
Shumba et al. 
Journal of Biomedical Science           (2023) 30:52  
https://doi.org/10.1186/s12929-023-00947-x

RESEARCH

Neutrophil-derived reactive agents 
induce a transient SpeB negative phenotype 
in Streptococcus pyogenes
Patience Shumba1, Thomas Sura2, Kirsten Moll3, Bhavya Chakrakodi3, Lea A. Tölken1, Jörn Hoßmann4, 
Katharina J. Hoff5, Ole Hyldegaard6,7, Michael Nekludov8, Mattias Svensson3, Per Arnell9, Steinar Skrede10,11, 
INFECT Study Group, Anna Norrby‑Teglund3† and Nikolai Siemens1*†   

Abstract 

Background Streptococcus pyogenes (group A streptococci; GAS) is the main causative pathogen of monomicrobial 
necrotizing soft tissue infections (NSTIs). To resist immuno‑clearance, GAS adapt their genetic information and/or phe‑
notype to the surrounding environment. Hyper‑virulent streptococcal pyrogenic exotoxin B (SpeB) negative variants 
caused by covRS mutations are enriched during infection. A key driving force for this process is the bacterial Sda1 
DNase.

Methods Bacterial infiltration, immune cell influx, tissue necrosis and inflammation in patient´s biopsies were deter‑
mined using immunohistochemistry. SpeB secretion and activity by GAS post infections or challenges with reactive 
agents were determined via Western blot or casein agar and proteolytic activity assays, respectively. Proteome of GAS 
single colonies and neutrophil secretome were profiled, using mass spectrometry.

Results Here, we identify another strategy resulting in SpeB‑negative variants, namely reversible abrogation of SpeB 
secretion triggered by neutrophil effector molecules. Analysis of NSTI patient tissue biopsies revealed that tissue 
inflammation, neutrophil influx, and degranulation positively correlate with increasing frequency of SpeB‑negative 
GAS clones. Using single colony proteomics, we show that GAS isolated directly from tissue express but do not 
secrete SpeB. Once the tissue pressure is lifted, GAS regain SpeB secreting function. Neutrophils were identified 
as the main immune cells responsible for the observed phenotype. Subsequent analyses identified hydrogen per‑
oxide and hypochlorous acid as reactive agents driving this phenotypic GAS adaptation to the tissue environment. 
SpeB‑negative GAS show improved survival within neutrophils and induce increased degranulation.

Conclusions Our findings provide new information about GAS fitness and heterogeneity in the soft tissue milieu 
and provide new potential targets for therapeutic intervention in NSTIs.
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Introduction
Necrotizing soft tissue infections (NSTIs) are rapidly 
progressing infections of any layer of the skin or soft 
tissue. The infections are associated with significant 
morbidity and mortality [22, 39]. Extensive surgical inter-
ventions and even amputations are often required despite 
intensive care and prompt antibiotic therapy [1]. Based 
on the microbiological etiology, NSTIs are categorized 
into two main types: type 1 of polymicrobial and type 2 
of monomicrobial nature [37]. Streptococcus pyogenes 
(group A streptococci [GAS]) is the major causative 
pathogen of NSTIs [3, 22]. GAS NSTIs are more frequent 
among younger individuals without comorbidities, pref-
erably located to the extremities, and often complicated 
by streptococcal toxic shock syndrome (STSS) [4, 22, 41]. 
A recent Scandinavian prospective multicenter study 
called INFECT enrolled 409 surgically confirmed NSTI 
cases, among which 31% constituted GAS cases [4, 22].

Several studies have shown that GAS NSTIs are char-
acterized by high bacterial load and a hyper-inflamma-
tory response characterized by a massive infiltration of 
immune cells, including neutrophils and macrophages, 
and elevated levels of pro-inflammatory molecules [14, 
15, 26, 27, 33, 42]. The ability of GAS to cause hyper-
inflammation and tissue damage can be attributed to an 
arsenal of virulence factors. In light of neutrophil acti-
vation, several GAS virulence factors such as M-protein 
and phosphoglycerate kinase (PGK) have been identified 
as potent inducers of neutrophil activation and degran-
ulation resulting in release of proteolytic enzymes and 
other effector molecules into the surrounding milieu 
and subsequent tissue damage [14, 15, 32, 33, 35, 38, 
43]. Another important virulence factor is the strepto-
coccal pyrogenic exotoxin B (SpeB), which is a cysteine 
protease targeting numerous important host substrates 
such as immunoglobulins, complement, antimicrobial 
peptides, and interleukin (IL)-1β [25, 37]. Notably, it also 
has endogenous substrates including several important 
virulence factors [37]. In the case of PGK, neutrophil 
activation is only evident in SpeB-negative variants [43]. 
Such variants have been ascribed hyper-virulent proper-
ties and reported to be enriched during infection through 
mutations in genes encoding CovR/S two-component 
system and stand-alone regulator RopB resulting in an 
irreversible loss of SpeB expression [13, 40].

Bacterial killing by neutrophils involves both non-oxi-
dative and oxidative mechanisms. The latter of which is 
ensured through reactive oxygen species (ROS). ROS are 
generated via the NADPH oxidase and myeloperoxidase 
(MPO) systems [47]. Hydrogen peroxide  (H2O2) is pro-
duced by spontaneous or dismutase driven conversion of 
superoxide. The subsequent MPO-catalysed oxidation of 
chlorine by  H2O2 results in formation of hypochlorous 

acid (HOCl) [24]. MPO is highly abundant within azuro-
philic granules of neutrophils. Hence, HOCl can be 
found intracellularly within neutrophils as well as extra-
cellularly [28].

