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Abstract

Streptococcus pyogenes (group A Streptococcus; GAS) is an exclusively human pathogen
that causes roughly 600 million infections annually. Infection can be relatively mild in the form of
‘strep throat’ or pharyngitis, or manifest as an invasive infection such as bacteremia, streptococcal
toxic shock syndrome, or necrotizing fasciitis. GAS infection can also result in post-infectious
immune sequelae like rheumatic fever and rheumatic heart disease. GAS causes an estimated 18
million invasive infections and 600,000 annual deaths due to these diseases.

Invasive GAS in immunocompetent individuals is largely linked to hypervirulent strains,
such as strain 5448, that have developed strategies to overcome host immune defenses. Congenital
immunodeficiencies and those acquired from chronic disease or immunosuppressant drugs also
increase risk of severe illness, specifically, drugs inhibiting Interleukin-1 or -6 (IL-1/6) signaling.
We recovered a non-hypervirulent strain of GAS, M4C20, from the blood of a patient receiving a
biologic inhibitor of IL-6. Survival of this strain and 5448 were markedly different in both in vitro
and in vivo infection models. M4C20 was only virulent in the presence of IL-1 or IL-6 inhibitors,
but 5448 was broadly virulent and resisted IL-6-mediated killing. These findings introduced IL-6
signaling deficiencies as a risk factor for invasive GAS infection, but the mechanism by which IL-
6 contributes to GAS killing remained unclear.

Our work was later able to demonstrate that IL-6 acts against GAS by inducing the
production of antimicrobial reactive oxygen species (ROS). GAS lacks catalase, a virulence factor
used by many diverse species for detoxifying ROS, yet some strains of GAS can withstand ROS
and cause severe disease. Through analysis of clinical isolates, we found that the capsule of GAS,
composed of hyaluronic acid, also confers protection against ROS. We also showed that hyaluronic
acid can act as a direct antioxidant against ROS in vitro. Nonetheless, we find that in vivo ROS is
not essential for killing of GAS in an intradermal infection model. However, lesion size was
significantly impacted by both the absence of ROS in host cells and production of capsule by GAS,
supporting a model in which ROS and hyaluronic acid regulate pathology during invasive GAS
skin infections.
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I: Introduction — Group A Streptococcus

Streptococcus pyogenes (group A Streptococcus; GAS) is an exclusively human pathogen
[1]. GAS specifically colonizes the upper respiratory mucosa, primarily the oropharynx, and
tonsils and other associated lymphoid tissues as their primary site for carriage and dissemination
to other body sites and 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 700 million pharyngeal and skin infections.
Invasive infections account for approximately 18 million infections and 600,000 annual deaths [2].
Infection requires several virulence factors to subvert host immune processes; these are outlined

as follows.

II: Fundamental virulence factors of GAS

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 [3]. In tissue, SpeB cleavage of occludin, E-cadherin, and desmoglein can
disrupt tight junctions and may enhance tissue invasion and edema [4,5]. SpeB targets several
components of the immune system, including cytokines and chemokines, which may inhibit their

signaling [6]; 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 destructive, but SpeB cleavage activates bradykinin [7], the
protease-activated receptor PAR-1 [8], matrix metalloprotease zymogens [9,10], and the
proinflammatory cytokine IL-18 [11,12]. The pathogenic benefit GAS derives from activating
proinflammatory cytokines such as IL-1f requires additional study, but may involve disrupting
colonization resistance mediated by the microbiota [11]. Conversely, SpeB can cleave and
potentially inactivate most GAS virulence factors [3], including those with proinflammatory
activities such as Streptolysin O (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 [1,3,13,14]. Nonetheless, SpeB
is conserved and promotes GAS survival by intradermal [12], subcutaneous [14,15],
intraperitoneal [16—18], and intranasal [11,19,20] routes in murine experimental infections (Table
1).

Some of the underlying cost-benefit of SpeB expression is clear from mutants 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 [12,21,22].
Development of covRS mutations is variable between GAS serotypes, and more rarely, other
mutations are found to disrupt speB expression, such as in the positive regulator ropB [23,24].
CovRS mutants are widely observed in human invasive infection [25-27] and murine models of
invasive infection [28], and less frequently during human pharyngitis [29-31] or murine models

of pharyngitis [12,11,32—-34]. CovRS mutants are attenuated in transmission and colonization [35],



but can have pathogenic synergy in combination with non-mutant GAS that increases disease

severity in murine models of invasive infection [34].

Superantigens

Superantigens are secreted virulence factors that act as T cell mitogens and have strong
proinflammatory activity [36]. Superantigens bypass conventional processing by 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) [37]. The crosslinking allows for
activation of up to 30% of human T cells, compared to the 0.01% typical of an antigen [38].
Mucosal associated invariant T (MAIT) cells are the most responsive to superantigens [39] and
major contributors to the “cytokine storm” of pathological and proinflammatory IFNy, TNF, IL-6,
and IL-1pB (Figure 1) during STSS [40].

Most GAS encode several superantigens (summarized in Table 1), which are typically
encoded on mobile genetic elements like lysogenic phage [41]. 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 [42]. Superantigens and T cells clearly promote GAS growth in
murine nasopharyngeal infections [43,44]. 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
[45]. 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 [46]. Thus, superantigens may 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 um in diameter in the plasma membrane of target cells [47]. SLO targets immune
cells and keratinocytes for translocation of the co-regulated NAD-glycohydrolase toxin Nga [48],
which can promote the intracellular survival of GAS [49]. Like many other pore-forming toxins,
SLO is a TLR4 agonist and can induce proinflammatory cytokine expression [50], 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-1p [51]. This
inflammation may be beneficial for GAS during pharyngitis, where IL-13 promotes GAS growth
[11], 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 [52],
while in all cells, the released cytosolic contents are detected by pattern recognition receptors
(PRRs) as damage-associated molecular patterns (DAMPs) that induce further inflammation
(Reviewed in [53]). Other recent work indicates that sub-lethal quantities of SLO and Nga can be
anti-inflammatory, leading to degradation of pro-IL-1f and suppress IL-1p activation, suggesting
there are more complexities to this immunomodulation yet to discover [54-56].

GAS encodes a second pore-forming toxin, streptolysin S (SLS), which resembles
bacteriocins in sequence and function [57]. SLS lyses a broad array of cells including erythrocytes,
platelets, lymphocytes, and keratinocytes [58]:, and is responsible for B-hemolysis (Table 1). SLS-

induced death of keratinocytes can disrupt tissue, promoting lesion formation and dissemination



[59]. SLS also activates the p38 MAPK and NF-kB pathways, broadly inducing of IL-18, IL-6,
and other proinflammatory cytokines [60] that can be beneficial for GAS at sites where
inflammation is beneficial, such as the nasopharynx [11]. Lastly, SLS directly activates nociceptor
neurons to release the neuropeptide calcitonin gene-related peptide (CGRP), which induces pain

and increases necrotizing fasciitis severity [61].

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 [62]. 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 [63]. 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
[64].

Surface-anchored M protein is not proinflammatory, however, some alleles of M protein
can also be released and gain drastically altered activities [65—70]. Both neutrophil proteases [69]
and SpeB [67] 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 [1,69,71-73]. Some M protein alleles
may also have weak T cell mitogen activity [74]. Binding of M protein to platelets leads to their
activation and thrombosis [75-77]. Lastly, M protein is a major agonist of TLR2, inducing
expression of the numerous proinflammatory molecules regulated by NF-kB [78], and activates
the NLRP3 inflammasome, resulting in proinflammatory cell death by pyroptosis [68]. 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.

Capsule

Capsule, the major focus of this work, is an extracellular polysaccharide made up of
hyaluronic acid, which is structurally identical to the hyaluronic acid found in human connective
tissue [79,80]. Hyaluronic acid production in GAS is regulated by the highly conserved has4BC
operon [81]. Capsule is most known for its role in protecting GAS from opsonization by masking
epitopes such as M protein [82,83]. Current evidence suggests that capsule can also promote
dissemination into deeper tissues and is important for the development of systemic infection
[84,85], as capsule promotes infection for closely related species such as Streptococcus
pneumoniae [86]. Isolates of GAS from invasive infections frequently carry mutations in the covRS
two-component system that result in clones that highly express capsule (hyper-encapsulated),
further confirming a protective role of capsule for GAS during invasive infection [1,32,87].
Encapsulated GAS can also bind the host cell surface receptor CD44, a hyaluronic acid-binding
protein that is expressed by both pharyngeal and epithelial cells [84,88]. This interaction results in
epithelial cell movement and disruption of intercellular junctions, providing a mechanism for

encapsulated GAS to penetrate deeper tissues to cause invasive infections [84]. Capsule appears



to be essential for long-term pharyngeal colonization [88,89], invasive pneumonia [1], invasive
soft tissue and myositis infections [84,85,90], and systemic infections in vivo [15,85,91].
Altogether, this evidence suggests that capsule is important for the selection of hyperinvasive
clones in vivo, which often occurs via mutation of the covRS two-component regulatory system
[32].

Despite its high conservation across GAS strains, there are a select few serotypes (M4,
M22, M28, and M89) that have lost the hasABC operon and therefore do not produce capsule [92].
Nonetheless, these strains are maintained withing the human population and retain virulence and
are capable of causing invasive disease [93-98]. This is suggestive of compensatory virulence
mechanisms, but these mechanisms remain largely unclear. Capsule-producing strains of GAS
have a point mutation in the 4y/A4 gene that degrades hyaluronic acid [99]; acapsulated GAS have
an intact copy of hyld, suggesting that these strains may either degrade hyaluronic acid for
nutritional purposes or degrade host hyaluronan as a mechanism for dissemination [99,100]. Some,
but not all, acapsulated GAS also carry mutations in other portions of their genome that result in
enhanced cytotoxin production [95,97], which may confer an additional compensatory

mechanism.

III: Correlation of virulence factors with invasive GAS infections

GAS is typically categorized into serotypes by its surface M protein, encoded by the emm
gene, of which there are over 200 subtypes [101]. Yet, most invasive GAS infections are caused
by a small number of serotypes, particularly the M1, M3, M12, and M28 serotypes [102]. Some
serotypes have strong associations with specific disease pathologies; for instance, serotypes M1

and M3 are typically associated with necrotizing fasciitis, streptococcal toxic shock syndrome



(STSS), and acute rheumatic fever [38,103—105], and M28 GAS are generally associated with
puerperal sepsis [106].

Since the 1980s there has been a resurgence in GAS infections that has largely been
attributed to the emergence of a hyper-invasive clone of GAS. This clone, M1T1, has undergone
significant changes to its genome that contribute to virulence and is now widely distributed
worldwide [48,107—109]. M1T1 GAS has acquired multiple prophages that encode for virulence
factors such as the DNase Sdal and exotoxin SpeA2 [48,102]. This clone has also acquired a 36kb
chromosomal region from an M12 GAS strain via horizontal gene transfer, giving rise to three
distinct polymorphisms that resulted in increased expression of the virulence factors streptolysin
O (SLO) and NAD-glycohydrolase (Nga) [110], the latter of which was not produced by M1 GAS
prior to the 1980s [48]. Other serotypes of GAS, such as M12, have also acquired prophages
encoding for superantigens Ssa and SpeC, as well as the DNase Spdl that have been largely
associated with scarlet fever outbreaks [111].

Most GAS strains isolated from severe infections have spontaneous mutations in the two-
component system covRS, which regulates approximately 10-15% of the GAS core genome
[30,112]. CovRS generally suppresses the production of virulence factors such as hyaluronic acid
capsule, M protein, and the IL-8-degrading protease SpyCEP; frameshift mutations in covS result
in increased expression of these virulence factors and abolishment of protease SpeB expression
[113,114]. These transcriptional changes allow for superficial infections to disseminate and
become life-threatening, systemic infections. The DNase Sdal of M1T1 GAS strains has been
shown to act as a selective pressure toward the generation of covRS mutations, since abolishing

expression of SpeB would allow greater success for immune evasion tactics [13].
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Other serotypes of GAS such as M4 and M89 have also been recovered from recent
outbreaks. M89 GAS have been increasingly associated with invasive GAS infections since the
early 2000s [95,96,115], and are characterized by a similar recombination event to M1T1 that
resulted in increased production of Nga and SLO [97,110]. An increase in both pharyngitis and
invasive diseases caused by M4 GAS has also been observed [94,98,100,116]. Interestingly, M4
GAS did not undergo the same recombination events as M1 and M89 strains as they produce lower
levels of Nga and SLO [93]. A majority of M4 GAS in the United States appear to have generated
a chimeric emm gene by fusing with the M-like gene, encoded by enn, which may have unique
implications for M protein interactions with host cells [117]. What is perhaps most striking about
the increase of infections caused by M89 and M4 type GAS is that these strains have lost the
genetic locus that is responsible for capsule production [92]. Capsule production in GAS is
regulated by the hasABC operon, which produces hyaluronic acid that is structurally identical to
the hyaluronic acid found in human connective tissue [79,80]. Capsule has long been thought to
be essential for virulence of GAS, as well as necessary for driving the generation of covRS
mutations [32]. However, these strains are fully capable of causing invasive disease in humans and
grow ex vivo in whole human blood efficiently [93,95,97], indicating that these strains may have
acquired compensatory mechanisms in order to cause disease. While M89 GAS have increased
toxin expression, it is unclear how M4 GAS has been able to cause an increasing amount of disease.

