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Group A Streptococcus (GAS; Streptococcus pyogenes) is a nearly ubiquitous human pathogen responsible for a significant global disease burden. No vaccine exists, so antibiotics are essential for effective treatment. Despite a lower incidence of antimicrobial resistance than many pathogens, GAS is still a top 10 cause of death due to infections worldwide. The morbidity and mortality are primarily a consequence of the immune sequelae and invasive infections that are difficult to treat with antibiotics. GAS has remained susceptible to penicillin and other β-lactams, despite their widespread use for 80 years. However, the failure of treatment for invasive infections with penicillin has been consistently reported since the introduction of antibiotics, and strains with reduced susceptibility to β-lactams have emerged. Furthermore, isolates responsible for outbreaks of severe infections are increasingly resistant to other antibiotics of choice, such as clindamycin and macrolides. This review focuses on the challenges in the treatment of GAS infection, the mechanisms that contribute to antibiotic failure, and adjunctive therapeutics. Further understanding of these processes will be necessary for improving the treatment of high-risk GAS infections and surveillance for non-susceptible or resistant isolates. These insights will also help guide treatments against other leading pathogens for which conventional antibiotic strategies are increasingly failing.
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INTRODUCTION

Streptococcus pyogenes (group A Streptococcus, GAS) is a ubiquitous human pathogen responsible for over half a million deaths per year worldwide (Carapetis et al., 2005). No vaccine exists, and current treatment depends on conventional antibiotics and symptom management. While the β-lactam penicillin remains the antibiotic of choice for mild to moderate infections, severe or prolonged infections require additional measures for effective clearance. The standard recommendation is to utilize the lincosamide clindamycin in combination with penicillin (Stevens et al., 2014). Any resistance is a serious issue because of the reliance on these antibiotics, so surveillance is important. GAS has no resistance to penicillin, but treatment failure remains a major concern. Clindamycin has been very effective, but the global rates of resistance continue to rise and make the implementation of universal guidelines a challenge. Emergent challenges and opportunities for the treatment of GAS are the focus of this review.



GROUP A STREPTOCOCCUS INFECTIONS

GAS colonizes the nasopharynx, where it can cause disease, disseminate to other sites in the body, and transmit to other humans. GAS is isolated from this site in 12–24% of healthy children and in 37% of those with a sore throat (Shaikh et al., 2010). Pharyngitis, or strep throat, is the most common disease caused by GAS and is estimated to occur more than 600 million times per year (Carapetis et al., 2005). The common symptoms of pharyngitis are a sore throat, fever, enlarged tonsils, and coughing with throat pain, induced by pro-inflammatory exotoxins secreted by GAS (Dan et al., 2019; LaRock et al., 2020). Some individuals are susceptible to recurring pharyngitis (Dan et al., 2019), which may be prevented with tonsillectomy, although 33% of children lacking tonsils are still colonized by GAS (Roberts et al., 2012). GAS exotoxins also promote colonization of the skin and more serious invasive infections and are major drivers of pathogenesis (Wilde et al., 2021a).

Antibiotics remain necessary since fatal complications may occur from untreated infection. Famously, untreated pharyngitis can lead to scarlet fever, an inflammatory disease with resurging outbreaks (Davies et al., 2015; Park et al., 2017; Lynskey et al., 2019), and fatality rates up to 30% (Quinn, 1989). Scarlet fever is mediated by the streptococcal pyrogenic exotoxin superantigens, which induce an inflammatory cytokine storm (Shannon et al., 2019). In the bloodstream, superantigens are responsible for streptococcal toxic shock syndrome (STSS), a multi-organ disease with a fatality rate up to 44% (Lamagni et al., 2008; Wilkins et al., 2017). STSS often co-occurs with necrotizing fasciitis, an invasive infection of the skin (Low, 2013) where surgery within 24 h is often necessary for survival due to tissue damage and bacteremia (Olsen and Musser, 2010). Untreated GAS infections further have the risk of immune sequelae such as rheumatic fever, where the immune system mistakenly recognizes host tissue as foreign antigens (Cunningham, 2000; Hurst et al., 2018). When targeted toward the heart, this results in rheumatic heart disease, a chronic condition that is a major cause of GAS morbidity and mortality (Walker et al., 2014). The risk of any of these complications is thus limited when GAS infections are rapidly treated.

The β-lactam penicillin remains the gold standard of antibiotic treatment for many GAS infections (Stevens et al., 2014). β-lactams target penicillin-binding proteins (PBPs) to block peptidoglycan cross-linking in metabolically active bacteria, leading to bacterial death (Figure 1; Wilke et al., 2005). Despite extensive use for decades, there has been minimal change in the susceptibility of GAS to penicillin (Macris et al., 1998). Discovered in 1928 by Alexander Fleming, penicillin was brought to clinical trials in 1941. It did not take long for resistance to be observed. Penicillinase-producing Escherichia coli were observed in 1940, and strains of penicillin-resistant Staphylococcus aureus were clinically found in 1942, with 80% resistant by the end of the 1960s. Semi-synthetic versions of penicillin such as methicillin were in response; however, it would only take 20 years for methicillin resistance to become endemic (Lobanovska and Pilla, 2017).
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FIGURE 1. Summary of the treatment methods discussed in this review. Bactericidal β-lactams such as penicillin target the peptidoglycan of the cell wall, leading to cell lysis. This can lead to an efflux of virulence factors and other cellular proteins, resulting in inflammation. Macrolides and lincosamides are bacteriostatic, blocking protein synthesis by targeting the bacterial ribosome. Preventing toxin synthesis works to reduce inflammation. Intravenous immunoglobulin (IVIG) is an infusion of pooled antibodies from human donors, which works to induce opsonization and neutralize toxins, reducing inflammation. Figure made in biorender.




