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Group A Streptococcus is an obligate human pathogen that is a major cause of infectious
morbidity and mortality. It has a natural tropism for the oropharynx and skin, where it
causes infections with excessive inflammation due to its expression of proinflammatory
toxins and other virulence factors. Inflammation directly contributes to the severity of
invasive infections, toxic shock syndrome, and the induction of severe post-infection
autoimmune disease caused by autoreactive antibodies. This review discusses what is
known about how the virulence factors of Group A Streptococcus induce inflammation
and how this inflammation can promote disease. Understanding of streptococcal
pathogenesis and the role of hyper-immune activation during infection may provide new
therapeutic targets to treat the often-fatal outcome of severe disease.
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INTRODUCTION

Streptococcus pyogenes (group A Streptococcus; GAS) is an exclusively human pathogen (Walker
et al., 2014). GAS specifically colonizes the upper respiratory mucosa, primarily the oropharynx, and
tonsils and other associated lymphoid tissues as their primary site for carriage, dissemination to
other body sites, and transmission between individuals. Humans, particularly children, are
commonly transiently colonized without overt symptoms. Infection can be relatively mild (e.g.,
‘strep throat’ pharyngitis, impetigo) or serious (including scarlet fever, puerperal sepsis, bacteremia,
streptococcal toxic shock syndrome (STSS), necrotizing fasciitis, endocarditis and pneumonia) and
result in post-infection immune sequelae (including acute poststreptococcal glomerulonephritis,
rheumatic fever, rheumatic heart disease, and Sydenham chorea). GAS is a major health burden and
the cause of an estimated 600,000 annual deaths due to these diseases (Ralph and Carapetis, 2012).

The inflammatory symptoms of infection (fever, redness, and swelling) ultimately coordinate
antimicrobial processes to act against the pathogen and resolve infection. Successful bacterial
pathogens commonly work to avoid immune recognition and delay or prevent their clearance by
antimicrobial immune effectors. Strategies include modifying pathogen-associated molecular
pattern (PAMP) agonists of Nod-like receptor (NLR) or Toll-like receptor (TLR) pattern
recognition receptors (PRRs) to prevent their recognition (or restrict their accessibility), or
interfering with signaling downstream of these receptors using toxins and effectors (LaRock and
Nizet, 2015). NLR and TLR PRRs detect numerous GAS PAMPs including lipopeptides, lipoteichoic
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acid, peptidoglycan, CpG-rich DNA, SLO [reviewed in (LaRock
and Nizet, 2015)], SIC (Neumann et al., 2021), and the C-type
lectin agonist monoglucosyldiacylglycerol (Imai et al., 2018).
GAS also encodes additional virulence factors that promote
pathogenesis by directly activating immune responses rather
than inhibiting them (Table 1). The complex and seemingly
paradoxical contributions of these proinflammatory virulence
factor mechanisms are the focus of this review. Additional
pathogens with tropism for the skin or upper respiratory
mucosa such as Staphylococcus aureus and Streptococcus
pneumoniae can derive specific benefits from inflammation.
We draw parallels with the commonalities in virulence factors
and their underlying molecular mechanisms where applicable.
ROLES OF PROINFLAMMATORY
VIRULENCE FACTORS DURING
INFECTION AND IN DISEASE

Proinflammatory pathways have evolved to initiate and coordinate
the immune response against pathogens to protect against infection.
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Correspondingly, transgenic mice with deficiencies in inflammatory
signaling are generally more susceptible to infection, as are humans
with immunodeficiencies due to genetic disorders, preexisting
conditions, or anti-inflammatory drugs (von Bernuth et al., 2008;
Picard et al., 2011; Kidd et al., 2015; LaRock et al., 2016; Rose-John
et al., 2017;Wilde et al., 2021). The study of when pathogens instead
benefit from inflammation is an emergent field that runs counter to
this prevailing paradigm.

During GAS infection of the murine nasopharynx (a model of
strep throat), neutrophils, T cells, and the proinflammatory
cytokine IL-1b all promote GAS growth (Zeppa et al., 2017;
LaRock et al., 2020), despite conventionally having vital
antimicrobial roles in immunity and acting to counter GAS
invasion at other body sites (LaRock et al., 2016; Pinho-Ribeiro
et al., 2018). In antibiotic-treated mice, neutrophils and IL-1b are
no longer essential for GAS colonization of the nasopharynx,
suggesting this immune axis may be necessary for overcoming
interference from antibiotic-sensitive members of the resident
microbiota (LaRock et al., 2020). Diverse pathogens including
Salmonella enterica serovar Typhimurium (Winter et al., 2010;
Arpaia et al., 2011), Helicobacter pylori (Kusters et al., 2006),
Pseudomonas aeruginosa (Palomo et al., 2014; Sun et al., 2020),
TABLE 1 | Predominant GAS virulence factors, their known mechanisms and targets, and their essentiality in models of invasive (intradermal, subcutaneous, or
intravenous) or nasopharyngeal (intranasal) infection.

Name Function Target(s) In vivo requirement?

Invasive Intranasal

Streptococcal pyrogenic exotoxin (Spe A, C,
G, H, I, J, K, L, M, Q, R); SmeZ; SSA

Superantigen
(binding activity)

TCR, MHC, potentially co-receptors N (Walker et al., 2014) Y (Turner et al., 2012;
Kasper et al., 2014)

Streptococcal pyrogenic exotoxin B (SpeB) Protease IL-1b, 100+ other host & GAS proteins N (LaRock et al., 2016) Y (LaRock et al.,
2020)

ScpA Protease C5a N (Walker et al., 2014) Y (Ji et al., 1997)
Streptokinase (Ska) Protease Plasminogen activator Y (Sun et al., 2004) ?
SpyCEP/ScpC Protease IL-8 Y (Zinkernagel et al.,

2008)
?

