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SUMMARY

Group A streptococcus (GAS) aBtreptococcus pneumoniaee both Granrpositive bacteria

that asymptomatically colonise various human bpdyts Both microbes cause diseases
ranging from mild to severe invasive infectioii$ie later are associated witlghimortality.

GAS is the major microbial aetiology of type Il necrotising skin and soft tissue infections
(NSTIs). Type Il NSTIs typically affect the lower and upper limbs of healthy young adults and
often require debridement as a surgical interventiorprevent the spread of infection.

S. pneumoniaés the major cause oéspiratory tract infections includirgpmmunityacquired
pneumonia in young children and the eldeAjthough most respiratory tract infections are
successfully treated with antibiotics, emerging antibiotic resistance is a major cause of concern.
Secreted virulence factors @Gfampositive bacteri@lay a major role in the successful invasion

of host tissuesausing different disease&dditionally, theyfacilitate the spread of infection,
contribute tatissue pathology, and potentialligt as immune evasion mechanssithis thesis
summariseshe consequences of streptococcal pyrogenic exotoxin B (SpeBgrda pgsteine
protease secreted by GAS apdeumococederived hydrogen peroxide §8.) on host

responses.

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

immune clearance. Analysis of GAS clones recovered fr@mINbatient biopsies exhibit a
mixed SpeB phenotype, with most clones being SpeB negative. SpeB negative clones have been
associated with hypeiirulence. InPaper II, we showed that SpeB negative GAS clones
recovered from tissue exhibit reversible impdi&peB secretion due to environmental factors.

In addition, nutations in covS and ropB, the major transcriptional regulators of SpeB
expression were responsible for the irreversible loss of SpeB expression.
Immunohistochemistry analysidemonstrated 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 neutrophilinfection harboured the protease intracellularly suggesting that the bacteria
expressed but did not secrete SpeB. We have also shown that newteopieitl reactive
oxygen species, #. and hypochlorous acidirive the SpeB negative phenotype. The SpeB
negative clones survived neutrophlediatedantimicrobial 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 foewampiment of

new treatment strategies in NSTIs.

Vil



Pneumococci produdé>O- as a byproduct of carbohydrate metabolism in a reaction catalysed
by pyruvate oxidase SpxB. However, very little is known about the effects of pneumococcal
H20:> as a virulence factoOur study aimed to investigate the role eDtlin initiating epithelial

cell death, focusing on apoptosis and pyroptosi®dper Ill, we showed thgineumococei
derived H>O> caused epithelial cell cytotoxicity by priming and activating the NLRP3
inflammasomeesulting in subsequeht-16 production and release. Additionally,®b caused
apoptotic and pyroptotic cell death as evidenced by activation of ca3ffaaad caspask
respectively. Howevetthe release of IE1b was dependent on apoptosisd not pyroptosis
since inactive gasdermin D was detectedjrdfsiction. These olegvations were not detected

in the absence of4@>. Overall, we showed the damaging effectsridumococederived HO»

on human bronchial epithelial cells.
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1. Background

1.1.Streptococcus pyogenes

S. pyogeness an exclusivehhuman pathogen whiokmerged in the top 10 infectious causes

of mortality, making it a pathogen of public health conc€th This b-hemolytic, Gram
positive bacterias alsoreferred to agroup A streptococcugGAS), based orthe group A
polysacchariden the cell wall(Lancefield grouping)2). GAS is serotyped based on the M
protein;an mportant antigen encodéy theemmgene.Currently there are more than 200 M
serotypeswhichare distributed in geographically distinct regions of the W@)dM-serotypes
frequently isoléed in Europe and the United States of America differ a lot from the serotypes
isolatedin Africa, Asia, and Australia. Strains ofectainemmtypes have been associated with
infections in different socioeconomic regioasid there is no clear explanatioar fthis
phenomenonmproved surveillancef diseases caused by GAS in many countriesduts a

better understanding of the global burden of thdseases(4, 5) The World Health
Organization (WHO) estimates that 18.1 million people suffer from GAS associated disease,
with over 500000 deaths occurring annua(ly). Although research on molecular pathogenesis
of GAS infections began in the early"™l@ntury, there is still no approved vaccine to prevent
infection. As reviewed in(5), multiple factors have impeded vaccidevelopmentHence

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

transmission and protecting individuals at risk of developing invasive di€Base

1.1.1. Streptococcaihfections

GAS colonizesthe oropharynx8), genitalmucos&9), rectum,andthe skinasymptomatically
(3). Once GAS establishes a footth over the host immune systemthese organst causes
diseases that are transmitted dieect contact or respiratory droplef8). Socioeconomic
factors also contribute to the spread of GAS disedtence low to middleincomecountries
reporthigherincidence Both, host and bacteridactors contribute to the success of GAS in
causing infectiong1, 10) GAS cawses a broad spectrum woiffectionsranging frommild
superficialinfectionslike pharyngitigo invasiveandlife-threateningnfectionslike necrotizing

fasciitis(NF) andstreptococcal toxic shock syndro®T SS)(11). Invasive infections anare
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in incidene and usually associated wig®-30% mortality. The M-serotypes associated with
invasive disease vary depending on the geographical settiegcufrentserotypes causing
invasive infections in developed countries are M1 andM32)

Traumatidnjuries, minor skin breachegndnonpenetratingleep tissue injurgre thecommon
causes ohecrotizingsoft tissue infection§NSTIs) NSTIs affectall or one layer of the soft
tissue from the dermis to fascia and mugdi@). Classification of NSTIs is based on the
microbialetiology, type | irfections are polymicrobial ange Il infections are monomicrobial
(14). Further insights omicrobiological etiology and classification of NSTIs is discussed in
(15). GAS causes mosype Il NSTls, and these are more common in the healthy young adult
population.In contrast type | NSTIs are usually diagnosed in the elderly and people with
comorbiditieg(16, 17)

Delayed diagnosis is the major cause of multiple organ failure, which occurs in BA&S.
common symptoms associated with NSdile sidden onset ofeverepain often accompanied
by fever, soft tissue oedema aradythema(13). Invasive infections require rigorous measures
like debridementoupled withoral or intravenouantibiotic therapyo control the spread ahe
infection (18). Most GAS strains remairsusceptible td-lactam antibioticslespiteits usefor
over 70 years Therefore, penicillin is recommended for treatmemind dindamycin is
administered in cases of penicilladlergy (13, 1820). In streptococcaNSTIs andSTSS,

cl i ndamy c i n-lactamantbibtits{1®). Reaentlybthere havebeen reports of GAS
strainsthat are resistnt t o macr ol i des a n-thctamhaliegy2p).dns e s
addition, adjunctive therapy isdministered to improve treatment outcomes. Adjunctive
therapy options include intravenous immunoglobulin (I(E2) andhyperbaric oxyge(HBO)
therapy(23). However, mixed results observed afttBO therapymake it unfavorable as a
treatment optior24-28).

Finally, poststreptococcalimmunologi@l sequéae i.e, acute rheumatic fever(ARF),
rheumait heart diseasgRHD) and acute glomerulonephritis(AGN) occur after GAS
infections Theseinfectionsareassociated with many casescbild and young adultnortality

in developingcountries(1, 29) The genetic risk factors for these diseases are not tleat.
responses iplicated in ARF and RHD are molecular mimicry between GA®rbtein and
host cardiac myosi(B0). Activation of immune complexes and complement by streptococcal
antigens are implicated in AGN31). The pathophysiology of pastreptococcal
immunologicalsequelaas poorly understoodHdowever, there is progress identifying host

and bacterial factors that are potentially invaly@2, 33)
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1.1.2. Virulence factors

The expression of virulence factors by GAS varies within the sarserbtype and across
different M-serotypes due to horizontal gene transfer and single nucleotide polymorphisms in
regulatory gene@4-36). 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 thesuccessful infection, which starts with adherence to epithelial

or skin barrieffollowed by aspread tahedeeper tissue$3, 37)

1.1.2.1Surfaceassociated virulence factors

It is assumed that lipoteichoic acids on the cell wall initiate the first interaction with host cells
followed by GASdirectly adheing to the host cell using adhesioshost extracellular matrix
(ECM) proteins like collagenAdhesinsare attached to bacter@n the cellwall and cell
membranghroughcovalent interactions witheptidoglycarandlipoproteins respectivelyand

via nortcovalent interaction with cell surface compong&40). The M-protein is the most
abundant cell surface anchored antigen that is immunogenic arghagticytioq41). The M
protein uses glycosaminoglycans on tiast cell surface or in the extracellular matrix to
facilitate binding to epithelial cells and skin fibroblag#?). The M-protein also uses
fibronectinto bind to epithelial cellandCD46 to bind to keratinocytg#3, 44) Cell wall-
anchored piliare alsanvolved in initiatingadherence and are important in virulence, biofilm
formation and immune evasiof45, 46) Some atracellular matrix bindingproteirs i.e.,
collagenlike, lamininbinding, plasminogehinding proteins are found in all GAS strains. In
contrastfibronectinbinding protens M-like proteins and fiiare limited to certain Mserotypes
(47-50). Most GAS adhesins are not expressed in all serotypes suggesting functional
redundancy contributingp tissue tropisnCertainGAS strains successfully coloeiand caus

throat nfections while othersonly cause skin infectionExpression of GAS adhesinsdsven

by environmental signals and may be an adaptation mechanism for successful coloftization
52). The tyaluronic acidHA) capsulesurrounding the bacteriacreases the virulence of GAS

as anadhesin anassistan immune evasionCapsular HA has a higholecular similarity to
hostHA and manipulates host signaling via interactions with CD4Ms ifiteractionreduces

the chances aflentification and killing of GAS byost immune cell§53, 54).



1.1.2.2Secreted virulence factors

Secreted virulence factors mainfigcilitate thespreadof bacteriato deeper tissues. These
includeporeforming toxins proteaseand superantiger{85). The latter are more important in
the pathology of STSS hey stimulatehigh numbers of Tells by crosslinking MHCIlassl|
receptors to the -Tell recepton56, 57) Sreptolysin O (SLO) andtreptolysin S (SLj5are
well-described proteins with a cytolytic function performed via goreation. SLO is a
cholesteroldependentytolysin that binds tonultiple glycan cellular receptors to lyse red blood
cells(58). Uncontrolled cell lysis due to SLO activity combined with hosdiated cell death
eventually act as immune evasion and virulence mechanisms of%2A6D). SLS accumulates
on the cell surfacand causes lysis of different effector cells of the immune system and
organelleg61). Both SLO and SL$wave been implicated icausing endoplasmic reticulum
(ER) stresswhich facilitates biilm formation in the host contributing to NF progress{68).
GAS secretealsomultiple enzymes thdacilitateimmune evasionC5a peptidase cell wall
anchored enzymewhich degradesthe chemoattractant C5and consequently impairs
neutrophil recruitmentEndoSimpairs opsonizatioof bacteriaby hydrolyzing glycans on IgG
rendering it inactive(63, 64) Streptococcal inhibitor of complement (SIC) inhibits the
deposition of complement on the bactesiarface. SIC also inhibits the antibacterial activity of
lysozyme and secretory leukocyte proteinase inhibitor found in the airway surface@g)id
S.pyogenegell envelope proteinase (BPEP also called Scp&)eaves the chemokine 4&
and other chemokinesnpairing the recruitment afeutrophilsto the infection sit€66, 67)
GAS secreteBNasedike Sdal that increadmcterial dissemination by releasing bacteria from
neutrophil extracellular trapand blocking TLR9-mediated recognition of GASSdal also
interferes with stabilization of DNA biiMGBL1 thatis crucial for IFN1 dependent recruitment
of plasmacytoid dendritic cells to the infection §i68-70). Finally, GAS has two cysteine
proteases namely, immunoglobulin G degrading enzymeS.ofpyogenes(ldeS) and
streptococcal pyrogenic exotoxin B (SpeBhe former has very limited substrates while the
latter has multiple substrates. IdeS inhibits killing of GAS by phagotiyteaghdegradtion

of IgG bound on the cell surfa¢él, 72)



1.1.3. Streptococcal exotoxin B (Spg

SpeB is gotentcysteine protease that wasabvered more thandecades ag(/2). SpeB is
neither pyrogenic nor an exotoxin and has experienced many name cltoweser, the name
SpeB has beeaccepted and maintained over the y€a®sy. In culture, SpeB is secreted in the
stationary phase as42-kDa zymogen which autcleaves itsi to the 28kDa mature and
active form(74, 75) SpeB belongs to the C10 family of cystepreteases thadre foundin
many pathogenic bacterialthough its sequence is not very similar to that of papain, its 3D
structure reveals a papdike fold containing a catalytic triad of cysteineistidine, and
asparagin€r6, 77). ThespeBgene ishighly conserveth all GAS strains However expression
levelsdiffer from strain to strainWhile most of the protein isecreteda small fractions also
bound to the surface of the bacteria mediating lamimmling (78-80). SpeBhas a broad
spectrum of substrateimcluding host and bacterial proteinés such it participates in
modifying both bacterial and host responsesnduinfections(81). Host proteins that are
cleaved by SpeBnclude fibrinogen, fibronectinand cytokinesamong manyStreptococcal
proteins that are substrates for SpaBlude variousvirulence factorsge.g.,C5a peptidase,
EndoS, the Mprotein,phosphoglycerate kinageGK), Sdal, SLO andtreptokinase(81-84).

1.1.3.1Regulation of SpeB expression

Thecrucialtranscriptional regulatorarethe global regulator of protease ¢BB) (85) and the
two-componentsystem control of virulenc€CovR/S) also known ashie capsule synthesis
regulon (CsrRS)The latter consistof a membrane bound sensor kinase (CovS) and DNA
binding response regulator (Covi86). CovR/S induces SpeB expressionin responseo
environmentastresdike acidic pH high cell density and high sa@loncentrationCovS causes
phosphorylation ofCovR and subsequent transcriptionspieB The expression of SpeB is
regulated at multiple levels during transcription, translation, andtpostlation Figure 1)
(87-92). The expression of SpeB at high cell density is initiated by the -8phRing peptide
(SIP), which issecreted and facilitates cekll signaling resulting in population wide SpeB
expression. This signaling involves interaction of SIP with R&IB.signalings activein vivo

in diverseemmtypes and causes uipgulation ofmost genes encoding toxinscdaother
virulence factor$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
5



virulence factors like theapsuleHA, IdeS,Skaand SdalMutations in CovR/@reassociated

with invasive disease and increased virulence factor expression in animal models and human
infections(55, 86, 9599). The activity ofcysteineproteasess regulatedby divalent metal ions

like calcium,zinc, and coppe(100) SpeB contains two potential metal binding sites, ahne
which is in the catalytic dyad. Some studies halemonstratedhat copper and zinc ions
reversibly inhibit SpeB activity at a post translation le&01) This finding supportsthe
hypothesis that human metielating proteins likéactoferrinand trasferrin 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 unkid®&j Secretion

of SpeB occurs through the ExPortal microdomain in thenembrane comprising ddec
translocons anthembraneassociate@haperones like HtrAhat takepartin the maturation of

the Spe& (103, 104) An additional postranslation regulator is Spi, an inftir of SpeBm

that is thought to prevent intracellular activity of the proteasée spi gene is located
downstream ofpeBand is cetranscribed withspeB Its inhibitor function is effective due to
similar structural homology with SpeBZ3, 105)

Environment signals
AcidicpH 1

High cell density
NaCl |

Transcription
RopB 1t
CcpA T

Secretion and post-translation
CovR/S |

RopA 1
PrsAt
HtrA 1

Post-transcription and translation GdpP 1

CvfA 1
SagP 1

ExPortal

Secretion and maturation

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

Multiple factorsranging from environmental and genetic facters t h eareasgo r - reduceSpeB
expression. SpeBmmature SpeB and SpeB&peB zymogenAdaptedfrom (73, 106)



1.1.3.2The role of SpeB in GAS pathogenesis

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

is no consensusn the importancef SpeB in pathogenesishe first hypothesis suggests that
SpeB pays a very crucial role in pathogendsence it is expressed during infectiddhile the
second one emphasizes that GAS is under pressure to reduce SpeB expression during infections
andtherefore it must bedispensableThere are studies that support bloyipothese$55). In a
recentstudy by Olseret al, almost 85% of the GAS strains recovered from infected humans
expressed Spe@ndgenome sequencing of SpeB deficient strains revealed mutations mostly in
the major transcriptional regulatofB06) SpeB contributes to disease pathogenesis by either
degrading immune system molecules or degrading host proteins in the tissue to facilitate
disseminationSpeB protects GAS from killing by degrading the antimicrobial peptid&7

(107) andcleaves C3b preventing complement mediated phagocyid83 Previousstudies
demonstraté the role of SpeB in dissemination of GAS where proteolytic degradati&n of
cadherinenabledranslocation of GAS across the epithelial bari@milarly, SpeBmediated
degradation of desmosomesntributed to the pathologyf cutaneous infectiond 09, 110)
Recently LaRock and colleagues showed that SpeB cleaves the-tenmmal prodomain of

IL-1 fproducingthe mature proinflammatorgytokine thatrestricts invasive disease. These
findingsshowinactivation or absenadf SpeB expression during invasive infect{@il, 112)
SpeBwas initially reported to inhibit opsonophagocytosis by cleaving antigen bound IgG in the
Fc region(113) Recent work demonstrated that Splefgs not degradenxmunoglobulinsinder
physiological conditions though it cleaves 1gG in a reduced @& Previoudn vitro studies
indicatedthat streptococcal regulator of virulenc8r{) regulation of SpeBnay facilitate the
transition of mild to invasivenfectionsby dispersng biofilm in various strain backgrounds
contradictionrecent biofilm studies in tissue demonstrated$ipaB is not required for biofilm
formation (115, 116) There isa need for more experiments using the right model organisms

and experimental conditiorig getconclusve resultan the role of SpeB in pathogenesis.

1.2.The innate immune system in NSTIs

The innate immune systepiays avital role as the first line of host defenseinfection control
throughpathogen recognition anditial inflammatory responsgl17) It consists of physal

barriersfor example theskin andepithelialcells in themucosa, whiclpreventpathogens from
7



accessinghe host Once tlese barriers arereachedcellularand acellulacomponent®f the
innate immune systelmecome pivotal in defending against invasive infectidre innatearm

of theimmune system comprised phagocytes, cytokinesantimicrobial peptides,and the
complenent system During anin vivo infection, the innate armeventually activatesthe
adaptivearm of theimmune system contributing pathogerclearancg118, 119) Both parts

of the immune system are crucial for infection contfor example efficient opsonization of
pathogensnvolveselements of theomplement systermndbr antibodiegproduced by Beells
from the adaptivemmune systen117,120) 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 impgd81) Additionally, the skin provides a protective niche
for the skinmicrobiome, whichs dominated bysrampositivebacteria including. aureusnd
Staphylococcus epidermidiBherefore, one of thieey rolesof the skinis to prevent infection

by these pathoger{121, 122). The skin isanatomicallydivided into hypodermis, dermis, and
epidermis.The epidermis is the uppermost layer with antimicrobial functioosiged by
sebaceous lipids, hydrolytic enzymes, and antimicrobial peptides (AMP37Land human
beta defensins are the most abundant AMP in the (4&8) When the physical barrier has
been disrupted, pathogenic bactesiecessthe host resulting in inflammatory responses
initiated by keratinocytes, mast cells and dendritic @ls/ell athercirculating cells of the
adaptive immune syste(t24) Thus,the pathogenesis of most skin infections is explained by
the breach of the skin barri@nd the resultant inflammatory respo(ik25, 126) Consequently,
clinical synptoms ofNSTIsmostly involve skin lesions.\v#lling and erythemwere observed

in more than 70% of thBSTIs caseswhile bullae andskin necrosisvere reported in almost
20% of the cased27, 128)

1.2.2. Cellular responses

Cellulareffectors of the innate immune systagainst GAS involvenacrophages, monocytes,
dendritic cells, and granulocytes i.e., neutrophils and mast cdllsese cells recognize
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pathogens or cell injury usinattern recognition receptofBRRs). Pathogen or host derived
stimuli activate thepathogenor damageassociatednolecular patterns (PAMIDAMPS).
Subsequentlyintracellular signaling cascadssch as the nuclear factor kagpgNF-o Bare
activated. Eventually there moduction of proinflammatorynolecules thainitiate the host
response and shape the adaptive immune sy&tEm 119, 129)The ability of GAS to survive
within phagocytes despit@ntibiotic treatment poses a challenge inrtleéimination by the
innate immune systet130, 131) Therolesof neutrophilsin the pathology ofNSTIs will be

discussedhext

1.2.3. Neutrophils

Neutrophilshave a very short lifespaausing theicontinuougproduction and releagem the
bone marow in millions (132) As arestut, neutrophilsare the most abundant innate immune
cells andmake up 5670% of circulating leukocytedNeutiophils are the first cellsecruited to
thesite ofinfection, where theyexhibitmultiple antimicrobial mechanisnssich as expression
of cytokines (133). The release of proinflammatory cytokings-1 b ,-6, TNEU py resident
tissue cells induce expression of P, L and-&electins on endothelial cells. Circulating
neutrophilsare recruited in a multistep process initiated by activated endothelial (¢8I
134). Eventually b2-integrins on the surfacaf neutrophilsattach to selectinen endothelial
cells facilitating the recruitmentof neutrophils to the inner surface of blood vessads
chemokines These chemokines include complement fraction Cb5a;8|Lleukotriene B4,
platelet activation factor @34, 135)

Circulating neutrophilspossessantimicrobial proteins and proteases in thiaitracellular
granules which arefiready to use There arefour neutrophil granulesnamely, azurophilic,
specific, tertiarygranules and secretory vesicléhese granuleare produced at different stages
during the development and are released in a sequential mamoer activation Proteomic
analyses of granules identifiedimerougroteinsfoundin the lumen and membrane these
granuleg132, 133, 136, 137While certain granule components like myeloperoxiddeO)
are restricted to azurophilic granules, other components like resistin are fonackithan one
granule(Table 1). Secretory vesicles contain mostlyembrane associated recept(i88)
Elastase, lactoferrin, MPO and matrix metalloproteases (MiviPYyery cytotoxicand possess

potent antimicrobial activitf139). While neutrophil degranulation is controlled by multiple



intracellular signaling pathwaysx@essive neutrophil degranulationassociated withmany

inflammatory conditions including septic shqd«O).