NON-ANTIMICROBIAL ANTIBIOTIC EFFECTS

In animal models and human infection, clindamycin is also effective against severe GAS infection (Coyle, 2003; Carapetis et al., 2014). Clindamycin is a semi-synthetic lincosamide antibiotic that targets the 50S subunit of the ribosome (Spízek and Rezanka, 2004). Inhibition occurs through blocking of the peptidyl transferase reaction, preventing protein synthesis in susceptible pathogens, commonly Gram-positive cocci of Streptococcus, Staphylococcus, and Clostridium species (Stevens et al., 1987). Clindamycin is bacteriostatic and can limit the production of toxic proteins and virulence factors independent of its effects on growth (Figure 1; Schlievert and Kelly, 1984). This is also true for GAS (Mascini et al., 2001), where clindamycin inhibition of M protein synthesis promotes phagocytic killing (Gemmell et al., 1981) and inhibition of superantigens and other toxins (Sriskandan et al., 1997; Mascini et al., 2001) can mitigate septic shock (Schlievert and Kelly, 1984). Similar anti-toxin effects have been described for Clostridium perfringens (Stevens et al., 1995) and Clostridioides difficile (Zarandi et al., 2017).

Because of their efficacy, both penicillin and clindamycin are recommended as of 2014 by the Infectious Diseases Society of America guidelines for necrotizing GAS infections (Stevens et al., 2014). They should be used in combination with surgical interventions. Due to a mortality rate of 30% or higher from severe symptoms, treatment should be rapid to minimize risk of death (Stevens et al., 1989). While penicillin and clindamycin are not antagonistic when prescribed together, there is no inherent bactericidal benefit to using both (Stevens et al., 1998). However, the added benefits of clindamycin may come from ribosome inhibition reducing the development of toxin-mediated symptoms like STSS (Sartelli et al., 2018). Since penicillin treatment can lead to lysis and toxin release (Coyle, 2003), protein synthesis inhibitors like clindamycin (Kishi et al., 1999) that decrease toxin production can help mitigate excessive immune stimulation (Coyle, 2003). It remains to be determined whether adjunctive use of additional antibiotics improves treatment (Sunderkötter et al., 2019). For clindamycin-resistant GAS, early experimental work suggests linezolid (Oppegaard and Rath, 2020) as a suitable alternative, while gentamicin is also suggested as a potential candidate, albeit with potential toxicity (Andreoni et al., 2017).



ANTIBIOTIC RESISTANCE

GAS develops resistance to clindamycin by two primary mechanisms: target site modification or efflux pumps. Methylation of clindamycin target sites on the 23S RNA by ErmA, ErmC, or enzymes are most common (Seppälä et al., 1998). Isolates with this mechanism can either have constitutive or inducible resistance to clindamycin (Lewis and Jorgensen, 2005). Inducible resistance can result in treatment failure, as inducible clindamycin resistance is undetectable unless macrolides are also present (Lewis et al., 2014). Efflux pumps are a common resistance mechanism, such as msrA and mefA involved in macrolide resistance (Clancy et al., 1996). Despite the structural similarity of clindamycin and macrolides, these pumps have shown greater efficacy against macrolides (Sutcliffe et al., 1996). Staphylococcus species may also enzymatically inactivate clindamycin through LinA (Matsuoka, 2000). Due to the frequency of antibiotic resistance genes being plasmid mediated, there is concern of horizontal gene transfer generating new resistant strains (Ben Zakour et al., 2015).

Clindamycin resistance in the United States is on the rise, from an estimated 0.5% in 2003 (Richter et al., 2005) to currently as high as 15% in pediatric populations (DeMuri et al., 2017). Isolates from invasive infections are more commonly resistant, increasing from 2% to over 23% in this time (Fay et al., 2021). The resistance rates are geographically variable; in China, resistance may approach 95.5% (Stevens and Bryant, 2017), where over a similar period, northern Europe rates approximated 1% (Bruun et al., 2021). Despite the rapid change in resistance trends and the emergence of potentially hypervirulent, resistant strains, the recommendation remains: continue the use of protein synthesis inhibitors such as clindamycin when necessary, but to be mindful and vigilant for resistant isolates (Stevens et al., 2014).

β-Lactams and macrolides are the drugs of choice for GAS and therefore have the highest concern for the development of resistance. Along with rapid increases in erythromycin and clindamycin resistance, tetracycline resistance is widespread and levofloxacin resistance is observed (Fay et al., 2021). However, the challenges with GAS treatment are still typically antibiotic failure, not intrinsic drug resistance. No resistance to vancomycin or β-lactams has been observed.



β-LACTAM RESISTANCE CONCERNS

The answer to why GAS has not developed resistance to β-lactams despite extensive use and widespread resistance in related species has remained elusive. A study in 1998 found no significant change in the minimum inhibitory concentration (MIC) over time (Macris et al., 1998), and this trend has continued (Fay et al., 2021). While there have been clinical isolates with elevated penicillin MIC values reported in India, Japan, and Mexico (Amábile-Cuevas et al., 2001; Capoor et al., 2006; Ogawa et al., 2011; Berwal et al., 2019), no mechanism has been provided. In other streptococci, resistance is primarily found in PBP mutations. One proposal is that PBPs with low affinity for β-lactams are poorly tolerated by GAS (Horn et al., 1998). Consistent with this, GAS engineered to express low-affinity PBPs had growth defects, poor growth rates, and morphological abnormalities (Gutmann et al., 1981; Gutmann and Tomasz, 1982). Additional work showed that decreases in the M protein production could lead to resistance, at the cost of being avirulent (Rosendal, 1958). Taken together, this suggests that PBPs are essential to GAS biology, and changes that would support resistance are either fatal or so detrimental that survival in a clinical setting is quite difficult. This has been partially backed up by recent work showing that three or fewer amino acid changes to PBP have occurred in 99% or more of the clinically relevant GAS strains (Hayes et al., 2020).