IdeS/Mac Mimicry, Protease FcgRIIIB; IgG
opsonophagocytis

N (Okumura et al., 2013) ?

Sda1 DNase NETs Y (Walker et al., 2007) Y (Tanaka et al., 2020)
Nga Glycohydrolase NAD+, unknown other N (Cole et al., 2010) ?
Streptococcal 5′-nucleotidase A (S5nA) Hydrolase Nucleosides (AMP, ADP, ATP) Y (Soh et al., 2020) ?
Streptolysin O (SLO) Pore-forming toxin Epithelial & leukocyte membranes N (Steer et al., 2009) Y

(Timmer et al., 2009)
?

Streptolysin S (SLS) Pore-forming toxin Erythrocyte membranes N (Hall et al., 2004) Y
(Betschel et al., 1998)

?

M protein Adhesion,
Sequestration

LL-37, histones, albumin, plasminogen,
fibrinogen, CD46, Ig, C3b, factor H, C4b-BP

N (Cole et al., 2010) Y
(Ashbaugh et al., 1998)

Y (Anderson et al.,
2014)

T antigen Adherence Fibronectin, collagen Y (Chen et al., 2020) ?
Protein S Sequestration Erythrocyte fragments Y (Wierzbicki et al.,

2019)
?

SIC Sequestration Lysozyme, kininogen, defensins, LL-37, C5b Y (Frick et al., 2003) Y (Lukomski et al.,
2000)

EndoS Endo-b-N-
acetylglucosaminidase

IgG N (Sjögren et al., 2011) ?

SpyA ADP
ribosyltransferase

Actin, vimentin, others? Y (Hoff et al., 2011) ?

SodA Superoxide dismutase Reactive oxygen species Y (Ricci et al., 2002;
Janulczyk et al., 2003)

?

HasABC Hyaluronic acid
capsule

Antimicrobials, CD44 N (Henningham et al.,
2014)

Y (Cywes et al., 2000)
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and Candida albicans (Jawhara et al., 2008) also subvert
inflammation to their advantage, either to disrupt membrane
barrier function, promote dissemination, acquire nutrients, or
antagonize competing microbes. For the best-characterized
example closely related to GAS, Streptococcus pneumoniae,
inflammation broadly promotes growth and transmission,
though T cells, neutrophils, and IL-1b each have specifically
antagonistic effects on S. pneumoniae growth (Weiser et al.,
2018). Thus while several pathogens have a common strategy of
subverting inflammation for their benefit, the specific
mechanisms and benefits can greatly differ.

The molecular basis underlying the requirement for T cells at
the earliest stages of GAS infection is more enigmatic, but later T
cells responses are uncoordinated, non-specific, and potentially
less effective (Zeppa et al., 2017). Excessive inflammation can
promote epitope spreading, whereby increased activation of
antigen-presenting cells and T cells leads to broader
specificities and increased chance of recognizing self-antigen
(Lehmann et al., 1992; Brocke et al., 1993). Recurrent GAS
infections drive the generation of autoreactive antibodies that
cross-react with heart valve endothelium, lysogangliosides,
dopamine receptors, and other human tissues (Cunningham,
2019). These antibodies may give rise to immune sequelae such
as acute rheumatic fever (ARF) and rheumatic heart disease
(RHD), which account for a majority of annual deaths from GAS
(Ralph and Carapetis, 2012); however, the pathogenesis of these
conditions remains controversial. A neurological manifestation
of these autoreactive antibodies is Sydenham chorea (SC),
characterized by an uncontrolled movement of the arms, legs,
and facial muscles (Joshi et al., 2015).

The aberrant immune activation GAS has evolved to promote
nasopharyngeal infection drives morbidity and mortality when
GAS is found in other body sites. Excessive systemic
inflammation directly induces death through sepsis, organ
failure, disseminated intravascular coagulation, thrombosis,
and edema (Cohen et al., 2015). During invasive skin
infections like necrotizing fasciitis, inflammation drives
localized microvascular thrombosis, tissue hemorrhage, and
cell infiltrate, all which further the proinflammatory cycle
(Keller et al., 2018). Through these mechanisms, which can
limit the perfusion of antibiotics and provide a protective
intracellular niche within macrophages, inflammation may also
contribute to antibiotic failure (Thulin et al., 2006). In the
following sections, we discuss how specific GAS virulence
factors that induce inflammation contribute to disease. We
focus on those for which inflammation is a specifically
beneficial feature for GAS and not only a linked but
detrimental consequence ancillary to a secondary function.
SpeB, A BROAD-SPECTRUM PROTEASE