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

Based on(133, 137140)

Azurophilic granules Specific granules Tertiary granules Secretory vesicles
Azurocidin (CAP-37) Collagenase (MMP8| Gelatinase (MMP9) | Proteinase3
Bactericidal permeability | Cathelicidin (L-37) | MMP25 C1q- receptor
increasing protein (BPI) Lactoferrin Enolase CD11b

Cathepsin G Lysozyme Lysozyme CD63

Defensins Pentraxin 3 CD11b CD68

Neutrophil éastasgNE) Resistin b2-microglobulin fMLP receptors
Myeloperoxidase (MPO) CRISP3 MMP25

Resistin

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

they have been identified at gene level in neutropHiisvever pre-formed cytokines are stored

in secretory vesicleg139, 141) When neutrophils release -ILD , this S8timul a
production by endothelial and epithelial cells for the recruitment of more neutrophils and
macrophages to thgte of infection. Moreover, neutrophilsontribute to adaptive immune
responses by modifying B andcEll responses via chemokine or cytokine mediated signaling

(120, 142)

1.2.3.1Bactericidal mechanisms

Resting human neutrophilge activated by recognitiasf GAS viaTLRs andC-type lectins.
Activated reutrophils control pathogen proliferation and dissemination using both oxidant and
non-oxidant killing mechanism@~igure 2) (143, 144) Non-oxidant killing of bacteria is done
via degranulation,phagocytosis, and the recently identified neutrophil aeeilular traps
(NETs) (134, 145, 146)Degranulationis the process where granules fuse with the cell
membrane releasing antimicrobial proteins, proteases and other moleculéseinissue.
Antimicrobial proteins like cathelicidins and defensins kill bacteria directly, while enzymes like
lysozyme digest the cell wall dfacteriaProteasedegrade virulence factors and tox{ag7)
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Phagocytosiss a very efficient process where thygsonised pathoges engufed and digested
in thephagosomeThe neutrophiphagosome contains digestive enzymed NADPH oxidase
to initiate killing mechanismsUnlike the macrophagehagosome thas acidic, neutrophil
phagosome has a neutral gH35) NETosis isa form of cell death which occurs when
actvatedneutrophilseleasalecondensedhromatin andyranule proteins into the extracellular
spaceBacteria trapped in NETSs lglled by the antimicrobial peptidgsL-37 and MPO)or
proteasedelastase)trapped within the chromatin or directly byantimicrobial effects of
histonesWhile NET formation is beneficial, it can also be detrimetdadhe hostfor example

platelet induced NET formation is associated with sepsis and hepat¢&R%ty148)

Phagocytosis GAS Oxidative burst
Engulfed bacteria Reactive oxygen species damage
is digested in proteins and DNA

phagosome

Oxidative burst

Gurguleso
oo
o

NEUTROPHIL

Histones

Elastase

Neutrophil extracellular trap (NET)
formation

Bacteria is trapped in chromatin
coupled with antimicrobial proteins

Degranulation
Release of proteolytic enzymes and
antimicrobial peptides from granules

Figure 2. The arsenal of antimicrobial mechanisms of neutrophils.

Neutrophils use bothoxidant (oxidative burst) and naxidant (degranulation, NETosis and
phagocytosis) means to kill Group A streptococcus (GMsHdified and adapted frorf132).

Oxidant killing of bacteria is mostly done Iogactive oxygerspecies ROS and to a lesser
extent reactive nitrogen species. ROS are generated via the NADPH oxidase or via the
myeloperoxidaséydrogen peroxide systefh49). The first step is NADPH oxidase catalysed
reduction of molecular oxygen to superox{tid4). Hydrogen peroxide (#D>) is then produced

by gpontaneous or dismutase driven conversion of superoxide. Reactio®@poivith iron in
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the Fenton reaction results in formation of hydroxyl radi¢E®) Finally, hypochlorous acid
(HOCI), a very strong oxidant is produced by myeloperoxidase (MPO) catalysed oxidation of
chlorine byH>O> (151) MPO is an abundant protein released by azurophilic granules of
neutrophils. It is also involved in the formation of NETs. Hence, HOCI is found intracellularly

in phagosomes and extracellularly within NE{I$2) The geater abundance of MPO in
neutrophils makes them the major producer of HOCI; however, activated macrophages and
monocytes have also been reported to produce HTE3| 154)

1.2.3.2GAS encounters witmeutrophils

Emerging evidence is imiphting activated neutrophils in pathological mechanisespite

their critical role in infection control. Recent findings shtvat sepsis associated factors
heparin binding protein and resistine released in higher amounts in the presence of GAS
comparedo S. aureusandE.coli. (155) Lung damage obsesd in a mouse model of STSS
was associated with the intravascular activation of neutrophil and subsequent degranulation
(22). The HA capsuleinhibits GAS killing via NETsby blockingthe antimicrobial action of
LL-37 (156) Finally, GAS uses multiple enzymes and proteins to resist killiagROS
generated by neutrophils and monocytes. The HA capsule is resistant to killin@hysbidA,

AhpC and NoxAenzymesrovide superoxide and-B» resistance and finally DpR, Shnd
MtsABC sequester iron to inhibit the Fenton reaction. The protease HtrA and DNA polymerase
PolAl repair proteins and DNA after ROS daméfg/, 158) These data suggest that there is

a need fortherapeutic interventionshat modulate the neutrophil response to prevent
hypeinflammation Balancedsolutionswill boostthe neutrophiresponse to overcome GAS

resistance to killing.

1.3.Streptococcus pneumoniae

Streptococcus pneumoniage catalase negativeGrampositive diplococci thatshow alpha
hemolysis on blood aga&. pneumonigelso called pneumococcusas a thick capsuland
grows under both aerobic and anaerobic conditihf8) S. pneumoniaes acolonizer of the
mucosal surfaces of the uppespiratory tratin healthy individualsAbout 2765% of children

and infants are colonized by pneumococci comparéelstothan 10% of the adult population
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There is highdisease burden in young children and #iderly bothin developing and
developed countrie§ ransmissions throughdirect contact or aerosaésdis high during the
cold months(160) Pneumococcal diseases are preceded by asymptomatic colonizatian and
wide range of infectionsanoccur. These include milthfections likeotitis media anginusitis

as wellasinvasiveinfections likemeningitisand sepsisThe pneumococcal capsule is a very
important virulence factor and is immunogenic. Capsular potysaile diversity observed in
pneumococci led to the development of the pneumococcal conpm@atme thahas greatly
reduced invasive pneumococcal dised4€é4) Despite vaccine availabilitys. pneumoniais
associated withigh morbidityin children, mostly in Africa and Asi??neumococcal infections
are also associated wifl#% mortality in children under the age of fi{#62) Most diseases
caused bys. pneumoniaaffect the upper respiratory tract (URT). In tiextsectionjnfections

of the URT are briefly discussed.

1.3.1. Upper respiratoryractinfections

A variety of bacteria and viruses cause upper respiratory tract infectionsgUiRdlldingthe
common coldjnfluenza,pharyngitisandtonsillitis. Acute URTIs canlead tosinusitis,otitis
media or spread to thdower respiratory tract resulting ibronchitis and pneumonia
Remarkably,15-25 % of acute pharyngitisn children are caused byGAS. Other bacteria
implicated in URT$ are S. pneumoniag and Hemophilus influenzaViruses including
rhinoviruses, coronaviruses, influenza viruses and respiratory syncytial \Gauwsssmore than
70% of URTIg163-165). A common observation in viral URSis cainfection with colonizing
bacteria usually S. pneumoniaer S. aureusIn coinfections, theprecedingviral infection
caugs inflammation and tissue damageroviding nutrients for proliferation of colonizing
bacteria renderinthe host susceptible secondary infectiarBacteriatviral co-infectionsare

usually associated with high mortality observegamdemis (166, 167)

Currently, here are no diagnostic or prognostic guidelines to distinguish bacterial from viral
URTIs. Usually, antibiotics are administereds treatmenbut only beneficialin URTIs of
bacterialetiology. The decision to prescribe antibiotics is usually based on clinical symptoms
andimplementedo prevent complicationd 63, 168) While clinical symptoms may be useful

in predicting the microbiological etiology of URJIstudies have shown that antibiotic
treatment may notlter the clinical outcomes or prevent complicatid®5) Although

pneumococcal infections can be treated with antibioBosne S. pneumoniaestrains are
13



resistant to chloramphenicol, erythromycin, penicillin, and tetracydlwewidely prescribed
antibiotics (169) The success of colonizing bacteria like pneumococci in causing URTI
mainly due to the virulence factors that they posdésderstandinghe molecular biology and
cellular processes of pneumococci is crucial for highlighting the molecular basissef the

diseases.

1.3.2. Pneumococcal virulence factarsdisease pathogenicity

Pneumocodchave many surface associated or-v&lll attached virulencéactors thatare
important in colonization and eventuadgtablishingnfection. The major virulence factor of
pneumococci is thahick encapsulationof the bacteriathat enables adherence &nmd
subsequely invasion of host cells. (162, 170) Cell wall-associatecautolysin (LytA) is
important in bacterial growth as well as durihg course oinfectionasit lyses the bacteria

releasing cytosolic virulendactorslike pneumolysin (Plyf171)

Plyisacholesterocldependent and poffermingtoxin that is found in the cytosof the bacteria

Almost all pneumococcus strains express Ply and produce it during tippdsg of growth

(172) Pneumococci do not actively secrete §lhyce it lacks the Nerminal signal sequence
However,many factors including LytA and pyruvate oxidase enhatsceeleasg173, 174)

Ply is very crucial for the bacteriaas it providesaccess to nutrientenabling bacterial
colonization and disseminatiamithin the host Ply-inducedmucosal surfacénflammation
promotesbacterial shedding which in tuincreasegransmissiorof the bacterias observed

among infant micg175). Ply-mediated inflammatioralso involves multiple mechanisms

including complemet activation (176), induction of TLR4 signaling (177), releaseof

cytokines (IFN-o  a n1¥),ahdNLRP3 inflammasome activation followed by-ILb r el eas e
(178). Hyperinflammationcan also occudue to highl:1 b | evel s or excessi v
of recruited neutrophil€l75, 179, 18Q)

Ply canact as a mediator of celeathdue to its pordorming cytolytic activity. During invasive
pneumococcal diseaseghich involve the lungsr brain, Ply causes celamage and kithg of
multiple cell types by necrosis and/or programmed cell dédgh.reported aytotoxic to
bovine pulmonary endotheliatells, is likely the cause of alveolar hemorrhage observed in
pneumococcal pneumonid8l) In rat cortical neuronsPly causedcaspaseéndependent

apoptosisand mediated the releasef mitochondrial apoptosisnducing factor (AlF) by
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damaged mitochondri@poptotic neuronseadto brain injury observed in meningit{$82).
Additionally, there is Piinduced recroptosiswhichis a preinflammatory type of cell death
that iscaspaseéndependenteported inalveolar epithelial cells and macrophad@83) It is
plausible thatPly-induced tissue damage and inflammats@ems tocontributeequally to
pathogenicity(180)

Most bacteria are susceptible to®k mediated killing,while S. pneumonia&s very resistant
to H.O. due to unclear mechanisns84) PneumococcproduceH20. as a byproduct of
carbolydrate metabolisrthroughpyruvate oxidase encoded §yxB(185). Production of HO>
promotespneumococccolonizationand enhancethe effects obther virulence factorsvhile
eliminating competition from other microbial flora of the respiratoagt(186). H-O. and Ply
are poduced byall virulent pneumococcus strairss they mediate the disruption tife
epithelial barrierand theslow ciliary motionin the human respiratory tra@87). Additionally,
H2O: affects the host reense by causing EBhdoxidative stresas well as thactivation of
signaling pathways that induce transcription of -jpftammatory cytokines(187-189)
Bacterial HO- is also important in the pathogenicity of invasive pneumococsabdes. As
demonstrated by Hoffmann and colleaguesOHacts as a vasodilatazausing cerebral
hyperperfusion in meningitill90). Similar toPly, HO2 is cytotoxic to different host cell$n
human alveolar epithelial cell$l.0-> induceal double stranded breaks in DNA I|éagl to
apoptotic cell deatfil91). In experiments withiat alveolar epithelial cell$1.0, wasproduced
to cytotoxic levelsbhy pneumococc{192) Together with Ply, KO, caused an apoptodike
programmed cell death independent of TLR2 and TLR4 signaling in brain microvascular
endothelial cellgnjuring the bloodbrain-barrierin meningitisinfection(193). In another study
both Ply and HO, caused increased intracellular?Caiggering mitochondrial release of AIF
in human microglial cells andat hippocampal neuronsontributing to neuronal damage,
observed in meningiti§194). Previous studies have clearly documentesl cytotoxicity of
pneumococederivedH>0- to host cellsn the presence or absence of.Hpwever the exact
mechanisms or cell death pathways#lvedare not welunderstoodH->O- is produced at very
high concentrations lung infections like pneumonia and is detectable irbtieathof patients
(195) It is possible that these high®b levels are due to baotthe presence 08. pneumoniae
and theoxidative burst of macrophages retedi during infection.
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1.4. The epithelial barrier and inflammasomes asnnate immune defense in URTIs

The respiratory tract is protected from environmental toxins and pathogens in the infHajed air
a pseudostratified epithelial mucosa consisting of ciliated and secretorf1&él)sA gellike
liquid called mucousgontainingantimicrobial compound&efensins and lysozymeyucins
andimmunoglobulin A covers the mucosa&his mucoustraps pathogens amsl subsequently
moved upwards bynucaciliary mation. Tight junctionsconnecting epithelial cells strengthen
the physical barrier (197, 198) Pathogensthat breach tle mucousbarrier are detected by
cytosolic, endosomal or embrane bound PRRon epithelial cells initiating an immune
responseEpithelial PRR include C-type lectins,retinoic acidinducible gene (RIG)-like
receptors, absent in melanoma type 2 (AINR® receptorsTLRs, andnucleotide-binding and
oligomerization domain (NODIjke receptors (NLR) (199) These PRRs bind/arious
bacterial PAMPs andhostderivedDAMPs initiating complexintracellularsignaling pathways
andresulting inproduction and release wiflammatorycytokines and antimicrobiaéffectors.
Cytokinesand chemokines produced by epithelial cells recruit other cells of the innate and
adaptive immune system to the injury git89, 200) DAMP-triggered inflammation is called

sterile inflammation when it occurs in the absencpatfiogens.

Cytoplasmic ativation of inflammasomes is atherimportant innate immunesponse which
involves recognition of PAMPs or DAMPs by the NL&snonNLR receptors like AIM2 and
pyrin (201) Inflammasomesause canonical or nazanonical activation of caspeEsesulting

in release of IL1 QIL-18 and apoptotic or pyroptotic cell deg#®2) NLRs generallyconsist

of a Gterminal leucine rich region (LRR), central nucleotide binding and oligomerization
(NACHT) domain andan Nterminal effector domaikonsisting of a caspase activation and
recruitment domain (CARDPyrin or baculoviral inhibitor ofapoptosigprotein repeat (BIR)
(203). There are man\LR inflammasomesglescribed in literatur¢201) and theNLRP3
inflammasome which contaiis Pyrin in the Nterminal domain(PYD), will be briefly
discussedThe NLRP3 inflammasomis awell characterizednultiprotein complex consisting
of a sensoNLRP3, an adaptor apoptosassociated spedike protein (ASC) andhe effector
caspasd (204) The NACHT domainpossesseadenosine triphosphatase (ATPase) activity
for NLRP3 selfassociationand comprises thaucleotide binding domain (NBD), helical
domain 1 (HD1), winged helix domain (WHD&nd helical domain 2 (HD2ASC has two
protein interaction domainthe Nterminal PYD and @erminal caspase recruitmentrdain
(CARD) (205)
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Canonical NLRP3 inflammasome activation occurs in two steps, a premieh@n activation

step The priming stenvolvesrecognition of pathogenic or hederived inflammatory stimuli

by TLRs or IL-1R andNLRs. Thisactivates NFo B

si gnal i exgesdionaf N\RB3s i n g

and prelL-1 b . P is followed by an activation stap whichvarious DAMPs or PAMPs
lead to the asembly of the multiprotein complex in the cytopla@@?2, 204, 205)The NLRP3

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

proteoglycans, pororming toxins and bacterial DNA and has#rived signals like host DNA,
extracellular ATP, ion fluxes, lysosomal disruption, andoohibndrial ROS202, 204, 206)
When the NLRP3 inflaimmasome is assembled, the PYD domain on NLRP3 interacts with the
PYD domain ofASC. This leads to recruitment g@fo-caspase 1 through CAROARD
interactions Eventually, there isoligomerization and autocatalysis of praspase 1 to

catalytically active pQ and p20 caspasefragmentsKigure 3). The active caspaskcleaves
pro-lL-1 b a nld-18gornm@ture cytokingk03, 204)

NLRP3

CARD

PYD

(]

ASC

I Pro-caspase-1

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

Homotypic interactionketween the sensor protein (NLRP&daptor protein (ASCrndthe effector
pro-caspasél facilitatethe assemblyof the NLRP3 inflammasomeAdapted from(203). PYD - pyrin
domain,NACHT - nucleotidebinding and oligomerizatiodomain, LRR- leucine richrepeat, CARD-

caspase recruitment domain

Release of IE1 fvia gasdermirD (GSDMD) mediated pore formation in the cell membrane

caues an inflammatory type oprogrammedcell death called pyroptosiéctive caspaséd
cleaves GSDMD and the-términalcleavage produaf GSDMD (N-GSDMD) oligomerizes

in the cell membrane formingores (205, 207) However, in neutrophilsthe cleaved N

GSDMD is trafficked toazurophilic granuleandIL-1 b r el e a s e oniagophdgyp e nd e |

mechanism$208). In macrophagedL-1 b

due tochanges irmembrane permeabili209)

S

i ndepvibraddé is tatheardleaséds

While NLRP3 inflammasome activation is normally associated with pathogantrol,

unregulated activation by Ply and® may cause excessive inflammati@10) Hence, the
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two stepactivationprocess is necessaty achieveNLRP3 inflammasomeffector functions
(202) Dysregulation of inflammasome activity causes exeesdh -1 b a ¢ thich ist y
associated with many autoinflammatory disordé&63) Interestingly, NRLP3 activation
recently demonstrated a protective function on the mice alveolar epithalipneumococcal

pneumonia independent of-IL b , -18lorlinflammasome@11)
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2. Aims of the study

The overall aim of this thesis to describe theonsequences of secreted virulence factors

of Grampositive bacterimn hostresponses

S. pyogenessecrete many virulence factais establish an fiection and disseminate to
deeper tissueAlternatively, the host mounts an inflammatory response characterised by
recruitment of phagocytes, méy neutrophils and macrophages to clear the bacteria and
revlve tissuedamage This inflammabry host response normaligsolvesthe infection.
However, in the case of NS lexcessiveinflammation leadsa necrotic cell death

Systemicspreadf inflammation may alseesult inSTSSas an additional complication

Pneumocodchavevery few secretd virulence factors includingd>O2, a by-productof
pyruvate metabolism. 4D is toxic to host cells and effectively enhances the virulence of

pneumocodc
The specific objectives of thibésis were:

a. To address the contribution of secreted virulenctfadn the pathophysiology offie
Il NSTIs (Paper 1)

b. To identify host factors responsible for SpaBgative phenotype observed GAS
recovered frontissue biopsymaterialand analysethe resultingconsequencefor the

host Paper II).

c. To characterise the effexf H-O. released by pneumococci on cell death pathways

epithelial cell§Paper Il ).
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3. Researchapproach

Detailed experimental protocols are described inntiagerials and methods section tbe
respectivepapes. Selected methodsom experimentgperformed inPaper Il are presenteih
this section.