Although pathogenetic mechanisms vary between serotypes of GAS, it has become clear
that GAS can cause life-threatening systemic diseases using an array of virulence factors that
deliberately induce inflammation. Morbidity and mortality from invasive GAS infections like

STSS and sepsis are driven by an exaggerated and unregulated host immune response, largely
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driven by neutrophils and the production of pro-inflammatory cytokines such as IL-1f, IL-6, and

TNF.

IV: Host responses to GAS infection

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 patterns (PAMPs) 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 [53]. NLR and
TLR PRRs detect numerous GAS PAMPs including lipopeptides, lipoteichoic acid, peptidoglycan,
CpG-rich DNA, SLO (reviewed in [53]), SIC [118], and the C-type lectin agonist
monoglucosyldiacylglycerol [119]. Although a specific toll-like receptor has not been identified
as essential for recognition of GAS PAMPs, it is known that inflammatory responses to GAS are
driven by the adaptor molecule MyD88 that is used by nearly all TLRs, suggesting that recognition
of GAS requires multiple TLRs [120,121]. Multiple TLRs have been implicated in recognition of
GAS PAMPs such as TLR2 [122], TLR4 [123,124], and TLRO [125,126], further supporting this

hypothesis.

Neutrophils

GAS is classically defined as a “pyogenic” bacterium, characterized by a robust infiltration

of neutrophils during infection and subsequent formation of a large amount of pus relative to
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infection by other microbes. Neutrophils, along with macrophages, are the most abundant cell type
recruited during infections by GAS [127]. Neutrophils are the most abundant white blood cell in
the human body, accounting for 40-80% of white blood cells [128]. Neutrophils are packed with
numerous types of antimicrobial effectors that are sorted into granules, which are released upon
encountering a pathogen by tightly controlled mechanisms. Primary (azurophilic) granules contain
most of the bactericidal effectors including myeloperoxidase, neutrophil elastase, cathepsins, and
defensins [128]; hence, neutrophils can cause extensive damage to not only invading pathogens,
but to the host if not controlled properly [129]. Following intracellular stimuli such as the
production of reactive oxygen species (ROS), neutrophils can rapidly decondense their chromatin
and form neutrophilic extracellular traps (NETs) composed of cytosolic and granular proteins
[130]. NETs are a cornerstone of neutrophil biology, and GAS have evolved ways to counteract
their effects in the form of DNase Sdal, which degrade NETs to subvert innate immune responses
[131]. Neutrophils also produce the human antimicrobial peptide LL-37 that directly interacts with
bacterial membranes, as well as stimulates immune cell recruitment and function [132]. GAS can
directly neutralize active LL-37 by binding to M1 protein, as well as inhibit proteolytic processing

of the precursor form hCAP-18 by neutrophils [65].

Pro-inflammatory cytokines

Infections caused by GAS induce a large amount of pro-inflammatory cytokines, notably
Interleukin-1B and Interleukin-6 [133]. Cytokines are small, soluble proteins that induce the
stimulation of immune cells and the production of antimicrobial effectors through a relay of
signaling processes that ultimately activate their transcription. Interleukin-1B (IL-1p) is critical for

defense against pathogens, as it serves as a strong recruiter of both neutrophils and macrophages



13

that contribute to killing GAS [134]. IL-1p is typically released during the inflammatory cell death
program known as pyroptosis, which serves to deprive intracellular pathogens such as GAS of a
replicative niche [53]. However, GAS is able to induce IL-1f independent of this mechanism via
the virulence factor SpeB [12].

Along with IL-1B, interleukin-6 (IL-6) is a pleiotropic cytokine with both pro-
inflammatory functions phenotype during infection. IL-6 signals through two mechanisms:
classical signaling, which involves IL-6 binding to membrane-bound IL-6R present on hepatocytes
and a small number of leukocytes, and trans-signaling, which involves a soluble IL-6/IL-6R
complex that can bind to a large number of immune cells via gp130 [135]. IL-6 trans-signaling has
been shown to be the pro-inflammatory form of IL-6 signaling [136]; neutrophils that undergo
apoptosis actively shed IL-6R, which further promote the inflammatory response [137]. IL-6 was
initially discovered as a B-cell differentiation factor but is also responsible for the recruitment of
neutrophils and other lymphocytes to the site of infection [136], as well as regulation of neutrophil
apoptosis and clearance. IL-6 trans-signaling induces the phosphorylation and subsequent
activation of the JAK/STAT, MAPK, and Erk pathways that further regulate the production of

antimicrobial effectors [136].

Reactive oxygen species (ROS)

Expression of both IL-1p and IL-6 during infection, as well as other inflammatory
processes, ultimately lead to the production of reactive oxygen species (ROS). Also referred to as
“free radicals”, ROS are a group of highly unstable intermediate molecules that are directly
antimicrobial. ROS are utilized by professional phagocytes to kill invading pathogens through

direct damage to cell membranes as well as DNA and protein damage (reviewed in [138] and
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[139]). ROS are also highly toxic to host cells, hence mechanisms have been developed to
counteract their effects, such as superoxide dismutase and catalase (reviewed in [140]). A number
of bacterial pathogens employ similar mechanisms to withstand oxidative stress and subsequently,
humans with Chronic Granulomatas Disease (CGD) that are deficient in phagocytic ROS
production, are more susceptible to catalase-positive pathogens and certain types of fungal species
[141-143]. ROS are also an important class of signalling molecules that orchestrate the innate
immune response to pathogens through multiple mechanisms: regulation of redox-sensitive
transcription factors such as NF-kB [144], regulation of neutrophil chemoattraction [145], and

neutrophil apoptosis and clearance [146,147].

V: Host susceptibility factors for invasive GAS infections

Proinflammatory pathways have evolved to initiate and coordinate the immune response
against pathogens to protect against infection. 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[148—150]. 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 [11,44], despite
conventionally having vital antimicrobial roles in immunity and acting to counter GAS invasion
at other body sites [12,61]. In antibiotic-treated mice, neutrophils and IL-1p 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 [11].
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Diverse pathogens including Sa/monella enterica serovar Typhimurium [151,152], Helicobacter
pylori [153], Pseudomonas aeruginosa [154,155], and Candida albicans [156] 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-1 each have specifically antagonistic
effects on S. pneumoniae growth [157]. 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 [44]. 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 [158,159]. Recurrent GAS infections drive the
generation of autoreactive antibodies that cross-react with heart valve endothelium,
lysogangliosides, dopamine receptors, and other human tissues [160]. 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 [2]; 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 [161].

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
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coagulation, thrombosis, and edema [162]. During invasive skin infections like necrotizing
fasciitis, inflammation drives localized microvascular thrombosis, tissue hemorrhage, and cell
infiltrate, all which further the proinflammatory cycle [163]. 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 [164]. These observations
highlight the necessity of a carefully balanced immune response towards a pathogen.

In humans, post-marketing surveillance shows an association between some
immunosuppressive drugs and an increased incidence of invasive GAS infections (Figure 1). There
is a strong association between IL-1-inhibiting biologics (i.e., Anakinra, anti-IL-1R) and
necrotizing skin infections caused by GAS, as patients taking Anakinra are approximately ~330-
fold more likely to develop an invasive GAS infection relative to other immunosuppressive drugs
[12]. Anakinra-treated patients also experience higher rates of mortality when presenting with a
necrotizing GAS infection, compared to patients taking other immunosuppressants or
immunocompetent individuals [1,12]. There was no increased risk of developing an infection
caused by other pathogens such a Staphylococcus aureus, indicating that IL-1f is necessary to
protect against GAS infection [12]. Further studies revealed a mechanism by which GAS activates
IL-1B independently of the canonical caspase-1 mechanism: pro-IL-1B can be proteolytically
activated by the GAS protease SpeB, further highlighting the importance of IL-18 during GAS
infections [12].

Post-marketing surveillance data has also shown an association between IL-6-inhibiting
therapeutics and invasive GAS infections (Figure 1)[12,165]. Though patients taking IL-6-
inhibiting biologics (i.e., Tocilizumab; IL-6R) are not as disproportionately affected by invasive

GAS infections as patients taking Anakinra (Figure 1), these individuals are still ~50-fold more
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likely to develop an invasive GAS infection compared to patients not taking this class of
immunosuppressant. These infections have manifested as both necrotizing skin infections [166],
as well as bloodstream infections and sepsis [165]. A molecular mechanism has yet to be identified

for the role of IL-6 in the immune restriction of invasive infection by GAS.

VI: 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 [167]). Development of a
safe and effective vaccine is important, because invasive infections have a mortality rate upwards
of 20% within seven days of the onset, even with antibiotic therapy and surgical debridement of
infected necrotic tissue [168]. GAS remains penicillin sensitive [169], and clindamycin is
recommended for severe infections and patients with penicillin allergies [170—172]. Macrolide
resistance is increasingly prevalent [173—175], but tedizolid and linezolid may be used instead
[176]. Despite the availability of antibiotics to treat infection, antibiotic monotherapy can fail to
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 [178—180]. 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 [181,182]. In murine models, IVIG treatment in
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conjunction with penicillin and clindamycin was successful at modulating the systemic
inflammatory response as well as increasing bacterial killing [183]. In human trials, IVIG
treatment is associated with a 20-30% increase in survival during STSS [184], but this may have
lessor benefit in children [185]. 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 [186].

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
activities [187]. 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 [188—190]. Drugs that block nociceptor signaling also promote beneficial
immune responses [61]. Lastly, inhibiting protein synthesis can block production of SpeA, the
nuclease Sdal, SLO, and other toxins [172,191-193]. Thus, antibiotics like clindamycin may have

therapeutic benefits in addition to direct killing of GAS.

VII: Concluding remarks

As an obligate human pathogen GAS is highly adept 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 [194,195]. The complicated relationship of
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GAS with inflammation can underlie infectious risk with some anti-inflammatory therapeutics,
like inhibitors of IL-1p, 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.

In this work, I dissect the molecular interactions of a naturally capsule-deficient strain of
GAS that infected a patient taking IL-6 inhibiting immunotherapeutics. This was with the goal of
defining whether IL-6 suppression is a risk factor for invasive GAS infection, whether it would be
true for all strains of GAS, and what the molecular basis was. I found that inhibition of IL-6
signaling in vivo was sufficient to increase pathogenesis of this specific isolate, and addition of
exogenous IL-6 was sufficient to restrict intracellular growth of this strain within macrophages.
However, exogenous IL-6 was not sufficient to kill traditionally invasive GAS strain 5448 in vitro,
indicating differences in susceptibility to IL-6-mediated killing by GAS.