The Streptococcal pyrogenic exotoxin B (SpeB) is a secreted
cysteine protease with broad specificity, high turnover, and
which can comprise up to 95% of the total secreted protein that
can be detected from GAS (Aziz et al., 2004). In tissue, SpeB
cleavage of occludin, E-cadherin, and desmoglein can disrupt
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3
tight junctions and may enhance tissue invasion and edema
(Sumitomo et al., 2013; Sumitomo et al., 2018). SpeB targets
several components of the immune system, including cytokines
and chemokines, which may inhibit their signaling (Egesten et al.,
2009); and cathelicidin/LL-37, defensins, complement proteins,
and immunoglobulins, which may enhance GAS resistance to
these immune effector molecules (Table 1). Cleavage by SpeB is
generally assumed to be exclusively destructive, but SpeB cleavage
activates bradykinin (Herwald et al., 1996), the protease-activated
receptor PAR-1 (Ender et al., 2013), matrix metalloprotease
zymogens (Burns et al., 1996; Tamura et al., 2004), and the
proinflammatory cytokine IL-1b (LaRock et al., 2016; LaRock
et al., 2020). The pathogenic benefit GAS derives from activating
proinflammatory cytokines such as IL-1b requires additional
study, but may involve disrupting colonization resistance
mediated by the microbiota (LaRock et al., 2020). Conversely,
SpeB can cleave and potentially inactivate most GAS virulence
factors (Aziz et al., 2004), including those with proinflammatory
activities such as SLO, superantigens, and M protein (all discussed
in greater detail in following sections). However, this may occur
only to a limited degree during infection since both SpeB and the
virulence factors it cleaves are essential (Aziz et al., 2004; Cole
et al., 2006; Walker et al., 2007; Walker et al., 2014). Nonetheless,
SpeB is conserved and promotes GAS survival by intradermal
(LaRock et al., 2016), subcutaneous (Ashbaugh et al., 1998; Cole
et al., 2006), intraperitoneal (Lukomski et al., 1997; Kuo et al.,
1998; Lukomski et al., 1998), and intranasal (Lukomski et al.,
1999; Makthal et al., 2018; LaRock et al., 2020) routes in murine
experimental infections (Table 1).

Some of the underlying cost-benefit of SpeB expression is clear
frommutants recovered from natural and experimental infections.
These include mutations in the two-component regulatory system
CovRS (CsrRS) that lead to constitutive speB repression, increased
expression of other virulence factors that promote tissue invasion,
and shifts in cytokine responses (Li et al., 2014; LaRock et al., 2016;
Williams et al., 2021). Development of these mutations is variable
between GAS serotypes, and more rarely, other mutations are
found to disrupt speB expression, such as in the positive regulator
ropB (Friaes et al., 2015; Feng et al., 2016). CovRS mutants are
widely observed in human invasive infection (Chatellier et al.,
2000; Kansal et al., 2000; Olsen et al., 2015) and murine models of
invasive infection (Engleberg et al., 2001), and less frequently
during human pharyngitis (Sumby et al., 2006; Ikebe et al., 2010;
Shea et al., 2011) or murine models of pharyngitis (LaRock et al.,
2016, Cole et al., 2010; Fiebig et al., 2015; Horstmann et al., 2018;
LaRock et al., 2020). CovRS mutants are attenuated in
transmission and colonization (Hollands et al., 2010), but can
have pathogenic synergy in combination with non-mutant GAS
that increases disease severity in murine models of invasive
infection (Horstmann et al., 2018).
SUPERANTIGENS

Superantigens are secreted virulence factors that act as T cell
mitogens and have strong proinflammatory activity (Proft and
Fraser, 2016). Superantigens bypass conventional processing by
July 2021 | Volume 11 | Article 704099
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Antigen Presenting Cells (APCs) and directly bind Major
Histocompatibility Complex class II (MHC-II) proteins to the
variable b-chain of the T cell Receptor (TCR) (Spaulding et al.,
2013). The crosslinking allows for activation of up to 30% of
human T cells, compared to the 0.01% typical of an antigen
(Lappin and Ferguson, 2009). Mucosal associated invariant T
(MAIT) cells are the most responsive to superantigens (Shaler
et al., 2017) and major contributors to the “cytokine storm” of
pathological and proinflammatory IFN-g, TNF, IL-6, and IL-1b
(Figure 1) during STSS (Emgård et al., 2019).

Most GAS encode several superantigens (summarized in
Table 1), which are typically encoded on mobile genetic
elements like lysogenic phage (Ben Zakour et al., 2015).
This wide prevalence suggests there is a selective benefit to
express superantigens. The other major superantigen-
producing pathogen is Staphylococcus aureus, which can use
superantigens to control bacterial number during nasal
colonization of mice (Xu et al., 2015). Superantigens and T
cells clearly promote GAS growth in murine nasopharyngeal
infections (Kasper et al., 2014; Zeppa et al., 2017). While
additional work is required to delineate the pathogenic benefit
for GAS, superantigens potentially dampen restrictive innate
immune responses by inducing T cell anergy or to increase
nutrient availability as a result of inflammation (Sriskandan
et al., 2007). Recent research suggests this is true in humans,
and shows that superantigens can also direct germinal center
follicular helper T cells to kill B cells, and patients with recurrent
tonsillitis have smaller tonsil germinal centers and reduced
antibody responses (Dan et al., 2019). Thus, superantigens may
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4
not only promote infection but also induce host susceptibility to
subsequent infection.
PORE-FORMING TOXINS