3.1.Ethical considerations

The INFECT study(ClinicalTrials.gov, NCT01790698)s 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 325786and Sweden
(GothenburgRef. rumber 93012 and Stockholm Ref. number2012/211631/2). Patients

were enrolled at five referral hospitals for NSTIs in these countiesten informed consent

was obtained frorall patients or their legal surrogai@12) Microbiologically confirmedsAS

andS. aureugositivetissue biopsiesobtained at surgicahterventionswereanalysed using
immunohistochemistry and confocal microsgap Paper Il. All studies were conducted

within theguidelines of the Helsinki Declaration.

All experiments including neutrophils and macrophages descrilieapier 1| were perfomed
according tahe guidelinespprowedby the University Medicine Greifswal®Réf. number BB
014/14 andRef. number BB 006/18). Neutroprsiwere isolated from blood supplied by heglth
donors who were acquainted with the research and each donor provided written informed
consentMonocyte derived macrophages were used for infections. Monocytes were isolated
from anonymouslyprovided buffy coats of blood from the blood bank of the University

Medicine Greifswald.

3.2.Bacterial isolates

3.2.1. GAS

The S. pyogenestrains(5448, 5626, 8003 and 815Were isolated from NSTI patienis

Canada(213, 214) We used isolates thdtelong to thetwo major serotypes, M1 ankll3
21



associateavith NSTIsin Europe and the U5, 37) In addition, we used 5448AP, the animal

passagedloneof 5448 which has acquired mutationovRS (215)

The clinical isolatesvere grownin Todd-Hewitt broth supplemented with 1.5%w/v) yeast
extract(THY) at 37°C and 5% Cgor 16-18 h (Figure 4). These conditionsupportproduction
of virulencefactorsand particularly SpeBhatoccursat the maximunin the stationary phase
of growth(91).

3.2.2. Pneumococcus

Encapsulated strains 8f pneumoniawild type TIGR4, 19F and D38nd its unencapsulated
f or m cpsa®dqgis isogenic mutantscpply, cpspxB a op&yplygspxB were
cultured on Colombia blood agar plates and Fbidavitt broth supplemented with 0.58/v)
yeast extractS pneumoniastrains were cultured to exponential growth phases(&D3-0.4)

for infection experiments.

3.3.SpeB activity and expression assays

SpeB activity and expression was measured fitter sterilised stationary phase culture
supernatantsising a colorimetric a&tivity assay(78, 216)and Western blot. Preand post
infection bacteriawas analysed for secretion and activity of SpeB dwaluatingcasein
hydrolysis(Figure 4). Bacteria vasplated on casein agar plates and incubated at 37°C and 5%
CQO; for 24 h.These arevell-describedassayswhich have been used widely to measure SpeB

activity and expression.
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analysis
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=) Proteomics

Figure 4. Schematic overview oexperimental work done pre and post infection.

Prior to performing infectiomof different human cellsthe stable SpeB expression of the GAS was
evaluated. Cells typically found at the infection site in NSTIs (fibroblasts, keratinocytes, macrophages
and reutrophils) were infected with GAS, followed by survival and SpeB expression and activity
analysis. Post neutrophil infection single colonies were analysed for SpeB gene expressi@PBRRT

and proteomics as describedRaper II. In addition,the neutrphil secretome was analysed using
proteomics

3.4.Neutrophil experiments

Neutrophils are the firstecruitedresponderat the site oinfection Therefore,we isolated
neutrophils from healthdonors using a density gradient centrifugation on Polynpggh
(Axis Shield). Due to the short life span of neutrophils and thigiity to degranulag, we
performed infection experimentsnmediately after isolationWe usedfreshly isolated
neutrophilghatrequired careful handling to preveattivaing thembefore infectionHowever,
some effects likelonorvariation that affects the overall number of isolated neutrophitsot
be overcomelsolationwasdone early during the day due ttiecadian rhythmasneutrophils

are more responsive at this time of the (7, 218)

Forpr ot eomi cs, neutrophils were resuspwwnded
eliminate fetal bovine serum (FCS) and other RRWginponents thatvould interfere with

LCMS analysis. Afterneutrophil stimulation with GAS, we collectedupernatantsand
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performed proteomic analysis on the secretdifigure 4). In addition, we used mass
spectrometry to analyse the proteinshatsingle colony level in GAS pre and post neutrophil
infectiors.

To overcome challenges like donor variation encountered when using primary cells, some
studies are performed usirggll lines, due to th& homogewous genetic backgrounand
versatility (219) The challenges otell lines emanates from their malignant orighmus
presenting a significant risk of experimental biesaddition the sensitivity and responses
observedmay necessitate further vivo validation (220). Currently, there is onlpneknown
neutrophil cell line, theHL-60 cell line This cell linelacks some granule proteingpon
induction and in particular the myeloperoxidase/hydrogen peroxide system iq2bspbue

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

3.5.Tissue analysis

Patient biopsy samples were analyseduasmarised ifrigure 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 stggg) This RNAseq data was
re-analysed to compare hagene expression in GAS versbisaureuNSTI biopsiesWe used
differentially expressed geneto analysethe represented host response pathwasisag
ReactomeRigure 2, Paper Il). Differential bacterial genexpression was also analysedhe

GAS NSTIbiopsies.

Microscopy was used for analysing protein expression and the presence of GAS in patient
biopsies inPaper Il. Both, immunohistochemistry (IHC) ansmmunofluorescenc@éF) are

robust methods for identifying desired markers in tissue biopi€swas used to identify

GAS, the marker for necrosis (HMGBL1), the neutroplhtitactan{IL -8) and proteins released

by degranulating neutrophils (elastase and resistipatiert biopsies Stained tissue sections
(Figure 1, Paper Il), wereanalysedisingacquired computerised image analy8i€[A) (223)
Haematoxlin counterstainingdefined the cell area and the score for each marker was
calculated as a percentage ok tbell area.ACIA scores for mflammation, neutrophil
degranulation and necrosis were correlated to bacterial burden and SpeB negativity of clones

recovered from biopsy sectionk. was used in confocal analysesevaluateMPO expression
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and bacterial laé in biopsy sections dBAS NSTIs of known SpeB phenotypéBigure 6,

Paper I1).
Patient biopsies
INFECT cohort study
(2013-2017)

SpeB expression:
SpeB activity — casein agar

RNA sequencing: Confocal microscopy:
Bacteria and host

Immunohistochemistry:
Necrosis, inflammation and GAS
staining

w 5

MPO and GAS staining

Reactome - pathway analysis:
Host RNA seq

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

Immunohistochemistry images wesmalysed by acquired computerized image analy&Gl4).
Confocal microscopy was used to visualise GREMPO in biopsies of known SpeB phenotyjprial
RNA-seq was performed to analyse the over expressed genes iGAStand the host in patient
biopsies.

25



26



4. Results andDiscussion

This sectiorsummarisesecreted toxins of GA®cusingon disease progressiand immune
evasion(Paper | and IlI). We also studied the effect ob®G secreted bys. pneumoniaen
epithelialcell deathmechanismsHaper III').

4.1.The role of secreted virulence factorsn human necrotizing soft tissue infections
(Paper I)

The infection process begins with adhesion of bacteria to host cells through -tadiacke
adhesins directly or indirectly via extracellular matrix proteins. Infection of deeper tissues is
facilitated by secreted virulence factors. Raper |, we summarised the secreted virulence
factors of GAS an@. aureusand their importancat different stages dfiSTIs in particular
disease progression, tissue pathology and immune evasiese include superantigens, pore
forming toxins and multiple enzymeéBhe following paragraph will only focus on the secreted

cysteine proteasahich we further studied iRaper II.

4.1.1. SpeB expression and implications on disease severity

GAS invasive diseaseareusually associated with mutations ¢ovR/$ the transcriptional
regulator of more thah5% of the GAS genom@24). The expression of SpeByeell-studied

and important virulence factoy is controlled bycovR/S(86). However, othergenetic and
environmentalfactors like cell population density, NaCl concentration and glso affect
expression of SpeBr3, 91) The speBgene is highly conserved and expressed in almost all
GAS strains. @e study proposeg@olymerase chain reaction (PCR) detectionspé&B for
diagnosis of NK225) Despite being a weltharacterise@roteasethe contribution of SpeB to
disease severity is a otoversial study topithat has yielded conflicting resulf&06, 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 agens impair SpeB secretion in tissue infectius. (Paper

IN)

SomeGAS strains alter gene expressioivivoas an adaptive strategy producing hypervirulent
strains with mutations in major transcriptional regulatarsl a SpeBiegative (SpeB
phenotypg112). A mixed phenotype of Spend SpeB+ clones was previously observed in
NSTI patient biopsie€l16) Theaim of Paper Il was to characterize the Spgihenotypeto
relatethe phenotypeo tissue inflammation and disease seveitgito identify host factors that

drive the switch

4.2.1. Reversible loss of SpeB secretion in GAS recovered fissne

We characterized the SpeB phenotype of GAS isolated from NSTI patient biopsies by plating
the bacteriason casein agaA mixture of SpeB and SpeB+ clones was recovered from the
biopsiesHowever most of thecloneswere SpeB(Figure 1A, Paper 1l). SpeBnegativityhas
been associatedith hypervirulent GAS strains. This cysteinproteaseis implicated in
degrading cytokines, immunoglobulins, complement components prevepsogizatiorand
subsequent phagocytogi&7, 227) Loss of SpeB expression in GAdlowing host passaging
has usually been associated with mutationgenes ofthe major transcriptional regulators
covR/Sor ropB and speBitself (85, 86, 112) We performed comparative whole genome
sequencanalysego check for mutations. Although noneisblatedstrainsfrom NSTI cohort
had covR mutations, someof SpeB strans had mutations ircovS and ropB genes
(Supplemental Figure, #Laper Il). Interestingly four strains did not have mutations in any of
these genes evidenced by restoratib8peB expressioobservedy THY passagingKigure

1B, Paper Il). This observatiosuggestedhat the SpeBphenotype was associated with host

environmentndnot genetic mutations
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4.2.2. The contribution of neutrophil responses to disease severityimpdired SpeB

secretion

Our data demonstrated that the SpgBenotypecorrelated with inflammation (H8), tissue
necrosis (HMGB1), neutrophil infiltration, and degranulation (NE and resigtigiie 1C-F,
Paper Il). The nuclear protein HMGB1 is released by cells undergoing necrasjsrgr High
expression of HMGBL1 corlates withthe severity of NSTIs and has besimownin vitro to act

as a chemoattractant of neutrophi28, 229) We also demonstrated the correlation of
necrosis, inflammatiorngegranulation of neutrophils (NE and resistin) in GAS N&®dpsies
with bacterial load and SpeB negativity of clorfEgyure 1C-F, Paper II). Furthermore, we
compared the differential host gene expression in GAS v&sagreusNSTI tissue samples.
About 178 genes were differentially expressed and Reactome pathway analysis getiese
showedthat neutrophil degranulation was the most prominent pathwayAS NSTI patient
biopsies Genes encoding granule feims, neutrophil chemotactic factors and receptors were
also upregulated in GAS NSTIs tisdilfggure 2, Supplemental Tables and 3 Paper II).

To confirm that the host environment was responsibléherreversible loss of SpeB in the
SpeB clones, we infected different types of cells found in the skin. We tmadwell-
characterizedtrainsof emmZland emn8 serotypesmajor serotypes associated with NSTIs
Thesestrainswere more favorableompared to the freghisolatedstrainsof the INFECT
cohortas they have shown a stable Spefpressing and secretipipenotype Figure 3A-C,
Paper II). Comparative whole genome sequence analysis of these strains showed no mutations
in covR/Sor ropB for 3 of the SpeB+ strain®©nly 8003 the SpeB strain,had a mutation in
covS(Supplemental Figure 6Dur data established thiabth, neutrophils and macrophages
induce this SpeBiegativity particularlyin emm1strains However,we observed greater
impairment ofSpeBsecretion after neutrophil infectiqiFrigure 3E, Supplemental figure 9
Paper II). Interestingly the SpeBstrain 8003 replicated within neutrophilsvhile the other

strains werenitially killed (Figure 3D, Paper II).

The proteomic and gene expressianalygs of SpeB colonies recoveredfom neutrophil
infectiors revealed that Spe®astranscribed and translatesdiggesting that the protein was
presentbut not secreted(Figure 4, Paper IlI). SpeB clones also had relatively higher
intracellular SpeBabundanceass comparedo colonies fromTHY controlsor SpeB+ clones
from neutrophils,pointing to an intracellular accumulationnstead of secretionWe also

confirmed SpeB transcription in biopsigsue (Supplemental Table Baper Il), suggesting
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that ex vivoobservationcould also be taking plada vivo. Interestingly some secretead
surface anchoregroteinslsp2 ScpA and theM-protein showedhigher abundancen the
proteome analysigigure 4, Paper I1). Isp2 is one of the newly identified proteins contributing
to the pathogenesis of necrotizing myositis in-homan primate$230). C5a peptidase and
M-protein are known to contribute to disease severity and immune evasion in(R&I;1232)
Furthermoregenesencoding these proteingere also amonthe highly transcribd genesin
GAS NSTIs (Supplemental Figure,Haper Il). There was a notablégher abundance of the
M-protein in the SpeB8003 compared to SpeB+ 5448 strain post infectfupplemental
Table 5 Paper Il).

To identify the exact neutrophil components that drives BpeB phenotype we initially
incubated5448 with different granule proteinas degranulation is associated with disease
severity.These includetiysozymeandantimicrobialpeptided_L-37 and HNPL, the lattewas
previously shown to disrupt the ExPortal interfering with Spse8retion(233) We also
includedgranule proteins assated with disease severity (HBP and residfirp5) None of
theseagentsaffectedthe SpeB phenotype of 54GAS strain(Supplemental Figure 12)ext,

we assessethe impact ofoxidative burst{149) To this note5448was exposedto different
concentrations of ROS speci¢$O. and HOCI.Sublethal concentrationsf these reactive
speciezausedn 30-70%of analysed GAS clones a switithm SpeB+ to the Spefphenotype
(Figure 5 A-D, Paper I1). NaCl, a reagent known tause SpeB negativity in GAS was used
as the source of €lonsin HOCI preparatior(87). Although we observe8peB phenotype
with NaCl, the effectwas enhanced with HOCI is widely known thaftcysteinecontaining
proteins are very susceptible to oxidation by Rexgling to loss of functigreuggestingthat

oxidative modification of SpeB under these conditimngery likely (234)

The next step was to verifhese observatiorie neutrophils We inhibited MPO, the enzyme
that catalyzes the formation of HOCI from®? in neutrophilg(149) We observed a time and
concentration dependent partial reversal $peB phenotype. With low inhibitor
concentrationsnitially 5448was killedbutas more clones became Spéfere was reduction
in killing. At higherinhibitor concentrationsmore killing was observedas more clones
remainedSpeB+. There was no bacterial killing for the SpeB448AP controland the
phenotype remained Spepostneutrophil infection(Figure 5E-F, Paper II). To confirm our
observations in tissyeconfocal microscopy analysis afhages of section®ISTI biopses
stained for MPO an&AS in knownSpeBbackgroundHigher levels of MPO were detected
in SpeB GAS biopsies although the bacterial load was similar in bSffeB+ and SpeB
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biopsieqFigure 6A and B, Paper Il). Previously, confocal microscopy showed SpeB staining
that resembled the cocci shape of bacteria leading to the assumption that the protease was
the surface of bacter{a30). This observation explains the detection of SpeB all thedissue

in SpeB positive biopsies adme of the protease is on thacterialsurfacewhile some is
secreted into the tiss(£16). Replication of SpeBGAS due to either ipaired SpeB secretion

as a result of MPO inhibition or lack of SpeBpports neutrophils as potential reservoirs of
bacteria Figures 1E and F and Figure 5G, Paper Il). Release of MPO byctivated
neutrophils is associated withyperinflammatory diseasef35). High levels of MPO in

patients with sepsis increase the risk of mortd#86, 237)

Finally, we showed that the SpeBphenotype is associated with enhanced neutrophil
degranulation.Proteomic analysis of the neutrophil secretome -pdsttion with SpeB
5448AP caused a remarkably higher release of granule proteins compared to the 848B+ 5
(Figure 7, Paper Il). These granule proteins included antimicrobial proteins and enzymes like
elastase anmetalloproteases thatuse tissudamageThis excessive degranulatios likely

due to the presence of many virulence factors like PGK and {hetdin thatould have been
cleaved by SpeiB34, 112)

4.2.3. Implications for treatment strategiesNSTIs

Althoughmost GASstrains aresusceptible to penicillin and clindamygthe major antibiotics

used intreatment of NSTI, there are cases of inefficient eradication of. BAtbiotic failure

is caused by multiple factors like bacterial tolerance to antibiotics,-optimal
pharmacokinetics hindering the drug from reachingsite ofinfection, and the presence of

Ahi ddenodo bacteri a ienvirobme(238, RIWdntraceallular survivaleot e | | u |
pathogensvithin phagocytes iaot unique to GASt isreported in manynicrobial populations

i.e., Enterococcus faecaligMlycobacterium tuberculosisSalmonella specieard S. aureus

(240)

Adjunctive therapy has been developed to increase bacterial clearance and improve treatment
outcomes. Suctherapy includes intravascular administration of immunoglobulins (J\Ail
hyperbaric oxygertherapy(22, 23) Administration of adjunctive theragyas yielded mixed
resultshence it is not stronglrecommende41) In a recent reviewfiBOT was reported to

reduce chances of amputatidgtowever the effective dose of oxygen is not cl¢ad2) Our
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results have shown that ROS specias kill GAS anddue toits stability, seemghatH2O; is a

more potentantimicrobial agenascompared to HOCI. Tikis likely the reason we observed
more killing with high MPO inhibitor concentrationgigure 5E, Paperll). It is tempting to
proposenhibition of MPO as a hogtargeted therapy based on these results. However, MPO
inhibitors have already been developmtd testedas treatmentoptionsin mice models of
chronic inflammatory diseasebke atherosclerosig243) The bestpharmacological MPO
inhibitorin the case of NSTMould be the one that preserves the function of MPO but prevents
theassociatedamageHowever, many questiomemain unanswered warranting further work

on potential MPGtargeted therapiegvhich promote killing of GAS.

4.3.Pneumococcal gdrogen peroxide in epithelial cell death andNLRP3 inflammasome

signalling (Paper 1)

Epithelial cellsare important cells of the innate immunity whigan the respiratory tratt
prevent pathogens from entering the host during ventilgti®@8) Invading pathogens are
recognised via the abundant PRR followed by activation of intracellular signalling pathways
that promote pathogen cleararigd4) However,in some cases the PRERensaleathinducing
stimuli causing activation of varigwcell death pathwayduction of cell death is key to the
pathogenicity ofS. pneumonigenowever the underlying mechanisms which induce apoptosis
and necrosis are not clearly underst¢d45) Some pneumococcairulence factors i.e., cell
wall, H-O> and Ply have been implicated in causing akhth. Neverthelesshe exact
mechanisms differ in different cell typasd depend on the experimental methodol@b,
246) For example, some studies haemorstratecthat oxidative dmage tdNA induced by
pneumococederivedH20: led to apoptosis in human alveolar epithelial cél&l) The aim

of this paper was to invegate the role of pneumocoederived HO: in initiating cell death

with a special focus on apoptosis and pyroptosis.

4.3.1. Epithelial cdl death caused by pneumocodarived HO-

It is known that Ply the poreforming toxin of pneumococci causes célkis, hence most
cytotoxic effects arattributedto Ply (247). Earlier studies showed that®Gp production by

Ply-deficient pneumococrs straings cytotoxicto cells(192) We infected human bronchial
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epithelial cells with unencapsulat&d pneumonias t r a i ecpsilti@®pregence or absence
of catalaseCell death accompanied by-IL ielease wasbserved in a timdependent manner
Minimal cytotoxicity was observed afterof infection compared to above 50% cytotoxicity
observed after 6. IL-1 b wa s o nih oell sdperhagantg aéed6of infection due to the

increase in cell deafffrigure 1, Paper lll).

