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SUMMARY 

 

Group A streptococcus (GAS) and Streptococcus pneumoniae are both Gram-positive bacteria 

that asymptomatically colonise various human body parts. Both microbes cause diseases 

ranging from mild to severe invasive infections. The later are associated with high mortality. 

GAS is the major microbial aetiology of type II necrotising skin and soft tissue infections 

(NSTIs). Type II NSTIs typically affect the lower and upper limbs of healthy young adults and 

often require debridement as a surgical intervention to prevent the spread of infection. 

S. pneumoniae is the major cause of respiratory tract infections including community-acquired 

pneumonia in young children and the elderly. Although most respiratory tract infections are 

successfully treated with antibiotics, emerging antibiotic resistance is a major cause of concern. 

Secreted virulence factors of Gram-positive bacteria play a major role in the successful invasion 

of host tissues causing different diseases. Additionally, they facilitate the spread of infection, 

contribute to tissue pathology, and potentially act as immune evasion mechanisms. This thesis 

summarises the consequences of streptococcal pyrogenic exotoxin B (SpeB), a potent cysteine 

protease secreted by GAS and pneumococci-derived hydrogen peroxide (H2O2) on host 

responses.  

GAS have developed genetic or phenotypic ways of adapting to the immune response to escape 

immune clearance. Analysis of GAS clones recovered from NSTI patient biopsies exhibit a 

mixed SpeB phenotype, with most clones being SpeB negative. SpeB negative clones have been 

associated with hyper-virulence. In Paper II, we showed that SpeB negative GAS clones 

recovered from tissue exhibit reversible impaired SpeB secretion due to environmental factors. 

In addition, mutations in covS and ropB, the major transcriptional regulators of SpeB 

expression, were responsible for the irreversible loss of SpeB expression. 

Immunohistochemistry analysis demonstrated that neutrophil degranulation, necrosis and 

excessive inflammation observed in NSTIs patient biopsies correlated with bacterial load and 

SpeB negativity of clones. Proteomic data analysis showed that SpeB negative GAS recovered 

from neutrophil infection harboured the protease intracellularly suggesting that the bacteria 

expressed but did not secrete SpeB. We have also shown that neutrophil-derived reactive 

oxygen species, H2O2 and hypochlorous acid, drive the SpeB negative phenotype. The SpeB 

negative clones survived neutrophil-mediated antimicrobial killing and induced excessive 

degranulation when compared with SpeB positive clones. These results provide new insights 

into GAS fitness induced by host factors in tissue and may be useful for the development of 

new treatment strategies in NSTIs. 
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Pneumococci produce H2O2 as a by-product of carbohydrate metabolism in a reaction catalysed 

by pyruvate oxidase SpxB. However, very little is known about the effects of pneumococcal 

H2O2 as a virulence factor. Our study aimed to investigate the role of H2O2 in initiating epithelial 

cell death, focusing on apoptosis and pyroptosis. In Paper III, we showed that pneumococci-

derived H2O2 caused epithelial cell cytotoxicity by priming and activating the NLRP3 

inflammasome resulting in subsequent IL-1β production and release. Additionally, H2O2 caused 

apoptotic and pyroptotic cell death as evidenced by activation of caspase-3/7 and caspase-1, 

respectively. However, the release of IL-1β was dependent on apoptosis and not pyroptosis 

since inactive gasdermin D was detected post-infection. These observations were not detected 

in the absence of H2O2. Overall, we showed the damaging effects of pneumococci-derived H2O2 

on human bronchial epithelial cells.  
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1. Background 

 

1.1. Streptococcus pyogenes 

 

S. pyogenes is an exclusively human pathogen which emerged in the top 10 infectious causes 

of mortality, making it a pathogen of public health concern (1). This β-hemolytic, Gram-

positive bacteria is also referred to as group A streptococcus (GAS), based on the group A 

polysaccharide on the cell wall (Lancefield grouping) (2). GAS is serotyped based on the M-

protein; an important antigen encoded by the emm gene. Currently there are more than 200 M-

serotypes, which are distributed in geographically distinct regions of the world (3). M-serotypes 

frequently isolated in Europe and the United States of America differ a lot from the serotypes 

isolated in Africa, Asia, and Australia. Strains of certain emm types have been associated with 

infections in different socioeconomic regions and there is no clear explanation for this 

phenomenon. Improved surveillance of diseases caused by GAS in many countries has led to a 

better understanding of the global burden of these diseases (4, 5). The World Health 

Organization (WHO) estimates that 18.1 million people suffer from GAS associated disease, 

with over 500,000 deaths occurring annually (6). Although research on molecular pathogenesis 

of GAS infections began in the early 19th century, there is still no approved vaccine to prevent 

infection. As reviewed in (5), multiple factors have impeded vaccine development. Hence, 

public health protocols in the control of GAS disease are currently aimed at preventing 

transmission and protecting individuals at risk of developing invasive disease (7).  

 

1.1.1. Streptococcal infections 

 

GAS colonizes the oropharynx (8), genital mucosa (9), rectum, and the skin asymptomatically 

(3). Once GAS establishes a foothold over the host immune system in these organs, it causes 

diseases that are transmitted via direct contact or respiratory droplets (3). Socioeconomic 

factors also contribute to the spread of GAS diseases. Hence, low to middle-income countries 

report higher incidence. Both, host and bacterial factors contribute to the success of GAS in 

causing infections (1, 10). GAS causes a broad spectrum of infections ranging from mild 

superficial infections like pharyngitis to invasive and life-threatening infections like necrotizing 

fasciitis (NF) and streptococcal toxic shock syndrome (STSS) (11). Invasive infections are rare 
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in incidence and usually associated with 20-30% mortality. The M-serotypes associated with 

invasive disease vary depending on the geographical setting. The current serotypes causing 

invasive infections in developed countries are M1 and M3 (1, 12).  

Traumatic injuries, minor skin breaches and non-penetrating deep tissue injury are the common 

causes of necrotizing soft tissue infections (NSTIs). NSTIs affect all or one layer of the soft 

tissue from the dermis to fascia and muscle (13). Classification of NSTIs is based on the 

microbial etiology; type I infections are polymicrobial and type II infections are monomicrobial 

(14). Further insights on microbiological etiology and classification of NSTIs is discussed in 

(15). GAS causes most type II NSTIs, and these are more common in the healthy young adult 

population. In contrast, type I NSTIs are usually diagnosed in the elderly and people with 

comorbidities (16, 17).  

Delayed diagnosis is the major cause of multiple organ failure, which occurs in STSS. The 

common symptoms associated with NSTIs are sudden onset of severe pain often accompanied 

by fever, soft tissue oedema and erythema (13). Invasive infections require rigorous measures 

like debridement coupled with oral or intravenous antibiotic therapy to control the spread of the 

infection (18). Most GAS strains remain susceptible to β-lactam antibiotics despite its use for 

over 70 years. Therefore, penicillin is recommended for treatment and clindamycin is 

administered in cases of penicillin allergy (13, 18-20). In streptococcal NSTIs and STSS, 

clindamycin is added to β-lactam antibiotics (19). Recently, there have been reports of GAS 

strains that are resistant to macrolides and this poses a challenge in β-lactam allergy (21). In 

addition, adjunctive therapy is administered to improve treatment outcomes. Adjunctive 

therapy options include intravenous immunoglobulin (IVIG)(22) and hyperbaric oxygen (HBO) 

therapy (23). However, mixed results observed after HBO therapy make it unfavorable as a 

treatment option (24-28).  

Finally, post-streptococcal immunological sequelae i.e., acute rheumatic fever (ARF), 

rheumatic heart disease (RHD) and acute glomerulonephritis (AGN) occur after GAS 

infections. These infections are associated with many cases of child and young adult mortality 

in developing countries (1, 29). The genetic risk factors for these diseases are not clear. Host 

responses implicated in ARF and RHD are molecular mimicry between GAS M-protein and 

host cardiac myosin (30). Activation of immune complexes and complement by streptococcal 

antigens are implicated in AGN (31). The pathophysiology of post-streptococcal 

immunological sequelae is poorly understood. However, there is progress in identifying host 

and bacterial factors that are potentially involved (32, 33).  
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1.1.2. Virulence factors 

 

The expression of virulence factors by GAS varies within the same M-serotype and across 

different M-serotypes due to horizontal gene transfer and single nucleotide polymorphisms in 

regulatory genes (34-36). Although GAS is equipped with a multitude of virulence factors, they 

are variably expressed among strains and environmental factors regulate their expression. 

Virulence factors contribute to the successful infection, which starts with adherence to epithelial 

or skin barrier followed by a spread to the deeper tissues. (3, 37).   