In subsequent work, I found that resistance to IL-6-mediated killing is due in part to the
production of hyaluronic acid capsule by most GAS strains, including 5448. I also found that IL-

6 directly induces the production of phagocytic ROS, which phagocytes use to kill GAS.
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Encapsulated strains of GAS were more resistant to peroxide-mediated killing in vitro, and
acapsulated GAS were able to effectively grow within phagocytes and withstand neutrophil killing
when supplemented with N-acetylcysteine, a ROS-scavenging drug. In vivo, encapsulated and
acapsulated GAS were able to grow to similar levels in an intradermal model of infection. This
was also true in ROS-deficient (gp91P"°*) mice, indicating that ROS is not essential for killing
GAS in a skin infection model. However, gp91P"*~ mice infected with acapsulated GAS had
visibly worse histopathological effects in comparison to wild-type mice infected with the same
strains, indicating a role for ROS and hyaluronic acid in wound healing during infection. With this
increased understanding of the molecular interactions of GAS with its human host, we are better
poised to develop novel therapeutics and prophylaxis strategies to combat this challenging

pathogen.
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Name Function Target(s) In vivo requirement? 38
Invasive Intranasal
Streptococcal Superantigen TCR, MHC, | N Y [43,196]
pyrogenic (binding activity) potentially co-
exotoxin (Spe A, receptors
C,G HLIJ KL,
M, Q, R); SmeZ;
SSA
Streptococcal Protease IL-1B, 100+ other | N [12] Y [11]
pyrogenic host &  GAS
exotoxin B (SpeB) proteins
ScpA Protease C5a N [1] Y [197]
Streptokinase Protease Plasminogen Y [198] ?
(Ska) activator
SpyCEP/ScpC Protease 1L-8 Y [199]
IdeS/Mac Mimicry, Protease FcyRIIIB; IgG N [200]
opsonophagocytis
Sdal DNase NETS Y [13] Y [201]
Nga Glycohydrolase NAD*, unknown | N [32] ?
other
Streptococcal 5'- | Hydrolase Nucleosides Y [202] ?
nucleotidase A (AMP, ADP, ATP)
(S5nA)
Streptolysin O | Pore-forming toxin Epithelial & | N (Steeretal., | ?
(SLO) leukocyte 2009) Y
membranes (Timmer et
al., 2009)
Streptolysin S | Pore-forming toxin Erythrocyte N (Hall et al., | ?
(SLS) membranes 2004) Y
(Betschel et
al., 1998)
M protein Adhesion, LL-37,  histones, | N[32] Y [I5] |Y
sequestration albumin, (Anderson
plasminogen, etal., 2014)
fibrinogen, CDA46,
Ig, C3b, factor H,
C4b-BP
T antigen Adherence Fibronectin, Y [205] ?
collagen
Protein S Sequestration Erythrocyte Y [206] ?
fragments
SIC Sequestration Lysozyme, Y [207] Y
kininogen, (Lukomski
defensins, LL-37, et al., 2000)

C5b
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EndoS Endo-B-N- IgG N (Sjogren et | ?
acetylglucosaminidase al., 2011)
SpyA ADP Actin, vimentin, | Y (Hoffetal., | ?
ribosyltransferase others? 2011)
SodA Superoxide dismutase | Reactive oxygen | Y (Riccietal., | ?
species 2002;
Janulczyk et
al., 2003)
HasABC Hyaluronic acid | Antimicrobials, N Y [88]
capsule CD44 (Henningham
etal., 2014)

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. Abbreviations as follows:

TCR, T cell receptor; MHC, Major

histocompatibility complex; NET; neutrophilic extracellular trap; IL, interleukin; FcyRIIIB, Fcy

receptor type 11, also referred to as CD16.
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Figure 1. Invasive GAS infections by drug target. Post-marketing surveillance of
immunosuppressive drugs reveals a disproportionate frequency of invasive GAS infections
associated with IL-1 and IL-6-inhibiting biologics. Risk is expressed as the proportional reporting
risk (PRR), the ratio to which a specific adverse event is reported for a specific drug, compared to
the frequency of the same adverse event being reported for other drugs (or classes of drugs). Figure

is adapted from LaRock et al., Sci Immunol (2016).
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Figure 2. 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 [IFNy, 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 [53]).
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ABSTRACT

Invasive group A Streptococcus (GAS) in immunocompetent individuals is largely linked to
hypervirulent strains. Congenital immunodeficiencies and those acquired from chronic disease or
immunosuppressant drugs also increase risk of severe illness. We recovered GAS from the blood
of a patient receiving a biologic inhibitor of IL-6. Growth of this serotype M4 isolate in human
blood or a murine bacteremia model was promoted by IL-1 or IL-6 inhibition. Hyperinvasive
MI1T1 GAS was unaffected by IL-6 in both models. These findings based on a natural experiment

introduce IL-6 signaling deficiencies as a risk factor for invasive GAS.
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BACKGROUND

Group A Streptococcus (GAS; Streptococcus pyogenes) is a top cause of infectious mortality
responsible for over 500,000 annual deaths worldwide (reviewed in (1)). Necrotizing fasciitis,
toxic shock syndrome, and other invasive GAS (iGAS) infections have been associated with a
globally-disseminated clone of serotype MI1T1 that emerged in the early 1980s upon acquiring
additional virulence determinants that antagonize immune signaling and innate antimicrobial
defenses (2). Host factors contributing to iGAS are largely unknown, but infections have been
associated with the use of nonsteroidal anti-inflammatory drugs (NSAIDs) (3) and Anakinra
(recombinant human interleukin-1 receptor antagonist, IL-1Ra) (4). These infectious adverse
events suggest that specific pro-inflammatory signals are needed to coordinate an effective
immune response to iGAS, leaving the possibility that other immunodeficiencies may increase the

risk of infection.

The pro-inflammatory cytokine interleukin-6 (IL-6) is a key component of the acute phase
response (reviewed in (5)). Elevated IL-6 contributes to inflammatory pathology in numerous
chronic disorders including rheumatoid arthritis, Castleman's disease, and juvenile idiopathic
arthritis (5). Inhibition of IL-6 signaling can be therapeutic in these diseases and may be
accomplished with antibodies that block the IL-6 receptor (Tocilizumab) or IL-6 itself
(Siltuximab). Primary adverse events observed during clinical trials were infections (6-9), and
several case reports have since described necrotizing fasciitis caused by GAS in individuals taking
IL-6 signaling inhibitors for the treatment of rheumatoid arthritis (10, 11). Anti-cytokine drugs are

often associated with infectious adverse events, e.g. the association of Mycobacterium tuberculosis



45

with TNF inhibitors (4), but the extent to which any particular pathogen is associated with any

targeted pathway is uncertain.

This study examines an M4 iGAS isolate from a pediatric patient with systemic juvenile idiopathic
arthritis who developed sepsis while under treatment with inhibitors of IL-1 and IL-6. The patient
began immunotherapy with biologic IL-1 inhibitors. When IL-1 therapy failed, the patient was
switched to IL-6 inhibitors, after which they developed sepsis. We show that anti-IL-6
immunotherapeutics promote iGAS, as previously observed with IL-1 inhibition. However, this
effect is not extrapolated to hyperinvasive strains, which are already resistant to the effects of IL-
6. Infectious adverse events are common with broad action immunosuppressants, but highly
targeted pharmaceuticals like biologics may have a more limited risk profile. Our results find these

risks depend on the immune pathway targeted and intrinsic differences between bacterial strains.

METHODS

Ethics Statement. This study was conducted according to the principles expressed in the
Declaration of Helsinki. Blood was collected from healthy adult volunteers under informed
consent and approved by the Institutional Review Board of Emory University. Animal experiments
were approved by the Institutional Animal Care and Use Committees of UCSD or Emory

University.

Bacterial Characterization and Culture. Blood culture from the patient yielded colonies with [3-
hemolytic activity on 5% blood agar and confirmed to express the group A antigen by Streptex*

Rapid Latex Agglutination Test (Remel Inc., Lenexa, KS). Genomic DNA was isolated with
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DNAzol (MRC, Inc) and the emm-type identified by PCR amplification with primers targeting the
emm hypervariable region (TATT(C/G) GCTTAGAAAATTAA and
GCAAGTTCTTCAGCTTGTTT) and Sanger sequenced. The sequence was submitted to the CDC
Streptococci Group A Subtyping Blast Server and found to be a 100% match to the M4.0
serogroup. The strain was named M4(C20). Consistent with other M4 serotype GAS (12),
M4(C20) produced no capsule when examined by hyaluronic acid enzyme-linked immunosorbent
assay (Corgenix). All colonies cultured had the ability to hydrolyze azocasiene, indicating SpeB
was functional and the covRS operon was not inactivated, as has been describe for some isolates
from invasive infections (4). Bacteria were routinely grown in Todd-Hewitt broth with 5% yeast

extract (Difco Laboratories) statically at 37°C and 5% COa.

Animal infection model. 8 to 10-week-old C57BL/6 (Jackson labs) mice of both sexes were
treated intravenously 4 h pre-infection with Anakinra (Kineret; 50 mg/kg; inhibits both human and
murine IL-1R1(4)), or a monoclonal antibody targeting murine 1L-6R (BioXcell; 50 mg/kg;
Tocilizumab does not inhibit murine IL-6R), or IgG isotype control (BioXcell; 50 mg/kg). IL67
mice (M. Karin) were not pre-treated with any monoclonal antibodies. All mice were inoculated
intravenously with 103 CFU of either GAS strain 5448 or M4(C20). Mice were monitored for 5

days post-infection.

Ex vivo infection models. Heparinized whole human blood treated with Anakinra (Kineret; 50
pg/ml), Tocilizumab (Actemra; 50 pg/ml), or IgG isotype control (BioXcell; 50 pg/ml) was
inoculated with 107 colony forming units (CFU) of clinical isolate M4(C20). Bacterial growth was

monitored by dilution plating 3 h post-infection. THP-1 macrophages were infected as detailed
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previously (4). Briefly, THP-1 cells (ATCC) were differentiated with 200 nM phorbol 12-
myristate 13-acetate (PMA; Sigma) for 72 h, then media exchanged with RPMI 1640 (Gibco)
supplemented with 10% pooled human serum and no antibiotics 1 h prior to infection.
Recombinant human IL-6 (Invivogen) was added at this time in experiments featuring its use.
Subcultured GAS grown to ODeoo ~0.4 (log-phase) were washed and resuspended in PBS and
diluted for a multiplicity of infection of 4. Plates were centrifuged 3 min at 160 x g to promote
bacteria-macrophage contact. 100 pg/mL gentamicin was added at 90 min to prevent overgrowth
of extracellular bacteria. THP-1 cells were washed with PBS, lysed with 0.05% Triton X-100
(Sigma), and bacteria quantified by dilution plating onto THY agar. Supernatants were used for
cytokine measurement using an IL-6 reporter cells (HEK-Blue IL-6; InvivoGen) according to the
manufacturer’s protocol. Briefly, cells were seeded at 8x10° cell/mL in a 96-well plate, 20 pL of
sample or dilutions of recombinant human IL-6 (Invivogen) added, and after 24 h, IL-6-induced
secreted alkaline phosphatase measured with QUANTI-Blue (Invivogen). Concentrations were
determined relative to a standard curve of recombinant IL-6; IL-6-neutralizing antibodies abolish

all activity, confirming the receptor specificity of signaling.

Statistical Analysis. Values are expressed as means + standard error of the mean. Differences
between groups were analyzed using one-way ANOVA with Dunnett’s multiple comparisons
analysis unless otherwise indicated. Differences are considered statistically significant at a P value
of < .05 using GraphPad Prism v8.4.1. Data include a minimum of three biological replicates to

ensure reproducibility. All figures were generated using Prism v8.4.1.
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RESULTS

IL-6 Inhibition Promotes Group A Streptococcus Replication

We previously reported that Anakinra-treated and IL-1R”- mice are more susceptible to iGAS (4).
Post-marketing surveillance of adverse events revealed a correlation with not only anti-IL-1
immunotherapeutics, but also anti-IL-6, with multiple reports of sepsis, necrotizing fasciitis, and
toxic shock syndrome caused by GAS in individuals taking Tocilizumab (4). We therefore sought
to confirm if IL-6 repression promoted host susceptibility to GAS using the patient isolate
M4(C20). We examined the role of anti-IL-1 and anti-IL-6 therapeutics in promoting GAS growth
using a modified Lancefield assay, wherein heparinized whole blood from healthy human donors
was inoculated with a known quantity of GAS and bacterial replication monitored. Blood was
treated with either Anakinra (Kineret; 50 ug/ml), Tocilizumab (Actemra; 50 ug/ml), both Anakinra
and Tocilizumab, or IgG isotype control (BioXcell; 50 ug/ml). Inhibition of signaling by either

anti-IL-1 or anti-IL-6 significantly promoted GAS replication (Figure 1A).

C57BL/6 mice treated with anti-IL-1R, anti-IL-6R, both, or an isotype IgG control were
intravenously inoculated with 1x10® CFU of the clinical isolate M4(C20). Each of the neutralizing
antibodies was sufficient to induce a significantly shortened survival time (Figure 1B).
Recapitulating the anti-IL-6 phenotype, IL-67- C57BL/6 mice infected with M4(C20) also
experienced a significant increase in mortality compared to wild-type C57BL/6 mice (Figure 1C).
In contrast, M1(5448), a clone of the epidemic strain contributing to the resurgence in invasive
infections, resulted in rapid death of both wild-type and IL67- mice. In order to recapitulate the
slower mortality kinetics of M4(C20), we also infected mice with 6x10¢ CFU of M1(5448). Both

wild-type and IL-6" mice were equally susceptible to M1(5448) (Figure 1C, 1D). These data
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suggest GAS is not universally restricted by IL-6, but the severity of infection by some strains is

enhanced by its inhibition.