Pyruvate oxidaseSpxB, is the enzyme that catalyses formation eDkin pneumococg185).

To confirm the role of KO in cell cytotoxicity, isogenic spxBdeficient mutantswere
constructedFurthermore ply-deficient mutants were also included to exclude the effects of
Ply. Only spxBdeficient mutants abrogated cytotoxicity in epithelial cells regardlebgybf
bacterial counts and infection tin{Eigure 2b-c ande, Paper Ill). Both HO. and Ply are

known to be cytotoxic to many cell typ€245) However, Ply is only cytotoxic at lytic
concentrations and released upon lysis of pneumococci at later stagesvthf. In addition
Ply-deficient pneumococci have been shown to be as cytotoxic as thypal(248, 249) The
cytotoxicity observed in the D39 background was also observed in encapsulated strains of other
backgrounds i.e., 19F and TIGR#his suggestthat redued adherence due to the capsule does

not affect HO, production and the cytotoxicity is not strain dependeigure 2b andf, Paper
).

To assess the induction of caspdspendent cell death pathways, we measured active caspase
activity, in particularcaspase and caspas®&7 that are associated with pyroptosis and
apoptotic cell death, respectively. Caspase activity was determined via fluorescent probing and
analysed microscopically. We detected betwee20% caspasé& and caspas®&7 activity in

the presence of #D (Figure 3, Paper lll). Catalase treatment abrogated cytotoxicity and
caspase activityHigure 4, Paper lll). These results show that both apoptosis and pyroptosis
can occur at the same time in one.CEllis raises thpossibility that other cell death pathways
could also be occurringh\poptotic, pyroptoticand necroptoticell death have been shown in
pneumococcal infectioraffecting different cell typef45, 246, 250)

4.3.2. H20. primesand activatedlLRP3 inflammasome mediatingdL b ree| e as

Classical inflammasome activatias initiated by thepriming step thatresults in NFe B
pathway activation associated with upregulation of NLRP3 anelpfo b(251) DAMPs,
PAMPsorl-1b orU TlNiFndi ng to their receptors init

(252) Although pneumococcald@: has been implicated in cell death, its effects on the NLRP3
33



inflammasome are notwellknowh.-1 b secr eti on was assessed in
primed and unprimed 16HBE cells infected with BBPsand its mutants or incubated with

H20> with/without catalase for &. We only detectedL-1 Gin conditions with active&SpxB

regardless of the priming stat(ligure 5a andb, Paper IIl). Theseresults clearly show that
H20.-mediated cytotoxity and inflammasome activation does not require prinmng6HBE

cells To proveactivation of thenflammasome signalling by2®,, gene expression of NLRP3
andprol:1b | evel s were upr eg(FiguressdanddnPaperile. pr es e
Our resultsare in agreement with the observation human monocytes where NLRP3
inflammasomes were formed without primi(@b3). In addition, increased proinflammatory

cytokine secretion has also been associated wiD? hhediated NFe B a c t (254,&235) o n

Overall,our results showhatpneumococcuserived HO, causes time and doselependent
epithelial cellcytotoxicity, caspasél andcaspase/7,NLRP3 activation and subsequentlb
releaseln contrast, amarlier study reported thhacterid H-O- producedvia SpxB dampened
inflammasome mediated immuyin a mouse pneumonia model. In additiofiectionof bone
marrow derived macrophagessealedhat HO: does notctivate the NLRP3 inflammasome
These effects were attributed to oxidative damage of host and inflammasome d@&éjns

However, this particular study was performed in mice.

4.3.3. IL-1 beleasafter NLRP3 inflammasome activation invadvapoptosis

Caspasd activation IL-1 b r eanc @elt @eath arenajor featurs of inflammasome
signalling To provethat HO- induced release of HL b i s inflhman@asom® activatiqnl -
1b release and c el |after paubation ol6HBE dells with easpase ars s e s S
NLRP3inhibitors prior to infectionor H-O, stimulaton. There was a significant reduction in
cytotoxicity and Il-:1 freleasan all casesvheninhibitorswere presen{Figure 6 ad, Paper
[1'1). These resultsonfirmed that HO. leads to NLRP3 inflammasome activation anellllb
releaseln pyroptosis, GSDMD mediated pefermation in the cell membrane facilitates- IL
1b r el eas easpakai7 actigation uswaky bhserved in apoptosis not associated
with GSDMD mediated poréormation.Both caspases are able to clefelength GSDMD
(50-kDa) to either an active 3@Da (capasel) or inactive 4%Da (caspas8/7). The30-kDa
GSDMD fragment is associated wigfore formationn the cell membrana pyroptosig207).

Interestinglywe detectedhe inactive4d3-kDa fragment in cell lysates after infection o004
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stimulationsuggesting thatinder these conditionf,-1 b  r dslinglepandent gbyroptosis
(Figure 6eandf, Paper IIl).
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5. Concluding remarks

This thesis aimed to discuss the contribution of secreted virulence factors of tw«pGxitine
bacteria GAS and S. pneumonigdo the pathogenicity of infection8oth bacteria colonise

parts of the human body as normal microbial flddace pathogensovercome the skin or
epithelial barriersthis causesnultiple infectionsof varying sevety 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.

Pape |

Type Il NSTlsare rapidly progressing infections of the soft tissueftegtiently occur in young

and healthy individualand are associated with high mortali®.pyogeneandS. aureusthe
microbiologicalaetiologyof type 1l NSTIs,secretemultiple virulence factos. These include
poreforming toxins, superantigens and proteases with cytolytic and immunomodulatory
functions. In tls review paper we summarised the contributions of secreted virulence factors
to disease pathogenesis, tissue pathology and immune ev&stter understanding of the
mechanisms underlying disease pathology is important for guiding the development of
therapeutic interventionBothin vitro andin vivo studiesare crucial for a better understanding

of hostpathogen interactiona the tissue setting.

Paper Il

SpeB is a welktudied secretegrotease thas highly conserved among GAS strains across all
M-serotypes.The role of SpeB in disease severity grathogenesisemains controversial
owing to the many studies done in Aemman animal models producing opposing resWs.
used NSTI patient biopsies th&vealthe in vivo depictioncoupled withex vivoandin vitro

experiments tehowthat:
I. GAS reversibly abrogates SpsBcretionn vivoandex vivo
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il. Excessive neutrophil degranulation is associated with tissue destrutmn
inflammation

iii. Neutrophil derived reactive oxygen species drive the SphBnotype

iv. Biopsies containing mostigpeB GAS show higheMPO levels

2 SpeB strainsinduce higheneutrophil degranulatioas compared to SpeB+ strains

Our results have showthat in vivo, while genetic mutations itovR/Sand ropB cause an
irreversible loss of SpeB expression, GAS also reversibly abrogate SpeB secretion in response
to neutrophil derived KD, and HOCIL.The SpeB phenotypesurvives within neutrophils and

drives hyperinflammatory condition¥hese arassociated with tissue damageinly dueto
neutrophil degranulatiolthoughMPO inhibition partially restored the SpeB+ phenotgpd

improved Killing of GAS further experirents are needed to confirm the cause of killing.

Paper Il

H20O2 is a byproduct of pneumococcalarbon metabolisnthat is producedn a reaction
catalysed by pyruvate oxidase SpABe investigated the role #f.O> asa pneumococcal
virulence factor in lower respiratory tract infectiomgth a particular focus oimduction of cell

death inepithelialcells This study revealed that:

i. H2>O> primes and activates the NLRP3 inflammasome causigequentL-1 b
release

il. IL-1 Breleasds independent of pyroptosasd mainly caused by apoptosis

Induction of both cell death pathways shows that theag@ssibility ofcross talk between cell
deathpathways in complex cellular environmenksowever the final release of IE1 bin
response to pneumococcal infectiavress mainly due to apoptosigheseresults warrant further

studies to describhe effects of pneumococderived HO; on other cell death pathways.

38



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

References

Carapetis, J.Ret al, The global burden of ®up A streptococcal diseasésancet Infect Dis5(11): p.
685-94 (2005).
Lancefield, R.C., The antigenic complex $freptococcus haemolyticus : I. Demonstration of a-type
specific substance in extracts of Streptococcus haemolydi¢tigp Med47(1): p. 932103 1928.
Walker, M.J.,et al, Disease Manifestations and Pathogenic Mechanisms of Group A Streptococcus
Clinical Microbiology Review27(2): p. 264301 (2014).
Efstratiou A and Lamagni T, Epidemiology $treptococcus pyogenés Streptococcus pyogeneRBasic
Biology to Clinical Manifestations [Internet], Ferretti JJ, Stevens DL, and Fischetti VA, Ed#0t6,
The University of Oklahoma Health Sciences Center: Oklahoma City (OKj1§. 1
Dale, JB. and M.J. Walker, Update onr@p A streptococcal vaccine developmedarr Opin Infect
Dis. 33(3): p. 244250 (2020).
World Health, O., The current elence for the burden of Group A Streptococcal diseases. 2005, World
Health Organization: Geneva.
Vekemans, Jet al, The Path to Group A Streptococcus Vaccines: World Health Organization Research
and Development Technology Roadmap and Preferred &r@tharacteristicEClin Infect Dis 69(5): p.
877-883 (2019).
Shaikh, N.et al, Prevalence of streptococcal pharyngitis and streptococcal carriage in children: a meta
analysis Pediatrics 126(3): p. e55764 (2010).
Mead, P.B. and W.C. Winn, \gaalrectal colonization with @up A streptococci in late pregnancy
Infect. Dis. Obstet. Gynec@(5-6): p. 217219 (2000).
Olsen, R.J.,et al, Molecular mechanisms underlyingr@gsip A streptococcal pathogenesfSell
Microbiol. 11(1): p. 212 (20®).
Steer, A.C.et al, Invasive Group Atreptococcal disease: epidemiology, pathogenesis and management
Drugs 72(9): p. 121327 (2012).
Barth, D.D.,et al, Ratimale and design of the Africanr@p A streptococcahfection registry: the
AFROStrepstudy BMJ Open6(2): p. €010248 (2016).
Stevens, D.L. and A.E. Bryant, Necrotizing Sofssue InfectionsN Engl J Med377(23): p. 22532265
(2017).
Skrede, S.et al, Microbiological Etiology of Necrotizing Soft Tissuafections Adv Exp Med Biol
1294 p. 5371 (2020).
Skrede S.get al, Microbiological Etiology of Necrotizing Soft Tissue Infections, in Necrotizing Soft
Tissue Infections. Advances in Experimental Medicine and Biology, Nérdgyund A., Svensson M.
and S. S., Editors. 2020, Springer, Cham: Switzerland.
Howell, G.M. and M.R. Rosengart, Necrotizing soft tissue infecti®usg. Infect 12(3): p. 185190
(2011).
Sartelli, M., et al, 2018 WSES/SI& consensus conference: recommendations srmhnagement of
skin and softissue infectionsworld J Emerg Surdl3: p. 58 (2018).
Schmitz, M.,et al, Streptococcal toxic shock syndrome in the intensive careAmit Intensive Care
8(1): p. 88 (2018).
Carapetis, J.Ret al, Effectivenes of clindamycin and intravenous immunoglobulin, and risk séalse
in contacts, in invasive Group #reptococcal infection€lin Infect Dis 59(3): p. 35865 (2014).
Stevens, D.L.et al, Practice guidelines for the diagnosis and management ofasid soft tissue
infections: 2014 update by the Infectious Diseases Society of Am€linanfect Dis 592): p. e1652
(2014).
Banks, D.J.,et al, Structure and Distribution of an Unusual Chimeric Genetic Element Encoding
Macrolide Resistance inhilogenetically Diverse Clones of Group A Streptococclisinfect. Dis
188(12): p. 18981908 (2003).
Low, D.E., Toxic shock syndrome: major advances in pathogenesis, but not trea@nte@are Clin
29(3): p. 65175 (2013).
Brummelkamp, W.et al, Treatment of anaerobic infections (clostridial myositis) by drenching the
tissues with oxygen under high atmospheric presSuagery 4%3): p. 299302 (1961).

39



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

Michos, A., et al, Molecular analysis o6treptococcus pyogenesacrolide resistance of paediatric
isolates during a 7 year period (20Q3). J. Antimiciob. Chemother71(8): p. 21132117 (2016).
Peetermans, Met al, Necrotizing skin and seftssue infections in the intensive care u@itn Microbiol
Infect 26(1): p. 817 (2020).

Bruun, T.,et al, Risk Factors and Predictors of Mortality in Streptococcal NecrotizingtiSefte
Infections: A Multicenter Prospective Studylin. Infed. Dis. 72(2): p. 293300 (2020).

Bergsten, H.et al, Correlation Btween Immunoglobulin Dose Administered and Plasma Neutralization
of Streptococcal Superantigens in Patients With Necrotizing Soft Tissue Infed@iiimsinfect. D&.
71(7): p. 17721775 (2020).

Hakkarainen, T.W.et al, Necrotizing softissue infections: review and current concepts in treatment,
systems of care, and outcom&sirr. Probl Surg 51(8): p. 344362 (2014).

RiveraHernandez, Tet al, An Experimental Group A Streptococcus Vaccine That Reduces Pharyngitis
and Tonsillitisin a Nonhuman Primate ModehBio. 10(2): p. e00693L9 (2019).

Seckeler, M.D. and T.R. Hoke, The worldwide epidemiology of acute rheumatic fever and rheumatic
heart diseaseClin. Epidemiol 3: p. 6784 (2011).

Martin, W.J., et al, Postinfectious Group A streptococcal autoimmune syndromes and the.heart
Autoimmun. Rev4(8): p. 710725 (2015).

Gao, N.J.,et al, Immunobiology of the Classical Lancefield Group A Streptococcal Carbohydrate
Antigen Infect. Immun.89(12): p. e002921 (2021).

Benrett, J.,et al, Understanding @up A streptococcal pharyngitis and skin infections as causes of
rheumatic fever: protocol for a prospective disease incidence &My Infect. D$. 19(1): p. 633 (2019).
Kachroo, P.gt al, Integrated analys of population genomics, transcriptomics and virulence provides
novel insights int&treptococcus pyogenpathogenesisNat. Genet51(3): p. 548559 (2019).

Nasser, W.gt al, Evolutionary pathway to osreased virulence and epidemicoGp A Streptococcus
disease derived from 3,615 genome sequeftes Natl Acad Sci U S.A11(17): p. E176876 (2014).
Beres, S.B.et al, Molecular complexity of successive bacterial epidemics deconvoluted by comparative
pathogenomicsProc Natl Acad SdU S A 107(9): p. 43716 (2010).

Cole, J.N.,et al, Molecular insight into invasive Bup A streptococcal diseadgat Rev Microbial
9(10): p. 72436 (2011).

Kreikemeyer, B.gt al, The intracellular status &treptococcus pyogenesle of extacellular matrix
binding proteins and their regulatidnt. J. Med. Microbial 294(2): p. 177188 (2004).

Courtney, H.S.et al, Molecular mechanisms of adhesiarglonization, and invasion of rGup A
streptococciAnn. Med 34(2): p. 7787 (2002).

Nobbs, A.H. et al, Streptococcus adherence and colonizafidicrobiol. Mol. Biol. Rev. 73(3): p. 407

450 (2009).

Lancefield, R.C., Current knowled@é typespecific M antigens of dup A streptococcid Immunol

89: p. 30713 (1962).

Frick, 1.-M., et al, Interactions between Mproteins ofStreptococcus pyogenasd glycosaminoglycans
promote bacterial adhesion to host cetlgr. J. Biochem270(10): p. 23032311 (2003).

Courtney, H.S.et al, Binding of Streptococcus pyogengs soluble and insoluble fibronectimfect.
Immun 53(3): p. 454459 (1986).

Okada, N.et al, Membrane cofactor protein (CD46) is a keratinocytepéar for the M protein of the
Group A streptococcu$roc. Natl. Acad. Scb2(7): p.24832493 (1995).

Nakata, M. and B. Kreikemeyer, Genetics, Structure, and Function of Group A StreptococEsabfili
Microbiol. 12(146) (2021).

Mora, M., et al, Group A Streptococcus produce pilike structures containing protective antigems
Lancefield T antigendProc. Natl. Acad. Scil0243): p. 1564115646 (2005).

Falugi, F.,et al, Sequence Variation in Group A Streptococcus Pili and Association of Pilus Backbone
Types with Lancefield T Serotypes. Infect. Dis19812): p. 184-1841 (2008).

Caswell, C.C.et al, Scll,the multifunctional adhesin of Gup A Streptococcus, selectively binds
cellular fibronectin and laminin, and mediates pathogen internalization by humafE®IS Microbiol.

Lett. 3031): p. 6268 (2010).

40



49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Fisher, M.,et al, Shr Is a Broadbpectrum Surface Receptor That Contributes to Adherence and
Virulence in Group A Streptococcusfect. Immun76(11): p. 50065015 (2008).

Terao, Y.,et al, Fba, a novel fibronectihinding protein fromStrept@occus pyogenegpromotes
bacterial entry into epithelial cells, and the fba gene is positively transcribed under the Mga regulator
Mol. Microbiol. 42(1): p. 7586 (2001).

Kreikemeyer, B.gt al, Virulence factor regulation and regulatory networkS&treptococcus pyogenes
and their impact on pathogémost interactionsTrends Microbiol 11(5): p. 224232 (2003).

Bessen, D.E. an8. Lizano, Tissue tropisms inr@up A streptococcal infectionSuture Microbiol 5(4):

p. 623638 (2010).

Wessels, M.R.et al, Hyaluronic acid capsule 8 virulence factor for mucoid i@up A streptococci
Proc. Natl. Acad. ScB8(19): p. 83178321 (1991).

Cywes, C. and M.R. Wessels, Group A Streptocotisage invasion by CD4mediated cell signalling
Nature 414(6864): p. 6482 (2001).

Siemens, N. and R. LittickeBjreptococcus pyogenésii Gr oup A Streptococcuso),
Human Pathogeéh Potential Implications of Its Virulence Regulation for Epidemiology and Disease
ManagementPathogensl1((6): p. 776 (2021).

Siemens, N. and A. Norrbyeglund, Shocking superantigens promotgaklishment of bacterial
infection Proc Natl Acad Sci U S.A14(38): p. 1000610002 (2017).

WatanabeOhnishi, R.etal, Sel ect i v e -bdaeng Il eetisiipatientowith severd invasive
Group A streptococcal infections astteptococcal toxic shock syndronde Infect. Dis 171(1): p. 74

84 (1995).

Shewell, L.K.,et al, All major cholesteretependent cytolysins use glycans as cellular recefors

Adv. 6(21): p. eaaz4926 (2020).

Timmer, A.M.,et al, Streptolysn O Promotes Group A Streptococcus Immune Evasion by Accelerated
Macrophage Apoptosis¥. Biol. Chem284(2): p. 862871 (2009).

Chandrasekaran, St al, The NADaseNegative Variant of thé&treptococcus pyogengsxin NAD
Glycohydrolase Induces JNKMediated Programmed Cellular NecrosisBio. 7(1): p. €02218.5
(20186).

Shumba, P.et al, The Role of Streptococcal and Staphylococcal Exotoxins and Proteases in Human
Necrotizing Soft Tissue Infectionfoxins (Basel)11(6) (2019).

Vajjala, A, et al, Streptolysirinduced endopkmic reticulum stress promotesdBp A Streptococcal
hostassociated biofilm formation and necrotising fascitfisll Microbiol. 21(1): p. €12956 (2019).

Ji, Y., et al, Cha peptidase alterclearance anttafficking of Group A streptococci by infected mice
Infect. Immun64(2): p. 503510 (1996).

Collin, M. and A. Olsén, EndoS, a novel secreted protein fisimeptococcus pyogenesith
endoglycosidase activity on human Ighe EMBO journal20(12): p.30463055 (2001).

FernieKing, B.A., et al, Streptococcal Inhibitor of Complement Inhibits Two Additional Components
of the Mucosal Innate Immune System: Secretory Leukocyte Proteinase Inhibitor and Lydofgche
Immun 70(9): p. 49084916 (2002)

Zinkernagel, A.S.et al, The IL-8 protease SpyCEP/ScpC ofd@p A Streptococcus promotes resistance
to neutrophil killing Cell Host Microbe4(2): p. 1768 (2008).

Chiappini, N.,et al, Streptococcus pyogenes SpyCEP Influences-Ra#togen riteractions during
Infection in a Murine Air Pouch ModePLOS ONE7(7): p. e40411 (2012).

Buchanan, J.Tet al, DNase expressicalows the pathogenr@up A Streptococcus to escape killing in
neutrophil extracellular trap€urr Biol. 16(4): p.396-400 (2006).