 

1.1.2.1.Surface-associated virulence factors 

 

It is assumed that lipoteichoic acids on the cell wall initiate the first interaction with host cells 

followed by GAS directly adhering to the host cell using adhesins or host extracellular matrix 

(ECM) proteins like collagen. Adhesins are attached to bacteria on the cell wall and cell 

membrane through covalent interactions with peptidoglycan and lipoproteins, respectively and 

via non-covalent interaction with cell surface components (38-40). The M-protein is the most 

abundant cell surface anchored antigen that is immunogenic and anti-phagocytic (41). The M-

protein uses glycosaminoglycans on the host cell surface or in the extracellular matrix to 

facilitate binding to epithelial cells and skin fibroblasts (42). The M-protein also uses 

fibronectin to bind to epithelial cells and CD46 to bind to keratinocytes (43, 44). Cell wall-

anchored pili are also involved in initiating adherence and are important in virulence, biofilm 

formation and immune evasion (45, 46). Some extracellular matrix binding proteins i.e., 

collagen-like, laminin-binding, plasminogen-binding proteins are found in all GAS strains. In 

contrast fibronectin-binding proteins, M-like proteins and pili are limited to certain M-serotypes 

(47-50). Most GAS adhesins are not expressed in all serotypes suggesting functional 

redundancy contributing to tissue tropism. Certain GAS strains successfully colonize and cause 

throat infections, while others only cause skin infections. Expression of GAS adhesins is driven 

by environmental signals and may be an adaptation mechanism for successful colonization (51, 

52). The hyaluronic acid (HA) capsule surrounding the bacteria increases the virulence of GAS 

as an adhesin and assists in immune evasion. Capsular HA has a high molecular similarity to 

host HA and manipulates host signaling via interactions with CD44. This interaction reduces 

the chances of identification and killing of GAS by host immune cells (53, 54) .  
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1.1.2.2.Secreted virulence factors 

 

Secreted virulence factors mainly facilitate the spread of bacteria to deeper tissues. These 

include pore-forming toxins, proteases and superantigens (55). The latter are more important in 

the pathology of STSS. They stimulate high numbers of T-cells by crosslinking MHC class II 

receptors to the T-cell receptor (56, 57). Streptolysin O (SLO) and streptolysin S (SLS) are 

well-described proteins with a cytolytic function performed via pore-formation. SLO is a 

cholesterol-dependent cytolysin that binds to multiple glycan cellular receptors to lyse red blood 

cells (58). Uncontrolled cell lysis due to SLO activity combined with host-mediated cell death 

eventually act as immune evasion and virulence mechanisms of GAS (59, 60). SLS accumulates 

on the cell surface and causes lysis of different effector cells of the immune system and 

organelles (61). Both SLO and SLS have been implicated in causing endoplasmic reticulum 

(ER) stress, which facilitates biofilm formation in the host contributing to NF progression (62). 

GAS secretes also multiple enzymes that facilitate immune evasion. C5a peptidase, a cell wall 

anchored enzyme, which degrades the chemoattractant C5a and consequently impairs 

neutrophil recruitment. EndoS impairs opsonization of bacteria by hydrolyzing glycans on IgG 

rendering it inactive (63, 64). Streptococcal inhibitor of complement (SIC) inhibits the 

deposition of complement on the bacterial surface. SIC also inhibits the antibacterial activity of 

lysozyme and secretory leukocyte proteinase inhibitor found in the airway surface liquid (65). 

S. pyogenes cell envelope proteinase (SpyCEP also called ScpC) cleaves the chemokine IL-8 

and other chemokines, impairing the recruitment of neutrophils to the infection site (66, 67). 

GAS secretes DNases like Sda1 that increase bacterial dissemination by releasing bacteria from 

neutrophil extracellular traps and blocking TLR-9-mediated recognition of GAS. Sda1 also 

interferes with stabilization of DNA by HMGB1 that is crucial for IFN-1 dependent recruitment 

of plasmacytoid dendritic cells to the infection site (68-70). Finally, GAS has two cysteine 

proteases namely, immunoglobulin G degrading enzyme of S. pyogenes (IdeS) and 

streptococcal pyrogenic exotoxin B (SpeB). The former has very limited substrates while the 

latter has multiple substrates. IdeS inhibits killing of GAS by phagocytes through degradation 

of IgG bound on the cell surface (71, 72).  
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1.1.3. Streptococcal exotoxin B (SpeB) 

 

SpeB is a potent cysteine protease that was discovered more than 7 decades ago (72). SpeB is 

neither pyrogenic nor an exotoxin and has experienced many name changes. However, the name 

SpeB has been accepted and maintained over the years (73). In culture, SpeB is secreted in the 

stationary phase as a 42-kDa zymogen which auto-cleaves itself to the 28-kDa mature and 

active form (74, 75). SpeB belongs to the C10 family of cysteine proteases that are found in 

many pathogenic bacteria. Although its sequence is not very similar to that of papain, its 3D 

structure reveals a papain-like fold containing a catalytic triad of cysteine, histidine, and 

asparagine (76, 77). The speB gene is highly conserved in all GAS strains. However, expression 

levels differ from strain to strain. While most of the protein is secreted, a small fraction is also 

bound to the surface of the bacteria mediating laminin binding (78-80). SpeB has a broad 

spectrum of substrates including host and bacterial proteins. As such, it participates in 

modifying both bacterial and host responses during infections (81). Host proteins that are 

cleaved by SpeB include fibrinogen, fibronectin, and cytokines among many. Streptococcal 

proteins that are substrates for SpeB include various virulence factors, e.g., C5a peptidase, 

EndoS, the M-protein, phosphoglycerate kinase (PGK), Sda1, SLO and streptokinase. (81-84).  

 

1.1.3.1.Regulation of SpeB expression 

 

The crucial transcriptional regulators are the global regulator of protease (RopB) (85) and the 

two-component system control of virulence (CovR/S), also known as the capsule synthesis 

regulon (CsrRS). The latter consists of a membrane bound sensor kinase (CovS) and DNA 

binding response regulator (CovR) (86). CovR/S induces SpeB expression in response to 

environmental stress like acidic pH, high cell density and high salt concentration. CovS causes 

phosphorylation of CovR and subsequent transcription of speB. The expression of SpeB is 

regulated at multiple levels during transcription, translation, and post-translation (Figure 1) 

(87-92). The expression of SpeB at high cell density is initiated by the SpeB-inducing peptide 

(SIP), which is secreted and facilitates cell-cell signaling resulting in population wide SpeB 

expression. This signaling involves interaction of SIP with RopB. SIP signaling is active in vivo 

in diverse emm types and causes up-regulation of most genes encoding toxins and other 

virulence factors (93, 94). CovR/S directly or indirectly regulates the transcription of more than 

15% of the GAS genome. In addition to SpeB, CovR/S regulates the expression of other 
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virulence factors like the capsule HA, IdeS, Ska and Sda1. Mutations in CovR/S are associated 

with invasive disease and increased virulence factor expression in animal models and human 

infections (55, 86, 95-99). The activity of cysteine proteases is regulated by divalent metal ions 

like calcium, zinc, and copper (100). SpeB contains two potential metal binding sites, one of 

which is in the catalytic dyad. Some studies have demonstrated that copper and zinc ions 

reversibly inhibit SpeB activity at a post translation level (101). This finding supports the 

hypothesis that human metal-chelating proteins like lactoferrin and transferrin can also inhibit 

SpeB activation resulting in the preservation of multiple virulence factors and severe disease. 

However, the source of these divalent metal ions during infection is unknown (102). Secretion 

of SpeB occurs through the ExPortal, a microdomain in the membrane comprising of Sec 

translocons and membrane-associated chaperones like HtrA that take part in the maturation of 

the SpeBz (103, 104). An additional post-translation regulator is Spi, an inhibitor of SpeBm 

that is thought to prevent intracellular activity of the protease. The spi gene is located 

downstream of speB and is co-transcribed with speB. Its inhibitor function is effective due to 

similar structural homology with SpeBz (73, 105).  

 

 

Figure 1. Genetic and environmental regulators involved in SpeB expression. 

Multiple factors ranging from environmental and genetic factors either ↑ - increase or ↓- reduce SpeB 

expression. SpeBm - mature SpeB and SpeBz - SpeB zymogen. (Adapted from (73, 106).   
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1.1.3.2.The role of SpeB in GAS pathogenesis 

 

The role of SpeB in pathogenicity in humans and mice models is still very controversial. There 

is no consensus on the importance of SpeB in pathogenesis. The first hypothesis suggests that 

SpeB plays a very crucial role in pathogenesis hence it is expressed during infection. While the 

second one emphasizes that GAS is under pressure to reduce SpeB expression during infections 

and therefore, it must be dispensable. There are studies that support both hypotheses (55). In a 

recent study by Olsen et al., almost 85% of the GAS strains recovered from infected humans 

expressed SpeB and genome sequencing of SpeB deficient strains revealed mutations mostly in 

the major transcriptional regulators (106). SpeB contributes to disease pathogenesis by either 

degrading immune system molecules or degrading host proteins in the tissue to facilitate 

dissemination. SpeB protects GAS from killing by degrading the antimicrobial peptide LL-37 

(107), and cleaves C3b preventing complement mediated phagocytosis (108). Previous studies 

demonstrated the role of SpeB in dissemination of GAS where proteolytic degradation of E-

cadherins enabled translocation of GAS across the epithelial barrier. Similarly, SpeB-mediated 

degradation of desmosomes contributed to the pathology of cutaneous infections (109, 110). 

Recently, LaRock and colleagues showed that SpeB cleaves the amino-terminal prodomain of 

IL-1β producing the mature proinflammatory cytokine that restricts invasive disease. These 

findings show inactivation or absence of SpeB expression during invasive infection (111, 112). 