Group A Streptococcus Evasion of 1L-6 Restriction

To examine whether IL-6 is differentially induced by GAS strains, THP-1 macrophages were
infected with M4(C20), strain M 1(5448), or other isolates collected from iGAS infection of either
serotype, 87160 (M4) and 74553 (M1). IL-6 levels did not vary significantly (Figure 2A),
suggesting that strains may vary in their resistance to IL-6-regulated immune effectors through a
mechanism that does not involve changes in IL-6 expression. We next examined whether clinical
isolate M4(C20) was more susceptible to IL-6-mediated killing than M1(5448), and if this trend
was recapitulated in other M1 and M4 clinical isolates. For this, we preincubated THP-1
macrophages with 500 ng/mL of recombinant IL-6 and infected them with M4(C20), M1(5448),
87160 (M4), or 74553 (M1). IL-6 attenuated the growth of both M4 strains, but neither M1 strain
(Figure 2B). The concentration required for increased restriction is less than 100 ng/ml (Figure
2C). Together these data show that IL-6-induced defenses have a direct role in restricting growth

of some strains of GAS, and that M1 GAS may possess a mechanism to evade these effects.

DISCUSSION

Immunosuppression is a risk factor for severe infections in humans and animal models of disease.
How a pathogen gains virulence from any specific defect in immune signaling is not always well-
defined, and this can be particularly complicated in the cytokine cascade of sepsis. IL-6 knockout

mice, for example, can have increased pathogen burden that shorten the time-to-death in
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experimental infection models [5]. In some sepsis models, the failure to control pathogen
replication without IL-6 leads to earlier death, while in others, the absence of IL-6 in the cytokine
storm prolongs survival (5, 13). Here, we demonstrate that anti-IL-6 immunotherapy can promote
1GAS infection. It is well-documented that some strains like M1(5448) have a greater propensity
for invasion and can produce iGAS in otherwise healthy individuals [2, 4]. This finding is
consistent with our observation that M1(5448) is completely unaffected by IL-6 repression,
suggesting it has virulence mechanisms to resist the immune effects of IL-6 signaling. However,
M4(C20) shows that some strains may be more opportunistic in nature and produce disease of
increased severity upon immunosuppression by drugs such as Tocilizumab. Our prior
identification of greater iGAS reporting risk associated with IL-1 inhibitors compared to IL-6
inhibitors (4) may reflect these observations that some strains are not restricted by IL-6. Thus, we
note that infectious risks from immunomodulation are not uniform - just as immune pathways are
robust but independent, bacterial pathogens can dissimilarly be impacted by these treatments, even

within the same species.

Co-incidence of GAS and IL-6 immunotherapy is expected to be generally low; GAS carriage is
primarily in the young (14) and use of immunotherapeutics is most common in the elderly. Use of
Tocilizumab in other populations for indications other than rheumatoid arthritis, such as juvenile
idiopathic arthritis, cytokine release syndrome, or COVID-19, may carry greater risk of iGAS due
to elevated exposure to the pathogen, and likely different risks for other opportunistic bacterial
infections as well. Furthermore, immunotherapeutics may act to not only impair immune function,
but to mask symptoms and alter inflammatory laboratory findings, leading to delays in treatment.

Additional clinical studies will be required to examine the molecular mechanisms of how
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immunotherapeutics may impact infection severity and incidence in different populations. There
is currently no vaccine against GAS, but if specific high-risk patient groups are identified, they
could benefit from screening for asymptomatic carriage and the use of antibiotic prophylaxis to
preclude severe disease, which has been successful for preventing epidemics in at-risk military

populations (15).
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Figure 1. Impaired IL-6 signaling promotes growth of GAS M4(C20). (A). Heparinized whole
human blood was treated with Kineret (a-IL1R through rIL1RA; 50 pg/ml) and/or Tocilizumab
(a-IL6R neutralizing antibody; 50 pg/ml) with isotype antibody control (50 pug/ml) was inoculated
with 107 CFU of GAS M4(C20). After 24 h, CFU were enumerated for each group and growth
determined relative to starting inoculum (Multiplication Factor); values >1 denote growth.
Statistical significance between groups (n=6) was determined was measured by one-way ANOVA
using Dunnett’s multiple comparisons analysis, using the IgG control group as the reference. Data

are representative of three independent donors. (B). Wild-type C57BL/6 mice were treated with a
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neutralizing monoclonal antibody against either IL-1R (red; n=8), IL-6 (blue; n=8), both (purple;
n=8), or an IgG (black; n=8) isotype then inoculated intravenously with 108 CFU of GAS strain
M4(C20) and monitored for the given time intervals. Statistics were calculated by Log-rank
(Mantel-Cox) test in comparison to control mouse group. (C and D). C57BL/6 wild-type (solid
lines) or IL6-knockout (IL67-; dotted lines) mice were inoculated intravenously with 108 CFU of
GAS strain M4(C20) (clinical isolate, green), 108 CFU M1(5448) (blue), or 6x10° CFU M1(5448)
(orange; lower dose to more closely match M4(C20) kinetics) and monitored for the given time
intervals. Statistics were calculated by Log-rank (Mantel-Cox) test. Data represent at least 2
independent experiments with 8§ mice each. *, p<0.05; **, p<0.005; *** p<0.0005; ****

p<0.00005; ns, not significant.
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Figure 2. IL-6-mediated Killing is strain-specific. (A). Differentiated THP-1 cells were infected
with M4(C20), M1(5448), or additional control M1 (74553) and M4 (87160) i1GAS isolates
(MOI=4) for 2 h and IL-6 release measured. Statistical significance was measured by one-way
ANOVA using Dunnett’s multiple comparisons analysis, with M4(C20) as the reference strain. (B
and C). THP-1 cells were treated 1 h with 500 ng/mL (B) or titrations of exogenous recombinant
human IL-6 (C), and CFU enumerated 2 h post-infection. Data were analyzed by one-way
ANOVA using Dunnett’s multiple comparisons analysis. All data represent at least three
independent experiments with four replicates. Bars show median values + SEM. *, p<0.05; **,

<0.005; *** p<0.0005; **** p<0.00005; ns, not significant.
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Abstract

Immune requirements for killing of group A Streptococcus (GAS) during infection have
remained largely unknown. We have previously identified the pro-inflammatory cytokine IL-6 as
an important signaling molecule for the initiation of an immune response that can kill some strains
of GAS, but specific mediators of this response are unclear. Our work demonstrates that IL-6 acts
against GAS by inducing the production of antimicrobial reactive oxygen species (ROS). GAS
lacks catalase, a virulence factor used by many diverse species for detoxifying ROS, yet some
strains of GAS associated with hypervirulence are still able to withstand ROS and cause severe
disease. Through analysis of clinical isolates, we have found that the capsule of GAS, which has a
well-characterized role as a physical barrier against opsonization, also confers protection against
ROS. We also show that the hyaluronic acid the capsule is composed of can act as a direct
antioxidant against ROS in vitro. Nonetheless, we find that in vivo ROS is not essential for killing
of GAS in an intradermal infection model. However, lesion size is significantly impacted by both
the absence of ROS in host cells and production of capsule by GAS. Although the number of
bacteria found within skin lesions was the same between wild-type and gp91P"*-mice (deficient
in ROS production), gp91Ph°*-mice had significantly larger skin lesions. This phenotype was only
observed when infected with acapsulated strains of GAS, indicating a contribution by both ROS

and hyaluronic acid to wound healing.
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Introduction

Group A Streptococcus (GAS; Streptococcus pyogenes) is the etiological cause of common
and relatively mild infections such as strep throat and impetigo but can occasionally progress
towards life-threatening infections such as necrotizing fasciitis and sepsis. There are an estimated
500,000 annual deaths from invasive GAS infections and approximately 18 million people suffer
from invasive GAS infections or other post-infectious immune sequelae like rheumatic fever [1,2].
Although conventional antibiotics such as penicillin can kill GAS, antibiotic treatment failure
remains high due to a variety of mechanisms [3]. Invasive GAS infections progress rapidly and
overwhelm the host immune system, the primary contributor to morbidity and mortality associated
with such infections.

How specific immune processes act to counteract invasive infection by GAS is largely
unknown. IL-1B has previously been shown to be important for activating and recruiting
neutrophils to the site of infection [4,5]. IL-6 has also been implicated in the restriction of GAS,
as mice treated with IL-6-inhibiting biologic drugs or that have i/6 gene knockout (IL67") succumb
to systemic GAS infections faster than wild-type mice [6]. While IL-1 mediated restriction
appears to be universal, IL-6 is conditional; both wild-type and 1L67- mice infected with M1T1
GAS strain 5448 experienced similar times to death, but mice infected with the clinical isolate
M4C20 displayed significantly different susceptibilities to infection. /n vitro studies revealed that
M4C20, but not 5448, was killed by macrophages when stimulated with exogenous IL-6 in a dose-
dependent manner [6]. Therefore, the role of IL-6 during killing of GAS appears to be dependent
on both host and bacterial genetic factors. In this study, we investigate why IL-6 is important
against only some strains of GAS and identify a GAS virulence factor protective against IL-6-

mediated killing.
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IL-6 is strongly upregulated during GAS infection [7]. IL-6 is part of the acute-phase
proinflammatory response, alongside TNF and IL-1B, with pleotropic roles in immunity that
include direction of B-cell differentiation and the recruitment of monocytic cells [8]. Much of this
signaling occurs though soluble IL-6-receptor complexes, the dominant mechanism of IL-6
signaling during infection, and has been shown to have important roles in combatting microbial
infection and modulating immune responses during sepsis [9]. Within phagocytes, IL-6 signaling
induces phosphorylation and subsequent activation of multiple pro-inflammatory transcriptional
regulators, including STAT3 and NF-kB [10]. Excessive IL-6 can have pathological effects that
result in autoimmune disorders such as rheumatoid arthritis and Castleman’s disease, which are
typically managed using IL-6-inhibiting biologics [11]. Inhibition of IL-6 signaling can increase
susceptibility to bacterial infections, including infections by GAS, that manifest as either
bloodstream infections [6] or necrotizing skin infections [12].

Although IL-6 appears to be important for killing GAS, a specific mechanism by which
IL-6 kills GAS has not been identified. In this work, we show that the production of reactive
oxygen species (ROS) induced by IL-6 is sufficient to kill some strains of GAS in both human
macrophages and neutrophils, as the addition of ROS scavengers enhances growth of GAS.
Additionally, we demonstrate that the hyaluronic acid capsule produced by some strains of GAS
serves to protect against ROS by acting as a direct antioxidant. /n vitro, acapsulated GAS are more
susceptible to hydrogen peroxide, but growth is rescued when exogenous hyaluronic acid is added.
Capsule has been shown to be broadly important for full virulence of GAS in multiple in vivo
models of infection [13—16]. Discordant with our in vitro findings, we find that capsule is not
essential for protecting against GAS killing in the skin in vivo. We also find that ROS is not

essential for direct killing of GAS in our infection model. However, we demonstrate that wound
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healing in vivo is dependent on both ROS production by the host and capsule production by GAS.
This work enhances our understanding of the immune processes that drive invasive skin infection

caused by GAS.

Materials and methods

Measurement of intracellular ROS. Intracellular ROS was measured by reduction of 2’7" —
dichlorofluorescin diacetate (DCFDA; Abcam). THP-1 monocytes were differentiated in a black
96-well tissue culture plate using 200nM phorbol 12-myristate 13-acetate (PMA) for 48 hours
prior to the experiment [6]. On the day of experiment, cells were stained with DCFDA for 45
minutes according to the manufacturers protocol and then stimulated with either 1uM hydrogen
peroxide (H202) or 500ng/mL of recombinant IL-6 protein (Invitrogen). Measurements were taken
using a PerkinElmer VICTOR Nivo multimode microplate reader, measuring absorbance at ex/em
485/535nm every 10 minutes at 37°C for 180 minutes total. ROS induction was measured by
calculating the Vmax of each condition, which we defined as the largest change in relative units
(RU) per minute.