Keller, N., et al, Group A Streptococcal DNase Sdal Impairs Plasmacytoid Dendritic Cells Type 1
Interferon Responsd. InvestigDermatol 1396): p. 12841293 (2019).

Uchiyama, S.et al, DNase Sdal allows invasive M1T1 GroupS&reptococcus to prevent TLR9
dependent recognitio®LoS Pathog8(6): p. €1002736 (2012).

von PawelRammingen, U.gt al, IdeS, a novel streptococcal cysteine proteinase with unique specificity
for immunoglobulin GEMBO J 21(7): p. 16071615 (2002.

Elliott, S.D., A Protetytic Enzyme Produced by Group 8treptococci with Special Reference to Its
Effect on the TypeSpecific M AntigenJ Exp Med81(6): p. 57392 (1945).

41



73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Carroll, R.K. and J.M. Musser, Fronaftrscription to activation:how@up A streptococcus,

eating pathogen, regulates SpeB cysteine protease proddtibiMicrobiol. 81(3): p. 588601 (2011).
Liu, T.Y. and S.D. Elliott, Activation of Streptococcal Proteinase and its Zymogen by Bacterial Cell
Walls. Nature 206(4979): p. 3334 (1965).

Chen, C.Y., et al, Maturation Processing and Characterization of StreptopaiBiol. Chem27819):

p. 1733617343 (2003).

Thornton, R.F.et al, The dissemination of C10 cysteine protease genes in Balgterfoagilis by mobile
genetic element8MC Microbiol 10(1): p. 122 (2010).

Woehl, J.L.,et al, An Irreversible Inhibitor to Probe the Role 8freptococcus pyogen&ysteine
Protease SpeB in Evasion of Host Complement DefeA§&S Chem Bioll5(8): p. 20602069 (2020).
Hytdnen, J.et al, The SpeB virulence factor &treptococcus pyogenesmultifunctional secreted and
cell surface molecule with strepadhesin, lamininding and cysteine protease activityol Microbiol.
392): p. 5129 (20Q1).

Lukomski, S.et al, Extracellular cysteine protease producedhgptococcus pyogenparticipates in
the pathogenesis of invasive skin infection and dissemination in mfeet Immun67(4): p. 177988
(1999).

Davies, M.R.,et al, Atlas of Goup A streptococcal vaccine candidates compiled using-kErge
comparative genomicslat. Genet51(6): p. 10351043 (2019).

Nelson, D.C..et al, Cysteine proteinase SpeB froBtreptococcus pyogenesa potent modifier of
immunologicallyimportant host and bacterial proteiBsol Chem 39212): p. 107788 (2011).

Gerlach, D.gt al, Isolation and characterization of erythrogenic toxins. V. Communication: identity of
erythrogenic toxin type B and streptococcal proteinmaeseursor Zentralbl Bakteriol Mikrobiol Hyg A
2552-3): p. 22133 (1983).

Gerlach, D.et al, Separation of mitogenic and pyrogenic activities frontaibed erythrogenic toxin
type B (Streptococcal proteinasggntralbl Bakteriol 280(4): p. 50714 (1994).

Uhimann, J.,et al, Phosphoglycerate Kinage Novel Streptococcal Factor Involved in Neutrophil
Activation and Degranulatiod Infect Dis 214(12): p. 18761883 (2016).

Neely, M.N., et al, Role of RopB in growth phase expression of BmeB cysteine protease of
Streptococcus pyogeneks Bacteriol 18517): p. 51665174 (2003).

Graham, M.R., et al., Virulence control in group A Streptococcus by a&tnrgponent gene regulatory
system: global expression profiling and in vinfection modelingProc Natl Acad Sci U S.29(21): p.
1385560 (2002).

Loughman, J.A. and M. Caparon, Regulation of SpeBtimeptococcus pyogenby pH and NaCl: a
model for in vivo gene expressioh Bacteriol 1882): p. 399408 (2006).

Dalton, T.L. and J.R. Scott, CovS Inactivates CovR and Is Required for Growth undditi@nof
General Stress itreptococcus pyogenes Bacteriol 18612): p. 39283937 (2004).

Federle, M.J.et al, A Response Regulator That Represses TranscriptiSeveral Virulence Operons
in the Group A Streptococcud Bacteriol 181(12): p. 36493657 (1999).

Lyon, W.R.,et al, A role for trigger factor and an rglike regulator in the transcription, secretion and
processing of the cysteine proteinas&teptococcus pyogendsMBO J 17(21): p. 626375 (1998).

Do, H.,et al, Environmental pH and peptide signaling control virulenc8toéptococcus pyogenes

a quorumsensing pathwayNat Communl10(1): p. 2586 (2019).

Chaussee, M.Agt al, Rgg Regulates Growth PhaBependent Expression of Proteins Associated with
Secondry Metabolism and Stress$treptococcus pyogends Bacteriol 186(21): p. 70917099 (2004).
Do, H.,et al, Leaderless secreted peptide slongamolecule alters global gene expression and increases
virulence of a human bacterial pathogBroc. Nat. Acad. Sci114(40): p. EB498E8507 (2017).
Makthal, N.,et al, Signaling by a Conserved Quorum Sensing Pathway Contribu@&®taeth Ex Vivo
and Oropharyngeal Colonization of Human Pathogen Group A Streptoctai@aes. Immun86(5): p.
0016918 (2018).

Levin, J.C. and M.R. Wessels, Identification of csrR/csrS, a genetic locus that regulatesniyalcid
capsule synthesis inrGup A StreptococcusMol. Microbiol. 30(1): p. 209219 (1998).

Walker, M.J.,et al, DNase Sdal provides selection gm@re for a switch to invasiver@p A
streptococcal infectiaNat Med 13(8): p. 9815 (2007).

42



97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114,

115.

116.

117.

118.
1109.

120.
121.
122.

123.
124,

Turner, C.E.et al, Emerging role ofhe interleukin8 cleaving enzyme SpyCEP in clini&treptococcus
pyogenednfection J. Infect. Dis200(4): p. 555563 (2009).

Engleberg, N.C.get al, Spontaneous mutations in the CsrRS-t@mponent regulatory system of
Streptococcus pyogenesault in enhanced virulence in a murine model of skin and soft tissue infection
J. Infect. Dis1837): p. 10431054 (2001).

Sumby, P.et al, GenomeWide Analysis of Group A Streptococci Reveals a Mutation That Modulates
Global Phenotype and DiseasgeSificity. PLOS Pathog2(1): p. €5 (2006).

Giles, N.M.,et al, Metal and Redox Modulation of Cysteine Protein Functzirem. Biol10(8): p. 677

693 (2003).

Krishnan, K.C. et al, MetatMediated Modulation of Streptococcal CystelPmtease Activity and Its
Biological ImplicationsInfect. Immun82(7): p. 29923001 (2014).

Kansal, R.G.gt al, Modulation of expression of superantigens by human transferrin and lactoferrin: a
novel mechanism in heStreptococcus interactionsinfect Dis 191(12): p. 21219 (2005).

Rosch, J. and M. Caparon, A microdomain for protein secretion in -@Bositive bacteriaScience
304(5676): p. 1513 (2004).

Rosch, J.W. and M.G. Caparon, The ExPortal: an organelle dedicated to theebisgef secreted
proteins inStreptococcus pyogenadol. Microbiol. 58(4): p. 959968 (2005).

Kagawa, T.F.,et al, SpeBSpi: a novel proteasahibitor pair from Streptococcus pyogeneiiol
Microbiol. 57(3): p. 65666 (2005).

Olsen, R.J.etal., The majority of 9,729 €@up A streptococcus strains causing disease secrete SpeB
cysteine protease: pathogenesis implicationfect Immun83(12): p. 47568 (2015).

Nyberg, P.,et al, alpha2Macroglobulirproteinase complexes proteStreptocacus pyogenefrom
killing by the antimicrobial peptide L137. J Biol Chem27951): p. 528263 (2004).

Kuo, C:F., et al, Degradation of complement 3 by streptococcal pyrogenic exotoxin B inhibits
complement activation and neutrophil opsonophagatytmfect. Immun76(3): p. 11631169 (2008).
Sumitomo, T.gt al,, Group A streptococcal cysteine protease cleaves epithelial junctions and contributes
to bacterial translocatiod Biol Chem?28819): p. 1331724 (2013).

Sumitomo, T.gt al, Streptococcal Cysteine Proteddediated Cleavage of Desmogleins Is Involved in
the Pathogenesis of Cutaneous Infectinont. Cell.Infect. Microbiol 8(10) (2018).

LaRock, C.N.etal,IL-1 b i s an i nn at reicrobiahproteolgsisScie Immunall(2p p.
eaah353%aah3539 (2016).

Aziz, R.K,, et al, Invasive M1T1 Goup A Streptococcus undergoes a phkstsét in vivo to prevent
proteolytic degradation of multiple virulence factors by SpgdBl Microbiol. 51(1): p. 12334 (2004).
Eriksson, A. and M. Norgren, Cleavage of Antiggound Immunoglobulin G by SpeB Contributes to
Streptococcal Persistence in Opsonizing Bldoféct. Immun71(1): p. 211217 (2003).

Persson, H.et al, The streptococcalysteine protease SpeB is not a natural immunoglofmldiaving
enzyme Infect Immun81(6): p. 223641 (2013).

Connolly, K.L.,et al,, Srv Mediated Dispersal of Streptococcal Biofilms Through SpeB Is Observed in
CovRS+ StrainsPLOS ONEG6(12): p. 2840 (2011).

Siemens, N.et al, Biofilm in Group A streptococcal necrotizing soft tissue infectid@ Insight 1(10):

p. e87882 (2016).

Mogensen, T.H., Pathogen recognition and inflammatory signaling in innate immune defdimses
Microbiol. Rev 22(2): p. 240273 (2009).

Basset, C.et al, Innate immunity and pathogimost interactionVaccine 21: p. S12523 (2003).

Iwasaki, A. and R. Medzhitov, Telike receptor control of the adaptive immune respariéasimmunal
5(10): p. 98795 (2004).

Cerutti, A.,et al, The B cell helper side of neutrophils Leukoc. Bial94(4): p. 677682 (2013).

Proksch, E.et al, The skin: an indispensable barriexp. Dermatal17(12): p. 10631072 (2008).

Swaney, M.H.and L.R. Kalan, Living in Your Skin: Microbes, Molecules, and Mechanidnfect.
Immun 89(4): p. e0069520 (2021).

Elias, P.M., The skin barrier as an innate immune elerSemin. Immunopathd9(1): p. 3 (2007).
Eyerich, S.get al, Cutaneos Barriers and Skin Immunity: Differentiating A Connected Netwdrknds
Immunol 39(4): p. 315327 (2018).

43



125.

126.

127.

128.

129.

130.

131.

132.

133.

134,

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Vestergaard, Cet al, Inflammationinduced alterations in the skin barrier function: implications in
atopic dermatitisChem Immunol Alleyy. 96: p. 7780 (2012).
Duckney, P.get al, The role of the skin barrier in modulating the effects of common skin microbial

species on the inflammation, differentiation and proliferation status of epidermal keratinBbj&Res.

Notes 6(1): p.474 (2013).

Goh, T.,et al, Early diagnosis of necrotizing fasciitBr J Surg 101(1): p. e11925 (2014).
Peetermans, M.et al, Necrotizing skin and seoftssue infections in the intensive care ur@in.

Microbiol. Infect 26(1): p. 817 (2020).

Dorrington, M.G. and I.D.C. Fraser, \*B  Si gnal i ng

Integration Front. Immunol 10(705) (2019).

n

Macrophages:

Thulin, P.,et al, Viable Goup A streptococci in macrophages during acute soft tissueiorfeBLoS

Med 3(3): p. €53 (2006).

Johansson, Let al, Getting under the skin: the immunopathogenesiStadptococcus pyogendsep

tissue infectionsClin Infect Dis 51(1): p. 5865 (2010).

Doéhrmann, S.et al, ConqueringNeutrophils PLOS Pathogend.2(7): p. e1005682 (2016).
Bardoel, B.W. gt al, The balancing act of neutrophiSell Host Microbe15(5): p. 52636 (2014).
Witko-Sarsat, V.et al, Neutrophils: Molecules, Functions and Pathophysiological Asfdeai. Invest

80(5): p. 617653 (2000).

Mayadas, T.N.et al, The multifaceted functions of neutrophifennu Rev PathoB: p. 181218 (2014).
Rarvig, S..et al, Proteome profiling of human neutrophil granule subsets, secretsigles, and cell
membrane: correlation with transcriptome profiling of neutrophil precurdotseukoc. Bial94(4): p.

711:721 (2013).

Lominadze, G.et al, Proteomic Analysis of Human Neutrophil Granules M8l. Cell. Proteom4(10):

p. 15031521 (2005).

Faurschou, M. and N. Borregaard, Neutrophil granules and secretory vesicles in inflamktiatiolbes

Infect 5(14): p. 13171327 (2003).

Sheshachalam, Aet al, Granule Protein Processing and Regulated Secretidfeirtrophils Front.

Immunol. 5(448) (2014).

Lacy, P., Mechanisms of degranulation in neutropHilergy Asthma Clin. Immuno2(3): p. 98108

(2006).

Calafat, J.,et al, Human monocytes and neutrophils store transforming growth falgha h a
subpopulation of cytoplasmic granul&ood 90(3): p. 125566 (1997).
Li, Y., et al, The regulatory roles of neutrophils in adaptive immur@gll Commun. Signall7(1): p.

147 (2019).

von KdckritzBlickwede, M. and V. Nizet, Innate immity turned insideout: antimicrobial defense by
phagocyte extracellular traps Mol. Med 87(8): p. 775783 (2009).

Piacenza, L.et al, Reactive species and pathogen antioxidant networks during phagacytdsip.

Med 216(3): p. 501516 (2019).

Soehnlein, O. and L. Lindbom, Neutrophiérived azurocidin alarms the immune systérheukoc. Biol

85(3): p. 344351 (2009).

McDonald, B. et al, Intravascular Neutrophil Extracellular Traps Capture Bacteria from the Bloodstream
during Sepis. Cell Host & Microbe 12(3): p. 324333 (2012).

Amulic, B., et al, Neutrophil Function: From Mechanisms to Dise#@g&. Rev.ImmunoB0(1): p. 459

489 (2012).

Clark, S.R..et al, Platelet TLR4 activates neutrophil extracellular trapgrisnare bacteria in septic

blood Nat Med 13(4): p. 4639 (2007).

Winterbourn, C.C.et al, Reactive Oxygen Species and Neutrophil Functtamu Rev Biochen85: p.

76592 (2016).

Winterbourn, C.C., Toxicity of iron and hydrogen peroxide:Featon reactionloxicol. Lett 82-83; p.

969974 (1995).

Nauseef, W.M., Myeloperoxidase in human neutrophil host def€w®de Microbiol. 16(8): p. 11461155

(2014).

44

Dyna



152.

153.

154,

155.

156.

157.

158.

159.
160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

Papayannopoulos, Vet al, Neutrophil elastase and myeloperoxidase regullage formation of
neutrophil extracellular trapg. Cell Biol 191(3): p. 677691 (2010).

Forman, H.J. and M. Torres, Reactive Oxygen Species and Cell Sig#ating. Respir. Crit. Care Med
166(supplement_1): p. S88 (2002).

Rodrigues, M.R.get al, Macrophage Activation Includes High Intracellular Myeloperoxidase Activity
Biochem. Biophys. Res. CommBa2(4): p. 869873 (2002).

Snall, J.,et al, Differential neutrophil responses to bacterial stimuli: Streptococcal strains are potent
inducers of heparibinding protein and resistireleaseSci. Rep6(1): p. 21288 (2016).

Cole, J.N.,et al, M protein and hyaluronic acid capsule are essential for in vivo selection of covRS
mutations charactedtic of invasive serotype M1T1r@upA StreptococcusmBio. 1(4) (2010).
Henningham, A.et al, Mechanisms of @&up A Streptococcus resistance to reactive oxygen species
FEMS Microbiol Rev39(4): p. 488508 (2015).

Turner, A.G. et al, Group A Streptococcus amrdinates manganesmport and iron efflux in response

to hydrogen peroxide stre®®iochem J4763): p. 595611 (2019).

Gillespie, S. and P.M. Hawkey, Principles and practice of clinical bacteriology. 2006: John Wiley & Sons.
Weiser, J.N.,et al, Streptococcugpneumoniae transmission, colonization and invasiddat. Rev.
Microbiol. 16(6): p. 355367 (2018).

Whitney, C.G.,et al, Decline in invasive pneumococcal disease after the introduction of protein
polysaccharide conjugate vacciteEngl J Med34818): p. 173746 (2003).

Engholm, D.H.,et al, A visual review of the human pathog&treptococcus pneumoniaeEMS
Microbiol. Rev 41(6): p. 854879 (2017).

Fahey, T.gt al, Systematic review of the treatment of upper respiratoryitréeition Arch. Dis. Child
793): p. 225230 (1998).

Berry, M., et al, Identification of New Respiratory Viruses in the New Millennitituses 7(3): p. 996

1019 (2015).

Thornton, H.V. et al, Clinical presentation and microbiological diagisin paediatric respiratory tract
infection: a systematic revieBr J Gen Pract65631): p. e6981 (2015).

Smith, A.M.,et al, Kinetics of Coinfection with Influenza A Virus agtreptococcus pneumonidd_OS
Pathog 9(3): p. 1003238 (2013).

Reddinger, R.M.et al, Host Physiologic Changes Induced by Influenza A Virus Lead to Staphylococcus
aureus Biofilm Dispersion and Transition from Asymptomatic Colonization to Invasive DiseBfe

7(4): p. e01238L6 (2016).

Kenealy, T. and B. Aoll, Antibiotics for the common cold and acute purulent rhini@®chrane
Database Syst. Reff) (2013).

Kim, L., et al, Biological and Epidemiological Features of AntibieResistant Streptococcus
pneumoniaén Pre and PostConjugate Vaccine Eras: a United States Perspe€lire Microbiol. Rev
29(3): p. 525552 (2016).

Hyams, C.et al, The Streptococcus pneumoniaapsule inhibits complement activity and neutrophil
phagocytosis by multiple mechanis Infect Immun78(2): p. 70415 (2010).

Canvin, J.R..et al, The Role of Pneumolysin and Autolysin in the Pathology of Pneumonia and
Septicemia in Mice Infected with a Type 2 Pneumococtusfect. Dis172(1): p. 119123 (1995).
Tweten, RK., Cholesteredependent cytolysins, a family of versatile poeming toxins Infect. Immun
73(10): p. 61996209 (2005).

Paton, J.C.et al, Molecular aalysis of the pathogenicity @treptococcus pneumoniaghe Role of
Pneumococcal Protein&nn. Rev. Microbiol47(1): p. 89115 (1993).

Shewell, L.K.,et al, The cholesteretlependent cytolysins pneumolysin and streptolysin O require
binding to red blood cell glycans for hemolytic activiBroc. Nat. Acad. Sci111(49): p.E5312E5320
(2014).

Zafar, M.A., et al, Hostto-Host Transmission ofStreptococcus pneumoniads Driven by Its
Inflammatory Toxin, PneumolysiiCell Host & Microbe 21(1): p. 7383 (2017).

Paton, J.C.et al, Activation of human complement biie pneumococcal toxin pneumolysinfect.
Immun 43(3): p. 10851087 (1984).

45



177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194,

195.

196.

197.

198.

199.

200.

201.

Dessing, M.C.et al, Role of ToltLike Receptors 2 and 4 in Pulmonary Inflammation and Injury Induced
by Pneumolysin in MicePLOS ONE4(11): p. €7993 (2009).

McNeeh, E.A. et al, Pneumolysin Activates the NLRP3 Inflammasome and Promotes Proinflammatory
Cytokines Independently of TLRPLOS Pathog6(11): p. €1001191 (2010).

Cuypers, F.et al, Adenosine Triphosphate Neutralizes Pneumotsituced NeutrophiActivation. J
Infect Dis 222(10): p. 17021712 (2020).

Nishimoto, A.T..et al, Pneumolysin: Pathogenesis and Therapeutic T.afgatt. Microbiol. 11(1543)
(2020).

Rubins, J.B.et al, Toxicity of pneumolysin to pulmonasndothelial cells in vitrdnfect. Immun60(5):

p. 17401746 (1992).

Braun, J.S.et al, Pneumolysin Causes Neuronal Cell Death through Mitochondrial Darrdget.
Immun 75(9): p. 42454254 (2007).

GonzéalezJuarbe, N.get al, Poreforming toxin-mediated ion dysregulation leads to death receptor
independent necroptosis of lung epithelial cells during bacterial pneun@mlideath Differ 24(5): p.
917-928 (2017).