The role of SpeB in NSTI remains elusive. In our pre-
vious report [33], we identified that NSTI patient tissue 
biopsies frequently contained a mixture of SpeB-positive 
 (SpeB+) and SpeB-negative  (SpeB−) clones as assessed by 
proteolytic assays. In this study, we further characterized 
these clones and through single colony proteomics, we 
show that the bacteria express but do not secrete SpeB. 
We further show that this phenotype is induced by the 
neutrophils, and particularly MPO-derived HOCl and its 
precursor,  H2O2, resulting in SpeB-negative GAS clones 
that survive and multiply within neutrophils, induce 
excessive degranulation, and thereby contribute to tissue 
disruptive and hyper-inflammatory processes in NSTIs.

Methods
Bacterial strains
GAS 5448, 5626, 8003, and 8157 are NSTI isolates from 
Toronto, Canada (provided by Donald E. Low, Mount 
Sinai Hospital, Toronto, Canada) [16, 19]. All strains were 
cultured in Todd-Hewitt broth (Carl Roth) supplemented 
with 1.5% (w/v) yeast extract (Carl Roth) at 37  °C. GAS 
strains from the INFECT NSTI patients were recovered 
directly by culture from the tissue biopsies.

SpeB expression and protease activity analyses
The SpeB protease activity was determined as described 
previously [34]. Briefly, the bacteria were grown in THY 
(16–18  h), centrifuged, the supernatants were collected 
and filtered (pore size, 0.20 µm). Supernatants were incu-
bated with 5 mM DTT for 30 min at 37  °C, after which 
n-benzoyl-proline-phenylalanine-arginine-p-nitroan-
ilide hydrochloride (1  mM) and phosphate buffer (pH 
6; 5  mM) were added and absorbance at 405  nm was 
detected. Experiments also included testing activity with 
addition of  H2O2 (10 and 100  µM). Furthermore, SpeB 
secretion and activity were tested via casein digestion 
assay as described previously [21]. Serial dilutions of bac-
teria were plated on modified Columbia agar contain-
ing 3% (w/v) skim milk (both Sigma-Aldrich) following 
incubation under 37 °C and 5%  CO2 atmosphere for 24 h. 
 SpeB+ producers were characterized by a clearance zone 
around the colonies, whereas non-producers had no zone 
of clearance.

For Western blot analyses, bacterial supernatants 
were precipitated with 96% (v/v) ethanol over night at 
− 20  °C. Equal amounts of protein were incubated with 
sodium dodecyl sulfate loading buffer at 90 °C for 10 min. 
Proteins were separated using a 4–12% SDS-PAGE gel 
and transferred onto a nitrocellulose membrane. The 
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membrane was blocked with 5% (w/v) dry casein powder 
in 0.05% (v/v) Tween-20 Tris-buffered saline. The follow-
ing antibodies were used for detection: anti-SpeB anti-
body (Abcam) and secondary anti-rabbit IgG horseradish 
peroxidase linked Fab fragment (GE Healthcare).

Antimicrobial testing
1 ×  106 CFU/ml of bacterial strains were exposed to dif-
ferent concentrations of clindamycin, benzylpenicil-
lin (both Sigma-Aldrich), LL-37 (Invivogen), Lysozyme 
(Sigma-Aldrich), HNP-1 (Peprotech), MPO, resistin, 
HBP (R&D Systems), and  H2O2 (Sigma-Aldrich) for 3 h 
and plated in serial dilutions on casein agar plates. CFUs 
were analyzed after 24  h of incubation at 37  °C and 5% 
 CO2.

Human cells, culture conditions, and infections
The human keratinocyte cell line N/TERT-1 (a gift from 
J. Rheinwald and the Cell Culture Core of the Harvard 
Skin Disease Research Centre, Boston, MA, USA) was 
cultured in EpiLife medium (Invitrogen). Primary nor-
mal human dermal fibroblasts (NHDFs) were cultured in 
DMEM (Invitrogen) supplemented with 10% (v/v) FCS 
(Invitrogen). Human primary neutrophils were isolated 
from healthy donors using a density gradient centrifuga-
tion on Polymorphprep (Axis Shield). Neutrophil viabil-
ity was assessed via trypan blue staining. After isolation, 
neutrophils were suspended in RPMI1640 medium 
(HyClone) supplemented with 10  mM l-glutamine, 
25  mmol/l HEPES (all HyClone), and 5% (v/v) FCS. 
PBMCs were isolated from buffy coats by Lymphoprep 
(Axis-Shields) gradient centrifugation. Cells were allowed 
to adhere in cell culture flasks (Corning) for 30  min at 
37  °C in serum free RPMI1640 media. The non-adher-
ent cells were removed by washing with PBS (HyClone). 
Monocyte-derived macrophages were generated by cul-
turing primary human monocytes isolated from periph-
eral blood of healthy donors in 6-well plates (Corning) 
for 9  days at a density of 1 ×  106 cells/well. Monocytes 
were differentiated to pro-inflammatory macrophages for 
7 days in cell culture media containing GM-CSF (25 ng/
ml), followed by two additional days of incubation with 
LPS (100 ng/ml). Media was changed every 2–3 days. All 
cells were cultured under 37 °C and 5%  CO2 atmosphere.

All infections were performed at a multiplicity of infec-
tion (MOI) 10 in a final volume of 1 ml of the respective 
media. Adherence to and internalization into N/TERT-1 
cells and NHDFs were quantified using the antibiotic 
protection assay [23]. Briefly, 24-well plates were inocu-
lated with 2.5 ×  105 N/TERT-1 or NHDFs/well without 
antibiotics. The cells were allowed to grow to confluence. 
For the assay, cells were washed and infected with GAS 
(MOI 10). Two hours after infection, the viable counts of 

bacteria (colony-forming units, CFU) released from lysed 
cells were determined by plating on blood agar. For the 
assessment of bacterial internalization, 2  h after infec-
tion, the cells were washed with PBS and incubated with 
media supplemented with benzylpenicillin (20  μg   ml−1) 
and gentamicin (120  μg   ml−1) for additional 2 or 4  h. 
Subsequently, the cells were washed, lysed, and the CFU 
counts were determined as described above. For the 
assessment of SpeB release and activity, intracellular bac-
teria were plated on casein agar plates.