A community outbreak of GAS in Seattle recently led to the identification of two isolates with reduced susceptibility to β-lactams (Vannice et al., 2020). These isolates had a T553K substitution within pbp2x and a S79F substitution within parC of topoisomerase. The MIC values for ampicillin, amoxicillin, and cefotaxime were higher than those of isogenic isolates, while the MIC for penicillin was unchanged. The two isolates have no confirmed direct link despite their genomes being nearly identical (Vannice et al., 2020). In the wake of these findings, there were concerns that these mutations were already worldwide. Subsequent studies have identified additional natural mutations in pbp2x responsible for the reduced susceptibility (Musser et al., 2020). Isogenic isolates with pbp2x mutations show no change in virulence in a mouse model; however, they have a potential for increased fitness (Olsen et al., 2020). These mutations are concerning because of the similarities with Streptococcus pneumoniae, another pathogen responsible for childhood disease (Weiser et al., 2018). Penicillin had been the antibiotic of choice for treatment, but resistance became widespread in the 1980s mutations in pbp2x and pbp2b (Grebe and Hakenbeck, 1996). One possible source of resistance was horizontal gene transfer into S. pneumoniae from other native oral streptococcal species such as Streptococcus mitis (Dowson et al., 1989). T550 in S. pneumoniae corresponds to T553 in GAS, suggesting that future resistance could similarly arise (Vannice et al., 2020).



ADDITIONAL CONSIDERATIONS WITH ANTIBIOTIC TREATMENT

A penicillin allergy is one of the few reasons to consider another drug for most GAS infections. This allergy is estimated in 8% of patients, but an IgE-mediated allergic response will only be visible in 1 in 20 people (Macy and Ngor, 2013; Macy, 2014). Allergy is often over-reported or self-diagnosed, leading to other antibiotics being prescribed unnecessarily (Sousa-Pinto et al., 2017). Vancomycin or linezolid are common alternatives for those with severe penicillin allergies (Stevens et al., 2014). Allergic reactions to clindamycin are rare; it has therefore become common as an alternative choice in instances of allergic reactions to other antibiotics (Lammintausta et al., 2002). Since infection is recurrent for many people, repeated use of penicillin may drive allergy, select for resistance in other species of microbes present, and give rise to a series of opportunistic infections by pathogens such as C. difficile (Johnson et al., 1999; Brindle et al., 2017).



MECHANISMS FOR TREATMENT FAILURE

Thus, despite in vitro sensitivity to many antibiotics, including universal sensitivity to penicillin, GAS remains a major public health burden. Treatment failure was first reported not long after the introduction of penicillin (Eagle, 1952) and has remained a problem ever since in both common pharyngitis and more severe invasive infections (Markowitz et al., 1993; Gillespie, 1998; Orrling et al., 2001). Death due to treatment failure is not due exclusively to lack of access to antibiotics or medical treatment because, even in resource-rich countries, invasive infections can have a high failure rate during treatment (Orrling et al., 1994). Since death is not always from overwhelming bacteremia, but rather pathological inflammation as sepsis, a bolus of antibiotic leading to massive bacterial lysis may transiently exacerbate the disease or even lead to death (Wolf et al., 2017). Individuals treated with only penicillin have also shown greater risk of recurrent tonsillitis, suggesting an inability to clear the infection fully (Brook and Hirokawa, 1985).

Bacteria can survive at antibiotic concentrations beyond a minimal bactericidal concentration (MBC) by a process known as the Eagle effect (Prasetyoputri et al., 2019). First observed in 1948 (Eagle and Musselman, 1948), it is speculated to be related to penicillin having greater efficacy on bacteria in log phase growth, as they are actively rebuilding their peptidoglycan (Eagle, 1952). During infection, resource limitation and antimicrobial immune responses slowing bacterial growth may lead to decreased antibiotic efficacy (Figure 2). This has manifested in treatment failure using the mouse model of GAS infection, where delaying penicillin treatment led to a significant reduction in survival (Stevens et al., 1988).
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FIGURE 2. Model of mechanisms contributing to antibiotic failure during Group A Streptococcus (GAS) infections. Community-mediated resistance mediated by protection by endogenous microbiota is likely most prevalent during pharyngitis and not invasive infections, where GAS most often exists as a monoculture. Persisters, resistant through altered growth rates or other epigenetic states, can contribute to treatment failure of any infection. The formation of biofilms, invasion of epithelial cells, and survival within phagocytes can similarly occur during any infection and serve to shield single bacterium from antibiotic action. During invasive infections in particular, inflammation- and toxin-mediated necrosis of tissue and thrombosis of dermal vasculature can limit antibiotic perfusion, necessitating surgical removal of the infected tissue.


Community-mediated resistance (Figure 2) is another mechanism that may contribute to failure, where β-lactamases secreted by the resident microbiota in the polymicrobial environment protect sensitive pathogens, including GAS (Sorg et al., 2016; Gjonbalaj et al., 2020). One study showed that β-lactamase producers were found in 40% of pediatric patients with orofacial or respiratory tract infections (Brook, 1984), with another suggesting rates as high as 74% in the tonsils (Brook, 2009). One potential impact of clindamycin is therefore killing β-lactam-resistant species that provided protection to GAS, allowing for later reinfection (Brook and Hirokawa, 1985). The deep tissue is commonly sterile, so community resistance is more likely to play a role during pharyngitis, where there is an abundant polymicrobial community present.

Biofilms are an aggregate of bacteria encased in an extracellular matrix and contribute to the ability of many bacterial species to resist immune effectors and antibiotics. Aggregates of GAS consistent with biofilm formation have been observed in nasopharyngitis (Roberts et al., 2012) and the skin (Akiyama et al., 2003; Siemens et al., 2016). The GAS biofilm requires cell surface-anchored proteins such as pili and the serotype-specific M protein to contribute to a hydrophobic cell surface and the aggregation of GAS chains on biotic and abiotic surfaces (Frick et al., 2000; Manetti et al., 2007; Courtney et al., 2009; Matysik et al., 2020). Host proteins recruited by cell surface-anchored virulence factors further contribute to aggregation and shield GAS from antimicrobials (LaRock et al., 2015; Döhrmann et al., 2017; Alamiri et al., 2020). This protection is also extended toward antibiotics (Figure 2), with biofilm formation associated with the reduced efficacy of antibiotics in vitro and in vivo (Baldassarri et al., 2006; Marks et al., 2014; Matysik et al., 2020), including a 2,500-fold increase in penicillin tolerance in one study (Vyas et al., 2020).