Fluorescent microscopy. 2 x 10* THP-1 monocytes were seeded into each well of an 8-well
Millicell EZ SLIDE (EMD Millipore) and terminally differentiated as stated previously. Cell
treatments included recombinant IL6 (Invitrogen; 500ng/mL) and tert-butyl hydrogen peroxide
(TBHP; 200uM, Abcam). Following a 30-minute pre-treatment with IL-6 or TBHP, cells were
stained with CellROX Deep Red (to visualize oxidative burst, SuM; Invitrogen) and anti-tubulin
conjugated to Alexa Fluor 488 (Novus biologicals, clone YOL1/34, 1:200) for 30 minutes. Cells
were then fixed for 20 minutes in BD CytoFix, washed in PBS 3 times, then mounted using

SlowFade Diamond Antifade Mountant (Thermo). Samples were visualized on a Zeiss
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AxioObserver Z1 microscope using filters for AlexaFluor 488 and AlexaFluor 647. Images were
processed using Imagel] to merge channels and adjust intensity, with consistent settings held
between all samples.

Bacterial culturing and strains. GAS strains 5448, 5448AhasA, and M4C20 have been studied and
characterized previously [6,14,17]. All other GAS clinical isolates, both encapsulated and
acapsulated, were obtained through the Georgia Emerging Infections Program. Bacteria were
routinely grown overnight in Todd-Hewitt broth at 37°C in a 5% CO2 incubator. For SpeB
expression assays, supernatants were taken from freshly grown overnight cultures. For in vitro
experiments, cultures were washed in PBS and resuspended in PBS+20% glycerol, then stored in
single-use aliquots at —80C for later use. Bacterial aliquots were diluted to the appropriate
multiplicity of infection at the time of the experiment.

SpeB expression tests. SpeB protease activity was measured by hydrolysis of azocasein as
previously demonstrated [18] with minor modifications previously detailed [4]. Sodium acetate
activation buffer was comprised of 0.1M sodium acetate-acetic acid, ImM EDTA, 20mM DTT,
pH=8. Supernatants from overnight cultures of GAS were added 1:1 with activation buffer, then
added 1:2 with activation buffer including 2% (w/v) azocasein and incubated overnight.
Hydrolysis was visually assessed by turbidity of each well.

Hydrogen peroxide susceptibility assays. Susceptibility to hydrogen peroxide was assessed using
both solid and liquid media. For the solid media method, 0.1mL of GAS in THY broth was spread
onto a THY agar plate and left to dry completely. When plates were sufficiently dried, 1uL of 30%
hydrogen peroxide was spotted onto the plate in triplicate and plates were incubated overnight.
The following day, susceptibility was measured as the zone of inhibition surrounding the peroxide.

A second iteration of this assay was performed using paper filter discs soaked in either distilled
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water (control), 30% hydrogen peroxide, or a 1:1 solution of 30% hydrogen peroxide and Img/mL
hyaluronic acid (HA). Zones of inhibition for each condition were quantified after imaging.
Minimum inhibitory concentration. Minimum inhibitory concentration (MIC) assays using liquid
media were carried out in 96-well plates using a method adapted from Ayala and Shafer [19].
Briefly, dilutions of peroxide were made in RPMI 1640 media (no FBS, no antibiotics, no phenol
red; Gibco) and added to each well. 5 x 103 CFU of GAS were added to each dilution of peroxide,
and the final volume of each well was brought to 200uL using RPMI. Plates were incubated at
37°C, 5% COz2 overnight. The following day, AlamarBlue (Bio-Rad) was added at a 1:10 dilution
and incubated at 37°C for 2-4 hours. The MIC was determined to be the lowest concentration that
inhibited growth of GAS (media remained blue after addition of AlamarBlue). Each strain was
tested three times to ensure reproducibility.

Capsule protection assays. Assays were performed as described in Brissac et al. with slight
modifications [20]. 5x107 CFU of GAS were washed in ImL PBS and resuspended in RPMI
containing no FBS or antibiotics with 0.05% TWEEN-20. Hyaluronic acid isolated from
Streptococcus equi (Sigma) was added to bacterial suspensions to a final concentration of 0.1, 1,
2, or Smg/mL, from a stock solution of 5Smg/mL in PBS. After mixing by vortexing, H2O2 was
added to a final concentration of 10mM to each tube. Tubes were incubated for 30 minutes at 37°C
in parallel with an H202-only (Omg/mL HA) and an untreated control group, and CFU were
enumerated by dilution plating.

NBT reduction. Reduction of nitrotetrazoleum blue (NBT), coupled with phenazine methosulfate
(PMS) and NADH, was performed as described elsewhere [20,21]. Reactions were performed in
96-well plates in a final volume of 200ul per well. A mix of NADH (166 uM), NBT (43 uM), and

HA (0, 0.1, 1, 2, or 5Smg/mL) were freshly prepared in phosphate buffer (40 mM, pH 7.6) and
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incubated for 2 min at room temperature. NBT reduction was started by the addition of 2.7uM
PMS. Plates were read in a VICTOR Nivo (PerkinElmer) plate reader at 37°C. The optical density
was monitored at 560/10nm every 30s for 30 min, with orbital shaking between readings. The
antioxidant capabilities of HA were determined as a means of protection of NBT from reduction
by PMS compared to the controls with no capsule.

Cell culture. THP-1 monocytes (human; ATCC, TIB-202) were cultured at 37°C in 5% CO2 using
RPMI with phenol red supplemented with 10% FBS and penicillin/streptomycin. Monocytes were
terminally differentiated into macrophages using phorbol 12-myristate 13-acetate (PMA; 200nM)

for 48 hours prior to experiments as done previously [6].

Gentamicin protection assays. THP-1 monocytes were seeded as 0.1mL at 2 x 10° cells/ml in a
96-well plate and terminally differentiated with 200nM PMA for 48 hours. On the day of infection,
cell culture media was replaced with RPMI (+FBS/-Antibiotics; Gibco) supplemented with 10%
pooled human serum (Lot # C16037, Atlanta Biologicals). At this time, wells were treated with N-
acetylcysteine (NAC; 20mM, Sigma) to scavenge free radicals. After 1 hour, cells were infected
with GAS (MOI=4) and plates were spun down to promote bacterial-macrophage interaction. After
20 minutes, gentamicin was added to a final concentration of 100ug/mL to kill extracellular
bacteria. At indicated time points, culture media was aspirated, and cells were washed twice in
PBS. Cells were then lysed in 0.05% Triton X-100, diluted in PBS, and plated using the drip
method onto THY agar plates. Intracellular CFU were enumerated after overnight incubation at
37°C.

Neutrophil killing assays. Primary neutrophils were isolated from whole human blood. Blood was
collected from healthy adult donors under informed consent and with approval from the

Institutional Review Board at Emory University. Blood was collected into heparinized Vacutainer
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tubes and isolated from whole human blood using Polymorphprep (Axis-shield). Neutrophil killing
assays were performed as described previously with minor modifications [5]. Neutrophils were
diluted to 1 x 10 cells/mL in RPMI containing 10% FBS with no antibiotic, and 1mL was seeded
into each well of a 24-well plate. Neutrophils were either pre-treated with N-acetylcysteine (NAC;
20mM, Sigma) for one hour or left untreated. 1 x 106 CFU of GAS were added to each well, and
samples were taken for CFU enumeration at 30 and 90-minutes post-infection. CFU were
enumerated after overnight incubation of THY agar plates at 37°C.

In vivo experiments. All animal experiments were performed with prior approval from Emory
University’s Institutional Animal Care and Use Committee. 6—8-week-old male wild-type
C57BL/6 mice were ordered from Jackson Laboratories as needed. Male CGD (gp91P"°*) breeder
mice were ordered from Jackson laboratories and breeding was maintained on-site using Emory’s
Managed Breeding Services. Mice were housed under pathogen-free conditions until infection,
then moved to an ABSL2 facility for the duration of the experiment,

Intradermal infection model. The day prior to infection, fur was removed from the back using an
electric razor and hair removal cream. The next day, the infection site on the lower back was
surface sterilized by swabbing with an isopropanol wipe, then injected intradermally with 1 x 103
CFU of GAS. After 48 hours, mice were euthanized, and skin lesions were imaged prior to
removal. CFU from lesions were enumerated after the tissue was homogenized in 1mL of sterile
PBS. Lesion surface area was quantified using ImageJ.

Histology. Skin lesions collected during in vivo experiments that were not used for CFU
enumeration were fixed in 4% paraformaldehyde. Lesions were paraffinized and sectioned at a
width of Sum. Slide preparation and myeloperoxidase (MPO) staining was performed by the

Cancer Tissue and Pathology shared resource of Winship Cancer Institute of Emory University
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using Leica Bond RXM automated immunohistochemistry staining platform (Leica Biosystems).
Slides were heated for 30 minutes at 60 degrees Celsius, deparaftinized with the Bond Dewax
Solution, and rinsed with Leica Wash Buffer. Following deparaffination the slides were heated to
100 degrees Celsius, and antigen retrieved for 20 minutes with Leica ER2(high pH) antigen
retrieval buffer and then rinsed with Leica Wash Buffer. Peroxidase block was applied at room
temperature for 5 minutes and the sections were washed with three rinses of Wash Buffer. The
anti-Myeloperoxidase (Abcam, 1:1,000) was applied and incubated for 30 min at room
temperature followed by three rinses of Wash Buffer. Leica Bond anti-Rb HRP secondary was
applied and incubated for 8 min and the detection was completed in combination with Leica Refine
DAB kit, as per manufacturer recommendations. Slides were counterstained with hematoxylin for
5 min. Slides were then dehydrated, cover-slipped, and evaluated by light microscopy with
scanned images of the slides. The slides were scanned on a Hamamatsu Nanozoomer HT 2.0 at
40x. For slides stained using DAB and hematoxylin, MPO expression was quantified using ImageJ
using color deconvolution and determining the ratio of MPO-producing cells (brown) to total cells
(blue).

Immunohistochemistry. Additional sections were prepared for immunohistochemistry (IHC) in-
house by clearing using Histo-Clear II (Electron Microscopy Sciences) and ethanol. Mounted
sections were then permeabilized using 0.5% TWEEN-20 (Sigma) in PBS, and antigen retrieval
was carried out at 95C using Dako target retrieval solution, pH9 (Agilent). Sections were blocked
in 1% BSA and stained using primary antibodies probing for myeloperoxidase (Abcam; rabbit
anti-mouse 1:1,000) or the Streptococcus group A carbohydrate (Fitzgerald; goat 1:500) in 1%
BSA at 4°C overnight. Sections were then stained stepwise using secondary antibodies for donkey

anti-goat 555 (1:1,000, Sigma) and goat-anti rabbit 488 (1:1,000, Invitrogen), each for 2 hours at
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4°C. Sections were stained with Hoechst 33342 (Immunochemistry, 1:500) for 30 minutes,
washed, and mounted using SlowFade Diamond Antifade Mountant (Thermo). The fluorescent
slides were scanned at 20x on Akoya’s Vectra Polaris with the following filters: DAPI, FITC, and
Cy3. Images were processed using Imagel, with consistent processing conditions maintained
between images.

Cytokine arrays. Cytokine levels in lesion tissue were measured using the V-PLEX
Proinflammatory Panel 1 Mouse Kit (Meso Scale Diagnostics). This kit measured expression of
the cytokines IFN-y, IL-1B, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p70, KC/GRO, and TNF-a. Ten
samples from each experimental group were randomly selected for analysis. Homogenized tissue
in PBS was centrifuged, and total protein content from cell-free supernatants was quantified using
Pierce Coomassie Plus (Bradford) Assay Reagent (Thermo). For cytokine arrays, total protein was
normalized to 40ug per sample. Plate setup, reading, and analysis was performed by the Emory

Multiplexed Immunoassay Core using a Meso QuickPlex SQ120.

Results and Discussion
IL-6 induces ROS.

To explicitly establish the connection between IL-6 and ROS production within
phagocytes, we utilized a dye (DCFDA) that fluoresces when oxidized by ROS, and measured
changes in ROS production upon stimulation by exogenous IL-6. The rate of oxidation of DCFDA
is significantly increased upon stimulation of human macrophages with IL-6 (Fig 1A),
demonstrating that IL-6 can specifically induce ROS. Oxidation of DCFDA by ROS was highest
at 30 minutes post-stimulation. We also employed fluorescent microscopy using CellROX deep

red to detect phagocytic ROS production within THP-1 macrophages. CellROX fluorescence was
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increased when stimulated with either exogenous IL-6 (500ng/mL; Fig 1B) or Tert-butyl hydrogen
peroxide (TBHP; Fig 1C) relative to untreated cells (Fig. 1D), confirming that IL-6 is sufficient to

induce the production of phagocyte ROS.

