.

The results of representative experiments using PMN loaded 
with fluo-8/AM followed by activation with the surrogate activa
tors, A23187 or Ply, in the absence and presence of EGTA 
(10 mM) are shown in Figures 3 and 4, respectively. The abrupt 
influx of Ca2þ observed with both activators and the substantial 

Figure 1. Effects of streptolysin O toxin (SOT) on ROS production and elastase release by PMN alone or by cells activated with N-formyl-L-methionyl-L-leucyl-L-phenyl
alanine (fMLP, 0.1 mM) (unshaded columns), or with the combination of fMLP/cytochalasin B (1 mM) (shaded column). Background (BG) refers to unstimulated control. 
Results are expressed as means ± SD (n¼ 5). �p < 0.0007; þp < 0.0001).

JOURNAL OF IMMUNOTOXICOLOGY 3



attenuation of these effects in the presence of EGTA, which were 
mimicked by Fura-2/AM-loaded neutrophils (data not shown) 
confirm the reliability of our findings with Fura-2/AM-based 
Ca2þ influx system.

NETosis

The effects of SOT (80 ng/ml) and PMA (6.25 ng/ml) individually 
on NETosis were measured using a spectrofluorimetric proced
ure and a fixed incubation time of 60 min. The data indicate that 
exposure of PMN to SOT or PMA resulted in significant 
increases in extracellular DNA to levels of similar magnitude 
(Table 1).

Discussion

The current study investigated the effects of SOT on the pro- 
inflammatory activities of human PMN in vitro. Exposure of 
PMN to SOT alone was associated with a modest increase in the 
production of ROS and release of the granule protease, elastase. 
However, pretreatment of PMN with SOT prior to activation of 
the cells with the chemotactic peptide, fMLP, resulted in signifi
cant augmentation of fMLP-activated production of ROS and 
release of elastase. These observations indicate that SOT 

Figure 2. (A) Effects of streptolysin O toxin (SOT) on the influx of Ca2þ into 
Fura-2/AM-loaded PMN. Representative traces from a single experiment are 
shown (n ¼ 6 in the series). SOT added (#) to PMN suspended in Ca2þ-replete 
medium resulted in a sustained increase in Fura-2 fluorescence following a short 
lag phase. (B) Mean increases in the fluorescence intensity of PMN loaded with 
Fura-2/AM following treatment with SOT. Background (BG) refers to the corre
sponding values for resting cells (in the absence of SOT). Results are expressed 
as mean MFU ± SD (n ¼ 6). �p < 0.004.

Figure 3. (A) Effects of pneumolysin (PLY) on influx of Ca2þ into fluo-8/AM- 
loaded PMN in the presence (a), or absence (B) of EGTA. Representative traces 
from a single experiment are shown. PLY added (#) to PMN suspended in Ca2þ- 
replete medium resulted in a sustained increase in fluo-8 fluorescence, while 
Ca2þ influx peaked rapidly and returned to near basal levels in the presence of 
EGTA.

Figure 4. (A) Effects of calcium ionophore (CaI) on influx of Ca2þ into fluo-8/AM- 
loaded PMN in the presence (a), or absence (B) of EGTA. Representative traces 
from a single experiment are shown. CaI added (#) to PMN suspended in Ca2þ- 
replete medium resulted in a sustained increase in fluo-8 fluorescence, while 
Ca2þ influx peaked rapidly and returned to basal levels in the presence of EGTA.
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sensitizes (‘primes’) the cells for exaggerated generation of ROS 
and elastase release following subsequent exposure to fMLP, rela
tive to the corresponding responses of fMLP-activated cells in 
the absence of SOT.

The findings of the current study are in keeping with those of 
Andersen and Duncan (1980) who observed dose-dependent 
stimulation of PMN chemiluminescence mediated by SOT, as 
well as those of Soehnlein et al. (2008), who detected degranula
tion induced by exposure of PMN to the M1 serotype of S. pyo
genes. However, other investigators have reported that these and 
other indices of PMN anti-bacterial reactivity such as chemo
taxis, phagocytosis, ROS production and degranulation are inhib
ited by SOT (Uchiyama et al. 2015). In contrast to the current 
study, these investigators used a Ca2þ-free buffer and PMN acti
vated with PMA or intact bacteria. These aspects of methodology 
may account for the differences between the current study and 
that reported by Uchiyama et al. (2015). In this context, it is 
noteworthy that extra-cellular Ca2þ is essential for the repair of 
pores inflicted on eukaryotic cells by microbial pore-forming tox
ins, resulting in substantial augmentation of cytotoxicity 
(Wolfmeier et al. 2015; Nel et al. 2016), while PMA does not 
require mobilization of cytosolic Ca2þ to activate ROS gener
ation. In addition, in the current study elastase release was 
induced by exposing PMN to a purified form of the toxin, as 
opposed to intact bacteria. FMLP, a Ca2þ-mobilizing chemo
attractant, activates ROS production and degranulation of PMN 
via a Ca2þ-dependent mechanism. This suggests that Ca2þ may 
play an important role in the SOT-mediated priming of PMN. 
Similar effects have been reported when PMN were exposed to 
Ca2þ-ionophores like ionomycin, which sensitize the cells to sub
sequent activating stimuli (Vorobjeva and Chernyak 2020).