While the dual role of biofilms in pathogenesis and antibiotic failure is well recognized, and a target for future therapeutics, this connection is less explored with other virulence factors. GAS can invade macrophages (Hertzén et al., 2012; Wilde et al., 2021b), epithelial (Kaplan et al., 2006), and other host cells and resist autophagy and other mechanisms to promote their intracellular growth (Barnett et al., 2013). Intracellular GAS are shielded from penicillin (Figure 2), which cannot cross the cell envelope, and the ability to invade cells is correlated with eradication failure during the treatment of pharyngitis (Sela et al., 2000). Thus, virulence factors required for cell invasion may promote penicillin failure, but not failure of cell-penetrating antibiotics such as clindamycin or erythromycin, which are more effective against intracellular GAS (Kaplan et al., 2006). The penetration of antibiotic into tissue is also a hurdle that is worsened during severe infections (Eagle, 1952; Kiang et al., 2014; Stevens and Bryant, 2017; Thabit et al., 2019). Edema, thrombosis, and tissue necrosis are pervasive during necrotizing fasciitis and other invasive GAS infections and drastically limit antibiotic perfusion (Figure 2); for this reason, surgical removal of the infected tissue is often required, even for highly antibiotic-sensitive GAS (Stevens et al., 2014). This pathology is caused directly by streptolysin O and other GAS toxins (Bryant et al., 2005).

Together, these observations suggest that the virulence factors GAS uses to escape the immune system are tied to its ability to escape antibiotics. Neutralizing antibodies and small drug inhibitors of GAS virulence factors thus have the potential to not only reduce pathogenesis and restore the effectiveness of the immune response but also to work synergistically with conventional antibiotics to break the resistance/tolerance mechanisms of GAS.



ANTI-VIRULENCE TREATMENT

Since inhibiting toxin production has therapeutic benefits, neutralizing their activity may also be therapeutically useful. Intravenous immunoglobulin (IVIG) is an experimental adjunctive treatment for severe GAS infections that targets toxicity and promotes effective immune responses (Linnér et al., 2014). IVIG is generated from the pooled serum of healthy human donors and thus contains a panel of antibodies against diverse, but undefined, bacterial targets (Schwab and Nimmerjahn, 2013). These likely include major toxins and surface-anchored virulence factors (Wilde et al., 2021a). Through their neutralization (Parks et al., 2018) and increased opsonization of the bacterium, IVIG antibodies can decrease the bacterial burden and limit pro-inflammatory cytokine storms (Figure 1; Kaul et al., 1999). The repertoire of virulence factors produced by GAS is variable, as is the repertoire of specific antibodies between donors used for IVIG (Dhainaut et al., 2013), so the ability to neutralize toxins will vary between treatments and requires optimization (Norrby-Teglund et al., 1998; Schrage et al., 2006). Typical side effects include headaches or nausea (Katz et al., 2007), but there are risks of rare but severe complications (Pierce and Jain, 2003). Additional technical restrictions on using IVIG are the high cost of generation, storage requirements, and the risk of bloodborne pathogens found in any human blood.

In mice, IVIG has clear efficacy in models of STSS (Sriskandan et al., 2006) and necrotizing fasciitis (Tarnutzer et al., 2019). Because cases of severe GAS infections are rare, the opportunity to perform proper control trials is limited, and many findings may be underpowered. In some hospitals, IVIG is routinely used in tandem with clindamycin, although in one study this did not provide statistically significant improvement compared to clindamycin alone (Carapetis et al., 2014; de Prost et al., 2015). One trial was canceled due to limited enrollment, but the IVIG group had significant improvement compared to placebo (Darenberg et al., 2003), while another trial of 100 patients found no benefit over antibiotics alone (Madsen et al., 2017).



CLOSING COMMENTS

Until a vaccine is developed for GAS, antibiotics will remain essential for treating infection. The gold standard, penicillin, has been effective at treating GAS for over 80 years with no resistance, but low, consistent, rates of failure. Since other bacteria eventually gain resistance to the antibiotics commonly used for their treatment, it can be expected that GAS may eventually become resistant, which will lead to massive increases in morbidity and mortality. If the mutations in pbpx2 of GAS continue to follow the same progression as that in S. pneumoniae, this may not be in the distant future (Grebe and Hakenbeck, 1996; Vannice et al., 2020). However, all mutations identified thus far are insufficient for non-susceptibility and carry a fitness cost, both of which will require additional compensatory mutations for GAS to overcome (Hanage and Shelburne, 2020). Therefore, dedicated surveillance is essential as the emergence of penicillin resistance by GAS would constitute a public health crisis.

Other methods of treatment beyond β-lactams are essential for handling severe GAS infections. While resistance is on the rise globally, clindamycin is one of the most effective treatments available alongside β-lactams to manage necrotizing fasciitis or STSS. With rapidly rising resistance, we lose this tool and will require new therapeutic strategies. As with penicillin, surveillance is crucial to determine current resistance trends. The properties that would be desired in these drugs, to complement the shortcomings of penicillin, include the targeting of vegetative bacteria in biofilms and intracellular bacteria. IVIG is a promising method to improve survival during severe infections, but it may not be a replacement for clindamycin or another effective antibiotic. Understanding how resistance develops and the global profile of resistance will ensure that new drugs can be developed and deployed in the proper locations.



AUTHOR CONTRIBUTIONS

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



FUNDING

This work was supported by the NIH/NIAID (AI153071). The funders had no role in the study design, data collection and analysis, decision to publish, or preparation of the manuscript.



ACKNOWLEDGMENTS

We thank Dr. William Shafer and the members of the LaRock Lab for their helpful comments and discussions in the preparation of this work.