Hyaluronic acid capsule protects GAS against ROS.

Defense against reactive oxygen species (ROS) is of particular interest for GAS.
Neutrophils, which produce large amounts of ROS upon encountering a pathogen, are critical for
clearance of GAS during infection [5,22-24]. GAS does not produce its own catalase but has
evolved both direct and indirect mechanisms to withstand oxidative burst [25]; yet, different
strains of GAS have varying susceptibility to hydrogen peroxide [22,26]. Thus, we suspected that
a virulence factor that is not universally conserved across GAS strains may contribute to additional
protection against ROS, and we hypothesized that this is mediated by the hyaluronic acid capsule.
Capsule has been previously explored as a protective mechanism against ROS by forming
aggregates and physically blocking peroxide from damaging the bacterium [26].

In order to test the hypothesis that capsule protects against ROS-mediated killing, we
measured susceptibility to hydrogen peroxide on both solid and liquid media. The widely studied
MI1T1 GAS strain 5448 hyperinvasive strain was included as a control [17]. Each strain was tested
for capsule production by ELISA against hyaluronan [27,28] and azocaseine hydrolysis to define
covRS mutants, which are typically hyper-encapsulated [29]. GAS clinical isolates that were
naturally acapsulated had significantly larger zones of inhibition than encapsulated GAS on THY
plates spotted with hydrogen peroxide, indicating enhanced susceptibility. This observation was

not specific to one serotype (Fig. 2A). An isogenic capsule mutant of reference GAS strain 5448
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(5448AhasA) also displayed enhanced susceptibility to peroxide, confirming that the loss of
hyaluronic acid capsule is sufficient to increase susceptibility to hydrogen peroxide.

We also employed a modified MIC assay using AlamarBlue to determine each strain’s
specific susceptibility to hydrogen peroxide [19]. The MIC of strain 5448AhasA was
approximately half of the MIC of wild-type 5448 with an MIC of 375uM, and the MIC of M4C20
was 500uM. Interestingly, a hyper-encapsulated covRS mutant of 5448 (5448 AP) was even more
resistant to peroxide than the wild-type strain, with an MIC nearly double that of the wild-type
5448 strain (Fig. 2B). Consistent with the data in Figure 2A, several of the acapsulated clinical
isolates tested in Figure 2A also had lower MICs toward peroxide (median 375uM) compared to
5448 and other encapsulated clinical isolates of GAS. Together, these data support the hypothesis
that the hyaluronic acid capsule produced by some strains of GAS provides a mechanism to evade
killing by reactive oxygen species in vitro.

Recent research has revealed a direct antioxidant role for capsule in the closely related
species Streptococcus pneumoniae [20]. While the capsules between these species have different
structures, we hypothesized that hyaluronic acid produced by some strains of GAS could similarly
act as an antioxidant. To test this hypothesis, we devised a disc diffusion assay to observe changes
in susceptibility of GAS to peroxide in the presence or absence of hyaluronic acid. When peroxide
was added to a paper disc, there was a clear zone of clearance for acapsulated GAS (Fig. 3A).
When a disc soaked in 1:1 solution of peroxide and hyaluronic acid was added to the plate, the
zone of clearance decreased, suggesting that exogenous HA was sufficient to rescue acapsulated
GAS from killing, potentially by detoxifying the peroxide as an antioxidant. Encapsulated GAS
only had modest changes in the zone of clearance, indicating that the capsule on the surface of

GAS is sufficient to protect from ROS-mediated killing.
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We next examined the ability of exogenous hyaluronic acid to rescue growth of GAS in
liquid media containing hydrogen peroxide. In these assays, 5 x 107 CFU of GAS were incubated
with 10mM hydrogen peroxide and varying concentrations of hyaluronic acid. The addition of
exogenous hyaluronic acid in concentrations above Img/mL was sufficient to restore the growth
of the isogenic Ahas4 mutant of 5448, as well as the non-encapsulated GAS strain M4C20 (Fig.
3B). Growth of encapsulated strain 5448 was unaffected by exogenous hyaluronic acid in the
presence of hydrogen peroxide. These observations are consistent with our hypothesis that
hyaluronic acid can act as a redox sink and suggest that the capsule of the hypervirulent strain
5448 is sufficient to provide protection against ROS that cannot be enhanced with exogenous
hyaluronic acid.

To further probe the direct mechanism of protection from ROS by capsule, we also
measured oxidation of nitroterazoleum blue (NBT) paired with phenazine methosulfate (PMS) and
NADH in the presence or absence of HA [20,21]. In this assay, hyaluronic acid was added in
varying concentrations to NBT in phosphate buffer with NADH. Upon activation by PMS, NBT
will either oxidize, resulting in a colorimetric change, or remain colorless if in the presence of an
antioxidant. HA at a concentration of at least Img/mL was sufficient to prevent the oxidation of
NBT by PMS (Fig. 3C), indicating that HA produced by GAS can act as an antioxidant toward

ROS, and this occurred in a dose-dependent manner.

ROS Kkills GAS in vitro.
To expand on these findings and determine their relevance during infection, we developed
an in vitro infection model in both human macrophages and primary neutrophils isolated from

whole human blood. Neutrophils, monocytes, and macrophages have been shown to be the primary
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cells recruited during GAS infection [30] and can produce large amounts of ROS in response to
pathogens [31]. Intracellular survival of GAS within phagocytes, specifically macrophages, has
been shown to be important for GAS pathogenesis [6,32,33]. THP-1 monocytes were terminally
differentiated into macrophages and treated with either N-acetyl-L-cysteine (NAC; Sigma, 20mM)
or left untreated, then infected with 8 x 10* CFU (MOI=4) of GAS strains 5448 (M1T1 pandemic
strain), 5448AhasA (isogenic capsule mutant), or M4C20 (emm4, naturally deficient in capsule
production). Intracellular bacteria were harvested at both 30 and 90-minutes post-infection and
survival was determined by CFU plating. Consistent with our findings in Figure 3B, intracellular
growth of acapsulated GAS (5448AhasA or M4C20) was significantly increased in macrophages
at 90 minutes post infection when treated with NAC when compared to untreated macrophages
(Fig. 3D). Encapsulated GAS (5448) survival was not affected by the addition of NAC, confirming
the protective role of capsule against ROS in vitro.

Primary neutrophils from whole human blood were treated with NAC under the same
conditions as our macrophage infection model and infected at MOI=10 [5]. Killing was measured
as a percentage of bacteria surviving from 30 min to 90 min post-infection. Consistent with our
macrophage infection model, acapsulated GAS survived significantly better in neutrophils treated
with NAC (Fig. 3D). Encapsulated GAS experienced no statistically significant differences in
growth in either condition, consistent with prior observations that exogenous IL-6 does not
enhance intracellular killing of encapsulated GAS, as well as our hypothesis that capsule protects
against ROS. We conclude that in vitro, IL-6 can kill acapsulated GAS through the production of

ROS, and that this is applicable to both intracellular and extracellular GAS.
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ROS is not essential for restricting GAS in the skin.

Based on our findings that implicate capsule on the surface of GAS as a direct antioxidant,
we next evaluated the effect of capsule on survival in both wild-type and gp91°P"**~ (chronic
granulomatas disease model; deficient in phagocytic ROS production) C57BL6 mice. Mice were
inoculated intradermally with 1 x 108 CFU of one of three GAS strains: wild-type strain 5448,
5448AhasA, or M4C20. Infections proceeded for 48 hours, after which skin lesions were harvested
and processed for CFU enumeration. Based on our observation that acapsulated bacteria were more
susceptible to peroxide in vitro, we hypothesized that acapsulated bacteria (5448AhasA and
M4C20) would be more effectively cleared from skin in wild-type mice, and that this phenotype
would be reversed in gp91P"°* mice. Prior studies using a subcutaneous infection model have not
established an NADPH oxidase-dependent mechanism of M1T1 GAS killing in the skin [23], but
no studies have been undertaken to determine if capsule influences this phenotype. In contrast to
our in vitro data, bacterial load between wild-type and gp91°P"*”~ mice was nearly identical for all
strains tested (Fig. 4), including the acapsulated strains of GAS. After 48 hours the bacterial load
in skin lesions was similar to the starting inoculum in each condition, suggesting that ROS is not

essential for direct killing of GAS at this site of infection.

Pathology during GAS skin infections is influenced by ROS and hyaluronic acid capsule.
We next evaluated the severity of infection in our model by measuring the area of the lesion
developed. In contrast to bacterial load, lesion size was significantly affected by both encapsulation
status of the bacterium and production of ROS in the host (Figure 4). Acapsulated bacteria
produced the smallest lesions in wild-type mice, with an average lesion size of 45mm? and 13mm?

for 5448AhasA and M4C20, respectively (Fig 4B and Fig. 4C), compared to encapsulated strain
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5448 which had an average lesion size of 63mm? (Fig. 4A). In gp91P"°* mice, the lesions in
5448AhasA-infected mice were approximately twice as large, and in M4C20-infected mice were
four times as large, when compared to the wild-type mice infected with the same strains (Fig. 4B
and 4C). Lesions on gp91P"°*’- mice from acapsulated GAS were nearly equivalent in size to the
lesions produced by encapsulated GAS (Fig. 4). Taken together, we can conclude that ROS may
not be acting in a directly antimicrobial during skin infection but appears to be important in
modulating wound formation during infection.

ROS has been shown to have important roles in regulating inflammation, acting as
signaling molecules that activate redox-sensitive transcriptional factors such as NF-kB [34]. ROS
can also regulate chemotaxis and clearance of neutrophils from infection sites [35]. Thus, we
hypothesized that the change in lesion size in CGD mice was a result of unregulated inflammation
at the site of infection. To investigate this hypothesis, we characterized the inflammatory response
at the site of infection in each group by measuring pro-inflammatory cytokine levels within lesions.
Only one of the cytokines tested, IL-10, was statistically significantly different between genotypes,
having increased induction in some gp91P"*~ mice (Fig. 5). IL-10 is generally thought to have a
paradoxical relationship with IL-6- that is, the pro-inflammatory IL-6 drives production of the anti-
inflammatory IL-10 during inflammation [36,37]. This was only observed for M4C20-infected
mice, so it is likely not capsule-dependent, since 5448AhasA-infected mice did not have
differences in IL-10 induction.

The importance of neutrophils during GAS infection is well-established in both in vitro
and in vivo infection models [5,22,24,38,39] . Exacerbated inflammatory responses from
neutrophils can contribute substantially to tissue damage [40], so we also identified neutrophil

activation as a potential cause for exaggerated wound formation in gp91P"*~ mice. To measure
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neutrophil activation, we next performed immunohistochemistry on lesions isolated from our in
vivo infections. Lesions were stained for the GAS group A carbohydrate or myeloperoxidase
(MPO), which is only produced by active neutrophils. Our analysis revealed that both encapsulated
and acapsulated GAS were able to co-localize with MPO-producing neutrophils (Fig 6) in both
wild-type and gp91Pt*’- mice, confirming the significance of neutrophils in this model. MPO
staining was robust in wild-type mice infected with either encapsulated or acapsulated GAS.
However, MPO (green) staining appeared to be less pronounced in gp91P"**~- mice infected with
acapsulated GAS, indicating that neutrophil activation may be compromised.

We next performed a quantitative analysis of MPO production in lesions using an anti-
MPO antibody in conjunction with DAB staining. MPO-positive neutrophils appear brown upon
imaging. We measured the ratio of MPO-positive (brown) cell density to hematoxylin-stained
(blue) cells. Figure 6 shows representative sections from each group. In wild-type mice, lesions
from both encapsulated and acapsulated GAS had similar ratios of MPO+ to total cells,
corroborating our immunohistochemical analysis (Figure 6). However, in CGD mice, neutrophils
within lesions had significantly lower MPO+ cell ratios when infected with acapsulated GAS
(5448AhasA or M4C20). Wild-type or gp91Ph*/- mice infected with GAS strain 5448 did not have
any statistically significant differences in MPO+ ratios (Fig. 6). These data support the hypothesis
that capsule production by GAS, as well as ROS production within the host, contribute to wound

healing during GAS infection, and this may be largely modulated by neutrophils.

Conclusions
In this study we aimed to determine the molecular mechanisms by which IL-6 mediates

restriction of acapsulated GAS, and we conclude that this occurs through the production of ROS
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resulting from IL-6 induction; conversely, we also identify the hyaluronic acid capsule as a
mechanism by which some strains of GAS can evade this killing strategy and reveal its role as a
direct antioxidant in vitro. Acapsulated GAS are significantly more susceptible to peroxide in vitro,
and the addition of ROS scavengers was sufficient to rescue growth of acapsulated GAS from
killing by phagocytes.