One of the first virulence factors identified in GAS was
streptolysin O (SLO), a toxin that forms pores ~30 mm in
diameter in the plasma membrane of target cells (Herbert and
Todd, 1941). SLO targets immune cells and keratinocytes for
translocation of the co-regulated NAD-glycohydrolase toxin Nga
(Sumby et al., 2005), which can promote the intracellular survival
of GAS (Bastiat-Sempe et al., 2014). Like many other pore-
forming toxins, SLO is TLR4 agonist and can induce
proinflammatory cytokine expression (Park et al., 2004), and
also activates the NLRP3 inflammasome to induce inflammatory
cell death by pyroptosis of macrophages (Figure 1) and the
maturation and release of proinflammatory IL-1b (Timmer et al.,
2009). This inflammation may be beneficial for GAS during
pharyngitis, where IL-1b promotes GAS growth (LaRock et al.,
2020), but may also work to eliminate cells that could restrict
GAS growth in other circumstances. During interactions with
neutrophils, SLO leads to release of azurocidin that induces
edema (Nilsson et al., 2006), while in all cells, the released
cytosolic contents are detected by PRRs as damage-associated
molecular patterns (DAMPs) that induce further inflammation
[Reviewed in (LaRock and Nizet, 2015)]. Other recent work
indicates that sub-lethal quantities of SLO and NGA can be anti-
inflammatory, leading to degradation of pro-IL-1b and suppress
FIGURE 1 | Proinflammatory virulence mechanisms of GAS and their targets. The GAS protease SpeB is directly proinflammatory by activating pro-IL-1b, other host
substrates, and inactivating anti-inflammatory GAS effectors. SpeB cleavage of other proinflammatory cytokines, and proinflammatory virulence factors such as
superantigens (SAgn), streptolysin O (SLO), and M protein can lead to their inactivation and have anti-inflammatory contributions. Superantigens forcibly bind T
lymphocytes and APCs, leading to excessive T cell activation. Activated T cells kill other immune cells and release a “cytokine storm” of IFN-g, TNF, and IL-6,
hallmark of STSS. The pore-forming toxins SLO and streptolysin S (SLS) form large pores in host cells that can lead to the passive release DAMPs, and other
cytosolic or organelle-associated proinflammatory compounds, or be detected by the inflammasome to further activate inflammatory cell death by pyroptosis.
Proinflammatory effects of SLO can include aiding translocation of the virulence factors Nga. M protein proteolytically released from the GAS surface can similarly
form complexes that induce pyroptosis in macrophages or hyper-degranulation by neutrophils. Like other microbes, GAS has numerous TLR agonists that activate
proinflammatory regulatory programs [reviewed in (LaRock and Nizet, 2015)]. Created with BioRender.com.
July 2021 | Volume 11 | Article 704099
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IL-1b activation, suggesting there are more complexities to this
immunomodulation yet to discover (Hancz et al., 2017; Hancz
et al., 2019; Westerlund et al., 2019).

GAS encodes a second pore-forming toxin, streptolysin S
(SLS), which resembles bacteriocins in sequence and function
(Nizet et al., 2000). SLS lyses a broad array of cells including
erythrocytes, platelets, lymphocytes, and keratinocytes (Ofek
et al., 1970), and is responsible for b-hemolysis (Table 1). SLS-
induced death of keratinocytes can disrupt tissue, promoting
lesion formation and dissemination (Sumitomo et al., 2011). SLS
also activates the p38 MAPK and NF-kB pathways, broadly
inducing of IL-1b, IL-6, and other proinflammatory cytokines
(Goldmann et al., 2009) that can be beneficial for GAS at sites
where inflammation is beneficial, such as the nasopharynx
(LaRock et al., 2020). Lastly, SLS directly activates nociceptor
neurons to release the neuropeptide calcitonin gene-related
peptide (CGRP), which induces pain and increases necrotizing
fasciitis severity (Pinho-Ribeiro et al., 2018).
M PROTEIN

M protein is the most abundant protein on the GAS surface,
forming dimeric coil-coils that extend as hair-like fibrils from the
cell wall (Smeesters et al., 2010). There are over 250 allelic
variants, each with the variable ability for binding different
host factors which include fibrinogen, plasminogen, C4b-
binding protein, Protein H, IgA, IgG, LL-37, and the histones
contained within antimicrobial neutrophil extracellular traps
(Table 1). Each of these interactions can promote virulence by
both binding host immune effectors and coating the bacterial
surface with a barrier of non-immunogenic endogenous
proteins. Binding to each of these factors primarily occurs in
the variable N-terminal region of M protein; the C-terminus is
more conserved and thought to function as a stalk to project
these functions distally from the surface (Ghosh, 2018). Few M
protein alleles have been comprehensively examined for their
host factors they target, but the binding motifs mediating most of
these interactions are widespread, with most M alleles predicted
to bind several different host factors (Sanderson-Smith
et al., 2014).

Surface-anchoredM protein is not proinflammatory, however,
some alleles of M protein can also be released and gain drastically
altered activities (Elliott, 1945; Berge and Bjorck, 1995; Herwald
et al., 2004; LaRock et al., 2015; Dohrmann et al., 2017;
Valderrama et al., 2017). Both neutrophil proteases (Herwald
et al., 2004) and SpeB (Berge and Bjorck, 1995) may be involved
in M protein release. Soluble M protein has greater availability as
an antigen, a PRR agonist, and can form toxic aggregates with
fibrinogen to induce cell death, neutrophil degranulation, and
vasculature leakage responses (Herwald et al., 2004; Soehnlein
et al., 2008; Macheboeuf et al., 2011; Hertzén et al., 2012; Walker
et al., 2014). Some M protein alleles may also have weak T cell
mitogen activity (Påhlman et al., 2007). Binding of M protein to
platelets leads to their activation and thrombosis (Horváth et al.,
2004; Shannon et al., 2007; Palm et al., 2019). Lastly, M protein is
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5
a major agonist of TLR2, inducing expression of the numerous
proinflammatory molecules regulated by NF-kB (Pahlman et al.,
2006), and activates the NLRP3 inflammasome, resulting in
proinflammatory cell death by pyroptosis (Valderrama et al.,
2017). As with pore-forming toxins, these proinflammatory
activities contribute to the pathology and complications of
infection, but it is not clear whether they are required
for virulence.
POTENTIAL FOR THERAPEUTICS TO
MANAGE INFECTION