SpeB was initially reported to inhibit opsonophagocytosis by cleaving antigen bound IgG in the 

Fc region (113). Recent work demonstrated that SpeB does not degrade immunoglobulins under 

physiological conditions though it cleaves IgG in a reduced state (114). Previous in vitro studies 

indicated that streptococcal regulator of virulence (Srv) regulation of SpeB may facilitate the 

transition of mild to invasive infections by dispersing biofilm in various strain backgrounds. In 

contradiction, recent biofilm studies in tissue demonstrated that SpeB is not required for biofilm 

formation (115, 116). There is a need for more experiments using the right model organisms 

and experimental conditions to get conclusive results in the role of SpeB in pathogenesis. 

 

1.2. The innate immune system in NSTIs  

 

The innate immune system plays a vital role as the first line of host defense in infection control 

through pathogen recognition and initial inflammatory response (117). It consists of physical 

barriers for example the skin and epithelial cells in the mucosa, which prevent pathogens from 
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accessing the host. Once these barriers are breached, cellular and acellular components of the 

innate immune system become pivotal in defending against invasive infection. The innate arm 

of the immune system comprises of phagocytes, cytokines, antimicrobial peptides, and the 

complement system. During an in vivo infection, the innate arm eventually activates the 

adaptive arm of the immune system contributing to pathogen clearance (118, 119). Both parts 

of the immune system are crucial for infection control. For example, efficient opsonization of 

pathogens involves elements of the complement system and/or antibodies produced by B-cells 

from the adaptive immune system (117, 120). This section briefly discusses the relevance of 

some components of the innate immune system in NSTIs. 

 

1.2.1.  The skin 

 

The human skin serves as a physical, chemical, and immune barrier to environmental 

contaminants and mechanical impacts (121). Additionally, the skin provides a protective niche 

for the skin microbiome, which is dominated by Gram-positive bacteria including S. aureus and 

Staphylococcus epidermidis. Therefore, one of the key roles of the skin is to prevent infection 

by these pathogens (121, 122) . The skin is anatomically divided into hypodermis, dermis, and 

epidermis. The epidermis is the uppermost layer with antimicrobial functions provided by 

sebaceous lipids, hydrolytic enzymes, and antimicrobial peptides (AMP). LL-37 and human 

beta defensins are the most abundant AMP in the skin (123). When the physical barrier has 

been disrupted, pathogenic bacteria access the host resulting in inflammatory responses 

initiated by keratinocytes, mast cells and dendritic cells as well as other circulating cells of the 

adaptive immune system (124). Thus, the pathogenesis of most skin infections is explained by 

the breach of the skin barrier and the resultant inflammatory response (125, 126). Consequently, 

clinical symptoms of NSTIs mostly involve skin lesions. Swelling and erythema were observed 

in more than 70% of the NSTIs cases while bullae and skin necrosis were reported in almost 

20% of the cases (127, 128). 

 

1.2.2. Cellular responses 

 

Cellular effectors of the innate immune system against GAS involve macrophages, monocytes, 

dendritic cells, and granulocytes i.e., neutrophils and mast cells. These cells recognize 
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pathogens or cell injury using pattern recognition receptors (PRRs). Pathogen or host derived 

stimuli activate the pathogen or damage associated molecular patterns (PAMPs/DAMPs). 

Subsequently, intracellular signaling cascades such as the nuclear factor kappa-B (NF-κB) are 

activated. Eventually there is production of proinflammatory molecules that initiate the host 

response and shape the adaptive immune system (117, 119, 129). The ability of GAS to survive 

within phagocytes despite antibiotic treatment poses a challenge in their elimination by the 

innate immune system (130, 131). The roles of neutrophils in the pathology of NSTIs will be 

discussed next. 

 

1.2.3. Neutrophils 

 

Neutrophils have a very short lifespan causing their continuous production and release from the 

bone marrow in millions (132). As a result, neutrophils are the most abundant innate immune 

cells and make up 50-70% of circulating leukocytes. Neutrophils are the first cells recruited to 

the site of infection , where they exhibit multiple antimicrobial mechanisms such as expression 

of cytokines (133). The release of proinflammatory cytokines (IL-1β, IL-6, TNF-α) by resident 

tissue cells induce expression of P, L and E-selectins on endothelial cells. Circulating 

neutrophils are recruited in a multistep process initiated by activated endothelial cells (132, 

134). Eventually, β2-integrins on the surface of neutrophils attach to selectins on endothelial 

cells facilitating the recruitment of neutrophils to the inner surface of blood vessels via 

chemokines. These chemokines include complement fraction C5a, IL-8, leukotriene B4, 

platelet activation factor 4 (134, 135). 

Circulating neutrophils possess antimicrobial proteins and proteases in their intracellular 

granules, which are “ready to use”. There are four neutrophil granules namely, azurophilic, 

specific, tertiary granules and secretory vesicles. These granules are produced at different stages 

during the development and are released in a sequential manner upon activation. Proteomic 

analyses of granules identified numerous proteins found in the lumen and membrane of these 

granules (132, 133, 136, 137). While certain granule components like myeloperoxidase (MPO) 

are restricted to azurophilic granules, other components like resistin are found in more than one 

granule (Table 1). Secretory vesicles contain mostly membrane associated receptors (138). 

Elastase, lactoferrin, MPO and matrix metalloproteases (MMP) are very cytotoxic  and possess 

potent antimicrobial activity (139). While neutrophil degranulation is controlled by multiple 
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intracellular signaling pathways, excessive neutrophil degranulation is associated with many 

inflammatory conditions including septic shock (140).  

Table 1. Summary of selected proteins and signaling molecules stored in neutrophil granules. 

Based on (133, 137-140) 

Azurophilic granules Specific granules Tertiary granules  Secretory vesicles 

Azurocidin (CAP-37) 

Bactericidal permeability 

increasing protein (BPI) 

Cathepsin G 

Defensins 

Neutrophil elastase (NE) 

Myeloperoxidase (MPO) 

Resistin 

Collagenase (MMP8) 

Cathelicidin (LL-37) 

Lactoferrin 

Lysozyme 

Pentraxin 3 

Resistin 

 

Gelatinase (MMP9) 

MMP25 

Enolase 

Lysozyme 

CD11b 

β2-microglobulin 

CRISP3 

 

Proteinase-3 

C1q - receptor 

CD11b 

CD63 

CD68 

fMLP receptors  

MMP25 

 

 

 

The issue of cytokine production by terminally differentiated neutrophils is still debatable, as 

they have been identified at gene level in neutrophils. However, pre-formed cytokines are stored 

in secretory vesicles (139, 141). When neutrophils release IL-1β, this stimulates IL-8 

production by endothelial and epithelial cells for the recruitment of more neutrophils and 

macrophages to the site of infection. Moreover, neutrophils contribute to adaptive immune 

responses by modifying B and T-cell responses via chemokine or cytokine mediated signaling 

(120, 142). 

 

1.2.3.1.Bactericidal mechanisms 

 

Resting human neutrophils are activated by recognition of GAS via TLRs and C-type lectins. 

Activated neutrophils control pathogen proliferation and dissemination using both oxidant and 

non-oxidant killing mechanisms (Figure 2) (143, 144). Non-oxidant killing of bacteria is done 

via degranulation, phagocytosis, and the recently identified neutrophil extracellular traps 

(NETs) (134, 145, 146). Degranulation is the process where granules fuse with the cell 

membrane releasing antimicrobial proteins, proteases and other molecules into the tissue. 

Antimicrobial proteins like cathelicidins and defensins kill bacteria directly, while enzymes like 

lysozyme digest the cell wall of bacteria. Proteases degrade virulence factors and toxins (147). 
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Phagocytosis is a very efficient process where the opsonised pathogen is engulfed and digested 

in the phagosome. The neutrophil phagosome contains digestive enzymes and NADPH oxidase 

to initiate killing mechanisms. Unlike the macrophage phagosome that is acidic, neutrophil 

phagosome has a neutral pH (135). NETosis is a form of cell death, which occurs when 

activated neutrophils release decondensed chromatin and granule proteins into the extracellular 

space. Bacteria trapped in NETs is killed by the antimicrobial peptides (LL-37 and MPO) or 

proteases (elastase) trapped within the chromatin or directly by antimicrobial effects of 

histones. While NET formation is beneficial, it can also be detrimental to the host, for example 

platelet induced NET formation is associated with sepsis and hepatoxicity (135, 148).  

 

 

Figure 2. The arsenal of antimicrobial mechanisms of neutrophils. 

Neutrophils use both oxidant (oxidative burst) and non-oxidant (degranulation, NETosis and 

phagocytosis) means to kill Group A streptococcus (GAS). Modified and adapted from (132). 

Oxidant killing of bacteria is mostly done by reactive oxygen species (ROS) and to a lesser 

extent reactive nitrogen species. ROS are generated via the NADPH oxidase or via the 

myeloperoxidase-hydrogen peroxide system (149). The first step is NADPH oxidase catalysed 

reduction of molecular oxygen to superoxide (134). Hydrogen peroxide (H2O2) is then produced 

by spontaneous or dismutase driven conversion of superoxide. Reaction of H2O2 with iron in 



12 

 

the Fenton reaction results in formation of hydroxyl radicals (150). Finally, hypochlorous acid 

(HOCl), a very strong oxidant is produced by myeloperoxidase (MPO) catalysed oxidation of 

chlorine by H2O2  (151). MPO is an abundant protein released by azurophilic granules of 

neutrophils. It is also involved in the formation of NETs. Hence, HOCl is found intracellularly 

in phagosomes and extracellularly within NETs (152). The greater abundance of MPO in 

neutrophils makes them the major producer of HOCl; however, activated macrophages and 

monocytes have also been reported to produce HOCl (153, 154).  