ROS-mediated killing of GAS is of great interest since GAS does not produce catalase,
which detoxifies hydrogen peroxide. Some strains of GAS even produce their own hydrogen
peroxide, suggesting that GAS likely has independent mechanisms to protect against ROS like
hydrogen peroxide [22]. GAS possesses genes that encode for alkyl hydroperoxide reductase
ahpC, glutathione peroxidase gpoA, and NADH oxidase noxA that appear to be induced by
oxidative stress and may be important for full virulence of GAS [41,42]. We hypothesized that an
additional virulence factor contributed to oxidative stress resistance since different strains of GAS
had varying susceptibility to hydrogen peroxide. The hyaluronic acid capsule produced by some
strains of GAS is structurally identical to the hyaluronic acid in human connective tissue and is
mediated by the hasABC operon [43]. Capsule has clear implications in GAS virulence, as
acapsulated strains of GAS have decreased virulence in vitro and in vivo [13-16,44,45]. Capsule
has previously been implicated in resistance to ROS [26], and we confirm that capsule can protect
against ROS. We also further define the role of capsule during resistance and reveal that capsule
also acts as a direct antioxidant.

It has been documented in humans that have Chronic Granulomatous Disease, a condition
that significantly impairs ROS production (like gp91P"°* mice), display irregular immune
responses to infection characterized by persistent inflammation [46]. Additionally, ROS has been

shown to have important roles in regulating inflammation, such as activating the transcriptional
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factor NF-kB [47], as well as regulation of chemotaxis and clearance of neutrophils from infection
sites [35]. Our data show that pro-inflammatory cytokine production in skin lesions between wild-
type and gp91P"*’- mice was equal, indicating that impaired wound healing was not due to
exacerbated immune responses at the site of infection. Myeloperoxidase (MPO) is exclusively
produced by active neutrophils, and neutrophils are known to contribute substantially to host
restriction of GAS. After measuring MPO production in skin lesions, we concluded that the ratio
of MPO-positive neutrophils to total cells was equal between wild-type mice infected with
encapsulated or acapsulated GAS. However, MPO-positive ratios were significantly decreased in
gp91Phox- mice infected with acapsulated GAS, suggesting that neutrophil activation could be
impaired.

In this study, we found a striking contrast between our in vitro and in vivo phenotypes.
Although ROS scavengers were sufficient to rescue growth of acapsulated GAS in vitro, gp91°Phox-
'~ mice that are deficient in phagocytic ROS production did not have increased bacterial loads
within skin lesions when infected with acapsulated GAS. Bacterial load was similar between
strains 5448, capsule mutant 5448AhasA, and non-M1T1 strain M4C20, indicating that gp91Phox-
dependent ROS was not essential for GAS killing in this infection model, nor was virulence
capsule-dependent. GAS may be able to survive better within niches such as the skin due to the
decreased levels of ROS in comparison to other infection sites such as the lungs and blood [23].
However, this mechanism still does not explain why lesion sizes were not consistent between wild-
type and gp91Phx~ mice; acapsulated GAS produced small lesions in wild-type mice, but lesion
size was at least doubled in gp91P"**- mice infected with the same strains. This data reveals that
ROS production and capsule have effects on wound healing in vivo during GAS infections.

Potentially, part of why acapsulated strains of GAS persist in the human population is because
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while they are more sensitive to ROS, they induce less of it during infection due to differences in
neutrophil recognition of the bacterium. While this work has expanded our fundamental
knowledge of how the host kills GAS and how invasive strains of GAS evade killing, there are
still many questions regarding the immune processes that drive pathology during invasive skin
infections. This work serves as an important first step in guiding treatment strategies for invasive

GAS infections by mitigating severe immune responses during infection.
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Figure 1. IL-6 induces ROS. (A). Exogenous IL-6 is sufficient to induce ROS production in
human macrophages. Vmax indicates the highest change in oxidation between readings, which
occurred at 30min post infection. Statistical significance was measured by one-way ANOVA with
_ multiple comparisons. (B-D). THP-1 monocytes were treated with either IL6 (C) or TBHP (D)
and compared to an untreated control (B) using fluorescent microscopy. Cells were stained with

anti-tubulin (control; green) and CellROX deep red to measure phagocytic ROS production.



86

A Kkokok B , s
g ] | ' 1000  @5448AP
e . 875
857 *© e
&= e olte ’s; 6255448 @ o
% £ 251 5 o —5us o 5004 = 08O M4C20
% o . = 375 O  @ODS5448AhasA
T @20 " 2504 o oo
N 125- o

-
(5}
o

-

Figure 2. Non-encapsulated strains of GAS are more susceptible to peroxide. (A). Hydrogen
peroxide shows greater zones of inhibition for non-encapsulated (-) strains of GAS (n=21) than
encapsulated (+) strains of GAS (n=20). Each data point represents a single clinical isolate and is
an average of two experiments with three technical replicates. (B). Encapsulated strains of GAS
have an increased minimum inhibitory concentration against peroxide. Statistical significance was

determined using an unpaired t-test. * = p<0.05, **** = p<(0.0001.
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Figure 3. Hyaluronic acid directly protects against peroxide-mediated killing. (A). Addition
of 1mg/ml hyaluronic acid to hydrogen peroxide is sufficient to reduce killing of acapsulated GAS
on THY plates. Images are representative of three separate experiments. Dashed lines outline the
zone of clearance. (B). Exogenous capsule at concentrations of 0.1mg/mL or greater were
sufficient to confer protection against peroxide in non-encapsulated strains of GAS (5448AhasA;
orange and M4C20; green). Wild-type strain 5448 (blue) was unaffected by exogenous hyaluronic
acid. Data are expressed as the mean +/- SEM. Statistical analysis was done by one-way ANOVA
with Tukey’s multiple comparisons posttest. **p<0.005; ***p<0.0005; ****p<0.0001 (C).
Hyaluronic acid solutions of at least 1mg/mL were sufficient to protect NBT from oxidation. Data
were normalized by subtracting the OD550 of parallel reactions with no PMS added to account for

background colorimetric changes. Data represent three separate experiments with three technical
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replicates per experiment. Data are shown as mean +/-SEM. (D). Addition of 20mM NAC, a ROS
scavenger, rescues growth of acapsulated GAS within human macrophages. Statistical significance
was measured by ordinary one-way ANOV A with Sidak’s multiple comparisons. * = p<(.05; ****
=p<0.0001 (E). Addition of 20mM NAC decreases killing of acapsulated GAS by primary human
neutrophils. Statistical significance was measured using ordinary one-way ANOVA with Sidak’s
multiple comparisons. ** = p<0.005, **** = p<0.0001, ns = no significance. Data are expressed

as the mean +/- SEM.
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Figure 4. Lesion size, but not bacterial load, is both ROS- and capsule-dependent in vivo.
Wild-type C57BL/6 or gp91Phox- (CGD) mice were injected intradermally with 108 CFU of GAS
strain 5448 (A), 5448AhasA (B), or M4C20 (C). Infections proceeded for 48h and CFU was
enumerated from homogenized whole lesions by dilution plating. Lesion size was quantified using
ImageJ. Each data point represents a single mouse. Data are expressed as mean +/- SEM. Statistical
significance was determined by unpaired two-tailed t-test. *= p<0.05, ns= no significance.

Representative images of lesions from each group are also included.
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Figure 5. Wilde-type and gp91°"*"- mice produce similar levels of pro-inflammatory
cytokines in skin lesions. Cell-free supernatant was taken from each homogenized tissue sample
used in figure 4 and pro-inflammatory cytokine levels were measured using the MSD V-plex pro-
inflammatory cytokine panel 1. Each point represents a lesion from a single mouse. Data are
expressed as the mean +/- SEM. Statistical analysis was performed using ordinary one-way

ANOVA with Sidak’s multiple comparisons test. ** = p<0.005
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Figure 6. Skin lesions from gp91°P"*- mice infected with acapsulated GAS have decreased
levels of myeloperoxidase compared to wild-type mice. Myeloperoxidase (MPO) production
was determined using immunohistochemistry with antibodies probing for MPO (Abcam). [DAB
stain, get protocol from CTPSR]. (A). Representative images of lesions stained with anti-MPO
(n=3 for each group). (B). MPO levels were quantified using color deconvolution in ImageJ.
Values represent the ratio of the intensity of DAB-stained cells to the intensity of total cells and
are plotted as the mean +/- SEM. Each data point represents a single lesion. Statistical significance
was determined using one-way ANOVA with Sidak’s multiple comparisons test. ns=no

significance, **p=<0.01.
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Concluding Remarks

Group A Streptococcus (GAS) remains a global threat to human health as severe infections
from GAS cause approximately 500,000 deaths annually [1]. The current standard of care for
invasive GAS skin infections includes early and aggressive antibiotic therapy, surgical
debridement of necrotic or infected tissue, or treatments like intravenous immunoglobulin (IVIG)
that have seen varying levels of success [2,3]. Yet, invasive GAS infections still carry a high
mortality rate. There have been many confounding variables regarding the development of
vaccines against GAS [4], making vaccination against GAS an infeasible option; thus, effective
treatment options are critical for reducing morbidity and mortality. Most severe diseases caused
by GAS such as toxic shock, scarlet fever, and sepsis are characterized by exacerbated and highly
inflammatory immune responses to infection [5] , highlighting the importance of identifying the
immune factors necessary to restrict GAS infection.

This work has advanced our fundamental understanding of how our immune system
responds to and kills GAS. Previous work has highlighted IL-1-inhibiting biologics as a risk factor
for the development of severe GAS infections, particularly necrotizing fasciitis [8]; IL-6-inhibiting
biologics have also been implicated as a risk factor, but this could not be recapitulated in mice
infected with GAS strain 5448. Serotype emm4 GAS strain M4C20 was isolated from a pediatric
patient with a GAS bloodstream infection, and the patient, rather unusually, was also taking IL-6-
inhibiting biologics to manage an autoimmune disorder. Further analysis of post-marketing
surveillance data revealed an association between IL-6-inhibiting biologics and incidence of
invasive GAS infections. In chapter 2 of this dissertation, we were able to demonstrate that
blocking IL-6 receptors both in vitro and in vivo was sufficient to increase the pathogenicity of

strain M4C20, but these conditions were not able to increase the pathogenicity of the hyperinvasive
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GAS strain 5448. Addition of exogenous IL-6 in vitro was also sufficient to enhance killing of
strain M4C20 and other emm4 GAS but was not sufficient for killing strain 5448, as well as other
emm]1 GAS clinical isolates. This observation highlighted new insights into how GAS is killed
within the host, as well as how hypervirulent strains of GAS can evade host killing.

Chapter 3 of this dissertation further probed the molecular mechanisms at play during IL-
6-mediated killing of GAS, as well as the mechanism by which some strains of GAS can evade
killing. We identified that IL-6-mediated killing occurs through the production of ROS. We also
identify the hyaluronic acid capsule as a mechanism by which some strains of GAS can evade
ROS-mediated killing and reveal a role for hyaluronic acid capsule as a direct antioxidant in vitro.
Acapsulated GAS were significantly more susceptible to peroxide in vitro, and the addition of
ROS scavengers was sufficient to rescue acapsulated GAS from killing by phagocytes.

In vivo, gp91P"°*~ mice that were deficient in phagocytic ROS production did not have
increased bacterial loads within skin lesions when infected with acapsulated GAS, which
contrasted with our in vifro findings. Bacterial load was similar for infections with strains 5448,
capsule mutant 5448AhasA, and non-M1T1 strain M4C20, indicating that gp91Ph°*-dependent
ROS was not essential for GAS killing in this infection model, nor was virulence capsule-
dependent (Figure 1). acapsulated GAS produced small lesions in wild-type mice, but lesion size
was at least doubled in gp91P"**~ mice infected with the same strains (Figure 1). This data reveals
that ROS production and capsule have effects on wound healing in vivo during GAS infections.

Immunohistochemical analysis showed that GAS were still able to colocalize with
activated neutrophils in both wild-type and gp91Ph*-mice. Neutrophil restriction of GAS prevents
bacterial dissemination that would cause systemic infections [6]. Interestingly, acapsulated GAS

induced lower levels of myeloperoxidase (MPO) in gp91P"*/~ mice, which is indicative of
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activated neutrophils (Figure 1). Activation and degranulation of neutrophils release many
effectors that could potentially contribute to tissue damage and histopathological effects [7]. It is
unclear whether the decreased number of MPO-positive neutrophils is due to larger numbers of
dead neutrophils, a consequence of deficient ROS production by gp91P"*’~ mice, or if acapsulated
GAS prevent neutrophil activation through an unknown mechanism. Further studies are required

to elucidate this mechanism, which are outlined below.