There is no GAS vaccine after 100 years of research. Ongoing
preclinical and clinical work focus on the immunodominant, but
variable, M protein, the conserved group A carbohydrate, and
multi-valent vaccines against major GAS virulence factors
[reviewed in (Dale et al., 2016)]. Invasive infections have a
mortality rate upwards of 20% within seven days of the onset,
and treatments include antibiotic therapy and surgical
debridement of infected necrotic tissue (Wilkins et al., 2017).
GAS remains penicillin sensitive (Vannice et al., 2020), and
clindamycin is recommended for severe infections and patients
with penicillin allergies (Sriskandan et al., 1997; Mascini et al.,
2001; Steer et al., 2012). Macrolide resistance is increasingly
prevalent (Silva-Costa et al., 2015; Fyfe et al., 2016; Michos et al.,
2016), but tedizolid and linezolid may be used instead (Bryant
et al., 2020). Despite the availability of antibiotics to treat
infection, antibiotic monotherapy can fail to eradicate GAS
during pharyngitis or invasive disease (Kim and Kaplan, 1985;
Steer et al., 2012). Antibiotic inefficacy is multifactorial and can
be due to bacterial tolerance, reservoirs of protected intracellular
bacteria, failure of the drug to reach the infection site due to
tissue necrosis and thrombosis, and the rapid progression of
disease (Spinaci et al., 2006; Hertzén et al., 2010; Fischetti
and Dale, 2016). Below, we will discuss recent developments
in therapeutics based on targeting inflammation and
proinflammatory virulence factors.

Intravenous immunoglobulin (IVIG) are non-specific
antibodies pooled from human donors. As an adjunctive
therapy, IVIG may decrease morbidity by not only opsonizing
the bacteria, but neutralizing GAS exotoxins (Norrby-Teglund
et al., 2005; Low, 2013). In murine models, IVIG treatment in
conjunction with penicillin and clindamycin was successful at
modulating the systemic inflammatory response as well as
increasing bacterial killing (Sriskandan et al., 2006). In human
trials, IVIG treatment is associated with a 20-30% increase in
survival during STSS (Linnér et al., 2014), but this may have
lessor benefit in children (Shah et al., 2009). The use of IVIG for
the treatment of GAS disease is an area of active research, but
shows promise in safety and efficacy, though may be cost-
prohibitive in many regions where the health burden is highest
(Williams et al., 2016).

Several FDA-approved drugs have potential for off-label use
during GAS disease. The HIV protease inhibitor nelfinavir inhibits
streptolysin S, limiting its pro-virulence and proinflammatory
July 2021 | Volume 11 | Article 704099
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activities (Maxson et al., 2015). Excessive inflammation during
STSS and other conditions is harmful, and therapeutics targeting
inflammation may also have therapeutic benefit. During invasive
infections, the opioid-derivative cough suppressant
dextromethorphan may prolong survival through its anti-
inflammatory activities (Li et al., 2011; Chen et al., 2018; Zhou
et al., 2019). Drugs that block nociceptor signaling also promote
beneficial immune responses (Pinho-Ribeiro et al., 2018). Lastly,
inhibiting protein synthesis can block production of SpeA, the
nuclease Sda1, SLO, and other toxins (Herbert et al., 2001; Mascini
et al., 2001; Goscinski et al., 2006; Andreoni et al., 2017). Thus,
antibiotics like clindamycin may have therapeutic benefits in
addition to direct killing of GAS.
CONCLUDING REMARKS

As an obligate human pathogen GAS is highly adapt at
manipulating human innate and adaptive immune responses.
This often serves to resist immune effectors, mask the pathogen,
and subvert immune signaling (Table 1), but GAS also induces
and thrives off the activation of other immune processes
(Figure 1). New insights into the molecular mechanisms
involved may come from forward genetic screens based on
high-throughput sequencing of transposon mutant libraries,
which have already provided new insights into regulatory,
metabolic, and antimicrobial resistance mechanisms that
contribute to fitness during infection (Le Breton et al., 2015;
Zhu et al., 2019). The complicated relationship of GAS with
inflammation can underlie infectious risk with some anti-
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6
inflammatory therapeutics, like inhibitors of IL-1b, IL-6, or
TNF, but may provide opportunities for treatments with other
immune-targeted drugs.

Host-directed molecules based on a better understanding of
the role of inflammation in GAS pathogenesis hold hope for
future therapeutics. Debilitating and difficult-to-treat disease
manifestations following GAS infection like rheumatic heart
disease, scarlet fever, toxic shock syndrome, and post-
streptococcal glomerulonephritis result from aberrant and
excessive immune responses during and after infection and can
potentially be treated through immunomodulation. Since many
GAS deaths are from immune-mediated complications,
knowledge of which GAS factors induce inflammation, and
which inflammatory pathways drive pathology in immune
disease, will be essential for these strategies. Careful dissection
of these processes will be essential to develop adjunctive therapies
to reduce the significant morbidity and mortality caused by GAS.
AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and intellectual
contribution to the work, and approved it for publication.
FUNDING

Work in the LaRock lab is supported by NIH/NIAID AI153071.
The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.
REFERENCES
Anderson, E. L., Cole, J. N., Olson, J., Ryba, B., Ghosh, P., Nizet, V., et al. (2014).

The Fibrinogen-Binding M1 Protein Reduces Pharyngeal Cell Adherence and
Colonization Phenotypes of M1T1 Group A Streptococcus. J. Biol. Chem. 289,
3539–3546. doi: 10.1074/jbc.M113.529537

Andreoni, F., Zürcher, C., Tarnutzer, A., Schilcher, K., Neff, A., Keller, N., et al.
(2017). Clindamycin Affects Group A Streptococcus Virulence Factors and
Improves Clinical Outcome. J. Infect. Dis. 215, 269–277. doi: 10.1093/infdis/
jiw229

Arpaia, N., Godec, J., Lau, L., Sivick, K. E., McLaughlin, L. M., Jones, M. B., et al.
(2011). TLR Signaling Is Required for Salmonella Typhimurium Virulence.
Cell 144, 675–688. doi: 10.1016/j.cell.2011.01.031