 

1.2.3.2.GAS encounters with neutrophils 

 

Emerging evidence is implicating activated neutrophils in pathological mechanisms, despite 

their critical role in infection control. Recent findings show that sepsis associated factors; 

heparin binding protein and resistin are released in higher amounts in the presence of GAS 

compared to S. aureus and E.coli. (155). Lung damage observed in a mouse model of STSS 

was associated with the intravascular activation of neutrophil and subsequent degranulation 

(22). The HA capsule inhibits GAS killing via NETs by blocking the antimicrobial action of 

LL-37 (156). Finally, GAS uses multiple enzymes and proteins to resist killing via ROS 

generated by neutrophils and monocytes. The HA capsule is resistant to killing by H2O2. SodA, 

AhpC and NoxA enzymes provide superoxide and H2O2 resistance and finally DpR, Shr and 

MtsABC sequester iron to inhibit the Fenton reaction. The protease HtrA and DNA polymerase 

PolA1 repair proteins and DNA after ROS damage (157, 158). These data suggest that there is 

a need for therapeutic interventions that modulate the neutrophil response to prevent 

hyperinflammation. Balanced solutions will boost the neutrophil response to overcome GAS 

resistance to killing. 

 

1.3. Streptococcus pneumoniae 

 

Streptococcus pneumoniae are catalase negative, Gram-positive diplococci that show alpha 

hemolysis on blood agar. S. pneumoniae, also called pneumococcus, has a thick capsule and 

grows under both aerobic and anaerobic conditions (159). S. pneumoniae is a colonizer of the 

mucosal surfaces of the upper respiratory tract in healthy individuals. About 27-65% of children 

and infants are colonized by pneumococci compared to less than 10% of the adult population. 
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There is high disease burden in young children and the elderly both in developing and 

developed countries. Transmission is through direct contact or aerosols and is high during the 

cold months (160). Pneumococcal diseases are preceded by asymptomatic colonization and a 

wide range of infections can occur. These include mild infections like otitis media and sinusitis 

as well as invasive infections like meningitis and sepsis. The pneumococcal capsule is a very 

important virulence factor and is immunogenic. Capsular polysaccharide diversity observed in 

pneumococci led to the development of the pneumococcal conjugate vaccine that has greatly 

reduced invasive pneumococcal diseases (161). Despite vaccine availability, S. pneumoniae is 

associated with high morbidity in children, mostly in Africa and Asia.  Pneumococcal infections 

are also associated with 14% mortality in children under the age of five (162). Most diseases 

caused by S. pneumoniae affect the upper respiratory tract (URT). In the next section, infections 

of the URT are briefly discussed.  

 

1.3.1. Upper respiratory tract infections  

  

A variety of bacteria and viruses cause upper respiratory tract infections (URTIs), including the 

common cold, influenza, pharyngitis and tonsillitis. Acute URTIs can lead to sinusitis, otitis 

media or spread to the lower respiratory tract resulting in bronchitis and pneumonia. 

Remarkably, 15-25 % of acute pharyngitis in children are caused by GAS. Other bacteria 

implicated in URTIs are S. pneumoniae, and Hemophilus influenza. Viruses including 

rhinoviruses, coronaviruses, influenza viruses and respiratory syncytial viruses cause more than 

70% of URTIs (163-165). A common observation in viral URTIs is co-infection with colonizing 

bacteria, usually S. pneumoniae or S. aureus. In co-infections, the preceding viral infection 

causes inflammation and tissue damage, providing nutrients for proliferation of colonizing 

bacteria rendering the host susceptible to secondary infection. Bacterial-viral co-infections are 

usually associated with high mortality observed in pandemics (166, 167).  

Currently, there are no diagnostic or prognostic guidelines to distinguish bacterial from viral 

URTIs. Usually, antibiotics are administered as treatment but only beneficial in URTIs of 

bacterial etiology. The decision to prescribe antibiotics is usually based on clinical symptoms 

and implemented to prevent complications (163, 168). While clinical symptoms may be useful 

in predicting the microbiological etiology of URTIs, studies have shown that antibiotic 

treatment may not alter the clinical outcomes or prevent complication (165). Although 

pneumococcal infections can be treated with antibiotics, some S. pneumoniae strains are 
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resistant to chloramphenicol, erythromycin, penicillin, and tetracycline, the widely prescribed 

antibiotics (169). The success of colonizing bacteria like pneumococci in causing URTIs is 

mainly due to the virulence factors that they possess. Understanding the molecular biology and 

cellular processes of pneumococci is crucial for highlighting the molecular basis of these 

diseases. 

 

1.3.2. Pneumococcal virulence factors in disease pathogenicity 

 

Pneumococci have many surface associated or cell-wall attached virulence factors that are 

important in colonization and eventually establishing infection. The major virulence factor of 

pneumococci is the thick encapsulation of the bacteria that enables adherence to and 

subsequently invasion of host cells.  (162, 170). Cell wall-associated autolysin (LytA) is 

important in bacterial growth as well as during the course of infection as it lyses the bacteria 

releasing cytosolic virulence factors like pneumolysin (Ply) (171).  

Ply is a cholesterol-dependent and pore-forming toxin that is found in the cytosol of the bacteria. 

Almost all pneumococcus strains express Ply and produce it during the log-phase of growth 

(172). Pneumococci do not actively secrete Ply since it lacks the N-terminal signal sequence. 

However, many factors including LytA and pyruvate oxidase enhance its release (173, 174). 

Ply is very crucial for the bacteria as it provides access to nutrients enabling bacterial 

colonization and dissemination within the host. Ply-induced mucosal surface inflammation 

promotes bacterial shedding which in turn increases transmission of the bacteria as observed 

among infant mice (175). Ply-mediated inflammation also involves multiple mechanisms 

including complement activation (176), induction of TLR-4 signaling (177), release of 

cytokines (IFN-γ and IL-17), and NLRP3 inflammasome activation followed by IL-1β release 

(178). Hyperinflammation can also occur due to high IL-1β levels or excessive degranulation 

of recruited neutrophils (175, 179, 180). 

Ply can act as a mediator of cell death due to its pore-forming cytolytic activity. During invasive 

pneumococcal diseases, which involve the lungs or brain, Ply causes cell damage and killing of 

multiple cell types by necrosis and/or programmed cell death. Ply, reported as cytotoxic to 

bovine pulmonary endothelial cells, is likely the cause of alveolar hemorrhage observed in 

pneumococcal pneumonia (181). In rat cortical neurons, Ply caused caspase-independent 

apoptosis and mediated the release of mitochondrial apoptosis-inducing factor (AIF) by 
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damaged mitochondria. Apoptotic neurons lead to brain injury observed in meningitis (182). 

Additionally, there is Ply-induced necroptosis, which is a pro-inflammatory type of cell death 

that is caspase-independent reported in alveolar epithelial cells and macrophages (183). It is 

plausible that Ply-induced tissue damage and inflammation seems to contribute equally to 

pathogenicity (180).   

Most bacteria are susceptible to H2O2 mediated killing, while S. pneumoniae is very resistant 

to H2O2 due to unclear mechanisms (184). Pneumococci produce H2O2 as a by-product of 

carbohydrate metabolism through pyruvate oxidase encoded by spxB (185). Production of H2O2 

promotes pneumococci colonization and enhances the effects of other virulence factors, while 

eliminating competition from other microbial flora of the respiratory tract (186). H2O2 and Ply 

are produced by all virulent pneumococcus strains as they mediate the disruption of the 

epithelial barrier and  the slow ciliary motion in the human respiratory tract (187). Additionally, 

H2O2 affects the host response by causing ER and oxidative stress as well as the activation of 

signaling pathways that induce transcription of pro-inflammatory cytokines (187-189). 