1 ×  106 macrophages were infected for 2  h following 
1 h of antibiotic treatment and 5 ×  105 neutrophils were 
infected for 1  h following antibiotic treatment. Assess-
ment of intracellular bacterial numbers was performed as 
described above. For MPO inhibition, different concen-
trations of 4-aminobenzoic hydrazide (Sigma-Aldrich) 
were used: 25, 50 and 100  µM. After isolation, neutro-
phils were suspended in RPMI media with MPO inhibi-
tor and incubated at 37 °C for 30 min prior to infections. 
All infections were performed in the presence of the 
inhibitor. Bacterial survival was evaluated 1, 2 and 4  h 
post infections. For proteomics, all infections were per-
formed in Hank’s balanced salts solution (HBSS, Invitro-
gen). Neutrophil supernatants were collected and stored 
at − 20 °C until analysis.

Immunostaining and analysis of tissue biopsies
Patient biopsies were cryosectioned (5–8  μm) using a 
MICROM cryostat HM 560 MV (Zeiss), fixed in 2% (v/v) 
formaldehyde or ice-cold acetone, and immunostained 
as previously described [33, 35]. The following antibod-
ies were used for immunohistochemistry: anti-human 
HMGB1 (clone EPR3507; Abcam), anti-human IL-8 
(clone NAP-1; Invitrogen), anti-human resistin (clone 
184,305; R&D systems), and anti-human neutrophil-
elastase (clone NP57; DAKO). Biotinylated secondary 
antibodies included goat anti-mouse IgG and goat anti-
rabbit IgG (both from Vector Laboratories). The immu-
nohistochemically stained sections were analyzed by 
acquired computerized image analysis (ACIA) [20]. The 
cell area was defined by the hematoxylin counterstaining, 
and the results are presented as percent positively stained 
area × mean intensity of positive staining.

The following antibodies were used for immunofluores-
cence analyses: anti-MPO (MAB3174; R&D), anti-GAS 
(9191; Abcam). Secondary antibodies included anti-
mouse IgG AF488, anti-goat IgG AF594, and anti-rabbit 
IgG AF594 (all Invitrogen). IF-images were acquired 
with Olympus BXS1 microscope and Olympus cellSense 
software (Olympus) and/or Leica Stellaris 8 confocal 
laser scanning microscope (CLSM) and LasX software 
(Leica Microsystems). Four to six images were taken per 
biopsy. Analysis of the micrographs was performed in a 
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two-step procedure, which included an automated recog-
nition of GAS and MPO stainings followed by a calcula-
tion of the stained area  (px2). Each picture was manually 
checked and if necessary corrected after an automated 
recognition.

Whole genome sequencing and data processing
DNA extraction from GAS strains 5448, 5626, 8003, and 
8157, whole genome sequencing, and analyses were per-
formed as previously described [36]. Detailed description 
is provided in the Additional file 1.

Protein extraction, LC–MS/MS analyses, and data 
processing of single GAS colonies and neutrophil 
secretome
Neutrophil secretome was determined as previously 
described [8]. Detailed description of protein extraction, 
measurements, and analyses are provided in the Addi-
tional file 1.

Statistics
If not otherwise indicated, statistical significance of 
differences was determined using the 2-tailed Mann–
Whitney U test. Multiple comparisons were done using 
Kruskal Wallis test with Dunn’s post-test. Correlation 
analyses were determined using Spearman test. Statistics 
were performed using GraphPad Prism version 7 (Graph-
Pad software). A p-value less than 0.05 was considered 
significant.

Results
Reversible loss of SpeB proteolytic activity by GAS 
is associated with tissue pathology and inflammation
Bacteria were isolated from tissue biopsies collected from 
GAS patients (Additional file 2: Table S1) through direct 
plating of tissue sections on casein agar plates to assess 
SpeB activity. These analyses confirmed previous obser-
vations that infected tissue harbors a mixture of  SpeB+ 
and  SpeB− clones (Fig.  1A). The majority of successor 
generations of  SpeB− clones returned to a wild-type-
like  SpeB+ phenotype after cultivation in THY media 
(Fig.  1B and Additional file  1: Fig.  S1). To confirm that 
the observed  SpeB− phenotype is not linked to genetic 
variations within mutational hotspots (covS, covR, and 
ropB) or speB, comparative whole genome sequence 
analyses were performed. Although strains 2001, 2006, 
6016, and 6018 were exclusively  SpeB− post direct tis-
sue isolation (Fig. 1A), no mutations in these strains were 
found. In general, the analyses of these hotspots revealed 
only minor variance on nucleotide and amino acid levels 
(Additional file 1: Fig. S2-S4). CovR amino acid sequences 
were 100% identical between all strains. In strain 2002, 
covS initiated with the rare start codon ATA [11] and a 

frame shift causing single nucleotide deletion in posi-
tion 381 was detected (Additional file  1: Fig. S2). Most 
of the mutations were found in strain 6028, e.g., muta-
tions within covS leading to several amino acid substitu-
tions and a notable deletion of 45 nucleotides (Additional 
file  1: Figs.  S2  and  S3). Furthermore, single mutations 
leading to amino acid substitution within RopB were 
found in strains 2002, 5004, 6026, and 6028 (Additional 
file 1: Fig. S4). SpeB gene itself was unaffected. Additional 
exemplary sequence analyses of other TCS kinases/reg-
ulators identified rather emm-type specific mutations 
resulting in conserved amino acid substitutions, which 
would most likely not affect SpeB expression (Additional 
file 2: Table S2). These results suggest that in addition to 
irreversible loss of SpeB expression due to mutations in 
covR/S or ropB regions, reversible abrogation of SpeB 
expression at protein or activity level occurs in the tissue 
setting.