Ashbaugh, C. D., Warren, H. B., Carey, V. J., and Wessels, M. R. (1998). Molecular
Analysis of the Role of the Group A Streptococcal Cysteine Protease,
Hyaluronic Acid Capsule, and M Protein in a Murine Model of Human
Invasive Soft-Tissue Infection. J. Clin. Invest. 2 (4), 283–292. doi: 10.1172/
JCI3065

Aziz, R. K., Pabst, M. J., Jeng, A., Kansal, R., Low, D. E., Nizet, V., et al. (2004).
Invasive M1T1 Group A Streptococcus Undergoes a Phase-Shift In Vivo to
Prevent Proteolytic Degradation of Multiple Virulence Factors by SpeB. Mol.
Microbiol. 51, 123–134. doi: 10.1046/j.1365-2958.2003.03797.x

Bastiat-Sempe, B., Love, J. F., Lomayesva, N., and Wessels, M. R. (2014). Streptolysin
O and NAD-Glycohydrolase Prevent Phagolysosome Acidification and Promote
Group a Streptococcus Survival in Macrophages. mBio 5, e01690–e01614.
doi: 10.1128/mBio.01690-14

Ben Zakour, N. L., Davies, M. R., You, Y., Chen, J. H. K., Forde, B. M., Stanton-
Cook, M., et al. (2015). Transfer of Scarlet Fever-Associated Elements Into the
Group A StreptococcusM1T1 Clone. Sci. Rep. 5, 15877. doi: 10.1038/srep15877
Berge, A., and Bjorck, L. (1995). Streptococcal Cysteine Proteinase Releases
Biologically Active Fragments of Streptococcal Surface Proteins. J. Biol.
Chem. 270 (17), 9862–9867. doi: 10.1074/jbc.270.17.9862

Betschel, S. D., Borgia, S. M., Barg, N. L., Low, D. E., and De Azavedo, J. C. S.
(1998). Reduced Virulence of Group A Streptococcal Tn916 Mutants That Do
Not Produce Streptolysin S. Infect. Immun. 66, 1671–1679. doi: 10.1128/
IAI.66.4.1671-1679.1998

Brocke, S., Gaur, A., Piercy, C., Gautam, A., Gijbels, K., Fathman, C. G., et al.
(1993). Induction of Relapsing Paralysis in Experimental Autoimmune
Encephalomyelitis by Bacterial Superantigen. Nature 365, 642–644. doi:
10.1038/365642a0

Bryant, A. E., Bayer, C. R., Aldape, M. J., McIndoo, E., and Stevens, D. L. (2020).
Emerging Erythromycin and Clindamycin Resistance in Group A Streptococcus:
Efficacy of Linezolid and Tedizolid in Experimental Necrotizing Infection.
J. Glob. Antimicrob. Resist. 22, 601–607. doi: 10.1016/j.jgar.2020.04.032

Burns, E. H., Marciel, A. M., and Musser, J. M. (1996). Activation of a 66-
Kilodalton Human Endothelial Cell Matrix Metalloprotease by Streptococcus
Pyogenes Extracellular Cysteine Protease. Infect. Immun. 64, 4744–4750. doi:
10.1128/iai.64.11.4744-4750.1996

Chatellier, S., Ihendyane, N., Kansal, R. G., Khambaty, F., Basma, H., Norrby-
Teglund, A., et al. (2000). Genetic Relatedness and Superantigen Expression in
Group A Streptococcus Serotype M1 Isolates From Patients With Severe and
Nonsevere Invasive Diseases. Infect. Immun. 68, 3523–3534. doi: 10.1128/
IAI.68.6.3523-3534.2000

Chen, C.-L., Cheng, M.-H., Kuo, C.-F., Cheng, Y.-L., Li, M.-H., Chang, C.-P., et al.
(2018). Dextromethorphan Attenuates NADPH Oxidase-Regulated Glycogen
Synthase Kinase 3b and NF-kb Activation and Reduces Nitric Oxide
Production in Group A Streptococcal Infection. Antimicrob. Agents
Chemother. 62, e02045-17. doi: 10.1128/AAC.02045-17
July 2021 | Volume 11 | Article 704099

https://doi.org/10.1074/jbc.M113.529537
https://doi.org/10.1093/infdis/jiw229
https://doi.org/10.1093/infdis/jiw229
https://doi.org/10.1016/j.cell.2011.01.031
https://doi.org/10.1172/JCI3065
https://doi.org/10.1172/JCI3065
https://doi.org/10.1046/j.1365-2958.2003.03797.x
https://doi.org/10.1128/mBio.01690-14
https://doi.org/10.1038/srep15877
https://doi.org/10.1074/jbc.270.17.9862
https://doi.org/10.1128/IAI.66.4.1671-1679.1998
https://doi.org/10.1128/IAI.66.4.1671-1679.1998
https://doi.org/10.1038/365642a0
https://doi.org/10.1016/j.jgar.2020.04.032
https://doi.org/10.1128/iai.64.11.4744-4750.1996
https://doi.org/10.1128/IAI.68.6.3523-3534.2000
https://doi.org/10.1128/IAI.68.6.3523-3534.2000
https://doi.org/10.1128/AAC.02045-17
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Wilde et al. Streptococcus pyogenes Fuels Inflammation
Chen, Y.-H., Li, S.-H., Yang, Y.-C., Hsu, S.-H., Nizet, V., and Chang, Y.-C. (2020).
T4 Pili Promote Colonization and Immune Evasion Phenotypes of
Nonencapsulated M4 Streptococcus Pyogenes. mBio 11, e01580-20. doi:
10.1128/mBio.01580-20

Cohen, J., Vincent, J.-L., Adhikari, N. K. J., Machado, F. R., Angus, D. C., Calandra,
T., et al. (2015). Sepsis: A Roadmap for Future Research. Lancet Infect. Dis. 15,
581–614. doi: 10.1016/S1473-3099(15)70112-X