Bacterial H2O2 is also important in the pathogenicity of invasive pneumococcal diseases. As 

demonstrated by Hoffmann and colleagues, H2O2 acts as a vasodilator causing cerebral 

hyperperfusion in meningitis (190). Similar to Ply, H2O2 is cytotoxic to different host cells. In 

human alveolar epithelial cells, H2O2 induced double stranded breaks in DNA leading to 

apoptotic cell death (191). In experiments with rat alveolar epithelial cells, H2O2 was produced 

to cytotoxic levels by pneumococci (192). Together with Ply, H2O2 caused an apoptosis-like 

programmed cell death independent of TLR2 and TLR4 signaling in brain microvascular 

endothelial cells injuring the blood-brain-barrier in meningitis infection (193). In another study, 

both Ply and H2O2 caused increased intracellular Ca2+ triggering mitochondrial release of AIF 

in human microglial cells and rat hippocampal neurons contributing to neuronal damage, 

observed in meningitis (194). Previous studies have clearly documented the cytotoxicity of 

pneumococci-derived H2O2 to host cells in the presence or absence of Ply. However, the exact 

mechanisms or cell death pathways involved are not well understood. H2O2 is produced at very 

high concentrations in lung infections like pneumonia and is detectable in the breath of patients 

(195). It is possible that these high H2O2 levels are due to both, the presence of S. pneumoniae 

and the oxidative burst of macrophages recruited during infection.  
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1.4.  The epithelial barrier and inflammasomes as innate immune defense in URTIs 

 

The respiratory tract is protected from environmental toxins and pathogens in the inhaled air by 

a pseudostratified epithelial mucosa consisting of ciliated and secretory cells (196). A gel-like 

liquid called mucous, containing antimicrobial compounds (defensins and lysozyme), mucins 

and immunoglobulin A, covers the mucosa. This mucous, traps pathogens and is subsequently 

moved upwards by mucociliary motion. Tight junctions connecting epithelial cells strengthen 

the physical barrier (197, 198). Pathogens that breach the mucous barrier are detected by 

cytosolic, endosomal or membrane bound PRRs on epithelial cells initiating an immune 

response. Epithelial PRRs include C-type lectins, retinoic acid-inducible gene (RIG)-1-like 

receptors, absent in melanoma type 2 (AIM2)-like receptors, TLRs, and nucleotide-binding and 

oligomerization domain (NOD)-like receptors (NLRs) (199). These PRRs bind various 

bacterial PAMPs and host-derived DAMPs initiating complex intracellular signaling pathways 

and resulting in production and release of inflammatory cytokines and antimicrobial effectors. 

Cytokines and chemokines produced by epithelial cells recruit other cells of the innate and 

adaptive immune system to the injury site (199, 200). DAMP-triggered inflammation is called 

sterile inflammation when it occurs in the absence of pathogens.  

Cytoplasmic activation of inflammasomes is another important innate immune response which 

involves recognition of PAMPs or DAMPs by the NLRs or non-NLR receptors like AIM2 and 

pyrin (201). Inflammasomes cause canonical or non-canonical activation of caspases resulting 

in release of IL-1β ,IL-18 and apoptotic or pyroptotic cell death (202). NLRs generally consist 

of a C-terminal leucine rich region (LRR), central nucleotide binding and oligomerization 

(NACHT) domain and an N-terminal effector domain consisting of a caspase activation and 

recruitment domain (CARD), Pyrin or baculoviral inhibitor of apoptosis protein repeat (BIR) 

(203). There are many NLR inflammasomes described in literature (201) and the NLRP3 

inflammasome, which contains Pyrin in the N-terminal domain (PYD), will be briefly 

discussed. The NLRP3 inflammasome is a well characterized multiprotein complex consisting 

of a sensor NLRP3, an adaptor apoptosis-associated speck-like protein (ASC) and the effector 

caspase-1 (204). The NACHT domain possesses adenosine triphosphatase (ATPase) activity 

for NLRP3 self-association, and comprises the nucleotide binding domain (NBD), helical 

domain 1 (HD1), winged helix domain (WHD), and helical domain 2 (HD2). ASC has two 

protein interaction domains, the N-terminal PYD and C-terminal caspase recruitment domain 

(CARD) (205).  
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Canonical NLRP3 inflammasome activation occurs in two steps, a priming and an activation 

step. The priming step involves recognition of pathogenic or host-derived inflammatory stimuli 

by TLRs or IL-1R and NLRs. This activates NF-κB signaling increasing expression of NLRP3 

and pro-IL-1β. Priming is followed by an activation step in which various DAMPs or PAMPs 

lead to the assembly of the multiprotein complex in the cytoplasm (202, 204, 205). The NLRP3 

inflammasome is activated by many bacteria derived molecules like peptidoglycan, cell wall 

proteoglycans, pore-forming toxins and bacterial DNA and host-derived signals like host DNA, 

extracellular ATP, ion fluxes, lysosomal disruption, and mitochondrial ROS (202, 204, 206). 

When the NLRP3 inflammasome is assembled, the PYD domain on NLRP3 interacts with the 

PYD domain of ASC. This leads to recruitment of pro-caspase 1 through CARD-CARD 

interactions. Eventually, there is oligomerization and autocatalysis of pro-caspase 1 to 

catalytically active p10 and p20 caspase-1 fragments (Figure 3). The active caspase-1 cleaves 

pro-IL-1β and pro-IL-18 to mature cytokines (203, 204). 

 

 

Figure 3. A schematic diagram showing the structure of the NLRP3 inflammasome. 

Homotypic interactions between the sensor protein (NLRP3), adaptor protein (ASC), and the effector 

pro-caspase-1 facilitate the assembly of the NLRP3 inflammasome. Adapted from (203). PYD - pyrin 

domain, NACHT - nucleotide-binding and oligomerization domain, LRR - leucine rich repeat, CARD - 

caspase recruitment domain. 

Release of IL-1β via gasdermin-D (GSDMD) mediated pore formation in the cell membrane 

causes an inflammatory type of programmed cell death called pyroptosis. Active caspase-1 

cleaves GSDMD and the N-terminal cleavage product of GSDMD (N-GSDMD) oligomerizes 

in the cell membrane forming pores (205, 207). However, in neutrophils, the cleaved N-

GSDMD is trafficked to azurophilic granules and IL-1β release is dependent on autophagy 

mechanisms (208). In macrophages, IL-1β is independent of GSDMD and it is rather released 

due to changes in membrane permeability (209).  

While NLRP3 inflammasome activation is normally associated with pathogen control, 

unregulated activation by Ply and H2O2 may cause excessive inflammation (210). Hence, the 
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two step activation process is necessary to achieve NLRP3 inflammasome effector functions 

(202). Dysregulation of inflammasome activity causes excessive IL-1β activity, which is 

associated with many autoinflammatory disorders (203). Interestingly, NRLP3 activation 

recently demonstrated a protective function on the mice alveolar epithelium in pneumococcal 

pneumonia independent of IL-1β, IL-18 or inflammasomes (211).  
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2. Aims of the study 

 

The overall aim of this thesis is to describe the consequences of secreted virulence factors 

of Gram-positive bacteria on host responses.  

S. pyogenes secrete many virulence factors to establish an infection and disseminate to 

deeper tissue. Alternatively, the host mounts an inflammatory response characterised by 

recruitment of phagocytes, mainly neutrophils and macrophages to clear the bacteria and 

resolve tissue damage. This inflammatory host response normally resolves the infection. 

However, in the case of NSTIs, excessive inflammation leads to necrotic cell death. 

Systemic spread of inflammation may also result in STSS as an additional complication.  

Pneumococci have very few secreted virulence factors including H2O2, a by-product of 

pyruvate metabolism. H2O2 is toxic to host cells and effectively enhances the virulence of 

pneumococci.  

The specific objectives of this thesis were: 

a. To address the contribution of secreted virulence factors in the pathophysiology of type 

II NSTIs (Paper I) 

 

b. To identify host factors responsible for SpeB negative phenotype observed in GAS 

recovered from tissue biopsy material and analyse the resulting consequences for the 

host (Paper II). 

 

c. To characterise the effects of H2O2 released by pneumococci on cell death pathways in 

epithelial cells (Paper III). 
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3. Research approach 

 

Detailed experimental protocols are described in the materials and methods section of the 

respective papers. Selected methods from experiments performed in Paper II are presented in 

this section. 

 

3.1. Ethical considerations 

 

The INFECT study (ClinicalTrials.gov, NCT01790698) is an international prospective 

observational cohort study which was approved by the national or regional ethics committees 

in Denmark (Ref. number 1211709), Norway (REK, Ref. number 325786) and Sweden 

(Gothenburg. Ref. number 930-12 and Stockholm - Ref. number 2012/2110-31/2). Patients 

were enrolled at five referral hospitals for NSTIs in these countries. Written informed consent 

was obtained from all patients or their legal surrogates (212). Microbiologically confirmed GAS 

and S. aureus positive tissue biopsies, obtained at surgical interventions were analysed using 

immunohistochemistry and confocal microscopy in Paper II. All studies were conducted 

within the guidelines of the Helsinki Declaration. 

All experiments including neutrophils and macrophages described in Paper II were performed 

according to the guidelines approved by the University Medicine Greifswald (Ref. number BB 

014/14 and Ref. number: BB 006/18). Neutrophils were isolated from blood supplied by healthy 

donors, who were acquainted with the research and each donor provided written informed 

consent. Monocyte derived macrophages were used for infections. Monocytes were isolated 

from anonymously provided buffy coats of blood from the blood bank of the University 

Medicine Greifswald.  

 

3.2. Bacterial isolates 

 

3.2.1. GAS 

 

The S. pyogenes strains (5448, 5626, 8003 and 8157) were isolated from NSTI patients in 

Canada (213, 214). We used isolates that belong to the two major serotypes, M1 and M3 
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associated with NSTIs in Europe and the US (35, 37). In addition, we used 5448AP, the animal 

passaged clone of 5448 which has acquired mutations in covR/S (215).  

The clinical isolates were grown in Todd-Hewitt broth supplemented with 1.5% (w/v) yeast 

extract (THY) at 37°C and 5% CO2 for 16-18 h (Figure 4). These conditions support production 

of virulence factors and particularly SpeB that occurs at the maximum in the stationary phase 

of growth (91).  