The observation of heterogeneity in SpeB proteo-
lytic activity led us to explore how this related to tissue 
inflammation and damage. For this purpose, biopsies 
collected from repeated surgeries at different sites of 
infection (e.g., fascia, soft tissue, and muscle) of 31 GAS 
NSTI patients were analyzed for the presence of mark-
ers of tissue necrosis [high-mobility-group-protein B1 
(HMGB1)], inflammation (IL-8), neutrophil infiltration 
[neutrophil elastase (NE)], and neutrophil degranulation 
(resistin; Additional file  1: Fig. S5). Correlation analy-
ses based on bacterial load and the percentage of  SpeB− 
clones recovered from the respective tissue specimen 
with each of the markers were performed. All of the ana-
lyzed markers showed a positive correlation to bacterial 
load (Fig. 1C–F). Moreover, positive correlations between 
tissue necrosis, inflammation, and neutrophil infiltration 
as well as degranulation with increasing percentage of 
 SpeB− clones, irrespective of their rise through genetic or 
phenotypic variations, were found (Fig. 1C–F).

Intracellular GAS recovered from neutrophils show 
reversible loss of SpeB proteolytic activity
Based on our data showing the mixed SpeB phenotype 
particularly in the tissue milieu, we sought to identify 
which factors might be driving this process. Due to 
increased variability in SpeB phenotype of freshly iso-
lated GAS NSTI strains, four well-characterized strains 
of the two dominant NSTI emm1 and emm3 types 
(emm1 strains 5448 and 8157 and emm3 strains 5626 
and 8003) were selected. These strains displayed stable 
 SpeB+ and  SpeB− phenotypes, respectively. All colo-
nies of 5448, 8157 and 5626 showed a clearance zone, 
while colonies of 8003 did not. (Fig.  2A). Analyses of 
supernatants from overnight cultures showed that SpeB 
was readily detectable in 5448, 8157, and 5626 (Fig. 2B, 
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Additional file  1: Fig. S8). This was further verified in 
a SpeB proteolytic assay (Fig.  2C). Next, the strains’ 
whole genome were sequenced and comparative analy-
ses with annotated genomes of M1GAS (SF370, emm1) 
and MGAS315 (emm3) were performed. In general, 
rather low numbers of sequence variants were identi-
fied within the genomes (Additional file  1: Fig.  S6). 
Analyses of mutational hotspots responsible for loss of 
SpeB expression identified a mutation in covS of 8003 

strain resulting in  T214P substitution (Additional file 1: 
Fig. S7).

Next, using the four strains with stable  SpeB+ and 
 SpeB− phenotype, different human skin and soft tissue 
cell types, including keratinocytes, primary fibroblasts 
and immune cells (primary macrophages and neutro-
phils) were infected with GAS strains followed by assess-
ment of infectivity, as well as SpeB activity by single 
colonies recovered from the intracellular compartment. 

Fig. 1 Reversible loss of SpeB is associated with tissue pathology and inflammation. A Distribution of  SpeB+ and  SpeB− GAS clones directly isolated 
from NSTI patient tissue biopsies (n = 23). B Percentage of  SpeB+ and  SpeB− GAS clones after the passage in THY media (p1, passage 1; p2, passage 
2). Representative analysis of 2006 GAS patient isolate is shown. C–G Correlation analysis of bacterial load (left panel; n = 81 biopsies) or percentage 
of  SpeB− clones (right panel; n = 23 biopsies) with the presence of HMGB1 (C), IL‑8 (D), infiltrating neutrophils (E), and resistin (F) in patient biopsies. 
Correlation was determined using Spearman test. Semiquantitative acquired computerized image analyses (ACIA) of immuno‑histochemical 
staining were performed as described in the methods section. The cell area was defined by the hematoxylin counterstaining, and the results are 
presented as percent positively stained area × mean intensity of positive staining
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Since clindamycin and benzylpenicillin are used to treat 
GAS NSTIs, control experiments with these two anti-
biotics were also performed (Additional file  1: Fig.  S9). 
No differences in adherence to or internalization into 
keratinocytes and fibroblasts between the strains were 
detected (Additional file  1: Fig.  S9A-B and D-E). In 
contrast, while the bacteria were multiplying within 
keratinocytes, reduced numbers of bacteria were recov-
ered from fibroblasts over time. Only minor effects on 
SpeB of these two cell types were seen (Additional file 1: 

Fig. S9C, F). Next, primary macrophages and neutrophils 
were infected and intracellular bacteria were recovered. 
No differences in bacterial numbers were seen in mac-
rophage infections (Additional file  1: Fig.  S9G). In con-
trast, significantly higher numbers of  SpeB− 8003 strain 
as compared to other three  SpeB+ stains were recov-
ered from neutrophils (Fig.  2D). Infection of both mye-
loid cell types resulted in loss of SpeB activity on casein 
agar (Fig.  2E and Additional file  1: Fig. S9H). However, 
this phenotype was more pronounced in emm1 strains, 