To elucidate the possible involvement of Ca2þ during sensi
tization of PMN by SOT, the effects of the toxin on influx of 
Ca2þ into PMN were investigated. In the presence of SOT, an 
abrupt and sustained increase in fura-2 fluorescence was 
observed, which is in keeping with increased levels of cytosolic 
Ca2þ due to the pore-forming activity of the toxin, reaching a 
mean peak fluorescence intensity of 739 ± 334 MFU. Plasma 
membrane pore formation facilitates the entry of Ca2þ present 
in the extracellular medium (1.25 mM) down a concentration 
gradient into the cytosol, which has a much lower Ca2þ concen
tration (0.1 mM). Importantly, the reliability of the dual wave
length Fura-2/AM system used in this study was confirmed 
using the single wavelength Ca2þ-sensitive fluorescent dye, fluo- 
8/AM, together with alternative detection instrument-ation and 
two surrogate activators of Ca2þ influx.

An increase in Ca2þ influx during PMN activation is also a 
recognized trigger of NETosis (Nel et al. 2016; Letsiou et al. 
2021). In this context, the current study has demonstrated that 
following exposure of PMN to SOT, influx of Ca2þ occurs rap
idly, resulting in the cells undergoing NETosis, which was 
detected as an increase in extracellular DNA observed following 
an incubation period of 60 min. This finding is in agreement 
with previous reports that showed that exposure of PMN to GAS 

caused activation of NETosis (Yipp et al. 2012; Branzk and 
Papayannopoulos 2013).

The SOT-induced NETosis observed in the current study may 
promote the clearance of GAS from infected tissues, which 
would be beneficial to the host in a clinical setting. However, 
numerous reports have suggested that excessive NETosis may be 
harmful to the host as NETs may amplify the production of pro- 
inflammatory cytokines such as interleukin (IL)-8 and tumor 
necrosis factor (TNF)-a (Hudock et al. 2020). Furthermore, the 
cytotoxic effects of histones and NETosis-induced thrombosis 
may exacerbate tissue damage (Sørensen and Borregaard 2016).

Group A streptococci can cause multiple infections in 
humans, ranging in severity from mild to severe invasive disease. 
These microorganisms produce an array of virulence factors, 
including SOT (D€ohrmann et al. 2016; Brouwer et al. 2023). If 
operative in vivo, SOT-mediated priming of PMN may result in 
excessive generation of ROS, release of proteolytic enzymes and 
NETosis, with associated exacerbation of bystander tissue injury. 
In this setting, hyper-activation of PMN induced by SOT may 
contribute to tissue destruction, manifesting clinically as necro- 
tizing pneumonia, empyema and abscess formation in tissues 
infected by GAS, especially in the setting of infections caused by 
emergent highly toxigenic strains of the pathogen (Brouwer et al. 
2023; Bamford and Whittaker 2023). Furthermore, SOT may 
modulate the inflammatory response by inducing the release of 
IL-1b via activation of the NLRP3, inflammasome complex 
(Richter et al. 2021). Although the current study focused on the 
effects of SOT on oxidant production and elastase release by 
neutrophils, as well as NETosis mediated by SOT, this toxin may 
also modulate cytokine production and NO release from 
neutrophils.

The concentration of SOT used in this study (i.e., 80 ng/ml) is 
likely to be biologically-relevant as the concentrations of this 
toxin present in supernatants of GAS isolates cultured in vitro 
have been reported to range from 250 - 600 ng/ml (Clarke et al. 
2021). Nevertheless, there are still several limitations that the 
authors wish to acknowledge. These include the in vitro experi
mental design using recombinant SOT. However, purified SOT 
facilitates the study of interactions between the toxin and PMN 
uncomplicated by other cell types and virulence factors secreted 
by GAS.

In conclusion, the current study has identified SOT-mediated 
Ca2þ influx as a putative mechanism of augmentation of the 
pro-inflammatory interactions of PMN, which if operative in a 
clinical setting, may contribute to hyper-activation of PMN and 
GAS-mediated tissue injury, underscoring the clinical potential 
of strategies which neutralize microbial pore-forming toxins 
(Escajadillo and Nizet 2018).
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Table 1. Effects of streptolysin O toxin (80 ng/mL) on release of extracellular 
DNA by PMN in presence of toxin or PMA (6.25 mg/mL).

System
Extracellular DNA  

(metered fluorescence units, MFUs)

Resting cells (BG) 456 ± 32
Streptolysin O Toxin �852 ± 55
PMA �896 ± 30

Results are expressed as means ± SD. �p¼ 0.0001 for comparison with resting 
cells (n¼ 6).
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