 

3.2.2. Pneumococcus 

 

Encapsulated strains of S. pneumoniae wild type TIGR4, 19F and D39 and its unencapsulated 

form D39Δcps and its isogenic mutants, ΔcpsΔply, ΔcpsΔspxB, and ΔcpsΔplyΔspxB, were 

cultured on Colombia blood agar plates and Todd-Hewitt broth supplemented with 0.5% (w/v) 

yeast extract. S. pneumoniae strains were cultured to exponential growth phase (OD600 0.3-0.4) 

for infection experiments.  

 

3.3. SpeB activity and expression assays 

 

SpeB activity and expression was measured in filter sterilised stationary phase culture 

supernatants using a colorimetric activity assay (78, 216) and Western blot. Pre- and post-

infection, bacteria was analysed for secretion and activity of SpeB by evaluating casein 

hydrolysis (Figure 4). Bacteria was plated on casein agar plates and incubated at 37°C and 5% 

CO2 for 24 h. These are well-described assays, which have been used widely to measure SpeB 

activity and expression.  
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Figure 4. Schematic overview of experimental work done pre and post infection. 

Prior to performing infections of different human cells, the stable SpeB expression of the GAS was 

evaluated. Cells typically found at the infection site in NSTIs (fibroblasts, keratinocytes, macrophages 

and neutrophils) were infected with GAS, followed by survival and SpeB expression and activity 

analysis. Post neutrophil infection single colonies were analysed for SpeB gene expression by RT-qPCR 

and proteomics as described in Paper II. In addition, the neutrophil secretome was analysed using 

proteomics. 

 

3.4. Neutrophil experiments 

 

Neutrophils are the first recruited responders at the site of infection. Therefore, we isolated 

neutrophils from healthy donors using a density gradient centrifugation on Polymorphprep 

(Axis Shield). Due to the short life span of neutrophils and their ability to degranulate, we 

performed infection experiments immediately after isolation. We used freshly isolated 

neutrophils that required careful handling to prevent activating them before infection. However, 

some effects like donor variation that affects the overall number of isolated neutrophils cannot 

be overcome. Isolation was done early during the day due the circadian rhythm, as neutrophils 

are more responsive at this time of the day (217, 218). 

For proteomics, neutrophils were resuspended in Hank’s balanced salts solution (HBSS), to 

eliminate fetal bovine serum (FCS) and other RPMI components that would interfere with 

LCMS analysis. After neutrophil stimulation with GAS, we collected supernatants and 



24 

 

performed proteomic analysis on the secretome (Figure 4). In addition, we used mass 

spectrometry to analyse the proteins at the single colony level in GAS pre and post neutrophil 

infections.  

To overcome challenges like donor variation encountered when using primary cells, some 

studies are performed using cell lines, due to their homogenous genetic background and 

versatility (219). The challenges of cell lines emanates from their malignant origin thus 

presenting a significant risk of experimental bias. In addition, the sensitivity and responses 

observed may necessitate further in vivo validation (220). Currently, there is only one known 

neutrophil cell line, the HL-60 cell line. This cell line lacks some granule proteins upon 

induction and in particular the myeloperoxidase/hydrogen peroxide system is absent(221). Due 

to these reasons, we used freshly isolated primary neutrophils for our work. 

 

3.5. Tissue analysis  

 

Patient biopsy samples were analysed as summarised in Figure 5. Briefly, the SpeB phenotype 

of GAS from the biopsy was determined by plating directly on casein agar. RNA was isolated 

from NSTI biopsy material and sequenced in a previous study (222). This RNA-seq data was 

re-analysed to compare host gene expression in GAS versus S. aureus NSTI biopsies. We used 

differentially expressed genes to analyse the represented host response pathways using 

Reactome (Figure 2, Paper II). Differential bacterial gene expression was also analysed in the 

GAS NSTI biopsies. 

Microscopy was used for analysing protein expression and the presence of GAS in patient 

biopsies in Paper II. Both, immunohistochemistry (IHC) and immunofluorescence (IF) are 

robust methods for identifying desired markers in tissue biopsies. IHC was used to identify 

GAS, the marker for necrosis (HMGB1), the neutrophil attractant (IL-8) and proteins released 

by degranulating neutrophils (elastase and resistin) in patient biopsies. Stained tissue sections 

(Figure 1, Paper II), were analysed using acquired computerised image analysis (ACIA) (223). 

Haematoxylin counterstaining defined the cell area and the score for each marker was 

calculated as a percentage of the cell area. ACIA scores for inflammation, neutrophil 

degranulation and necrosis were correlated to bacterial burden and SpeB negativity of clones 

recovered from biopsy sections. IF was used in confocal analysis to evaluate MPO expression 
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and bacterial load in biopsy sections of GAS NSTIs of known SpeB phenotypes (Figure 6, 

Paper II).  

 

Figure 5. A schematic presentation of the experimental approach for the analyses performed on 

patient biopsies. 

Immunohistochemistry images were analysed by acquired computerized image analysis (ACIA). 

Confocal microscopy was used to visualise GAS and MPO in biopsies of known SpeB phenotype. Dual 

RNA-seq was performed to analyse the over expressed genes in both GAS and the host in patient 

biopsies.  
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4. Results and Discussion 

 

This section summarises secreted toxins of GAS focusing on disease progression and immune 

evasion (Paper I and II). We also studied the effect of H2O2 secreted by S. pneumoniae on 

epithelial cell death mechanisms (Paper III). 

 

4.1. The role of secreted virulence factors in human necrotizing soft tissue infections. 

(Paper I) 

 

The infection process begins with adhesion of bacteria to host cells through surface-bound 

adhesins directly or indirectly via extracellular matrix proteins. Infection of deeper tissues is 

facilitated by secreted virulence factors. In Paper I, we summarised the secreted virulence 

factors of GAS and S. aureus and their importance at different stages of NSTIs, in particular 

disease progression, tissue pathology and immune evasion. These include superantigens, pore-

forming toxins and multiple enzymes. The following paragraph will only focus on the secreted 

cysteine protease, which we further studied in Paper II. 

 

4.1.1. SpeB expression and implications on disease severity 

 

GAS invasive diseases are usually associated with mutations in covR/S, the transcriptional 

regulator of more than 15% of the GAS genome (224). The expression of SpeB, a well-studied 

and important virulence factor, is controlled by covR/S (86). However, other genetic and 

environmental factors like cell population density, NaCl concentration and pH also affect 

expression of SpeB (73, 91). The speB gene is highly conserved and expressed in almost all 

GAS strains. One study proposed polymerase chain reaction (PCR) detection of speB for 

diagnosis of NF (225). Despite being a well-characterised protease, the contribution of SpeB to 

disease severity is a controversial study topic that has yielded conflicting results (106, 226) 

However, it is safe to assume that since SpeB expression affects both the host and bacteria 

therefore, existing genetic and environmental factors determine the disease severity.  
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4.2. Neutrophil-derived reactive agents impair SpeB secretion in tissue infections. (Paper 

II) 

 

Some GAS strains alter gene expression in vivo as an adaptive strategy producing hypervirulent 

strains with mutations in major transcriptional regulators and a SpeB-negative (SpeB-) 

phenotype (112). A mixed phenotype of SpeB- and SpeB+ clones was previously observed in 

NSTI patient biopsies (116). The aim of Paper II was to characterize the SpeB- phenotype, to 

relate the phenotype to tissue inflammation and disease severity and to identify host factors that 

drive the switch.  

 

4.2.1. Reversible loss of SpeB secretion in GAS recovered from tissue 

 

We characterized the SpeB phenotype of GAS isolated from NSTI patient biopsies by plating 

the bacteria on casein agar. A mixture of SpeB- and SpeB+ clones was recovered from the 

biopsies. However, most of the clones were SpeB- (Figure 1A, Paper II). SpeB negativity has 

been associated with hypervirulent GAS strains. This cysteine protease is implicated in 

degrading cytokines, immunoglobulins, complement components preventing opsonization and 

subsequent phagocytosis (77, 227). Loss of SpeB expression in GAS following host passaging 

has usually been associated with mutations in genes of the major transcriptional regulators 

covR/S or ropB and speB itself (85, 86, 112). We performed comparative whole genome 

sequence analyses to check for mutations. Although none of isolated strains from NSTI cohort 

had covR mutations, some of SpeB- strains had mutations in covS and ropB genes 

(Supplemental Figure 4, Paper II). Interestingly four strains did not have mutations in any of 

these genes evidenced by restoration of SpeB expression observed by THY passaging (Figure 

1B, Paper II). This observation suggested that the SpeB- phenotype was associated with host 

environment and not genetic mutations.  
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4.2.2. The contribution of neutrophil responses to disease severity and impaired SpeB 

secretion  

 

Our data demonstrated that the SpeB- phenotype correlated with inflammation (IL-8), tissue 

necrosis (HMGB1), neutrophil infiltration, and degranulation (NE and resistin) (Figure 1C-F, 

Paper II). The nuclear protein HMGB1 is released by cells undergoing necrosis or injury. High 

expression of HMGB1 correlates with the severity of NSTIs and has been shown in vitro to act 

as a chemoattractant of neutrophils (228, 229). We also demonstrated the correlation of 

necrosis, inflammation, degranulation of neutrophils (NE and resistin) in GAS NSTI biopsies 

with bacterial load and SpeB negativity of clones (Figure 1C-F, Paper II). Furthermore, we 

compared the differential host gene expression in GAS versus S. aureus NSTI tissue samples. 