Fig. 2 Human neutrophils induce loss of SpeB in GAS. A Assessment of SpeB positivity/negativity of indicated strains via casein agar assay. 
Mean percentage from four independent experiments is shown (n = 4). B Representative image of Western‑Blot analyses (n = 3; mSpeB, mature 
SpeB) and (C) SpeB activity assay (n = 3) of bacterial supernatants. GAS were grown over‑night (16 h) in THY and sterile‑filtered supernatants 
were used for the analyses. Original blot is shown in Additional file 1: Fig. S8. Each dot in C represents one independent experiment. Bars denote 
mean values ± SD. D Intracellular bacterial counts after 1 h of neutrophil infection. Each dot represents an experiment with neutrophils from one 
donor. The horizontal lines denote median values (n = 5). The level of significance was determined using Kruskal–Wallis test with Dunn’s multiple 
comparison post‑test. E Assessment of SpeB positivity/negativity of indicated strains recovered from primary human neutrophils shown in D. Mean 
percentage of  SpeB+ and  SpeB− clones from five independent experiments are shown (n = 5). Bacteria incubated in RPMI and THY media served 
as controls. F Distribution of  SpeB+ and  SpeB− clones post neutrophil (PMN) and subsequent THY media passage. Displayed are mean [%] of five 
independent experiments (n = 5)
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where more than 50% of the colonies were  SpeB− when 
exposed to neutrophils (Fig. 2E). Subsequent passaging of 
single colonies from neutrophil experiments showed that 
the majority of successor generations of  SpeB− clones 
returned to a wild-type-like  SpeB+ phenotype (Fig.  2F). 
Bacteria exposed to minimal inhibitory concentrations 
of antibiotics retained its original  SpeB+ or  SpeB− phe-
notype (Additional file 1: Fig. S9I-K). These results dem-
onstrate that the reversible loss of SpeB activity is seen 
among intracellular GAS, particularly in neutrophils, and 
consequently, might represent an adaptation strategy of 
GAS to the intracellular environment of neutrophils.

SpeB accumulates intracellularly in GAS as a response 
to intracellular environment of neutrophils
To verify if the  SpeB− phenotype is characterized by the 
transient loss of SpeB expression, an impaired secretion 
or loss of proteolytic activity a series of experiments was 
performed.

First, relative speB transcription in single colonies of 
the 5448 strain post neutrophil infection was determined. 
SpeB transcription was detected in both  SpeB+ as well as 
in  SpeB− colonies, albeit weaker in the latter (Fig. 3A).

Second, the proteome of  SpeB+ and  SpeB− single colo-
nies recovered from intracellular bacteria in neutrophils 
was quantitatively profiled by mass spectrometry. Bac-
teria cultured in THY media resulting in 100%  SpeB+ 
served as controls. In total, up-to 752 proteins were iden-
tified in single colonies (Additional file 2: Table S3). Prin-
cipal component analysis showed that all three groups 
(THY vs. PMN  SpeB+ vs. PMN  SpeB−) separate from 
each other, suggesting that each of them is characterized 
by a distinct proteome profile (Fig.  3B). Next, protein 
expression patterns of  SpeB− colonies post neutrophil 
infections were compared either to  SpeB+ from the same 
experiment or to colonies from THY control (Fig.  3C, 
D). Notably, SpeB was found in all samples. In fact, 
 SpeB− GAS colonies accumulated higher amounts of 
SpeB intracellularly, as compared to the  SpeB+ colonies 
or THY controls (Fig. 3C, D). Alignment of detected pep-
tides with the amino acid sequence of SpeB revealed that 
SpeB zymogene was exclusively present intracellularly 
(Additional file 1: Figure S10). In addition, other secreted 
proteins, including DNaseB and immunogenic secreted 
protein 2 (Isp2) and surface anchored antiphagocytic 
M1 protein as well as C5a peptidase (ScpA), were found 
in higher abundance in  SpeB− colonies. Identical experi-
ments were performed with  SpeB− 8003 strain. 8003 
remained  SpeB− post neutrophil challenge and SpeB was 
not detected (Additional file  1: Fig. S11 and Additional 
file 2: Table S4).

Third, we sought to determine which neutrophil-
derived components might be responsible for the 

observed reversible  SpeB− phenotype. Therefore, an 
initial screen with strain 5448, which stably expresses 
and releases SpeB, was performed using antimicrobial 
peptides, lysozyme, and granule components (HBP and 
resistin). None of the tested agents had an impact on 
SpeB release/proteolytic activity by bacteria (Additional 
file  1: Fig. S12). Next, 5448 was exposed to different 
concentrations of hydrogen peroxide  (H2O2). High con-
centrations of  H2O2 (1 mM) caused a 1-log reduction in 
bacterial counts, while no effect on CFU were noted in 
the presence of 10–100 µM (Fig. 4A). Exposure of 5448 
strain to these sub-lethal concentrations of  H2O2 resulted 
in increased frequency of  SpeB− clones in up to 32% of 
the total GAS population (Fig. 4B). Since MPO converts 
the majority of available  H2O2 intracellularly to HOCl, 
we next exposed strain 5448 to different concentrations 
of HOCl. Up to 70% of GAS did not secrete SpeB upon 
exposure to sub-lethal concentrations of HOCl (Fig. 4C, 
D). However, NaCl exposure, the source of  Cl−, induced 
a similar bacterial phenotype although not to the same 
extent. To verify this result in a more complex setting, 
human primary neutrophils were infected with the 5448 
strain in the presence of an MPO inhibitor and bacterial 
killing as well as SpeB positivity were assessed over time. 
To exclude potential masking effects due to the time-
dependent delay in abrogated SpeB-secretion, 5448AP 
strain was used as a stable  SpeB− control. In the infec-
tion model, reduced numbers of 5448 strain were recov-
ered from neutrophils one-hour post infection (Fig. 4E). 
However, increased bacterial survival was noticed over 
a period of the next three hours if low concentrations of 
MPO-inhibitor (0–50  µM) were used. Four hours post 
infections almost equal numbers of bacteria compared 
to the initial infection inoculum were recovered (Fig. 4E). 
High concentrations of MPO inhibitor (100 µM) reversed 
this effect and an increased killing of bacteria was 
observed over time (Fig.  4E). In congruence with those 
observations, the amount of  SpeB− clones significantly 
increased over the infection period. MPO-inhibition par-
tially reversed this effect, particularly evident at 2 h post 
infections (Fig.  4F). In contrast, neutrophil infections 
with stable  SpeB− 5448AP strain were characterized by a 
continuous intracellular multiplication (Additional file 1: 
Fig.  S13A). As expected, 5448AP remained  SpeB− over 
the entire period of infections (Fig.  S13B). No MPO-
inhibitor mediated effects on bacterial growth were 
observed (Additional file 1: Fig. S13C).