Erttmann, S.F. and N.O. Gekara, Hydrogen peroxide release by bacipi@sses inflammasome
dependent innate immunitiat. Commun10(1): p. 34933493 (2019).

Spellerberg, Bet al, Pyruvate oxidase, as a determinant of virulen&ri@ptococcus pneumoniadol.
Microbiol. 19(4): p. 803813 (1996).

Pericone, M., et al, Inhibitory and bactericidal effects of hydrogen peroxide production by
Streptococcus pneumoniaa other inhabitants of the upper respiratory tradfect. Immun68(7): p.
39906:3997 (2000).

Feldman, C.et al, The effects opneumolysin and hydrogen peroxide, alone and in combination, on
human ciliated epithelium in vitrd&Respir Med96(8): p. 5805 (2002).

Loose, M.et al, Pneumococcal Hydrogen Peroxitfeduced Stress Signaling Regulates Inflammatory
Genes J. Infect Dis. 211(2): p. 306316 (2014).

Mraheil, M.A., et al, Dual Role of Hydrogen Peroxide as an Oxidant in Pneumococcal Pneumonia
Antioxid Redox SignaB4(12): p. 962978 (2021).

Hoffmann, O.M.,et al, Bacterial Hydrogen Peroxideontributes to Cerebral Hyperemia during Early
Stages of Experimental Pneumococcal MeningitiCereb. Blood Flow Metal27(11): p. 17921797
(2007).

Rai, P.,et al, Streptococcus pneumoniaecretes hydrogen peroxide leading to DNA damage and
apoposis in lung cellsProc. Nat. Acad. Scil1226): p. E3421E3430 (2015).

Duane, P.G.et al, Identification of hydrogen peroxide asSareptococcus pneumonisexin for rat
alveolar epithelial celldnfect. Immun61(10): p. 43924397(1993).

Bermpohl, D..et al, Bacterial programmed cell death of cerebral endothelial cells involves dual death
pathways J. Clin. Investig1156): p. 16071615 (2005).

Braun, J.S.et al, Pneumococcal pneumolysin and H 2 O 2 mediate brainapelptosis during
meningitis J. Clin. Investig1091): p. 1927 (2002).

Majewska, E.et al,, Elevated exhalation of hydrogen peroxide and thiobarbituric acid reactive substances
in patients with community acquired pneumorit@spir Med98(7): p.669-76 (2004).

Crystal, R.G. et al, Airway epithelial cells: current concepts and challengesc. Am. Thorac. Soc
5(7): p. 772777 (2008).

Whitsett, J.A. and T. Alenghat, Respiratory epithelial cells orchestrate pulmonary innate imMdatnity
Immunol 16(1): p. 2735 (2015).

Fahy, J.V. and B.F. Dickey, Airway mucus function and dysfunctibrEngl. J. Med36323): p. 2233
2247 (2010).

Leiva-Juarez, M.M..et al, Lung epithelial cells: therapeutically inducible effectors of amtiobial
defenseMucosal Immunoll1(1): p. 2134 (2018).

Hewitt, R.J. and C.M. Lloyd, Regulation of immune responses by the airway epithelial cell landscape
Nat. Rev. ImmunoR1(6): p. 347362 (2021).

Guo, H.et al, Inflammasomes: mechanism of action, role in disease, and therapiaticsled 21(7):

p. 677687 (2015).

46



202.

203.

204.

205.

206.

207.

208.

2009.

210.

211,

212,

213.

214,

215.

216.

217.

218.

219.

220.

221.

222.

223.

224,

225.

Zheng, D.,et al, Inflammasome activation and regulation: toward a better understanding of complex
mechanismsCell Discov. 6(1): p. 36 (2020).

Menu, P. and J.E. Vince, The NLRP3 inflammasome in health and disease: the good, the bad and the
ugly. Clin Exp Immunall1661): p. 215 (2011).

Surabhi, S.et al, The Role of NLRP3 Inflammasome in Pneumococcal InfectiBrent. Immunol
11(3277) (2020).

Swanson, K.V.gt al, The NLRP3 inflammasome: molecular activation and regulation to therapeutics
Nat. Rev. Immunoll9(8): p. 477489 (2019).

Menu, P. and J.E. Vince, The NLRP3 inflammasome in health and disease: the good, ahd tiesd
ugly. Clin. Exp. Immunol1661): p. 115 (2011).

Liu, X., et al, Inflammasomeactivated gasdermin D causes pyroptosis by forming membrane pores
Nature 5357610): p. 153158 (2016).

Karmakar, M., et al, N-GSDMD trafficking to neutrophil organelles facilitates 4L b release
independently of plasma membrane pores and pyropiasisCommunl1(1): p. 2212 (2020).

Saeki, A. et al, Gasdermin Eindependent release of interleukinb by | i vi ng macr ophage
to mycoplamal lipoproteins and lipopeptidédsmmunology161(2): p. 114122 (2020).

Grousd, J.A.¢et al, HostPathogen Interactions in GraRositive Bacterial Pneumoni@lin. Microbiol.

Rev. 32(3): p. e0010718 (2019).

Kostadinova, E.et al, NLRP3 pptects alveolar barrier integrity by an inflammasemgependent
increase of epithelial cell adheren&ei. Rep6(1): p. 30943 (2016).

Madsen, M.B.gt al, Necrotizing soft tissue infectionsa multicentre, prospective observational study
(INFECT): protocol and statistical analysis pl#ctta Anaesthesiol Scang2(2): p. 272279 (2018).
Johansson, L.et al, Cathelicidin LL-37 in severeStreptococcus pyogenassft tissue infections in
humansinfect Immun76(8): p. 3399404 (2008).

Kau, R., et al, Populationbased surveillance forr@up A streptococcal necrotizing fasciitis: Clinical
features, prognostic indicators, and microbiologic analysis of segenn cases. Ontario Group A
Streptococcal StudyAm J Med103(1): p. 1824 (1997).

Kazmi, S.U..et al, Reciprocal, Temporal Expression of SpeA and SpeB by Invasive M1T1 Group A
Streptococcal Isolates In Vivinfect. Immun69(8): p. 49884995 (2001).

Siemens, N.et al, Effects of the ERES pathogenicity region regidalp3 orStreptococcus pyogenes
serotype M49 virulence factor expressidrBacteriol 194(14): p. 361826 (2012).

Scheiermann, Cet al, Circadian control of the immune systeNat. Rev. Immunoll3(3): p. 1960198
(2013).

Haspel, J.A.et al, Perfect timing: circadian rhythms, sleep, and immunéty NIH workshop summary

JCI Insight 5(1) (2020).

Chanput, W..et al, THP-1 cell line: An in vitro cell model for immune modulation approalt.
Immunopharmacol3(1): p. 3745 (2014).

Schildberger, A.et al, Monocytes, peripheral blood mononuclear cells, and-THElls exhibit different
cytokine expression patterns following stimulation with lipopolysacchakiéeiators Inflamm2013 p.
697972697972 (2013).

Collins, S.J., The Hi60 Promyelocytic Leukemia Cell Line: Proliferation, Differentiation, and Cellular
Oncogene ExpressioBlood 70(5): p. 12331244 (1987).

Thénert, R.,et al, Molecular profiling of tissue biopsies realse unique signatures associated with
streptococcal necrotizing soft tissue infectiddat Commun10(1): p. 3846 (2019).

Kubica, M., et al, A Potential New Pathway fdBtaphylococcus aureusissemination: The Silent
Survival of S. aureusPhagocytosd by Human MonocytBerived Macrophage#LOS ONE 3(1): p.
1409 (2008).

Kansal, R.G.et al, Dissection of the molecular basis for hypervirulence of an insélected phenotype

of the widdy disseminated M1T1 strain ofrG@up A Streptococcus baeta J Infect Dis 201(6): p. 855

65 (2010).

Louie, L.,et al, Diagnosis of ®Gup A streptococcal necrotizing fasciitis by using PCR to amplify the
streptococcal pyrogenic exotoxin B gedeClin. Microbiol 36(6): p. 17691771 (1998).

47



226.

227.

228.

229.

230.

231.

232.

233.

234.
235.

236.

237.

238.

239.

240.

241,

242,

243.

244,

245,

246.

247,

248.

249,

250.

Kansal, R.G.et al, Inverse relation between disease severity and expression of the streptococcal cysteine
protease, SpeB, among clonal M1T1 isolates recovered freasiire Goup A streptococcal infection
caseslInfect Immun68(11): p. 63629 (2000).

LaRock, C.N.get al, IL-1beta is an innate immune sensor of microbial proteolgsidmmunal1(2): p.
eaah3539 (2016).

Johansson, Let al, HMGB1 in severe soft tissue infections causedbgptococcus pyogendgont.

Cell. Infect. Microliol. 4(4) (2014).

Deng, M.,et al, Location is the key to function: HMGBL1 in sepsis and traimdaced inflammationJ.
Leukoc. Biol106(1): p. 161169 (2019).

Kachroo, P.,et al, New Pathogenesis Mechanisms and Translational Leads Identiffed
Multidimensional Analysis of Necrotizing Myositis in PrimatesBio. 11(1): p. e03363L9 (2020).

Lynskey, N.N. et al, Multi-functional mechanisms of immune evasion by the streptococcal complement
inhibitor C5a peptidasé’LoS Pathogl3(8): p. eD06493 (2017).

Carlsson, F.et al, Evasion of phagocytosis through cooperation between two Hgemlihg regions in
Streptococcus pyogenbtsprotein J Exp Med19§(7): p. 105768 (2003).

Vega, L.A. and M.G. Caparon, Cationic antimicrobial peptides disruptStheptococcus pyogenes
ExPortal Mol. Microbiol. 85(6): p. 11191132 (2012).

Davies, M.J., Protein oxidation and peroxidatiBirochem J4737): p. 80525 (2016).

van der \éen, B.S.et al, Myeloperoxidase: molecular mechanisms of action and their relevance to
human health and diseagatioxid Redox Signal1(11): p. 2899937 (2009).

Schrijver, I.T.,et al, Myeloperoxidase can differentiate between sepsis andnfiectious SIRS and
predicts mortality in intensive care patients with SIR$&nsive Care Med. Exp(1): p. 43 (2017).
Bonaventura, Agt al, The role of resistin and myeloperoxidase in severe sepsis and septic shock: Results
from the ALBIOS trial Eur. J. Clin. Investig50(10): p. €13333 (2020).

Fischetti, V.A. and J.B. Dale, One More Disguise in the Stealth BehaviBtreptococcus pyogenes
mBio. 7(3) (2016).

Wilde, S.,et al, Playing With Fire: Proinflammatory Virulenddechanisms of Group A Streptococcus
Front Cell Infect Microbiol 11: p. 704099 (2021).

Cain, R.J. and J.A. Vazgu®&oland, Chapter 28Survival Strategies of Intracellular Bacterial Pathogens,
in Molecular Medical Microbiology (Second Edition),-W. Tang, et al., Editors. 2015, Academic Press:
Boston. p. 495615.

Rhodes, A.get al, Surviving Sepsis Campaign: International Guidelines for Management of Sepsis and
Septic Shock: 2018ntensive Care Med13(3): p. 304377 (2017).

Hedetoft, M, et al, Adjunctive hyperbaric oxygen treatment for necrotising-8sftue infections: A
systematic review and meéaalysis Diving Hyperb Med51(1): p. 3443 (2021).

Cheng, D.get al, Inhibition of MPO (Myeloperoxidase) Attenuates Endotheliakfopction in Mouse
Models of Vascular Inflammation and Atherosclero8igerioscler. Thromb. Vasc. Bid39(7): p. 1448

1457 (2019).

Akira, S.,et al, Pathogen Recognition and Innate Immungll. 124(4): p. 783801 (2006).

Marriott, H.M. and D.H. DockrellStreptococcus pneumoniaghe role of apoptosis in host defense and
pathogenesidnt. J. Biochem. Cell BioB8(11): p. 18481854 (2006).

Riegler, A.N., et al, Necroptotic Cell Death Promotes Adaptivemunity Against Colonizing
PneumococciFront. Immunol 10 (2019).

Nishimoto, A.T. et al, Pneumolysin: Pathogenesis and Therapeutic Tdfgmit. Microbiol. 11 (2020).
Walker, J.A. et al, Molecular cloning, characterization, and completelentide sequence of the gene
for pneumolysin, the sulfhydndctivated toxin ofStreptococcus pneumonidafect Immun55(5): p.
11849 (1987).

Cuypers, F.et al, Adenosine Triphosphate Neutralizes Pneumolsituced Neutrophil ActivatiorThe

J. Infect. Dis 222(10): p. 17021712 (2020).

Man, S.M., et al, Molecular mechanisms and functions of pyroptosis, inflammatory caspases and
inflammasomes in infectious diseaskesmunol. Rev277(1): p. 6275 (2017).

48



251,

252,

253.

254,

255.

Bauernfeind, F.Get al, Cuting edge: NFkappaB activating pattern recognition and cytokine receptors

license NLRP3 inflammasome activation by regulating NLRP3 expreskionmunol 1832): p. 787

91 (2009).

Kuno, K. and K. Matsushima, The-Lreceptor signalingathway J Leukoc Bial56(5): p. 5427 (1994).

Gritsenko, A.gt al, Priming Is Dispensable for NLRP3 Inflammasome Activation in Human Monocytes

In Vitro. Front. Immunal 11 (2020).

Qiang Li,etal, GPx1 Gene Del i very Mo dEollowihgeDiverdd ErviBbonmemtal i vat i o
Injuries Through a Specific Subunit of the IKK Compleéntioxid. Redox SignaB(3): p. 415432

(2001).

Jian Zhanget al, Hydrogen Peroxi de Act i6v aPtreosmoNFea B Tahrr do utghhe
Inducing KinaseAntioxid. Redox SignaB(3): p. 493504 (2001).

49



50



Paper |

The role of streptococcal and staphylococcal exotoxins and proteases in human
necrotizing soft tissue infections

Patience ShumbaSrikanth Mairpady Shambat, aNekolai Siemens

Published in Toxins, 11 June 2019. doi:10.3390/toxins11060332

Author contributions:

PSactively participated in planngthe concept of the review, curating data, writing and
editing of the manuscript.

Conception of the concept of thisview article:P.Sand N.S

Data curation, writing, and editing of the manuscipg S.M.S and N.S

"""""""

eeeeeeeeeeeece.

Patience Shumba Prof. Dr. Nikolai Siemens

51



¥ foxins MBPY

Revietw

The Role of Streptococcal and Staphylococcal
Exotoxins and Proteases in Human Necrotizing Soft
Tissue Infections

Patience Shumba !, Srikanth Mairpady Shambat ? and Nikolai Siemens !*

T Center for Functional Genomics of Microbes, Department of Molecular Genetics and Infection Biology,

University of Greifswald, D-17489 Greifswald, Germany; patience.shumba@uni-greifswald.de

2 Division of Infectious Discases and Hospital Epidemiology, University Hospital Zurich, University of Zurich,
CH-8091 Zurich, Switzerland; Srikanth MairpadyShambat@usz.ch
*  Correspondence: nikolai.siemens@uni-greifswald.de; Tel.: +49-3834-420-5711
check far
Received: 20 May 2019; Accepted: 10 June 2019; Published: 11 June 2019 updates

Abstract: Necrotizing soft tissue infections (NSTTs) are critical clinical conditions characterized by
extensive necrosis of any layer of the soft tissue and systemic toxicity. Group A streptococci (GAS) and
Staphylococcus aureus are two major pathogens associated with monomicrobial N5TIs. In the tissue
environment, both Gram-positive bacteria secrete a variety of molecules, including pore-forming
exotoxins, superantigens, and proteases with eytolytic and immunomodulatory functions. The present
review summarizes the current knowledge about streptococcal and staphylococcal toxins in NSTIs
with a special focus on their contribution to disease progression, tissue pathology, and immune
evasion strategies.

Keywords: Streptococcus pyogenes; group A streptococcus; Staphylococcus aureus; skin infections;
necrotizing soft tissuc infections; pore-forming toxins; superantigens; immunomodulatory proteases;
immune responses

Key Contribution: Group A streptococcal and Staphylococcus aureus toxins manipulate host
physiological and immunological responses to promote disease severity and progression.

1. Introduction

Necrotizing soft tissue infections (INSTls) are rare and represent a mare severe rapidly progressing
form of soft tissue infections that account for significant morbidity and mortality [1]. NSTTs can be
classificd according to the invading organisms (types [-111), and less commonly, the depth of invasion,
or anatomic location (trunk, extremity, perineum) [1-4]. Type I NSTIs, also referred to as synergistic
NST1Ts, affect around 70%—80% of patients seen in practice [1,3]. They are of a polymicrobial nature,
frequently involving a mixture of aerobic and anaerobic bacteria [5] and affect elderly and/or patients
with multiple underlying conditions, including diabetes mellitus, obesity, vascular diseases, renal
insufficiency, and immunosuppression [6]. Type 1L NSTIs, causing around 20%—-30% of cascs, arc of a
monomicrobial nature mostly due to Gram-positive organisms. Among these, Streptococcus pyogenes
{(group A streptococcus [GAS]) is the most common pathogen [7-10]. Although 5. aurets has not
been described as a monomicrobial cause of NSTIs in clinical settings until 2005, the number of
methicillin-resistant 5. aureus (MRSA) NSTTs is constantly increasing leading to the second major
species responsible for type IT NSTTs [11]. Type IT NSTTs affect mostly young individuals without
underlying conditions with a recent history of trauma to an extremity or intravenous drug abuse [4].
Type Il infections are confined to warm coastal arcas and are caused mainly by Gram-negative Vibrio
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species [1,12]. This review article focuses solely on type I NSTIs caused by GAS and . aureus and the
role of respective exotoxins and secreted proteases contributing to the severity of infection.

2, Pathophysiology of Type IINSTIs

GAS and 5. aureus are Gram-positive cocci, which share many features, including clinical
aspects and pathogenic mechanisms. Both secrete virulence factors with pore-forming and/or
immunomodulatory properties (Figure 1). However, they also have unique features. 5. aureus
is a major cause of community- and hospital-acquired infections ranging from mild superficial skin
and throat infections to invasive infections such as toxic shock syndrome (TSS) and NSTIs [13]. A great
public health concern is the increasing prevalence of MRSA, specifically the rise in community-acquired
(CA) 5. aureus [13-15]. Specifically CA-MRSA clones are associated with highly aggressive infections,
including NSTIs, in otherwise healthy individuals [11]. GAS with an estimate of 500,000 deaths
annually is rated as number nine on the list of global killer pathogens [16]. GAS can cause a variety of
diseases in immunocompetent individuals similar to those listed for 5. aureus [16].
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Figure 1. Streptococcal and staphylococcal secreted virulence factors with pore-forming and/or
immunomodulatory properties. (a) Group A streptococcal (GAS) secreted factors: Streptolysins 5
and O (SLS, SLO), streptococcal pyrogenic exotoxin B (SpeB), superantigens (SAgs), C5a peptidase
(ScpA), Immunoglobulin degrading enzyme of streptocecct (IdeS), SpyCEP, Spy A, Streptokinase (Ska),
and NADase. (b} Staphylococcal secreted factors: Leukocidins, a-toxin, phenol-soluble modulins
(PSMs), superantigens (SAgs), staphopain A (ScpA), Staphopain B (SspB), Aureclysin (Aur), V8
protease, exfoliative toxins (ETs), epidermin leader processing protease (EpiP), serine protease-like
proteins (Spls), and staphylekinase (SAK).

Type Il NSTIs can present with or without a defined portal of entry [4]. In ca. 50% of cases the
Gram-positive cocci can gain entry to the deeper tissue (i) after breaches of the skin due to drug injections,
incisions or childbirth, (ii) through superficial lesions (e.g., lacerations or insect bites), or (iii) after a
penetrating trauma [1]. The proliferation of the bacteria leads to the release of exotoxins, which will
cause tissue damage and impair the initial and very crucial inflammatory response. Within the next
24-72 h toxin induced local coagulation disturbances and damage of the endothelium lead to fluid
leakage, tissue swelling, and erythema. These changes become widespread leading to the development
of bullae, ecchymoses, and further bacterial spread to the deeper layers of the tissue. Further exotoxin
production by bacteria leads to occlusion of major vessels with subsequent necrosis of all tissue layers
including muscles [4,17]. In the other 50% of cases, NSTIs initiate without a portal of entry, often
at sites of non-penetrating trauma (e.g., blunt trauma and bruises) [18]. Tissue injury initiates an
influx of leukocytes, activation of myogenic progenitor cells, and trafficking of the microorganisms,
by a yet unknown mechanism of initiation, to the affected site [4]. Again, bacteria start to proliferate
and produce exotoxins, which leads to the occlusion of arteries. Subsequently, these events result in
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necrosis of the deeper tissue that spreads to upper tissue layers. In contrast to NSTIs with a defined
portal of entry, the bullae and ecchymoses develop later [4].