REFERENCES

Akiyama, H., Morizane, S., Yamasaki, O., Oono, T., and Iwatsuki, K. (2003). Assessment of Streptococcus pyogenes microcolony formation in infected skin by confocal laser scanning microscopy. J. Dermatol. Sci. 32, 193–199. doi: 10.1016/S0923-1811(03)00096-3

Alamiri, F., Chao, Y., Baumgarten, M., Riesbeck, K., and Hakansson, A. P. (2020). A role of epithelial cells and virulence factors in biofilm formation by streptococcus pyogenes in vitro. Infect. Immun. 88:e00133–20. doi: 10.1128/IAI.00133-20

Amábile-Cuevas, C. F., Hermida-Escobedo, C., and Vivar, R. (2001). Comparative in vitro activity of moxifloxacin by E-test against Streptococcus pyogenes. Clin. Infect. Dis. 32(Suppl_1), S30–S32. doi: 10.1086/319373

Andreoni, F., Zürcher, C., Tarnutzer, A., Schilcher, K., Neff, A., Keller, N., et al. (2017). Clindamycin affects group a Streptococcus virulence factors and improves clinical outcome. J. Infect. Dis. 215, 269–277. doi: 10.1093/infdis/jiw229

Baldassarri, L., Creti, R., Recchia, S., Imperi, M., Facinelli, B., Giovanetti, E., et al. (2006). Therapeutic failures of antibiotics used to treat macrolide-susceptible Streptococcus pyogenes infections may be due to biofilm formation. J. Clin. Microbiol. Am. Soc. Microbiol. J. 44, 2721–2727. doi: 10.1128/JCM.00512-06

Barnett, T. C., Liebl, D., Seymour, L. M., Gillen, C. M., Lim, J. Y., LaRock, C. N., et al. (2013). The globally disseminated M1T1 clone of group a Streptococcus evades autophagy for intracellular replication. Cell Host Microbe 14, 675–682. doi: 10.1016/j.chom.2013.11.003

Ben Zakour, N. L., Davies, M. R., You, Y., Chen, J. H. K., Forde, B. M., Stanton-Cook, M., et al. (2015). Transfer of scarlet fever-associated elements into the group a Streptococcus M1T1 clone. Sci. Rep. 5:15877. doi: 10.1038/srep15877

Berwal, A., Chawla, K., Shetty, S., and Gupta, A. (2019). Trend of antibiotic susceptibility of Streptococcus pyogenes isolated from respiratory tract infections in tertiary care hospital in south Karnataka. Iran J. Microbiol. 11, 13–18. doi: 10.18502/ijm.v11i1.698

Brindle, R., Williams, O. M., Davies, P., Harris, T., Jarman, H., Hay, A. D., et al. (2017). Adjunctive clindamycin for cellulitis: a clinical trial comparing flucloxacillin with or without clindamycin for the treatment of limb cellulitis. BMJ Open 7:e013260. doi: 10.1136/bmjopen-2016-013260

Brook, I. (1984). β-lactamase—producing bacteria recovered after clinical failures with various penicillin therapy. Arch. Otolaryngol. 110, 228–231. doi: 10.1001/archotol.1984.00800300020004

Brook, I. (2009). The role of beta-lactamase-producing-bacteria in mixed infections. BMC Infect. Dis. 9:202. doi: 10.1186/1471-2334-9-202

Brook, I., and Hirokawa, R. (1985). Treatment of patients with a history of recurrent tonsillitis due to group a beta-hemolytic Streptococci: a prospective randomized study comparing penicillin, erythromycin, and clindamycin. Clin. Pediatr. (Phila) 24, 331–336. doi: 10.1177/000992288502400606

Bruun, T., Rath, E., Madsen, M. B., Oppegaard, O., Nekludov, M., Arnell, P., et al. (2021). Risk factors and predictors of mortality in Streptococcal necrotizing soft-tissue infections: a multicenter prospective study. Clin. Infect. Dis. 72, 293–300. doi: 10.1093/cid/ciaa027

Bryant, A. E., Bayer, C. R., Chen, R. Y. Z., Guth, P. H., Wallace, R. J., and Stevens, D. L. (2005). Vascular dysfunction and ischemic destruction of tissue in Streptococcus pyogenes infection: the role of streptolysin O–induced platelet/neutrophil complexes. J. Infect. Dis. 192, 1014–1022. doi: 10.1086/432729

Capoor, M. R., Nair, D., Deb, M., Batra, K., and Aggarwal, P. (2006). Resistance to erythromycin and rising penicillin MIC in Streptococcus pyogenes in India. JPN J. Infect. Dis. 59, 334–336.

Carapetis, J. R., Jacoby, P., Carville, K., Ang, S.-J. J., Curtis, N., and Andrews, R. (2014). Effectiveness of clindamycin and intravenous immunoglobulin, and risk of disease in contacts, in invasive group a Streptococcal infections. Clin. Infect. Dis. Oxford Acad. 59, 358–365. doi: 10.1093/cid/ciu304

Carapetis, J. R., Steer, A. C., Mulholland, E. K., and Weber, M. (2005). The global burden of group a Streptococcal diseases. Lancet Infect. Dis. 5, 685–694. doi: 10.1016/S1473-3099(05)70267-X

Clancy, J., Petitpas, J., Dib-Hajj, F., Yuan, W., Cronan, M., Kamath, A. V., et al. (1996). Molecular cloning and functional analysis of a novel macrolide-resistance determinant, mefA, from Streptococcus pyogenes. Mol. Microbiol. 22, 867–879. doi: 10.1046/j.1365-2958.1996.01521.x

Courtney, H. S., Ofek, I., Penfound, T., Nizet, V., Pence, M. A., Kreikemeyer, B., et al. (2009). Relationship between expression of the family of M Proteins and lipoteichoic acid to hydrophobicity and biofilm formation in Streptococcus pyogenes. PLoS One 4:e4166. doi: 10.1371/journal.pone.0004166

Coyle, E. A. (2003). Targeting bacterial virulence: the role of protein synthesis inhibitors in severe infections. Pharmacotherapy 23, 638–642. doi: 10.1592/phco.23.5.638.32191