Finally, to assess whether the secretion or only the 
activity of SpeB were impaired by exposure of the bacte-
ria to  H2O2 within neutrophils or in liquid cultures, 5448 
strain was (i) plated on casein agar containing  H2O2 and 
(ii) SpeB presence as well as activity were determined in 
the presence/absence of  H2O2 in bacterial supernatants. 
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Fig. 3 Distinct single colony proteome profile of GAS post neutrophil infection. A Relative speB mRNA expression in 5448 single colonies 
post neutrophil infections. Each dot represents one colony (n = 4). Bars denote mean value ± SD. B Principal component analysis of the proteome 
of single  SpeB− and  SpeB+ colonies post neutrophil infections. GAS incubated in THY media, which remained 100%  SpeB+ were used as controls. 
Each dot represents proteome analysis of one GAS colony (n = 16). C, D Heat map of differentially expressed proteins on a single colony level. 
Displayed are  Log2 LFQ intensities (left panel), –Log10 q‑value (middle panel), and  Log2 fold change of the mean (right panel). Each column 
represents one single colony (four per condition and donor; n = 16 in total). C Protein abundance of THY vs.  SpeB− colonies and D  SpeB+ vs.  SpeB− 
colonies are displayed (×, not detected)
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These analyses revealed that  H2O2 does not impair SpeB 
activity but secretion in a subpopulation of the bacteria 
as shown via casein agar plating revealing negative colo-
nies as well as Western blot analysis showing reduced 
levels of SpeB post  H2O2 treatment (Fig.  4G–J; Addi-
tional file 1: Fig. S14).

Enhanced neutrophil degranulation and presence of MPO 
in tissue biopsies with increased  SpeB− variants
Since MPO converts major amounts of  H2O2 to HOCl, 
the presence of this molecule was determined in patient 
tissue biopsies based on the initial assessment of SpeB-
positivity/negativity. Multiple tissue sections were 
stained for GAS and MPO, and analyzed microscopically 
(Fig. 5A, Additional file 1: Fig. S15). Confocal laser scan-
ning microscopy (CLSM) and subsequent image analyses 
revealed that although equal bacterial load is detect-
able in both types of biopsies  (SpeB− vs.  SpeB+), higher 
amounts of MPO were detected in biopsies associated 
with  SpeB− GAS clones (Fig. 5B, C). However, as evident 
by the micrographs, these biopsies are characterized by 
extensive necrosis resulting in a relatively diffuse DAPI 
staining (Fig. 5A). This is a characteristic of these infec-
tions and the biopsies represent tissue that are clinically 
indicated for surgical removal and will hence be associ-
ated with necrosis.

Both, in  vitro as well as ex  vivo analyses suggest that 
SpeB secretion is abrogated in GAS in response to  H2O2 
and HOCl, which subsequently triggers increased neu-
trophil activation resulting in enhanced tissue pathol-
ogy. Therefore, we next assessed neutrophil activation 
on a global level. Secretome composition of neutrophils 
post 5448 infections was quantitatively profiled by mass 
spectrometry. Again, to exclude time-dependent delay in 
abrogated SpeB secretion of this strain, the  SpeB− 5448AP 
strain, which encodes truncated covS transcript effecting 

expression of several virulence factors (Sda1, capsule, 
M1-protein) [45], was used as a control. To ensure that 
potential alterations in secretome composition and pro-
tein abundance were not caused by differences in cyto-
toxicity, LDH assay was performed. Although slightly 
increased cytolytic events were detected over time, no 
differences were seen between 5448 and 5448AP infec-
tions (Additional file 1: Fig. S16). Up to 495 secreted pro-
teins/peptides were detected in neutrophil supernatants 
post infections (Additional file  2: Table  S5), suggesting 
that both,  SpeB+ as well as  SpeB− strains, activate neu-
trophils. However, granule content release was more 
pronounced in infections with  SpeB− 5448AP strain over 
time (Fig.  6A, B). Comparison of neutrophil degranula-
tion in response to 5448 vs. 5448AP strain showed that 
103 proteins/peptides were more abundant in neutro-
phil secretome of  SpeB− 5448AP infections (Fig. 6C–E). 
Among these, several tissue degrading enzymes, includ-
ing neutrophil elastase (ELANE) and metalloproteases 
(MMP8, MMP9) were detected. PCA revealed that neu-
trophil secretome of both infections is distinct at 4  h 
post-infections (Fig. 6F). Subsequent pathway analyses by 
Reactome profiler showed that the  SpeB− 5448AP strain 
activates several neutrophil specific pathways to a higher 
extent as compared to the 5448, including degranula-
tion and immune responses (Fig.  6G, Additional file  2: 
Table  S6). Sub-analyses of neutrophil cellular compart-
ments showed that protein/peptides of all four granules 
were released in higher abundance in response to the 
 SpeB− 5448AP infections (Fig. 6H).