3. Superantigens and Toxic Shock Syndrome

Invasive GAS infections are often complicated by streptococeal toxic shock syndrome (STSS) [19].
According to Sepsis-3 consensus, sepsis is a life-threatening organ dysfunction caused by a dysregulated
host response to infection. Toxic shock is a subset of sepsis in which particularly profound circulatory,
cellular, and metabolic abnormalities are associated with a greater risk of mortality than with sepsis
alone [20]. Approximately 50% of GASINSTI cases are associated with STSS [21,22], which significantly
increases the mortality of GAS NSTIs [21,23]. Although less common, staphylococcal TSS was also
reported in cases of skin and soft tissue infections [24]. Staphylococcal TSS is divided in two categories,
menstrual and non-menstrual [25]. Menstrual TS5 occurs within two days of a woman’s menstrual
period and is usually associated with tampon use. Approximately half of the reported cases are of
a non-menstrual nature and are reported in a variety of cases, including surgical wound infections,
burns, and cutaneous and subcutaneous lesions. The fatality rate of these infections remains around
5% [26].

Toxic shock presents classically in three phases. The first phase is characterized by fever, myalgia,
headache, and chills. Nausea, vomiting, and diarrhea may also be present. The second phase expands to
systemic manifestations, such as tachycardia, tachypnea, and high fever. In 5TSS, pain is present in the
affected limb, abdomen or thorax. The third phase is characterized by circulatory shock accompanied
by multi-organ failure [27]. Both, STSS and staphylococcal TSS are superantigen-driven diseases.
However, SI55 is a result of an invasive infection (e.g., NSTT), while staphylococcal TSS is secondary to
a localized infection (e.g., infections of postsurgical or postpartum injuries, burns, soft tissue injuries,
and focal infections) [28]. Superantigens (SAgs) are recognized as key exotoxins mediating the systemic
excessive inflammatory response of the host [29]. To date, 26 staphylococcal and 11 streptococcal SAgs
were identified [30,31]. S. aureus SAgs include the toxic shock syndrome toxin 1 (TSST-1), staphylococcal
enterotoxins (SEs) A-E and G-I, and SE-like (SE]) SAgs J-Z [31,32]. The SEs are defined by their emetic
activity, while SEls lack this activity or have not been tested yet [32]. TSST-1 was among the first SAgs
to be associated with staphylococcal TSS [33]. Streptococcal SAgs include streptococcal pyrogenic
exotoxins (Spe) A, C, G-M, streptococcal superantigen (55A), and streptococcal mitogenic exotoxin Z
(SmeZ) [30].

For many years, SAgs were known as pyrogenic toxins based on their common pyrogenic
activity [34]. Marrack and Kappler suggested the term superantigen, to emphasize the stimulatory
capacity of these exotoxins on T cells [35]. SAgs bind without prior cellular processing to a- and/or
[3-chains of the major histocompatibility complex (MHC) class Il melecules on antigen-presenting
cells (APCs) and to the variable f-chains on the T-cell receptor (TCR; Figure 2) [36]. In addition,
SAgs can also bind a co-stimulatory molecule CD28 and its ligand CD86 (B7-2) [37,38]. Once the fine
MHC-peptide specificity of T cells is bypassed, these interactions result in a massive cytokine storm,
including tumor necrosis factor (TNF), interferon (IFN)-y, interleukin (IL)-1, IL-2, IL-6, CXCL8, CCL2,
and CCL3 [39].

The majority of the SAg studies are confined to systemic effects and only a limited number of
studies investigated SAg-driven events at the deep tissue site [19,40]. A recent study showed that
staphylococcal SAgs TSS5T-1, SEB, and SEC facilitate the attraction of the adaptive immune system to
the local environment through their binding to CD40 on human vaginal epithelial cells [41]. The data
suggest that, especially in cases of menstrual TS5, SAgs facilitate infections by the disruption of
mucosal barriers and subsequently stimulates chemokine production [41]. Thus, the data indicate that
SAg-driven activation of T cells may induce the abundance of homing receptors and thereby promote
the migration of activated T cells to the skin or mucosal surfaces. Subsequently, these events lead to
exacerbated inflammation of the infected tissue.
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. processed antigen

Figure 2. Superantigen (SAg) driven T cell activation. (a) Antigen presenting cell (APC) presents a
processed antigen peptide on the MHC class Il molecule toa T cell via T cell receptor. A process called
conventional antigen presentation. (b) SAgs bind without cellular processing to MHC class II molecule
and variable beta {V[3) chain on the T cell receptor. This results in uncontrolled T cell activation.

4, Pore-Forming Toxins

Pore-forming toxins are a class of bacterial virulence factors that disrupt eukaryotic membrane
barriers, cause cell lysis, and have immuno-modulatory functions. In this section, we discuss major
GAS and staphylococcal pore-forming toxins and their potential implications in NSTIs.

4.1. GAS Pore-Forming Toxins

Nearly all clinical GAS isolates secrete a potent hemolysin streptolysin S (SLS) [42]. SLS is
a small (2.7 kDa) peptide with the ability to lyse red blood cells, which is typically visualized as
a zone of clearance around GAS colonies on blood agar plates, a process called p-hemolysis [43].
SLS is encoded by the SI.S-associated gene (sag) locus consisting of nine genes (sagABCDEFGHI) [44].
The sagA gene encodes the premature form of SLS, while the others are required for post-translational
modification, processing, and export of the mature SLS [44,45]. SLS is cytolytic only when associated
with the bacterial cell surface or carrier molecules [46] and it targets primarily red blood cells, platelets,
subcellular organelles, and leukocytes [47-49]. It has been suggested that SLS accumulates in cell
membranes of eukaryotic cells leading to pore formation and irreversible osmotic lysis of the cells [50],
but the exact mechanism is not yet fully understood. A recent study by Higashi and colleagues showed
that red blood cell hemolysis by GAS is caused by interactions of SLS with the major erythrocyte anion
exchange protein band 3 leading to an osmotic change characterized by a rapid influx of C1~ ions [43].
This finding led the authors to hypothesize that SLS might disrupt similar anion channels in other cell
types such as leukocytes, keratinocytes, and endothelial cells [43]. In vive studies have demonstrated
that SLS is a crucial virulence factor in GAS NSTIs [45]. SLS-negative mutants were less virulent
in a mouse skin infection model as compared to parental wildtype strains [51], suggesting that SLS
expression is detrimental for the pathogenesis of destructive infections. SLS facilitates the translocation
of GAS across the epithelial barrier through direct cleavage of junctional proteins occludin and
E-cadherin {Figure 3) [52]. In addition, direct damage to keratinocytes is guaranteed via the induction
of pyroptosis [53]. An out-of-proportion pain is a critical feature of NSTIs at early stage of infection [1].
A recent study has discovered that SLS activates sensory neurons to produce pain [54]. This leads to a
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release of neuropeptides that suppress the recruitment of neutrophils to the site of infection and allows
the bacteria to spread [54]. Once deeper layers are reached, the direct cytotoxicity of SLS towards
a variety of cells residing within the skin tissue and feeding vessels provokes neutrophil influx and
further contributes to tissue damage by synergizing with neutrophil-derived factors [55]. Moreover,
SLS actively destroys neutrophils which are recruited to the site of infection [56]. This contributes to a
negative outcome in patients in two ways; (i) reduced numbers or lack of neutrophils in the infected
tissue is an unfavorable prognostic sign in GASNSTIs [57] and (ii) neutrophil derived effector molecules
contribute to hyper-inflammation and tissue damage [19,58,59]. It has also been suggested that SLS
impairs the phagocytic clearance of bacteria and further synergizes with other streptococcal virulence
factors, such as Streptolysin O (SLO) and the M-protein to augment tissue injury [60]. Failed clearance
of the pathogen in deeper tissue layers allows the bacteria to spread and become systemic. In addition,
the bacteria can form biofilm, a recently discovered finding in patients suffering from GAS NSTIs [61].
In line with this discovery, Vajjala and colleagues have shown that both streptolysins (SLS and SLO)
are required for inducing endoplasmic reticulum stress in the host which, in turn, promotes GAS
invasiveness into deeper tissue and biofilm formation [62].

Epidermis

Dermis

Subcutaneous fat

Muscle

@9 GAS @ SLS O CGRP (%es Neutrophil \0 Monocyte ‘ Macrophage

Figure 3. Streptolysin S (SLS) mediated tissue pathology. Group A streptococci (GAS) translocate
through the epithelium via cleavage of the junction proteins or direct damage. Once deeper layers are
reached SLS stimulates neurons to release calcitonin gene-related protein (CGRP), which inhibits the
recruitment of neutrophils. In addition, direct damage of neutrophils, monocytes, and macrophages
impairs phagocytic clearance of the bacteria and contributes further to tissue damage. Failed clearance
of the pathogen results bacterial dissemination and biofilm formation.

SLQO is a 57 kDa oxygen-sensitive, cholesterol-dependent cytolysin, which is encoded by the highly
conserved slo gene [63]. SLO targets several eukaryotic cells, including macrophages, neutrophils,
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epithelial cells, and endothelial cells [63]. It disrupts cytoplasmic membrane integrity through pore
formation, thereby inducing cell death through pyroptosis [64], apoptosis [65], and necrosis [66].
Despite its cytolytic activity, SLO is able to suppress crucial neutrophil functions at early stages of
infection, including migration, oxidative burst, degranulation, release of other pro-inflammatory
mediators, and formation of neutrophil extracellular traps (NET) [67]. In addition, SLO contributes
to impaired phagocytic clearance of GAS, thereby enhancing bacterial virulence in murine infection
models [68]. Zhu and colleagues have shown that a GAS mutant lacking slo gene was significantly
attenuated in a murine soft tissue infection model [69]. SLO expression is regulated by the
two-component system CovR/S, which is known to regulate the expression of up to 15% of the
GAS genome [70]. Tissue passage of GAS selects for covR/S mutations resulting in an upregulated
SLO expression and further systemic dissemination of the bacteria [71,72]. In addition, Sumby and
colleagues have shown that a frameshift mutation in the covS gene results in an up-regulation of slo
transcripts [73]. Furthermore, strains with a non-functional CovR/S TCS were characterized by a
higher secretion of SLO, suggesting that CovR/S acts as a repressor of several virulence relevant genes
including slo [73]. In line with this, it was demonstrated that bacterial isolates derived from invasive
human infections show higher SLO activity as compared to isolates from non-invasive infections [74].
Also, antimicrobial peptide LL-37, which is highly abundant in necrotic tissue [75], contributes through
the CovR/S system to upregulation of SLO expression and promotes resistance of GAS to killing
by human epithelial cells, neutrophils, and macrophages [76]. Moreover, LL-37 promotes vesicle
formation by GAS, which contain SLO among other virulence factors, further contributing to GAS
pathogenesis [77].

4.2. Staphylococcal Pore-Forming Toxins

Alpha toxin (also referred as Hla or Hemolysin-«) is a 33.3 kDa water soluble monomer and is
secreted by approximately 95% of 5. aureus isolates [78]. NSTl-associated CA-MRSA strains tend to
express higher levels of this protein as compared to hospital-acquired (HA) MRSA strains [79,80].
Alpha toxin lyses human platelets, endothelial cells, epithelial cells, keratinocytes and leukocytes in
two different ways [81]. First, high amounts of the secreted monomeric components integrate via
the binding of phosphatidylcholine or sphingomyelin and cholesterol into the membrane of target
cells [82,83]. The resultant heptamer structure subsequently leads to the pore formation and lysis of
the cells [84]. Second, at lower concentrations, alpha toxin binds A Disintegrin and Matalloprotease 10
(ADAMI0) [85] leading to the induction of catalytic activity of the receptor. ADAMI0 is a eukaryotic
cell surface protease, which is expressed by keratinocytes, endothelial cells, and platelets [66-89] and
whose substrates are members of the notch, ephrin, and cadherin families [87,90-92]. The loss of the
adherence junctions of the epithelium, e.g., due to the cleavage of E-cadherin, disrupts the epithelial
barrier function [93]. Alpha toxin induced pore formation and the resulting Ca?* influx further enhance
ADAMIO0 activity [92,94].

Unlike a-toxin, leukocidins consist of two components and are hetero-oligomeric.
Woodin demonstrated for the first time the bi-component composition through the fractionation
of the Panton-Valentine Leukocidin (PVL) [95]. Using ion-exchange chromatography, it was shown
that PVL consists of a subunit F and S representing fast and slow fractions, respectively [95]. This study
showed that the two subunits must be combined to reach the maximum cytolytic activity [95].
The assembled leukocidins are octamers consisting of four F and four S subunits [96]. Except of LukAB,
which either dimerizes after secretion or is released as a dimer [97,98], the 5 subunits bind to specific
host cell receptors and induce conformational changes to allow dimerization with F subunits, followed
by oligomerization of the dimers to form a pre-pore [99]. To date, seven bi-component leukocidins,
namely PVL, LukAB, LukED, HIgAB, HlgBC, LukMF’, and LukPQ are described in S. aureus (Table 1).
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Table 1. 5. aureus leukocidin receptors and human target cells.

Leukocidin ~ Other Names  Receptors Human Cell Targets

Neutrophils
PVL PVL-Luksy ookl Monocytes
ChaRz
Macrophages
Neutrophils
Monecytes
LukAB LukGH CD11b
Macrophages
Dendritic cells
CCRS T cells .
CXCR1 Neutrophils
LukED Monocytes
CXCR2 "
DARC Dendritic cells
Erythrocytes
CXCRI Neutrophils
-hemolysin CXCR2 Monocytes
HIgAB Y ¥ CXCR4 ok
y-toxin Macrophages
CCR2 Ervth
DARC rythrocytes
Leukocidil} C5aR1 Neutrophils
HlgCB y-hemolysin Monecytes
. C5aR2
y-toxin Macrophages

In this review, we limit our discussion to only five, as LukMF~ and LukPQ are circulating in
S. aurens stains infecting non-human hosts [100,101]. Leukocidins kill human cells and/or modulate
the host cell signaling. At higher concentration, the formation of pores ultimately results in cell
death. PVL, HlgAB, HlgCB, and LukAB activate the NOD-, LRR- and pyrin domain containing 3
(NLRP3) inflammasome in monocytes and macrophages [102-105]. Following NLRP3 activation,
caspase 1 triggers a pro-inflammatory response and induces pyroptosis [102-106]. At lower toxin
concentrations, leukocidins can alter the activation of neutrophils [107,108], trigger the formation of
NETs [109], and alter the intracellular signaling in macrophages and neutrophils [102,104,106].

PVL, encoded by the genes lukl-PV and [ukS-PV onbacteriophages [110], was predominantly found
(77-100%) in CA-MRSA strains [111,112], which were isolated from skin and soft tissue infections [113,
114]. In contrast, less than 3% of colonizing S. aureus strains have the PVL genes [115]. It has been
difficult to investigate the role of PVL in human infectious diseases. Due to receptor specificity, murine
models have been proven to be unreliable to study PVL functions [116]. In contrast, rabbit models have
demonstrated to be a useful tool to study diseases, such as necrotizing pneumonia [116]. However,
rabbit studies confined to the role of PVL in skin infections contradict each other. While Lipinska and
colleagues showed that PVL contributes to tissue pathology in the early stages of infection [117], others
could not detect a role of PYL in NSTIs [118]. In contrast to animal models, using a panel of monoclonal
antibodies against transmembrane proteins expressed by human neutrophils and macrophages, Spaan
and colleagues showed that the human Cb5a receptors 1 and 2 (C5aR1 and C5aR2) are able to bind the 5
subunit of PYL and facilitate pore formation [108]. In addition, genome wide CRISPR-Cas9 screen of
U937 cells identified human CD45 as a receptor for the F subunit of PVL [119]. CD45 is expressed on
all nucleated hematopoietic cells, including T cells, B cells, and cells of the myeloid lineage [120].

LukAB is a recently discovered leukocidin. Apart from its release into surrounding tissue, it is
also present on bacterial surface [98]. The majority of 5. aureus strains harbor the genes lukAB [121],
but three cut of ten strains fail to express and secrete the protein [122]. The role of LukAB in infections
remains elusive. Ex vivo studies showed that LukAB kills human neutrophils by direct interaction
with the ce-subunit of the aM/32 integrin (CD11b) [123]. In addition, LukAB can synergize with FVL
resulting in cytolytic activity towards monocytes, dendritic cells, and neutrophils [98,104].
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LukED is another recently discovered leukocidin. Epidemiological studies showed that about
99% of CA-MRSA strains contain the IukED locus, whereas MSSA strains were less likely to contain the
genes (44%77%) [115]. CCR5 was identified as a first LukED receptor by screening the susceptibility of
different human cell types, including T cells, macrophages, and dendritic cells [124]. Further analysis
identified chemokine receptors CXCR1 and CXCR2 as LukED receptors on neutrophils and monocytes,
which were not expressing CCR5 [125]. Together with HlgAB, LukED belongs to the most potent
hemolytic leukocidins against human erythrocytes [126]. Both leukocidins target Duffy antigen receptor
for chemokines (DARC) to lyse erythrocytes, which, in turn, contributes to S. aureus growth due to iron
release [126].

y-Hemolysins (HIgAB and HlgCB) share the same F subunit HlgB, but differ in their & subunit.
Both are encoded within the same locus by three genes ilgABC [127]. Up to 99% of 5. aureus strains
associated with human colonization express both hemolysins [128]. HIgAB exhibits cytolytic activity
towards human red blood cells and leukocytes [129,130], whereas HlgCB is primarily leukotoxic and
exhibits only limited cytolytic activity towards red blood cells [131]. As mentioned above, red blood
cell lysis is assured through the HlgAB and DARC interaction [126]. In addition, CXCR1, CXCR2,
CXCR4, and CCR2 were identified as HIgAB receptors on human neutrophils and macrophages [131].
In contrast, HlgCB interacts with human neutrophils and monocytes via complement receptors C5aR1
and C5aR2 [131].

Phenol-seluble modulins (PSMs) are another class of staphylococcal pore-forming toxins which
were discovered first in 5. epidermidis in 1999 [132]. Eight years later, PSMs were also identified
within S. aureus core genome [133]. PSMs are divided in two different subfamilies. PSMa peptides
(PSMocl- PSMod and 6-hemolysin [HId]) of short amino acid sequence (20-26) are encoded within
the psma operon. PSM[f3s (PSMB1 and PSM32), which are long peptides (40-44 amino acids)
are encoded within the psmpg operon [134]. $-Hemolysin is encoded within the coding sequence
of RNAII [135]. PSM peptides have a strong impact on the capacity of S. aureus to cause skin
infections [118,133]. Especially, CA-MRSA strains tend to express higher amounts of PSMs as
compared to HA-MRSA strains [118,133]. One of the major contributions of PSMs to 5. aureus
pathogenesis is the ability to lyse eukaryotic cells. In contrast to ce-toxin and bi-component leukocidins,
it is most likely a receptor independent process [136]. PSMa peptides have the strongest ability
to lyse erythrocytes and leukocytes, Hld has moderate cytolytic activity, and PSM[3 peptides are
not cytolytic [137]. Several studies have demonstrated that PSMe peptides facilitate killing of
osteoblasts [138] and neutrophils after phagocytosis [139,140]. At sublytic concentrations, PSMaod
initiates pro-inflammatory responses, including chemoattraction and activation of neutrophilsleading to
arelease of CXCL8[133,136] and heparin-binding protein, which further induces vascular leakage [141].
PSM«l, PSM«3, and HId can also induce mast cell degranulation [142] and stimulate IL-10 production
by human dendritic cells, which in turn suppresses secretion of pro-inflammatory cytokines [143].
Consequently, these dendritic cells favor priming of regulatory T cells with suppressor function,
thereby impairing the Thl response [143]. Recently, it was also shown that PSMw triggers cutaneous
inflammation [144]. The release of IL-1« and IL-36x by keratinocytes drives IL-17 production by
v T cells and type 3 innate lymphoid cells (ILC3) leading to neutrophil recruitment to the site of
infection [144].