Cunningham, M. W. (2000). Pathogenesis of group A Streptococcal infections. Clin. Microbiol. Rev. 13, 470–511. doi: 10.1128/CMR.13.3.470

Dan, J. M., Havenar-Daughton, C., Kendric, K., Al-Kolla, R., Kaushik, K., Rosales, S. L., et al. (2019). Recurrent group A Streptococcus tonsillitis is an immunosusceptibility disease involving antibody deficiency and aberrant TFH cells. Sci. Transl. Med. 11, eaau3776. doi: 10.1126/scitranslmed.aau3776

Darenberg, J., Ihendyane, N., Sjölin, J., Aufwerber, E., Haidl, S., Follin, P., et al. (2003). StreptIg study group. intravenous immunoglobulin G therapy in streptococcal toxic shock syndrome: a European randomized, double-blind, placebo-controlled trial. Clin. Infect. Dis. 37, 333–340. doi: 10.1086/376630

Davies, M. R., Holden, M. T., Coupland, P., Chen, J. H. K., Venturini, C., Barnett, T. C., et al. (2015). Emergence of scarlet fever Streptococcus pyogenes emm12 clones in Hong Kong is associated with toxin acquisition and multidrug resistance. Nat. Genet. 47, 84–87. doi: 10.1038/ng.3147

de Prost, N., Sbidian, E., Chosidow, O., Brun-Buisson, C., and Amathieu, R. (2015). Henri mondor hospital necrotizing fasciitis group. Management of necrotizing soft tissue infections in the intensive care unit: results of an international survey. Intensive Care Med. 41, 1506–1508. doi: 10.1007/s00134-015-3916-9

DeMuri, G. P., Sterkel, A. K., Kubica, P. A., Duster, M. N., Reed, K. D., and Wald, E. R. (2017). Macrolide and clindamycin resistance in group a Streptococci isolated from children with pharyngitis. Pediatr. Infect. Dis. J. 36, 342–344. doi: 10.1097/INF.0000000000001442

Dhainaut, F., Guillaumat, P.-O., Dib, H., Perret, G., Sauger, A., de Coupade, C., et al. (2013). In vitro and in vivo properties differ among liquid intravenous immunoglobulin preparations. Vox Sang. 104, 115–126. doi: 10.1111/j.1423-0410.2012.01648.x

Döhrmann, S., LaRock, C. N., Anderson, E. L., Cole, J. N., Ryali, B., Stewart, C., et al. (2017). Group a Streptococcal M1 protein provides resistance against the antimicrobial activity of histones. Sci. Rep. 7:43039. doi: 10.1038/srep43039

Dowson, C. G., Hutchison, A., Brannigan, J. A., George, R. C., Hansman, D., Liñares, J., et al. (1989). Horizontal transfer of penicillin-binding protein genes in penicillin-resistant clinical isolates of Streptococcus pneumoniae. Proc. Natl. Acad. Sci. U.S.A. 86, 8842–8846. doi: 10.1073/pnas.86.22.8842

Eagle, H. (1952). Experimental approach to the problem of treatment failure with penicillin: I. Group a streptococcal infection in mice. Am. J. Med. 13, 389–399. doi: 10.1016/0002-9343(52)90293-3

Eagle, H., and Musselman, A. D. (1948). The rate of bactericidal action of penicillin in vitro as a function of its concentration, and its paradoxically reduced activity at high concentrations against certain organisms. J. Exp. Med. 88, 99–131. doi: 10.1084/jem.88.1.99

Fay, K., Onukwube, J., Chochua, S., Schaffner, W., Cieslak, P., Lynfield, R., et al. (2021). Patterns of antibiotic nonsusceptibility among invasive group a Streptococcus infections—United States, 2006–2017. Clin. Infect. Dis. 2021:ciab575. doi: 10.1093/cid/ciab575

Frick, I.-M., Mörgelin, M., and Björck, L. (2000). Virulent aggregates of Streptococcus pyogenes are generated by homophilic protein–protein interactions. Mol. Microbiol. 37, 1232–1247. doi: 10.1046/j.1365-2958.2000.02084.x

Gemmell, C. G., Peterson, P. K., Schmeling, D., Kim, Y., Mathews, J., Wannamaker, L., et al. (1981). Potentiation of opsonization and phagocytosis of Streptococcus pyogenes following growth in the presence of Clindamycin. J. Clin. Invest. 67, 1249–1256. doi: 10.1172/JCI110152

Gillespie, S. (1998). Failure of penicillin in Streptococcus pyogenes pharyngeal infection. Lancet. 352, 1954–1956. doi: 10.1016/S0140-6736(05)61327-X

Gjonbalaj, M., Keith, J. W., Do, M. H., Hohl, T. M., Pamer, E. G., and Becattini, S. (2020). Antibiotic degradation by commensal microbes shields pathogens. Infect. Immun. 88, e00012–e20. doi: 10.1128/IAI.00012-20

Grebe, T., and Hakenbeck, R. (1996). Penicillin-binding proteins 2b and 2x of Streptococcus pneumoniae are primary resistance determinants for different classes of beta-lactam antibiotics. Antimicrob. Agents Chemother. 40, 829–834. doi: 10.1128/AAC.40.4.829

Gutmann, L., and Tomasz, A. (1982). Penicillin-resistant and penicillin-tolerant mutants of group a Streptococci. Antimicrob. Agents Chemother. 22, 128–136. doi: 10.1128/AAC.22.1.128

Gutmann, L., Williamson, R., and Tomasz, A. (1981). Physiological properties of penicillin-binding proteins in group a Streptococci. Antimicrob. Agents Chemother. 19, 872–880. doi: 10.1128/AAC.19.5.872

Hanage, W. P., and Shelburne, S. A. III. (2020). Streptococcus pyogenes With reduced susceptibility to β-lactams: how big an alarm bell? Clin. Infect. Dis. 71, 205–206. doi: 10.1093/cid/ciz1006