Discussion
Phenotypic and genetic adaptations of GAS to the tissue 
environment are key survival mechanisms to establish 
a successful infection. In this study, we show that GAS 
reversibly abrogate SpeB secretion in the tissue setting 

(See figure on next page.)
Fig. 4 H2O2 and HOCl impair SpeB secretion by GAS. A GAS 5448 strain was exposed to indicated concentration of hydrogen peroxide  (H2O2) 
and bacterial numbers were determined 1 h post stimulations. Each dot represents one independent experiment. Lines denote mean values 
(n = 5). B Assessment of SpeB positivity/negativity of 5448 strain post  H2O2 treatment as displayed in A. Mean percentage from five independent 
experiments is shown (n = 5). C GAS 5448 strain was exposed to indicated concentration of HOCl and bacterial numbers were determined 
1 h post stimulations. Each dot represents one independent experiment. Lines denote mean values (n = 5). D Assessment of SpeB positivity/
negativity of 5448 strain post HOCl treatment as displayed in C. Mean percentage from five independent experiments is shown (n = 5). A–D 
Untreated bacteria in THY media, acidified NaCl or  Na3PO4 served as controls. E Human primary neutrophils were infected with GAS strain 5448 
and intracellular bacteria were determined by plating serial dilution of neutrophil lysates on casein agar plates post indicated time points. The 
MPO activity was inhibited by indicated concentrations of MPO inhibitor 30 min prior and during the entire infection period. Dots represent 
the median value ± range of independent experiments with five donors (n = 5). F Assessment of SpeB positivity/negativity of 5448 strain recovered 
from primary human neutrophils shown in E. Mean percentages of  SpeB+ and  SpeB− clones from five independent experiments are shown (n = 5). 
G Representative images of GAS 5448 directly plated on casein agar containing indicated concentrations of  H2O2 and H subsequent analyses. 
Mean percentage from four independent experiments is shown (n = 4). I SpeB activity assay (n = 4) of bacterial supernatants. GAS were grown 
over‑night (16 h) in THY and sterile‑filtered supernatants supplemented with indicated concentrations of  H2O2 were used for the analyses. J Western 
blot (upper left panel), silver staining of the loading control (upper lower panel), and image analyses (right panel) of GAS 5448 supernatants 
post exposure to indicated concentrations of  H2O2. Representative images and analysis of three independent experiments are shown (n = 3). The 
level of significance between the groups of experiments presented in A–H was determined using Kruskal Wallis test with Dunn’s posttest. The level 
of significance in J was determined using Friedman test
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Fig. 4 (See legend on previous page.)
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Fig. 5 Increased levels of MPO in patient tissue biopsies associated with  SpeB− GAS. A Representative immunofluorescence micrographs 
of the distribution of MPO in patient biopsies are shown. B Image analyses of MPO and C GAS stainings. Calculation of the stained area  (px2) 
per analyzed micrograph is presented. Each bar within diagrams denotes analysis of one image from indicated tissue biopsies. Bars on the right 
of each diagram denote mean values ± SD. The level of significance between the groups was determined using 2‑tailed Mann–Whitney U test
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Fig. 6 Hyper‑responsiveness of human neutrophils induced by SpeB‑negative GAS. A, B Time‑dependent and C, D strain‑dependent 
comparison of secretome profiles of human neutrophils exposed to 5448 or 5448AP strains. Displayed are changes in relative abundance 
and p‑values of the original analyses in Additional file 2: Table S5 (n = 5). E Heat map highlighting some of the significant differences of protein/
peptide abundance in neutrophil secretomes from (A–D). F Principal component analysis of secreted proteins post 4 h of infection of indicated 
strains. Each dot represents one donor (n = 5). The ellipses indicate the calculated 95% probability region for a bivariate normal distribution 
with an average center of groups. G Top six upregulated pathways in 5448AP infections of primary neutrophils as compared to 5448 infections. 
Displayed are adjusted p-values as determined by functional profiling in the Reactome database (CH, carbohydrate; AMPs, antimicrobial peptides). 
H Cellular compartment analyses of protein/peptides found in higher abundance in neutrophil secretomes of 5448AP infections as compared 
to 5448 infections. Displayed are adjusted p-values (left red axis, red bars) and number of proteins (right blue axis, blue bars). Functional profiling 
was performed using Reactome database (sec., secretory; gel., gelatinase; spec., specific; azur., azurophilic)
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resulting in improved survival of the bacteria and subse-
quently in higher tissue inflammation and pathology in 
NSTI.

Bacteria are highly adaptable species. Their genetic 
information and other structures are capable of altera-
tions. Some of them are reversible when a particular pres-
sure is lifted, whereas other alterations are maintained 
[7]. GAS have adapted several strategies to survive within 
the hostile environment in NSTIs [18, 37, 48]. One of 
them is the enhanced mutational rate within the covR/S 
and ropB genes resulting in SpeB-negative clones. Stud-
ies on these two mutational hotspots are inconclusive 
with respect to impact on virulence. Some studies show 
that these variants are less virulent, while others demon-
strated that natural covR/S mutants are hyper-virulent [6, 
45]. In humans, it was shown that SpeB is readily detect-
able in sera and tissues of NSTI patients [10, 16, 33] and 
a mixture of  SpeB+ and  SpeB− GAS clones is usually seen 
[16, 33]. Here, we demonstrate that in addition to the 
irreversible loss of SpeB, due to genetic mutations, a sub-
population of GAS reversibly abrogates SpeB secretion in 
the tissue setting. This phenomenon is more pronounced 
in emm1 strains. Single colony proteomics showed that 
SpeB accumulates intracellularly and is not released. 
Once the tissue pressure is lifted, GAS regain the SpeB 
secreting function. Tissue necrosis, inflammation, neu-
trophil influx and degranulation are enhanced in patient 
biopsies associated with increased amount of  SpeB− GAS 
clones. Our data further confirm previous observations 
that neutrophil activation and degranulation are the main 
hallmarks of GAS NSTIs [14–16, 38]. These pathologic 
processes seem to be further intensified in biopsies with 
higher frequencies of the  SpeB− GAS. Notably, PGK, 
which has been demonstrated to be a potent activator of 
neutrophils, is highly susceptible to SpeB proteolysis and 
its activity can only be seen in  SpeB− strains [43]. Also, 
Zhu et al. reported that loss of SpeB resulted in increased 
fitness of emm1 GAS in a non-human primate model of 
necrotizing myositis [48]. Furthermore, it can be noted 
that in the non-human primate model neutrophil activa-
tion and degranulation was associated with tissue pathol-
ogy [48].