About 178 genes were differentially expressed and Reactome pathway analysis of these genes 

showed that neutrophil degranulation was the most prominent pathway in GAS NSTI patient 

biopsies. Genes encoding granule proteins, neutrophil chemotactic factors and receptors were 

also upregulated in GAS NSTIs tissue (Figure 2, Supplemental Tables 2, and 3, Paper II).  

To confirm that the host environment was responsible for the reversible loss of SpeB in the 

SpeB- clones, we infected different types of cells found in the skin. We used four well-

characterized strains of emm1 and emm3 serotypes, major serotypes associated with NSTIs. 

These strains were more favorable compared to the freshly isolated strains of the INFECT 

cohort as they have shown a stable SpeB expressing and secreting phenotype (Figure 3A-C, 

Paper II). Comparative whole genome sequence analysis of these strains showed no mutations 

in covR/S or ropB for 3 of the SpeB+ strains. Only 8003, the SpeB- strain, had a mutation in 

covS (Supplemental Figure 6). Our data established that both, neutrophils and macrophages, 

induce this SpeB-negativity particularly in emm1 strains. However, we observed greater 

impairment of SpeB secretion after neutrophil infection (Figure 3E, Supplemental figure 9, 

Paper II). Interestingly the SpeB- strain 8003 replicated within neutrophils, while the other 

strains were initially killed (Figure 3D, Paper II). 

The proteomic and gene expression analyses of SpeB- colonies recovered from neutrophil 

infections revealed that SpeB was transcribed and translated suggesting that the protein was 

present but not secreted (Figure 4, Paper II). SpeB- clones also had relatively higher 

intracellular SpeB abundance as compared to colonies from THY controls or SpeB+ clones 

from neutrophils, pointing to an intracellular accumulation instead of secretion. We also 

confirmed SpeB transcription in biopsy tissue (Supplemental Table 6, Paper II), suggesting 
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that ex vivo observation could also be taking place in vivo. Interestingly some secreted and 

surface anchored proteins Isp2, ScpA and the M-protein showed higher abundance in the 

proteome analysis (Figure 4, Paper II). Isp2 is one of the newly identified proteins contributing 

to the pathogenesis of necrotizing myositis in non-human primates (230). C5a peptidase and 

M-protein are known to contribute to disease severity and immune evasion in NSTIs (231, 232). 

Furthermore, genes encoding these proteins were also among the highly transcribed genes in 

GAS NSTIs (Supplemental Figure 11, Paper II). There was a notable higher abundance of the 

M-protein in the SpeB- 8003 compared to SpeB+ 5448 strain post infection (Supplemental 

Table 5, Paper II).  

To identify the exact neutrophil components that drive this SpeB- phenotype, we initially 

incubated 5448 with different granule proteins as degranulation is associated with disease 

severity. These included lysozyme and antimicrobial peptides LL-37 and HNP-1, the latter was 

previously shown to disrupt the ExPortal interfering with SpeB secretion (233). We also 

included granule proteins associated with disease severity (HBP and resistin) (155). None of 

these agents affected the SpeB phenotype of 5448 GAS strain (Supplemental Figure 12). Next, 

we assessed the impact of oxidative burst (149). To this note, 5448 was exposed to different 

concentrations of ROS species, H2O2 and HOCl. Sub-lethal concentrations of these reactive 

species caused in 30-70% of analysed GAS clones a switch from SpeB+ to the SpeB- phenotype 

(Figure 5 A-D, Paper II). NaCl, a reagent known to cause SpeB negativity in GAS was used 

as the source of Cl- ions in HOCl preparation (87). Although we observed SpeB- phenotype 

with NaCl, the effect was enhanced with HOCl. It is widely known that cysteine containing 

proteins are very susceptible to oxidation by ROS leading to loss of function, suggesting that 

oxidative modification of SpeB under these conditions is very likely (234). 

The next step was to verify these observations in neutrophils. We inhibited MPO, the enzyme 

that catalyzes the formation of HOCl from H2O2 in neutrophils (149). We observed a time and 

concentration dependent partial reversal of SpeB- phenotype. With low inhibitor 

concentrations, initially 5448 was killed but as more clones became SpeB- there was a reduction 

in killing. At higher inhibitor concentrations, more killing was observed, as more clones 

remained SpeB+. There was no bacterial killing for the SpeB- 5448AP control and the 

phenotype remained SpeB- post-neutrophil infection (Figure 5E-F, Paper II). To confirm our 

observations in tissue, confocal microscopy analysis of images of sections NSTI biopsies 

stained for MPO and GAS in known SpeB background. Higher levels of MPO were detected 

in SpeB- GAS biopsies although the bacterial load was similar in both, SpeB+ and SpeB- 
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biopsies (Figure 6A and B, Paper II). Previously, confocal microscopy showed SpeB staining 

that resembled the cocci shape of bacteria leading to the assumption that the protease was on 

the surface of bacteria (130). This observation explains the detection of SpeB all over the tissue 

in SpeB positive biopsies as some of the protease is on the bacterial surface while some is 

secreted into the tissue (116). Replication of SpeB- GAS due to either impaired SpeB secretion 

as a result of MPO inhibition or lack of SpeB supports neutrophils as potential reservoirs of 

bacteria (Figures 1E and F and Figure 5G, Paper II). Release of MPO by activated 

neutrophils is associated with hyper-inflammatory diseases (235). High levels of MPO in 

patients with sepsis increase the risk of mortality (236, 237).  

Finally, we showed that the SpeB- phenotype is associated with enhanced neutrophil 

degranulation. Proteomic analysis of the neutrophil secretome post-infection with SpeB- 

5448AP caused a remarkably higher release of granule proteins compared to the SpeB+ 5448 

(Figure 7, Paper II). These granule proteins included antimicrobial proteins and enzymes like 

elastase and metalloproteases that cause tissue damage. This excessive degranulation is likely 

due to the presence of many virulence factors like PGK and the M-protein that could have been 

cleaved by SpeB (84, 112). 

 

4.2.3. Implications for treatment strategies in NSTIs 

 

Although most GAS strains are susceptible to penicillin and clindamycin, the major antibiotics 

used in treatment of NSTI, there are cases of inefficient eradication of GAS. Antibiotic failure 

is caused by multiple factors like bacterial tolerance to antibiotics, sub-optimal 

pharmacokinetics hindering the drug from reaching the site of infection, and the presence of 

“hidden” bacteria in biofilms or intracellular environment (238, 239). Intracellular survival of 

pathogens within phagocytes is not unique to GAS. It is reported in many microbial populations 

i.e., Enterococcus faecalis, Mycobacterium tuberculosis, Salmonella species and S. aureus 

(240). 

Adjunctive therapy has been developed to increase bacterial clearance and improve treatment 

outcomes. Such therapy includes intravascular administration of immunoglobulins (IVIG) and 

hyperbaric oxygen therapy (22, 23). Administration of adjunctive therapy has yielded mixed 

results hence it is not strongly recommended (241). In a recent review, HBOT was reported to 

reduce chances of amputation. However, the effective dose of oxygen is not clear (242). Our 
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results have shown that ROS species can kill GAS and due to its stability, seems that H2O2 is a 

more potent antimicrobial agent as compared to HOCl. This is likely the reason we observed 

more killing with high MPO inhibitor concentrations (Figure 5E, Paper II). It is tempting to 

propose inhibition of MPO as a host-targeted therapy based on these results. However, MPO 

inhibitors have already been developed and tested as treatment options in mice models of 

chronic inflammatory diseases like atherosclerosis (243). The best pharmacological MPO 

inhibitor in the case of NSTIs would be the one that preserves the function of MPO but prevents 

the associated damage. However, many questions remain unanswered warranting further work 

on potential MPO-targeted therapies, which promote killing of GAS.  

 

4.3. Pneumococcal hydrogen peroxide in epithelial cell death and NLRP3 inflammasome 

signalling (Paper III) 

 

Epithelial cells are important cells of the innate immunity which span the respiratory tract to 

prevent pathogens from entering the host during ventilation (196). Invading pathogens are 

recognised via the abundant PRR followed by activation of intracellular signalling pathways 

that promote pathogen clearance (244). However, in some cases the PRRs sense death-inducing 

stimuli causing activation of various cell death pathways. Induction of cell death is key to the 

pathogenicity of S. pneumoniae, however the underlying mechanisms which induce apoptosis 

and necrosis are not clearly understood (245). Some pneumococcal virulence factors i.e., cell 

wall, H2O2 and Ply have been implicated in causing cell death. Nevertheless, the exact 

mechanisms differ in different cell types and depend on the experimental methodology (245, 

246). For example, some studies have demonstrated that oxidative damage to DNA induced by 

pneumococci-derived H2O2 led to apoptosis in human alveolar epithelial cells (191). The aim 

of this paper was to investigate the role of pneumococci-derived H2O2 in initiating cell death 

with a special focus on apoptosis and pyroptosis. 