Hayes, A., Lacey, J. A., Morris, J. M., Davies, M. R., and Tong, S. Y. C. (2020). Restricted sequence variation in Streptococcus pyogenes penicillin binding proteins. mSphere 5, e00090–e20. doi: 10.1128/mSphere.00090-20

Hertzén, E., Johansson, L., Kansal, R., Hecht, A., Dahesh, S., Janos, M., et al. (2012). Intracellular Streptococcus pyogenes in human macrophages display an altered gene expression profile. PLoS One 7:e35218. doi: 10.1371/journal.pone.0035218

Horn, D. L., Zabriskie, J. B., Austrian, R., Cleary, P. P., Ferretti, J. J., Fischetti, V. A., et al. (1998). Why have group a Streptococci remained susceptible to penicillin? Report on a symposium. Clin. Infect. Dis. 26, 1341–1345. doi: 10.1086/516375

Hurst, J. R., Kasper, K. J., Sule, A. N., and McCormick, J. K. (2018). Streptococcal pharyngitis and rheumatic heart disease: the superantigen hypothesis revisited. Infec. Genet. Evol. 61, 160–175. doi: 10.1016/j.meegid.2018.03.006

Johnson, S., Samore, M. H., Farrow, K. A., Killgore, G. E., Tenover, F. C., Lyras, D., et al. (1999). Epidemics of diarrhea caused by a clindamycin-resistant strain of clostridium difficile in four hospitals. N. Engl. J. Med. 341, 1645–1651. doi: 10.1056/NEJM199911253412203

Kaplan, E. L., Chhatwal, G. S., and Rohde, M. (2006). Reduced ability of penicillin to eradicate ingested group a Streptococci from epithelial cells: clinical and pathogenetic implications. Clin. Infect. Dis. 43, 1398–1406. doi: 10.1086/508773

Katz, U., Achiron, A., Sherer, Y., and Shoenfeld, Y. (2007). Safety of intravenous immunoglobulin (IVIG) therapy. Autoimmun. Rev. 6, 257–259. doi: 10.1016/j.autrev.2006.08.011

Kaul, R., McGeer, A., Norrby-Teglund, A., Kotb, M., Schwartz, B., O’Rourke, K., et al. (1999). Intravenous immunoglobulin therapy for streptococcal toxic shock syndrome–a comparative observational study. The Canadian Streptococcal Study Group. Clin. Infect. Dis. 28, 800–807. doi: 10.1086/515199

Kiang, T. K. L., Häfeli, U. O., and Ensom, M. H. H. A. (2014). Comprehensive review on the pharmacokinetics of antibiotics in interstitial fluid spaces in humans: implications on dosing and clinical pharmacokinetic monitoring. Clin. Pharmacokinet. 53, 695–730. doi: 10.1007/s40262-014-0152-3

Kishi, K., Hirai, K., Hiramatsu, K., Yamasaki, T., and Nasu, M. (1999). Clindamycin suppresses endotoxin released by ceftazidime-treated Escherichia coli O55:B5 and subsequent production of tumor necrosis factor alpha and interleukin-1β. Antimicrob. Agents Chemother. 43, 616–622. doi: 10.1128/AAC.43.3.616

Lamagni, T. L., Darenberg, J., Luca-Harari, B., Siljander, T., Efstratiou, A., Henriques-Normark, B., et al. (2008). Epidemiology of severe Streptococcus pyogenes disease in Europe. J. Clin. Microbiol. 46, 2359–2367. doi: 10.1128/JCM.00422-08

Lammintausta, K., Tokola, R., and Kalimo, K. (2002). Cutaneous adverse reactions to clindamycin: results of skin tests and oral exposure. Br. J. Dermatol. 146, 643–648. doi: 10.1046/j.1365-2133.2002.04665.x

LaRock, C. N., Döhrmann, S., Todd, J., Corriden, R., Olson, J., Johannssen, T., et al. (2015). Group a streptococcal M1 protein sequesters cathelicidin to evade innate immune killing. Cell Host Microbe 18, 471–477. doi: 10.1016/j.chom.2015.09.004

LaRock, D. L., Russell, R., Johnson, A. F., Wilde, S., and LaRock, C. N. (2020). Group A Streptococcus infection of the nasopharynx requires proinflammatory signaling through the interleukin-1 receptor. Infect. Immun. 88:e00356-20. doi: 10.1128/IAI.00356-20

Lewis, J. S. II., and Jorgensen, J. H. (2005). Inducible clindamycin resistance in staphylococci: should clinicians and microbiologists be concerned? Clinical Infectious Diseases. 40, 280–285. doi: 10.1086/426894

Lewis, J. S., Lepak, A. J., Thompson, G. R., Craig, W. A., Andes, D. R., Sabol-Dzintars, K. E., et al. (2014). Failure of clindamycin to eradicate infection with beta-hemolytic streptococci inducibly resistant to clindamycin in an animal model and in human infections. Antimicrob. Agents Chemother. 58, 1327–1331. doi: 10.1128/AAC.01877-13

Linnér, A., Darenberg, J., Sjölin, J., Henriques-Normark, B., and Norrby-Teglund, A. (2014). Clinical efficacy of polyspecific intravenous immunoglobulin therapy in patients with streptococcal toxic shock syndrome: a comparative observational study. Clin. Infect. Dis. 59, 851–857. doi: 10.1093/cid/ciu449

Lobanovska, M., and Pilla, G. (2017). Penicillin’s discovery and antibiotic resistance: lessons for the future? Yale J. Biol. Med. 90, 135–145.