Although several virulence factors are implicated in contributing towards fulminant N5TTs,
each exotoxin might play a certain redundant and/or non-redundant role in eliciting tissue damage and
inflammation. During NSTIs, several of these secreted virulence factors might be co-expressed and in
turn collectively contribute towards fulminant infections. The cell specificity of these several toxins
may play a major role in the coordinated action of the toxin-induced tissue damage. For example,
a-toxin and PVL can synergize. Alpha toxin induces the direct cytolytic effect towards epithelial cells
which will result in CXCL8 release and subsequent neutrophil chemotaxis. The presence of PVL will
activate and lyse recruited neutrophils exacerbating the tissue damage [106,145]. This phenomenon
has been mainly shown in experiments using lung epithelial cells. A similar mode of action might also
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be relevant in NSTIs. Similarly, both PVL and LukAB can individually cause neutrophil lysis, but their
cytotoxic effect is further enhanced when combined together [98,106]. In addition, SAg-translocation
{e.g., TSST-1) is augmented by a-toxin and leukocidins which further enhances inflammation of the
epithelium and contributes towards epithelial barrier disruption [146,147]. Although this coordinated
effect of toxin synergism has not been empirically tested during NSTIs, focusing only on individual
toxins can definitely obscure the co-operative actions during infection. Hence, further studies focusing
on toxin synergisms during N5TTs need to be conducted. Potentially, these combined effects on specific
cell types can amplify tissue pathology to the benefit of the invading bacteria and may define the
disease severity and clinical outcome.

5, Proteases and Other Immune-Modulatory Toxins

Proteases are secreted virulence factors which promote establishment of infection through damage
of barriers. They inhibit transmigration of immune cells to the site of infection and suppress their
function. In this section, we discuss major streptococcal and staphylococcal proteases and their
implication in NSTIs.

5.1. Streptococcal Proteases and Other Toxins

Despite its name, streptococcal pyrogenic exotoxin B (SpeB), SpeB is neither pyrogenic nor an
exotoxin. SpeB is a cysteine protease and one of the first proteases identified in GAS [148]. The speB
gene is highly conserved in all GAS strains [149]. The gene encodes a zymogen of 40 kDa that
is autocatalytically cleaved into a mature 28 kDa protein [150]. SpeB cleaves a broad spectrum of
streptococcal and human host proteins. On the bacterial site, SpeB is able (i) to remove proteins from
the surface, which includes M-protein, fibronectin-binding proteins, and Cha peptidase [151-153] and
(i) to hydrolyze secreted proteins, such as streptokinase, EndoS, SLO, and SAgs [154-157]. On the
host site, SpeB cleaves IgG into Fe and Fab fragments and degrades IgA, IgM, gD, and [gE [158].
The cleavage of IgG results in impaired opsonophagocytosis and increased survival of GAS in human
blood [159]. Further, SpeB cleaves components of the complement activation pathway Kuo and
colleagues demonstrated that C3b is cleaved by SpeB leading to impaired phagocytic killing of bacteria
by neutrophils [160]. In support of this, Terrao and colleagues detected only degraded C3b fragments
in sera of patients diagnosed with STSS [161]. Moreover, SpeB degrades a wide range of chemokines,
including, CXCL1, CXCL2, CXCL3, CXCL4, CXCL5, CXCL6, CXCL7, CXCL10, CXCL11, CXCL12,
CXCL13, CXCL14, CXCL16, CCL20, XCL1, and CX3CL1 [162] and cleaves pro-IL-1f into biologically
active [L-1(3 [163]. It was suggested that I[L-1(3, which activates the NLRP3 inflammasome acts as a
sensor of intracellular proteolytic activity of SpeB [164]. Moreover, IL-1§3 pathway plays a key role in
modulating susceptibility of the host to GAS NETIs [165]. SpeB also interferes with coagulation and
anticoagulation pathways by degrading fibrinogen and plasmin, respectively [166,167] and contributes
to tissue pathology via the degradation of extracellular matrix proteins and the activation of matrix
metalloproteases [168,169].

Although SpeB shows such a broad spectrum of substrates, its role in invasive GAS infections is still
controversial. The speB gene can be found in isolates from all types of diseases [170,171]. Some studies
show that SpeB is readily detectable in patients” sera and tissues [61,172]. Others demonstrate that
SpeB amounts and activity produced by isolates from non-severe cases are higher as compared to
isolates from severe cases [173]. However, low anti-SpeB antibody titers have been associated with
severe diseases [174]. This controversy continues also in interpretation of the results generated from
mice models. While some authors report that SpeB contributes to disease severity, mortality, bacterial
dissemination, and tissue damage [175-178], others show that speB-deficient strains are as virulent as
the parental wild type strains [179,180]. Loss of SpeB expression through mutations in covR/S or ropB is
believed to trigger a hyper-virulent phenotype of bacteria [72]. However, human tissues from NSTIs
cases are strongly positive for SpeB [61,75]. As recently shown, most likely it is a mixed population of
SpeB-positive and SpeB-negative clones contributing to tissue pathology and disease severity [61].
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Immunoglobulin degrading enzyme of 5. pyogenes (IdeS) is a 35 kDa secreted cysteine protease
which hydrolyses four subclasses of human IgG [181]. As a consequence, bacterial bound IgGs that are
cleaved by IdeS lack IgG-Fe receptor and complement binding/activation capability. Apart from its
implications as an important anti-phagocytic virulence factor [182], the role of IdeS in NSTIs is not
yet clear.

GAS express two major subtilisin-like serine proteases with immunomodulatory functions, C5a
peptidase (ScpA) and SpyCEP. ScpA contains an LPXTG motif which facilitates anchoring of the
protein to the bacterial cell wall [183]. Until recently, the human anaphylatoxin C5a was reported
as the only substrate for ScpA [184]. The cleavage of Cba results in impaired neutrophil activation
and recruitment to the site of infection [185]. Recently, Lynskey and colleagues identified C3 and C3a
as novel substrates for ScpA [186]. Cleavage of C3a leads to impaired human neutrophil activation,
phagocytosis, and chemotaxis, while cleavage of C3 generated C3a and C3b fragments with impaired
functions [186]. SpyCEP is a 180 kDa, surface-exposed, subtilisin-like serine protease that helps
GAS to disseminate in soft tissue [187,188]. SpyCEP is highly expressed in vivo [189] and cleaves
CXC chemokines, including CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, and CXCLS8 [187,188,190],
which results in an impaired chemoattraction of eosinophils, neutrophils, and monocytes to the site
of infection [189,191]. Moreover, SpyCEP promotes resistance to phagocytic clearance of bacteria by
reducing formation of NETs [189]. Recently it was also shown that functional SpyCEP is detrimental
for invasion of human epithelial and endothelial cells and for biofilm formation [192].

NAD-glycohydrolase (NADase) is encoded by the nga gene and is co-transcribed with the slo
gene [193]. NADase cleaves NAD in mammalian cells, thereby promoting cytotoxicity through the
depletion of energy sources [194]. Several in vivo and in vitro studies have demonstrated synergistic
toxicity by SLO and NADase in GAS infections [69,193]. A recent study suggests that binding of
NADase to S5LO stabilizes both toxins, thereby increasing host cell toxicity [195].

SpyA is a 25 kDa surface exposed C3-like ADP-ribosyltransferase which catalyzes the transfer
of an ADF ribose moiety of NAD™ to target proteins [196-198]. It is believed that SpyA modifies
actin, vimentin, and tropomyosin to disrupt cytoskeletal structures and promote colonization of the
host [196]. In addition, SpyA induces pyroptosis in macrophages, resulting in a release of IL-1j3,
which in turn enhances bacterial clearance [199].

Streptokinase (Ska) is a plasminogen activator protein which non-enzymatically converts
plasminogen to proteolytically active plasmin [200]. To date, Ska has been found in all GAS isolates.
The molecule is comprised of three domains (e, 3, and v) and three distinct skz alleles, type 1, 2a, and 2b
have been described [201]. The majority of GAS strains isolated from skin infections are harboring
type 2b ska allele [201]. Although Ska activates plasminogen, it is not a protease. GAS cover their
surface via different surface anchored or surface associated virulence factors with plasminogen, which,
in turn, leads to acquisition of streptokinase [202,203]. The Ska-plasminogen interaction leads to
exposure of an active site in the complex, which results in a proteclytical conversion of plasminogen to
plasmin [204,205]. Due to host-specificity of Ska, GAS are exclusively human pathogens, no differences
invirulence between wildtype and ska-deficient GAS mutants are seen in murine infection models [206].
In humanized transgenic mice, expressing human plasminogen, the mortality of mice infected with
ska-mutant is largely abrogated [207]. In line with this, the SpeB-negative M1T1 GAS variant 5448AF
expresses higher levels of Ska as compared to the parental strain 5448 and shows higher surface
plasminogen acquisition resulting in hyper-virulence in a subcutaneous infection model of humanized
transgenic mice [72].

5.2. Staphylococeal Proteases and Other Toxins

Staphylococcal cysteine proteases are papain-like proteases that belong to the C47 family of
cysteine peptidases. They can directly or indirectly damage the epithelium as well as connective
tissue [208]. Two cysteine proteases, staphopain A (ScpA) and staphopain B {(SspB), were identified in
S. aureus. ScpA is a 20 kDa protein, which auto-activates upon release into environment [209]. Tts broad
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spectrum of substrates includes collagen, elastin, fibronectin, fibrinogen, and kininogen [210,211].
In addition, ScpA blocks CXCR2 on neutrophils via cleavage of the N-terminal domain, making
neutrophils unresponsive to activation by all CXCR2 ligands [212]. Moreover, this cleavage results in
impaired neutrophil migration towards CXCR2 chemokines [212]. SspB is a 20 kDa peptidase, which is
structurally related to ScpA [209]. SspB cleaves CD11b on monocytes and neutrophils resulting in
an atypical cell death [213]. Moreover, SspB blocks phagocytosis of S. aureis by neutrophils and
monocytes and represses their chemotactic activity by a vet unknown mechanism [214].

The group of staphylococcal serine proteases encloses three major classes: the SspA {or V8
protease), epidermin leader peptide processing serine protease (EpiF), and exfoliative toxins (ETs).
V8 protease is secreted as an inactive precursor and requires aureolysin (Aur) for its maturation [209].
The mature V8 protease degrades the Fc region of immunoglobulins leading to impaired interaction of
immune effector cells with the antigen [215]. In skin infections, V8 protease disrupts the structure of the
stratum corneum but does not cause epidermal hyper-proliferation or inflammatory cell infiltration [216].
The role of EpiP in S. aureus pathogenesis is not fully understood. EpilP is a subtilisin-like serine protease
that cleaves collagen [217]. Mice vaccinated with Epil® were protected from subcutaneous S. aureus
infection [217]. As mentioned above, its structural homologue in 5. pyogenes, SpyCEP, inactivates CXCL8
and impairs the recruitment of neutrophils to the site of infection [187,189]. However, whether EpiP
has similar pathogenic mechanisms remains to be investigated. The third class of serine proteases are
the epidermolytic ETs. Although not involved in severe skin infections, ETs can cause breakage of
the upper layers of the skin [218]. Four ETs, namely ETA, ETB, ETC, and ETD are known so far [218].
However, ETA and ETB are implicated in human skin infections [219], while ETC and ETD are more
related to non-human hosts. Both, ETA and ETB cleave desmoglein 1, a glycoprotein responsible
for cell-cell adhesion of the keratinocytes in stratuin granulosum without affecting E-cadherin [220].
In addition to serine proteases, S. aureis secretes six serine protease-like proteins (SplA-SplF) [221],
which show amino acid homology with SspA and ETs [222]. In contrast to other serine proteases, Spls
are mainly implicated in allergic airway reactions such as asthma [223].

Aureolysin (Aur) belongs to the family of zinc-dependent metallopeptidases [224]. In vitro,
it was shown that Aur cleaves «l-protease inhibitor, which is responsible for regulation of neutrophil
elastase [225]. In line with this, Burlak and colleagues demostrated that Aur is expressed within
phagocytic vacuoles of human neutrophils [226]. Moreover, Aur can cleave the antimicrobial peptide
LL-37 [227] and complement component C3 to C3b [228]. As a result, S. aureus is poorly opsonized
leading to attenuated phagocytosis and bacterial killing [228].

Staphylokinase (SAK]) is a secreted and cell surface associated virulence factor of staphylococci and
is structurally unrelated to streptokinase [229]. Especially clinical S. aureus isolates of skin and mucosal
origin express high levels of SAK [230]. SAK stimulates the production of human antimicrobial peptides
(LL-37 and w«-defensins), binds, and inactivates their bactericidal properties [231,232]. However,
the main SAK activity affects its ability to convert plasminogen to an active proteclytic enzyme
plasmin [230]. First, 5. aureus binds plasminogen via surface expressed proteins (e.g., FnBPA and
FnBPB) and second, SAK activates plasminogen to plasmin, thereby creating a bacteria-hound serine
protease activity [233]. These events enable the bacteria to degrade immunoglobulin G (IgG) and C3b,
thereby contributing to immune evasion [234].

5.3. Two Component Systems and Exotoxin Regulation

During bacterial infections the regulation of exotoxins is mediated by a complex network which
incorporates environmental signals towards coordinated responses against host microenvironment.
Two component systems (TCS) are one such mechanism adopted by bacteria. An external signal
activates the membrane bound histidine kinase. This induces auto-phosphorylation and downstream
activation of a response regulator by its phosphorylation. The binding of the regulator to specific DINA
sequence results in its gene expression. Most important and well-studied TCS are AgrAC and SaeRS in
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S. mureus and CovR/S in GAS strains. Both are known to regulate the virulence factors that mitigate the
host responses during fulminant NSTIs [235,226].

Differential gene regulation of exotoxins by TCS determines the specificity of toxin gene expression
at the site of infection. 5. aureus exotoxins are upregulated in a growth density dependent manner
during NSTIs [237,238]. Purthermore, leukocidins are found to be upregulated during NSTIs [239].
These virulence factors are mainly regulated by the intracellular effector responses belonging to agr
quorum-sensing system including the transcriptional regulators AgrA and RNA IIT [240-242]. The agr
system governs the expression of secreted virulence factors and exotoxins which enhance acute infection
and bacterial dissemination [240-242]. Virulence factor production is mainly regulated through two
pathways: (i) RNAITIl-dependent synthesis of exotoxins and inhibition of cell surface factors and (ii) an
RNAIlIFindependent, AgrA-mediated production of PSMs and metabolic genes. However, mutations
in the agr-operon rendering dysfunctional Agr system are associated with adaptation of the bacteria to
host environment and inducing a more persistent phenotype [243]. Such Agr-defective systems are
usually detected in colonizing strains and in strains isolated from patients diagnosed with endocarditis
or bacteremia [244]. Similarly, a point mutation in the agrC region was associated with cytotoxic versus
colonizing properties of 5. awreus phenotypic variants causing skin and soft tissue infections [245].
These data further support the importance of virulence regulation and its impact on clinical presentation.
Enhanced virulence expression mediated by active Agr system is usually detected during severe
invasive and acute infections such as N5TIs [246], whereas agr-mutants are usually implicated in
causing dormant state and chronic infections, such as endocarditis and osteomyelitis [240]. In addition
to the Agr system, the 5. aurens exoprotein expression system (SaeRS) plays also an important role in
regulating virulence factor production at the tissue site. SaeRS consists of the histidine kinase SaeS
and the response regulator SaeR. SaeR activates transcription of the downstream target genes [247].
The activated SaeRS TCS induces the expression of several virulence factors, including «-toxin, 3- and
y-hemolysins, PVL, TSST-1, and exfoliative toxins [248,249]. Human neutrophil peptides 1, 2, and 3
{HNP1-3), which are located in azurophilic granules of neutrophils and calprotectin, a cytoplasmic
neutrophil peptide, activate the SaeRS system [250]. Therefore, neutrophil-mediated activation may
play a pivotal role in exotoxin regulation and toxin production at the tissue site. It was proposed
that SaeRS TCS acts downstream of Agr in virulence regulation and toxin production pathways [251].
However, the exact mechanism of a relationship between Agr and SaeRS systems is still not fully
understood. Moreover, recent studies have implicated that the Agr and SaeRS are independent systems
of toxin regulation [247,252,253].

Recent evidence indicates that GAS invasiveness is instigated by spontaneous mutations of the
CovR/S TCS [61,72,73,254]. CovR/Sis a negative transcriptional regulator of around 15% of the GAS
genome. It was shown that mice tissue passage of GAS selects for a 7-bp frame-shift mutation in the
covS gene encoding the sensor kinase component and this in turn promotes GAS invasiveness [61,72,73].
Since that discovery several investigators reported the role of CovR/S system in severe invasive
infections. Mutations in that particular region result in the upregulation of several secreted virulence
factors, including a bacteriophage-encoded DNase [73], SLO [71], and SpyCEP [73]. In addition,
dysfunctionality of CovR/Sresults in loss of SpeB expression. Whether the loss of SpeB and/or enhanced
expression of other secreted virulence factors are beneficial for the bacteria or not, was discussed earlier
in this article. However, the role of the host tissue micro-environment and the availability of nutrients,
which influence the expression of response regulators during NSTIs is still not fully understood.
Future studies focused towards understanding the interplay between the signaling pathways will be
essential to hetter understand the physiological significance of toxin expression in the context of host
tissue micro-environment during NSTIs.

6. Treatment

The management of NSTT patients includes fluid resuscitation, support of failing organs, rapid
surgical debridement of infected tissue, broad spectrum antibiotics, and adjuvant intravenous
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polyspecific immunoglobulin G (IVIG) and/or hyperbaric oxygen (HBO) therapy [1,2,255-257].
Aggressive tissue debridement guarantees elimination of the necrotic tissue and the source of infection
and exotoxins. Recent studies suggest that early surgical intervention within 24 h post admission
significantly improves the survival of patients [258,259]. Survival further increases if debridement is
performed even earlier [260,261].

Nearly all GAS are susceptible to penicillin. However, the high bacterial load in the tissue results in
most GAS being in the stationary or in biofilm stage, making cell-wall active antimicrobials not always
effective [61,262]. Therefore, treatment with clindamycin, a protein synthesis inhibitor, in combination
with penicillin is strongly recommended [257]. However, clinical data based on randomized trials are
lacking. Clindamycin inhibits production of SAgs [263] and a recent observational study showed that
clindamycin improves survival of patients with STSS [264]. Nonetheless, experimental data suggest
that sub-inhibitory concentrations of clindamycin enhance expression and activity of SLO in vitro,
but suppress the expression of SpeB [265,266]. In addition, the rise of clindamycin resistant GAS
strains [267] raises concerns about the benefits of clindamycin treatment.

When MRS5A is suspected, i.v. linezolid or daptomycin may be added in preference of vancomyecin,
as the latter has no effect on exotoxin production [1,257]. In addition, poor tissue penetration of
vancomycin lowers its efficacy in severe NSTIs [268]. Linezolid, an oxazolidinone, inhibits bacterial
exotoxin production [269] and several studies concluded that linezolid is an effective alternative to
vancomycin for treatment of skin infections caused by MRSA [270-272]. In contrast, daptomycin
is a cyclic lipopeptide with a distinct mechanism of action. Tt inserts into the cell membrane of
bacteria via phosphatidylglycerol and disrupts membrane integrity by extracting lipids resulting in
ion leakage [273]. Overall, inhibitors of toxin production, such as clindamycin, linezolid or rifampicin
are commonly recommended for inclusion in antimicrobial treatment of necrotizing infections.

The use of IVIG and HBO as adjunctive therapies is still under debate. Experimental data showed
that IVIG neutralizes bacterial exotoxins, including streptococcal and staphylococcal SAgs [274-277],
ce-toxin [145], bi-component leukocidins [145], and SLO [278] among others. However, clinical studies
contradict each other. One of the first studies in seven patients with severe N5TI caused by GAS
suggested a beneficial role of IVIG [279]. A prospective observational study conducted in STSS patients
showed reduced mortality in patients receiving IVIG, while a sub-analysis of the NSTI patients did
not confirm this observation [264]. In line with this, a recent placebo-controlled clinical trial called
INSTINCT, showed no benefit of the IVIG use in N5TTs [255]. The latest systematic review and
meta-analysis of the previous single randomized and four nonrandomized studies revealed that
administration of IVIG to clindamycin treated patients is associated with a significant reduction
in mortality [280]. Same contradiction applies to adjunctive HBO treatment. Two recent studies
concluded that HBO treatment is associated with significant reduction in mortality in NSTIs [7,281].
Nevertheless, a systematic literature review of 57 studies revealed that HBO is not useful for the
treatment of NSTIs [282]. Currently, a study delineating the effects of HBO on biomarkers in NSTIs is
being performed in Denmark [283].

7. Conclusions

NSTIs are rapidly progressing, life-threatening necrotic infections of any layer of the soft tissue
compartment. The underlying mechanisms of these infections are poorly understood. GAS and
5. aureus are equipped with an arsenal of virulence factors that contribute to disease pathogenesis.
In NSTTs, there is a clear correlation between exotoxin production at the site of infection and tissue
pathology and systemic toxicity. Therefore, secreted virulence factors, including SAgs, pore-forming
toxins, and immunomodulatory proteases, are attractive targets for therapeutic approaches. However,
further understanding of mechanistic actions of the exotoxins in vivo and in vitro is needed.
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