Cole, J., McArthur, J. D., McKay, F. C., Sanderson-Smith, M. L., Cork, A. J.,
Ranson, M., et al. (2006). Trigger for Group A Streptococcal M1T1 Invasive
Disease. FASEB J. 20 (10), 1745–1747. doi: 10.1096/fj.06-5804fje

Cole, J., Pence, M. A., von Köckritz-Blickwede, M., Hollands, A., Gallo, R. L.,
Walker, M. J., et al. (2010). M Protein and Hyaluronic Acid Capsule Are
Essential for In Vivo Selection of covRS Mutations Characteristic of Invasive
Serotype M1T1 Group A Streptococcus. mBio 1, e00191-10. doi: 10.1128/
mBio.00191-10

Cunningham, M. W. (2019). Molecular Mimicry, Autoimmunity and Infection:
The Cross-Reactive Antigens of Group A Streptococci and Their Sequelae.
Microbiol. Spectr. 7, 10.1128. doi: 10.1128/9781683670131.ch7

Cywes, C., Stamenkovic, I., and Wessels, M. R. (2000). CD44 as a Receptor for
Colonization of the Pharynx by Group A Streptococcus. J. Clin. Invest. 106,
995–1002. doi: 10.1172/JCI10195

Dale, J. B., Batzloff, M. R., Cleary, P. P., Courtney, H. S., Good, M. F., Grandi, G.,
et al. (2016). “Current Approaches to Group A Streptococcal Vaccine
Development,” in Streptococcus Pyogenes: Basic Biology to Clinical
Manifestations. Eds. J. J. Ferretti, D. L. Stevens and V. A. Fischetti
(Oklahoma City, OK: University of Oklahoma Health Sciences Center).
Available at: http://www.ncbi.nlm.nih.gov/books/NBK333413/ (Accessed
September 15, 2020).

Dan, J. M., Havenar-Daughton, C., Kendric, K., Al-kolla, R., Kaushik, K., Rosales,
S. L., et al. (2019). Recurrent Group A Streptococcus Tonsillitis Is an
Immunosusceptibility Disease Involving Antibody Deficiency and Aberrant
TFH Cells. Sci. Transl. Med. 11, eaau3776. doi: 10.1126/scitranslmed.aau3776

Dohrmann, S., LaRock, C. N., Anderson, E. L., Cole, J. N., Ryali, B., Stewart, C., et al.
(2017). Group A Streptococcal M1 Protein Provides Resistance Against the
Antimicrobial Activity of Histones. Sci. Rep. 7, 43039. doi: 10.1038/srep43039

Egesten, A., Olin, A. I., Linge, H., Yadav, M., Morgelin, M., Karlsson, A., et al.
(2009). SpeB of Streptococcus Pyogenes Differentially Modulates Antibacterial
and Receptor Activating Properties of Human Chemokines. PloS One 4, e4769.
doi: 10.1371/journal.pone.0004769

Elliott, S. D. (1945). A Proteolytic Enzyme Produced by Group A Streptococci
With Special Reference to Its Effect on the Type-Specific M Antigen. J. Exp.
Med. 81, 573–592. doi: 10.1084/jem.81.6.573

Emgård, J., Bergsten, H., McCormick, J. K., Barrantes, I., Skrede, S., Sandberg, J. K.,
et al. (2019). MAIT Cells Are Major Contributors to the Cytokine Response in
Group A Streptococcal Toxic Shock Syndrome. Proc. Natl. Acad. Sci. 116 (51),
25923–25931. doi: 10/ggdttg

Ender, M., Andreoni, F., Zinkernagel, A. S., and Schuepbach, R. A. (2013).
Streptococcal SpeB Cleaved PAR-1 Suppresses ERK Phosphorylation and
Blunts Thrombin-Induced Platelet Aggregation. PloS One 8, e81298.
doi: 10.1371/journal.pone.0081298

Engleberg, N. C., Heath, A., Miller, A., Rivera, C., and DiRita, V. J. (2001).
Spontaneous Mutations in the CsrRS Two-Component Regulatory System of
Streptococcus Pyogenes Result in Enhanced Virulence in aMurineModel of Skin
and Soft Tissue Infection. J. Infect. Dis. 183, 1043–1054. doi: 10.1086/319291

Feng, W., Minor, D., Liu, M., Li, J., Ishaq, S. L., Yeoman, C., et al. (2016). Null
Mutations of Group A Streptococcus Orphan Kinase RocA: Selection in Mouse
Infection and Comparison With CovS Mutations in Alteration of In Vitro and
In Vivo Protease SpeB Expression and Virulence. Infect. Immun. 85 (1),
e00790-16. doi: 10.1128/IAI.00790-16

Fiebig, A., Loof, T. G., Babbar, A., Itzek, A., Koehorst, J. J., Schaap, P. J., et al. (2015).
Comparative Genomics of Streptococcus Pyogenes M1 Isolates Differing in
Virulence and Propensity to Cause Systemic Infection in Mice. Int. J. Med.
Microbiol. IJMM. 305 (6), 532–543. doi: 10.1016/j.ijmm.2015.06.002

Fischetti, V. A., and Dale, J. B. (2016). One More Disguise in the Stealth Behavior
of Streptococcus Pyogenes. mBio 7, e00661-16. doi: 10/gg4q69

Friaes, A., Pato, C., Melo-Cristino, J., and Ramirez, M. (2015). Consequences of
the Variability of the CovRS and RopB Regulators Among Streptococcus
Pyogenes Causing Human Infections. Sci. Rep. 5, 1–12. doi: 10.1038/srep12057
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7
Frick, I.-M., Åkesson, P., Rasmussen, M., Schmidtchen, A., and Björck, L. (2003).
SIC, a Secreted Protein of Streptococcus Pyogenesthat Inactivates Antibacterial
Peptides. J. Biol. Chem. 278, 16561–16566. doi: 10/c28hk9