Scientific Implications and Future Directions

Many questions remain unanswered about the specific impact of IL-6 and ROS on killing
of GAS in vivo. Scavenging ROS is sufficient to rescue growth of acapsulated GAS in vitro, but
these data are discordant with the phenotype observed in vivo. Instead, we find that ROS is not
essential for killing GAS during in vivo skin infections. However, we demonstrate that both ROS
and capsule production by GAS influence wound healing in our skin infection model; in the
absence of ROS, wound healing is impaired when gp91P"*/- mice are infected with acapsulated
GAS as these mice have significantly larger lesions at the site of infection. This data points toward
a model that suggests ROS is not essential for killing GAS in the skin but does have an important
role in wound formation and healing, which is further influenced by capsule production in some
strains of GAS.

In order to better understand the immune responses that drive pathology in vivo, continuing
studies will use fluorophore-activated cell sorting (FACS) to examine the cellular response in skin
lesions. More specifically, we hope to identify any differences in cell population composition and
their activity between wild-type and gp91P"°*~ mice, as well as any differences between mice

infected with encapsulated or acapsulated GAS. FACS utilizes the light-scattering patterns of
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fluorescently labeled cell populations to sort heterogeneous populations of cells into individual
groups. These groups can be further sorted and characterized using carefully selected cell surface
markers, conjugated to a unique fluorescent dye, that reveal cell identities or the activities of a
particular cell type. We will begin by identifying leukocytes using an anti-CD45 antibody, then
further separating this population into macrophages (F4/80), neutrophils (Ly6G, CD11b), dendritic
cells (CD11c), and T-cells (CD3). Based on prior literature, we expect to find large amounts of
neutrophils within skin lesions, but we will likely also recover large numbers of macrophages
[8,9].

We are primarily interested in characterizing the neutrophil population within skin lesions.
Neutrophils play a critical role in the killing of GAS and contribute substantially to phenotypes
observed during infection [7]. Within our neutrophil subset, we will first use a viability stain to
quantify levels of live and dead cells; based on prior literature, it is possible that we will see many
necrotic neutrophils at the site of infection [10]. Since MPO levels were decreased in gp91phox-/-
mice infected with acapsulated GAS, it is possible that this is due to an increase in dead cell
populations within the lesion. We will also use markers for MPO (neutrophil activation), CD63
(to measure neutrophil degranulation), and CXCR1 (neutrophil chemotaxis/recruitment). Primary
(or azurophilic) granules contain most of the antimicrobial effectors contained within neutrophils,
including myeloperoxidase [11]. Secondary granules release lactoferrin [11]. Release of these
effectors could cause serious histopathological effects and explain differences between our
experimental groups [7].

To further strengthen our in vitro observations, we will clone the has4ABC operon, which
controls capsule production in GAS, to allow expression from a plasmid. This plasmid will be used

to restore capsule production in the 5448 AhasA mutant strain, as well as the naturally acapsulated
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M4C20 strain. While both these strains are fully sequenced, and the AhasA mutant has previously
been characterized and widely published [12—-19], complementation will help exclude the
possibility of off-target mutations. Capsule-complemented emm4 strains have been successfully
made [20], but not with the locus from 5448, or complementation within 5448Ahas4 or M4C20.
These complemented strains will be tested in vitro for susceptibility to phagocyte ROS, and we
expect that complementation will enhance survival of acapsulated GAS strains, potentially above
wide-type strains if expression is higher. These strains can also be used in vivo to determine
whether the level of capsule production impacts wound healing in an intradermal infection model.

Capsule is most known for its protection against opsonization by phagocytes [21].
Encapsulated GAS can also survive more efficiently within phagocytes [22-25], promoting long-
term colonization. Capsule also engages CD44 receptors on epithelial and some leukocytes
[18,19,26], which may advance dissemination of encapsulated GAS into deeper tissues to cause
systemic infection. In our in vitro infection model, we anticipate that the addition of capsule to
acapsulated GAS will decrease the number of phagocytosed bacteria but prolong the survival of
bacteria that do become internalized. We also anticipate that the addition of capsule to acapsulated
GAS will have a less profound phenotype in the presence of ROS-scavenging drugs like NAC. In
vivo, we expect that has4ABC-complemented GAS will produce similarly sized lesions as the wild-
type 5448 strain in wild-type mice; we do not expect any significant changes in bacterial load at
the site of infection, since this did not appear to be capsule-dependent in our initial studies. In

gp91Phox/-mice, we anticipate further delayed wound healing.
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Clinical Implications

The emergence of acapsulated GAS strains capable of causing severe infections has
challenged the essentiality of capsule during infection [27-32]. Although some serotypes, such as
MS89, have acquired compensatory mechanisms such as increased cytotoxin production [27,30],
others, such as M4, have not developed these mutations or acquired virulence factors. Thus, how
acapsulated GAS are able to persist in the population is a major question regarding GAS
pathogenesis. M4 GAS have been increasingly associated with pharyngeal colonization [31];
decades of research have shown that GAS isolated from asymptomatic carriers is often acapsulated
and is either completely incapable of producing capsule or only produces small amounts [33].
Thus, the loss of capsule production may be beneficial for pharyngitis-causing strains of GAS such
as M4, as it can be more effectively internalized and persist within host cells [34,35]. This may
also explain how acapsulated GAS can survive despite being extraordinarily sensitive to ROS-
they simply induce less ROS during infection, and capsule would not be essential for protecting
against ROS-mediated damage in that instance.

One major question that remains regarding GAS pathogenesis is why some strains are
associated with a specific set of disease manifestations- that is, which genetic factors in both the
bacterium and host determine tropism for GAS? Recent studies identify ROS as a potential factor
for determining cell tropism [10]. The skin has been shown to be a favorable niche for GAS, which
produce less ROS than other sites such as the lungs [10], ultimately providing a source of
replication and dissemination for GAS. The lungs, however, induce a large influx of neutrophils
and effectively clear GAS by the production of ROS [10]. This, potentially, is one of the factors
that makes the lung a site that GAS does not ordinarily colonize or infect, despite its ability to

grow in many other sites of the human body. This research confirms this hypothesis, as clearance
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of GAS from skin infections does not appear to be ROS-dependent (Figure 1). The encapsulated
GAS strains that typically produce devastating invasive infections are more equipped to do so with
the production of capsule and the other many virulence factors that acapsulated serotypes of GAS
have not acquired; hence, acapsulated GAS may opt for long-term pharyngeal colonization.
Acapsulated GAS such as M4 may be able to colonize the pharynx even if they are more
susceptible to ROS-mediated killing, if the pharynx does not have the ability to support a local
accumulation of ROS like the lung [14,18,19]. Since the pharynx would provide an effective niche
to colonize long-term, this could explain an expansion in the frequency of M4-type GAS:
acapsulated bacteria are better internalized and are thereby shielded from killing by penicillin,
which in the form of amoxicillin is one of the more commonly used antibiotics for the treatment
of GAS pharyngitis [36,37]. Capsule can promote adherence to CD44-expressing cells [26,38], so
there appears to be redundant, possibly competing, mechanisms for gaining cell entry [39—44].
Nonetheless, our recent results with a large panel of isolates find that the degree of encapsulation
negatively correlates with internalization, and subsequent induction of GSDMA-dependent
pyroptosis within keratinocytes [45]. Altogether, the ability of capsule to modulate internalization
in the pharynx is likely to have a major role in promoting antibiotic failure, persistent colonization,

and asymptomatic transmission.

Therapeutic Considerations

Despite advances in medical treatment of invasive GAS infections, mortality is still
alarmingly high, approximately 20% [46]. Death from invasive GAS infections occurs rapidly,
often within seven days of diagnosis [46]. Treatment of invasive infections uses a combination of

approaches, typically including antibiotic therapies and early surgical interventions [36].
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Antibiotic therapies typically consist of either penicillin or amoxicillin in conjunction with
clindamycin to neutralize the toxin activity of GAS [47]. Antibiotic resistance has traditionally not
been an issue for GAS, although reports of isolates with reduced susceptibility to beta-lactams
have been noted via mutations in the pbp2x protein [48,49]. Penicillin has been a cornerstone of
GAS treatment for some time, but antibiotic therapies alone do not suffice, partially due to
intracellular niches of bacteria as reviewed in previous sections (also reviewed in [50]). Treatment
is further complicated due to occlusion of blood vessels during soft tissue infections, preventing
intravenous antibiotics from fully penetrating the infected area [51,52].

Advances in diagnostic medicine have allowed us to identify both risk factors and biomarkers
that may be indicative of prognoses during necrotizing soft tissue infections (NSTIs). A recent
study identified multiple elevated serum biomarkers that were indicative of a Type II NSTI (caused
by beta-hemolytic streptococci), but CXCL10/IP-10, a chemoattractant for macrophages, appeared
to be the most useful for identifying a Type II NSTI [53]. This study was also able to identify
markers of Type II NSTIs that were associated with septic shock outcomes, and IL-6 was the most
highly associated with septic shock [53]. This information can be used to inform physicians and
provide more rapid treatment options to those who exhibit serum profiles reflective of Type II
NSTIs and give a more accurate prognosis. This work may also serve as an aid in symptom
management, as mortality during GAS infections is associated with aberrant immune responses
(reviewed in [54]). Risk factors for NSTIs caused by GAS remain unclear, as GAS can cause
necrotizing infections in previously healthy individuals [48,49].

An ideal treatment for Type II NSTIs would consist of antibiotic therapy, to eradicate a
majority of bacteria present, paired with a less invasive therapeutic option; approximately 20% of

survivors of such infections require amputations that drastically alter the quality of life for the
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patient [46]. The antibiotic rifampin has been used due to is ability to target intracellular bacteria
and is often used for antibiotic treatment of Mycobacterium tuberculosis [55]; a recent case study
has shown success with amoxicillin and adjunctive rifampin treatment to treat an NSTI caused by
an M1 strain of GAS [56]. This therapy was adapted to an in vitro organotypic skin tissue model
and was shown to be successful with multiple M types of GAS [56].

Hyperbaric oxygen therapy (HBOT) has been used to treat some NSTIs with varying levels
of success [57-60]. The premise of HBOT is to administer pure oxygen at higher-than-average
atmospheric pressures to supply the blood with oxygen and advance wound healing. The research
in my dissertation further provides a case for HBOT: since gp91P"*- mice experienced increases
in wound size when infected with GAS (Figure 1), this points toward ROS as having a critical role
in tissue healing and wound formation. The regeneration of oxygen molecules may provide aid by
limiting pathology during infection and potentially aiding in the administration of other
therapeutics, especially since blood vessel occlusion has been observed during necrotizing GAS
infections [51,52]. In one study, mortality from NSTIs was nearly half in those treated with HBOT

when compared to those who did not receive HBOT [59].

Summary

In conclusion, we have identified a molecular mechanism for IL-6-mediated killing of GAS,
the production of ROS, as well as a mechanism for GAS to evade this strategy, via production of
capsule. This study highlights 1) new risk factors for invasive GAS infections, ii) a new mechanism
by which hyaluronic acid capsule is protective for GAS, and iii) a new understanding of which
immune factors drive pathology during invasive GAS skin infections. At minimum, we can now

identify at least in part the root cause of histopathological effects seen during infection. We are
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hopeful that this research can be used to guide the design of new therapeutics or combination

therapies that will reduce the morbidity associated with invasive GAS skin infections.
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Figure 1. Comparison of irn vivo phenotypes during intradermal infection. Wild-type or
gp91rhox/- (CGD) C57BL6 mice infected with either encapsulated (5448) or acapsulated
(5448AhasA, M4C20) GAS had similar bacterial load within lesions (denoted by = sign). However,
lesion area was significantly increased in gp91Ph°*- mice infected with acapsulated GAS. Lesion
area remained the same size when infected with encapsulated GAS, indicating that encapsulated
GAS may promote less excessive pathology. Myeloperoxidase (MPO) production, which is an
indicator of activated neutrophils, was decreased within lesions from gp91P"*-- mice infected with
acapsulated GAS. Pathological effects were similar between wild-type and gp91PP**~ mice
infected with encapsulated GAS strain 5448, highlighting the essentiality of both ROS production

and capsule for wound healing.