 

4.3.1. Epithelial cell death caused by pneumococci-derived H2O2 

 

It is known that Ply, the pore-forming toxin of pneumococci causes cell lysis, hence most 

cytotoxic effects are attributed to Ply (247). Earlier studies showed that H2O2 production by 

Ply-deficient pneumococcus strains is cytotoxic to cells (192). We infected human bronchial 
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epithelial cells with unencapsulated S. pneumoniae strain D39Δcps in the presence or absence 

of catalase. Cell death accompanied by IL-1β release was observed in a time dependent manner. 

Minimal cytotoxicity was observed after 4 h of infection compared to above 50% cytotoxicity 

observed after 6 h. IL-1β was only detected in cell supernatants after 6 h of infection due to the 

increase in cell death (Figure 1, Paper III).  

Pyruvate oxidase, SpxB, is the enzyme that catalyses formation of H2O2 in pneumococci (185). 

To confirm the role of H2O2 in cell cytotoxicity, isogenic spxB-deficient mutants were 

constructed. Furthermore, ply-deficient mutants were also included to exclude the effects of 

Ply. Only spxB-deficient mutants abrogated cytotoxicity in epithelial cells regardless of high 

bacterial counts and infection time (Figure 2b-c and e, Paper III). Both H2O2 and Ply are 

known to be cytotoxic to many cell types (245). However, Ply is only cytotoxic at lytic 

concentrations and released upon lysis of pneumococci at later stages of growth. In addition, 

Ply-deficient pneumococci have been shown to be as cytotoxic as the wild-type (248, 249). The 

cytotoxicity observed in the D39 background was also observed in encapsulated strains of other 

backgrounds i.e., 19F and TIGR4. This suggests that reduced adherence due to the capsule does 

not affect H2O2 production and the cytotoxicity is not strain dependent (Figure 2b and f, Paper 

III).  

To assess the induction of caspase-dependent cell death pathways, we measured active caspase 

activity, in particular caspase-1 and caspase-3/7 that are associated with pyroptosis and 

apoptotic cell death, respectively. Caspase activity was determined via fluorescent probing and 

analysed microscopically. We detected between 10-20% caspase-1 and caspase-3/7 activity in 

the presence of H2O2 (Figure 3, Paper III). Catalase treatment abrogated cytotoxicity and 

caspase activity (Figure 4, Paper III). These results show that both apoptosis and pyroptosis 

can occur at the same time in one cell. This raises the possibility that other cell death pathways 

could also be occurring. Apoptotic, pyroptotic and necroptotic cell death have been shown in 

pneumococcal infections affecting different cell types (245, 246, 250).  

 

4.3.2. H2O2 primes and activates NLRP3 inflammasome mediating IL-1β release 

 

Classical inflammasome activation is initiated by the priming step that results in NF-κB 

pathway activation associated with upregulation of NLRP3 and pro-IL-1β (251). DAMPs, 

PAMPs or IL-1β or TNF-α binding to their receptors initiate NLRP3 inflammasome priming 

(252). Although pneumococcal H2O2 has been implicated in cell death, its effects on the NLRP3 
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inflammasome are not well known. IL-1β secretion was assessed in supernatants of LPS or TNF 

primed and unprimed 16HBE cells infected with D39Δcps and its mutants or incubated with 

H2O2 with/without catalase for 6 h. We only detected IL-1β in conditions with active SpxB 

regardless of the priming status (Figure 5a and b, Paper III). These results clearly show that 

H2O2-mediated cytotoxicity and inflammasome activation does not require priming in 16HBE 

cells. To prove activation of the inflammasome signalling by H2O2,  gene expression of NLRP3 

and pro IL-1β levels were upregulated in the presence of H2O2 (Figure 5c and d, Paper III). 

Our results are in agreement with the observation in human monocytes where NLRP3 

inflammasomes were formed without priming (253). In addition, increased proinflammatory 

cytokine secretion has also been associated with H2O2 mediated NF-κB activation (254, 255).  

Overall, our results show that pneumococcus-derived H2O2 causes a time- and dose-dependent 

epithelial cell cytotoxicity, caspase-1 and caspase-3/7, NLRP3 activation and subsequent IL-1β 

release. In contrast, an earlier study reported that bacterial H2O2 produced via SpxB dampened 

inflammasome mediated immunity in a mouse pneumonia model. In addition, infection of bone 

marrow derived macrophages revealed that H2O2 does not activate the NLRP3 inflammasome. 

These effects were attributed to oxidative damage of host and inflammasome proteins (184). 

However, this particular study was performed in mice.  

 

4.3.3. IL-1β release after NLRP3 inflammasome activation involves apoptosis  

 

Caspase-1 activation, IL-1β release and cell death are major features of inflammasome 

signalling. To prove that H2O2 induced release of IL-1β is due to inflammasome activation, IL-

1β release and cell cytotoxicity were assessed after incubation of 16HBE cells with caspase or 

NLRP3 inhibitors prior to infection or H2O2 stimulation. There was a significant reduction in 

cytotoxicity and IL-1β release in all cases when inhibitors were present (Figure 6 a-d, Paper 

III). These results confirmed that H2O2 leads to NLRP3 inflammasome activation and IL-1β 

release. In pyroptosis, GSDMD mediated pore-formation in the cell membrane facilitates IL-

1β release. In contrast, caspase-3/7 activation, usually observed in apoptosis, is not associated 

with GSDMD mediated pore-formation. Both caspases are able to cleave full length GSDMD 

(50-kDa) to either an active 30-kDa (caspase-1) or inactive 43-kDa (caspase-3/7). The 30-kDa 

GSDMD fragment is associated with pore formation in the cell membrane in pyroptosis (207). 

Interestingly we detected the inactive 43-kDa fragment in cell lysates after infection or H2O2 
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stimulation suggesting that under these conditions, IL-1β release is independent of pyroptosis 

(Figure 6e and f, Paper III). 
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5. Concluding remarks 

 

This thesis aimed to discuss the contribution of secreted virulence factors of two Gram-positive 

bacteria, GAS and S. pneumoniae, to the pathogenicity of infections. Both bacteria colonise 

parts of the human body as normal microbial flora. Once pathogens overcome the skin or 

epithelial barriers, this causes multiple infections of varying severity across all age groups. 

Understanding the contribution of virulence factors in disease pathogenicity provides 

knowledge that is needed for development of new therapies, developing new diagnostics and 

identification of vaccine development targets. 

 

Paper I 

 

Type II NSTIs are rapidly progressing infections of the soft tissue that frequently occur in young 

and healthy individuals and are associated with high mortality. S. pyogenes and S. aureus, the 

microbiological aetiology of type II NSTIs, secrete multiple virulence factors. These include 

pore-forming toxins, superantigens and proteases with cytolytic and immunomodulatory 

functions. In this review paper, we summarised the contributions of secreted virulence factors 

to disease pathogenesis, tissue pathology and immune evasion. Better understanding of the 

mechanisms underlying disease pathology is important for guiding the development of 

therapeutic interventions. Both in vitro and in vivo studies are crucial for a better understanding 

of host-pathogen interactions in the tissue setting.  

  

Paper II 

 

SpeB is a well-studied secreted protease that is highly conserved among GAS strains across all 

M-serotypes. The role of SpeB in disease severity and pathogenesis remains controversial 

owing to the many studies done in non-human animal models producing opposing results. We 

used NSTI patient biopsies that reveal the in vivo depiction coupled with ex vivo and in vitro 

experiments to show that:  

i. GAS reversibly abrogates SpeB secretion in vivo and ex vivo 
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ii. Excessive neutrophil degranulation is associated with tissue destruction and 

inflammation 

iii. Neutrophil derived reactive oxygen species drive the SpeB- phenotype  

iv. Biopsies containing mostly SpeB- GAS show higher MPO levels 

v. SpeB- strains induce higher neutrophil degranulation as compared to SpeB+ strains  

Our results have shown that in vivo, while genetic mutations in covR/S and ropB cause an 

irreversible loss of SpeB expression, GAS also reversibly abrogate SpeB secretion in response 

to neutrophil derived H2O2 and HOCl. The SpeB- phenotype survives within neutrophils and 

drives hyperinflammatory conditions. These are associated with tissue damage mainly due to 

neutrophil degranulation. Although MPO inhibition partially restored the SpeB+ phenotype and 

improved killing of GAS, further experiments are needed to confirm the cause of killing.  

 

Paper III 

 

H2O2 is a by-product of pneumococcal carbon metabolism that is produced in a reaction 

catalysed by pyruvate oxidase SpxB. We investigated the role of H2O2 as a pneumococcal 

virulence factor in lower respiratory tract infections, with a particular focus on induction of cell 

death in epithelial cells. This study revealed that: 

i. H2O2 primes and activates the NLRP3 inflammasome causing subsequent IL-1β 

release 

ii. IL-1β release is independent of pyroptosis and mainly caused by apoptosis 

Induction of both cell death pathways shows that there is a possibility of cross talk between cell 

death pathways in complex cellular environments. However, the final release of IL-1β in 

response to pneumococcal infections was mainly due to apoptosis. These results warrant further 

studies to describe the effects of pneumococci-derived H2O2 on other cell death pathways.  
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