Fyfe, C., Grossman, T. H., Kerstein, K., and Sutcliffe, J. (2016). Resistance to
Macrolide Antibiotics in Public Health Pathogens. Cold Spring Harb. Perspect.
Med. 6, a025395. doi: 10/gg4q7c

Ghosh, P. (2018). Variation, Indispensability, and Masking in the M Protein.
Trends Microbiol. 26, 132–144. doi: 10/gcz3dn

Goldmann, O., Sastalla, I., Wos-Oxley, M., Rohde, M., and Medina, E. (2009).
Streptococcus Pyogenes Induces Oncosis in Macrophages Through the
Activation of an Inflammatory Programmed Cell Death Pathway. Cell.
Microbiol. 11, 138–155. doi: 10/dm9jxq

Goscinski, G., Tano, E., Thulin, P., Norrby-Teglund, A., and Sjölin, J. (2006).
Release of SpeA From Streptococcus Pyogenes After Exposure to Penicillin:
Dependency on Dose and Inhibition by Clindamycin. Scand. J. Infect. Dis. 38,
983–987. doi: 10/dfzc4n

Hall, M. A., Stroop, S. D., Hu, M. C., Walls, M. A., Reddish, M. A., Burt, D. S., et al.
(2004). Intranasal Immunization With Multivalent Group A Streptococcal
Vaccines Protects Mice Against Intranasal Challenge Infections. Infect.
Immun. 72, 2507–2512. doi: 10/dqvqn8

Hancz, D., Westerlund, E., Bastiat-Sempe, B., Sharma, O., Valfridsson, C., Meyer,
L., et al. (2017). Inhibition of Inflammasome-Dependent Interleukin 1b
Production by Streptococcal NAD+-Glycohydrolase: Evidence for
Extracellular Activity. mBio 8, e00756–e00717. doi: 10.1128/mBio.00756-17

Hancz, D., Westerlund, E., Valfridsson, C., Aemero, G. M., Bastiat-Sempe, B.,
Orning, P., et al. (2019). Streptolysin O Induces the Ubiquitination and
Degradation of Pro-IL-1b. J. Innate Immun. 11 (6), 457–468. doi: 10.1159/
000496403

Henningham, A., Yamaguchi, M., Aziz, R., Kuipers, K., Buffalo, C., Dahesh, S.,
et al. (2014). Mutual Exclusivity of Hyaluronan and Hyaluronidase in Invasive
Group A Streptococcus. J. Biol. Chem. 289 (46), 32303–32315. doi: 10.1074/
jbc.M114.602847

Herbert, S., Barry, P., and Novick, R. P. (2001). Subinhibitory Clindamycin
Differentially Inhibits Transcription of Exoprotein Genes in Staphylococcus
Aureus. Infect. Immun. 69, 2996–3003. doi: 10/fcvs56

Herbert, D., and Todd, E. W. (1941). Purification and Properties of a Haemolysin
Produced by Group A Haemolytic Streptococci (Streptolysin O). Biochem. J.
35, 1124–1139. doi: 10/gg4g6w

Hertzén, E., Johansson, L., Kansal, R., Hecht, A., Dahesh, S., Janos, M., et al.
(2012). Intracellular Streptococcus Pyogenes in Human Macrophages Display
an Altered Gene Expression Profile. PloS One 7, e35218. doi: 10/f248gs

Hertzén, E., Johansson, L., Wallin, R., Schmidt, H., Kroll, M., Rehn, A. P., et al.
(2010). M1 Protein-Dependent Intracellular Trafficking Promotes Persistence
and Replication of Streptococcus Pyogenes in Macrophages. J. Innate Immun.
2, 534–545. doi: 10.1159/000317635

Herwald, H., Collin, M., Müller-Esterl, W., and Bjorck, L. (1996). Streptococcal
Cysteine Proteinase Releases Kinins: A Virulence Mechanism. J. Exp. Med. 184,
665–673. doi: 10.1084/jem.184.2.665

Herwald, H., Cramer, H., Morgelin, M., Russell, W., Sollenberg, U., Norrby-
Teglund, A., et al. (2004). M Protein, a Classical Bacterial Virulence
Determinant, Forms Complexes With Fibrinogen That Induce Vascular
Leakage. Cell. 116 (3), 367–379. doi: 10.1016/S0092-8674(04)00057-1

Hoff, J. S., DeWald, M., Moseley, S. L., Collins, C. M., and Voyich, J. M. (2011).
SpyA, a C3-Like ADP-Ribosyltransferase, Contributes to Virulence in a Mouse
Subcutaneous Model of Streptococcus Pyogenes Infection. Infect. Immun. 79,
2404–2411. doi: 10/c57v5x

Hollands, A., Pence, M. A., Timmer, A. M., Osvath, S. R., Turnbull, L.,
Whitchurch, C. B., et al. (2010). Genetic Switch to Hypervirulence Reduces
Colonization Phenotypes of the Globally Disseminated Group A Streptococcus
M1T1 Clone. J. Infect. Dis. 202, 11–19. doi: 10.1086/653124

Horstmann, N., Tran, C. N., Brumlow, C., DebRoy, S., Yao, H., Nogueras
Gonzalez, G., et al. (2018). Phosphatase Activity of the Control of Virulence
Sensor Kinase CovS Is Critical for the Pathogenesis of Group A Streptococcus.
PloS Pathog. 14, e1007354. doi: 10.1371/journal.ppat.1007354
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