It is widely accepted that covR/S mutations and the 
consequent total loss of SpeB result in upregulated 
expression of several virulence factors, which are sus-
ceptible to SpeB degradation, including Sda1, M protein, 
PGK, and streptolysin O. All of them facilitate pathogen’s 
escape from neutrophils and other immune cell types 
[17, 45]. Notably, GAS single colony proteomics dem-
onstrated that in comparison to  SpeB+,  SpeB− clones 
from the same neutrophil infections are characterized 
by enhanced accumulation of surface anchored M1 pro-
tein and C5a peptidase and the secreted virulence 

factors DNaseB and Isp2. All of these factors are of 
crucial importance in immune system evasion and are 
implicated in hyper-inflammatory processes [32, 37]. 
In addition, Isp was recently reported to contribute to 
necrotizing myositis [18]. Therefore, we speculate that 
transient  SpeB− clones might persist in the tissue for a 
longer period and subsequently contribute to excessive 
degranulation of neutrophils and hyper-inflammation. 
This fact is further supported by neutrophil secretome 
analyses. Increasing abundance of granule proteins 
was observed in 5448 infections over time. To rule out 
time-dependent effects, infections with stable hyper-
virulent  SpeB− 5448AP strain were performed. It should 
be emphasized that 5448AP harbors a global regulatory 
mutation which affects not only SpeB secretion. This 
strain is further characterized by an enhanced expression 
of antiphagocytic M1 protein and secretion of Sda1 and 
Streptokinase, among others [45]. In congruence with 
our data, it was shown that 5448AP strain limits produc-
tion of ROS, thereby ensuring it survival [46]. In con-
trast to the report by Williams and colleagues [46], our 
analyses revealed that the  SpeB− 5448AP strain activates 
neutrophils to a higher extent as compared to its paren-
tal  SpeB+ 5448 strain. In line with this, higher abundance 
of resistin and MPO was detected in biopsies associated 
with increased amounts of  SpeB− GAS clones. This is 
in congruence with a previous report that in absence of 
SpeB, GAS trigger excessive neutrophil degranulation 
including the release of MPO [43]. MPO is associated 
with increased mortality in patients with sepsis [31] and 
a recent study demonstrated that GAS NSTIs patients 
had higher MPO levels in blood serum as compared to 
polymicrobial NSTIs. Moreover, patients presenting with 
STSS even significantly exceeded MPO levels of those 
who presented without shock [12].

Since our data suggested that neutrophils are the main 
cellular compartment responsible for SpeB-negativity, we 
subsequently analyzed the impact of neutrophil derived 
components on GAS phenotype. Among the tested effec-
tor molecules,  H2O2 and HOCl, and  Cl− were responsible 
for the reversible loss of SpeB secretion by GAS. Neutro-
phils phagocytose and subsequently kill bacteria primar-
ily through the activity of NADPH oxidase and MPO [2]. 
In addition, MPO can be found extracellularly through 
degranulation or NET formation. Both, extracellular 
as well as intracellular MPO converts  H2O2 to HOCl 
through oxidation of  Cl− [2]. Moreover, increased sur-
vival of bacteria within neutrophils was associated with 
increasing percentage of  SpeB− clones over time. Inhi-
bition of MPO activity resulted in significantly reduced 
frequency of  SpeB− GAS clones. However, there are cer-
tain limitations to this result: (i) NaCl, the source of  Cl−, 
also impaired SpeB secretion by GAS and (ii) inhibition 
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of MPO in neutrophils only partially reversed the  SpeB− 
phenotype. At this stage, we cannot rule out that  Cl− 
itself can induce such bacterial phenotype. Nonetheless, 
HOCl is a less stable compound than  H2O2 and therefore, 
bacterial killing will only be effective in a short time. In 
this case, inhibition of MPO most likely resulted in  H2O2 
accumulation within neutrophils and in the observed 
improved bacterial killing.

Production of fully active SpeB is a multistage process, 
which includes the involvement of trigger factor (RopA), 
the PPIase PrsA as well as cytoplasmic SpeB inhibitor Spi 
(reviewed in [5]). Furthermore, GAS encode highly con-
served canonical Sec pathway [9], which components are 
enriched at the ExPortal microdomain [30]. It was shown 
that cationic antimicrobial peptides, including polymyxin 
B, preferentially target the ExPortal. Consequently, the 
anionic lipids and proteins are redistributed around the 
peripheral membrane, which is associated with the inhi-
bition of toxin secretion, including SpeB [44]. Whether 
 H2O2, HOCl or  Cl− interfere with the above-mentioned 
processes remains to be elucidated.

To our knowledge, this study is the first to show that 
in addition to the genetically induced loss of SpeB 
expression, GAS transiently abrogate SpeB secretion in 
response to neutrophil-derived  H2O2 and HOCl.  SpeB− 
clones resist phagocytic killing resulting in enhanced 
neutrophil degranulation, which is associated with pro-
nounced tissue inflammation and pathology. This find-
ing provides further insight how bacterial persistence 
arises in the tissue setting. Further experimental studies 
are warranted to determine the molecular mechanism 
responsible for transient loss of SpeB secretion in a sub-
population of GAS.

Conclusions
Bacteria adapt their genetic information and pheno-
type to challenges they are facing during an infection. 
In severe GAS infections, hypervirulent SpeB-negative 
clones have been identified to arise due to covR/S and 
ropB mutations. Here we identify that such clones also 
arise through a transient phenotypic switch triggered 
by the neutrophil effector molecules hydrogen peroxide 
and hypochlorous acid. The resulting clones have abro-
gated SpeB secretion and trigger exacerbated neutrophil 
degranulation, which results in enhanced tissue pathol-
ogy. Thus, this study identified a new virulence strategy 
by streptococci in severe tissue infections.
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