Low, D. E. (2013). Toxic shock syndrome: major advances in pathogenesis, but not treatment. Crit. Care Clin. 29, 651–675. doi: 10.1016/j.ccc.2013.03.012

Lynskey, N. N., Jauneikaite, E., Li, H. K., Zhi, X., Turner, C. E., Mosavie, M., et al. (2019). Emergence of dominant toxigenic M1T1 Streptococcus pyogenes clone during increased scarlet fever activity in England: a population-based molecular epidemiological study. Lancet Infect. Dis. 19, 1209–1218. doi: 10.1016/S1473-3099(19)30446-3

Macris, M. H., Hartman, N., Murray, B., Klein, R. F., Roberts, R. B., Kaplan, E. L., et al. (1998). Studies of the continuing susceptibility of group A streptococcal strains to penicillin during eight decades. Pediatr. Infect. Dis. J. 17, 377–381. doi: 10.1097/00006454-199805000-00006

Macy, E. (2014). Penicillin and beta-lactam allergy: epidemiology and diagnosis. Curr. Allergy Asthma Rep. 14:476. doi: 10.1007/s11882-014-0476-y

Macy, E., and Ngor, E. W. (2013). Safely diagnosing clinically significant penicillin allergy using only penicilloyl-poly-lysine, penicillin, and oral amoxicillin. J. Allergy Clin. Immunol. Pract. 1, 258–263. doi: 10.1016/j.jaip.2013.02.002

Madsen, M. B., Hjortrup, P. B., Hansen, M. B., Lange, T., Norrby-Teglund, A., Hyldegaard, O., et al. (2017). Immunoglobulin G for patients with necrotising soft tissue infection (INSTINCT): a randomised, blinded, placebo-controlled trial. Intensive Care Med. 43, 1585–1593. doi: 10.1007/s00134-017-4786-0

Manetti, A. G. O., Zingaretti, C., Falugi, F., Capo, S., Bombaci, M., Bagnoli, F., et al. (2007). Streptococcus pyogenes pili promote pharyngeal cell adhesion and biofilm formation. Mol. Microbiol. 64, 968–983. doi: 10.1111/j.1365-2958.2007.05704.x

Markowitz, M., Gerber, M. A., and Kaplan, E. L. (1993). Treatment of streptococcal pharyngotonsillitis: Reports of penicillin’s demise are premature. J. Pediatr. 123, 679–685. doi: 10.1016/S0022-3476(05)80840-6

Marks, L. R., Mashburn-Warren, L., Federle, M. J., and Hakansson, A. P. (2014). Streptococcus pyogenes biofilm growth in vitro and in vivo and its role in colonization, virulence, and genetic exchange. J. Infect. Dis. 210, 25–34. doi: 10.1093/infdis/jiu058

Mascini, E. M., Jansze, M., Schouls, L. M., Verhoef, J., and Van Dijk, H. (2001). Penicillin and clindamycin differentially inhibit the production of pyrogenic exotoxins A and B by group A streptococci. Int. J. Antimicrob. Agents 18, 395–398. doi: 10.1016/S0924-8579(01)00413-7

Matsuoka, M. (2000). Study of macrolide, lincosamide, and streptogramin B antibiotics resistance in Staphylococcus aureus. Yakugaku Zasshi 120, 374–386. doi: 10.1248/yakushi1947.120.4_374

Matysik, A., Ho, F. K., Ler Tan, A. Q., Vajjala, A., and Kline, K. A. (2020). Cellular chaining influences biofilm formation and structure in group A Streptococcus. Biofilm 2:100013. doi: 10.1016/j.bioflm.2019.100013

Musser, J. M., Beres, S. B., Zhu, L., Olsen, R. J., Vuopio, J., Hyyryläinen, H.-L., et al. (2020). Reduced in vitro susceptibility of Streptococcus pyogenes to β-lactam antibiotics associated with mutations in the pbp2x gene is geographically widespread. J. Clin. Microbiol. 58:e01993-19. doi: 10.1128/JCM.01993-19

Norrby-Teglund, A., Basma, H., Andersson, J., McGeer, A., Low, D. E., and Kotb, M. (1998). Varying titers of neutralizing antibodies to Streptococcal superantigens in different preparations of normal polyspecific immunoglobulin G: implications for therapeutic efficacy. Clin. Infect. Dis. 26, 631–638. doi: 10.1086/514588

Ogawa, T., Terao, Y., Sakata, H., Okuni, H., Ninomiya, K., Ikebe, K., et al. (2011). Epidemiological characterization of Streptococcus pyogenes isolated from patients with multiple onsets of pharyngitis. FEMS Microbiol. Lett. 318, 143–151. doi: 10.1111/j.1574-6968.2011.02252.x

Olsen, R. J., and Musser, J. M. (2010). Molecular pathogenesis of necrotizing fasciitis. Annu. Rev. Pathol. 5, 1–31. doi: 10.1146/annurev-pathol-121808-102135

Olsen, R. J., Zhu, L., and Musser, J. M. A. (2020). Single amino acid replacement in penicillin-binding protein 2X in Streptococcus pyogenes significantly increases fitness on subtherapeutic benzylpenicillin treatment in a mouse model of necrotizing myositis. Am. J. Pathol. 190, 1625–1631. doi: 10.1016/j.ajpath.2020.04.014

Oppegaard, O., and Rath, E. (2020). “Treatment of necrotizing soft tissue infections: antibiotics,” in Necrotizing Soft Tissue Infections: Clinical and Pathogenic Aspects, eds A. Norrby-Teglund, M. Svensson, and S. Skrede (Cham: Springer International Publishing), 87–103. doi: 10.1007/978-3-030-57616-5_7

Orrling, A., Melhus, Å, Karlsson, E., and Stjernquist-Desatnik, A. (2001). Penicillin treatment failure in group A streptococcal tonsillopharyngitis: no genetic difference found between strains isolated from failures and nonfailures. Ann. Otol. Rhinol. Laryngol. 110, 690–695. doi: 10.1177/000348940111000716

Orrling, A., Stjernquist-Desatnik, A., Schalén, C., and Kamme, C. (1994). Clindamycin in persisting streptococcal pharyngotonsillitis after penicillin treatment. Scand. J. Infect. Dis. 26, 535–541. doi: 10.3109/00365549409011811

Park, D. W., Kim, S.-H., Park, J. W., Kim, M.-J., Cho, S. J., Park, H. J., et al. (2017). Incidence and characteristics of Scarlet Fever, South Korea, 2008-2015. Emerg. Infect. Dis. 23, 658–661. doi: 10.3201/eid2304.160773

Parks, T., Wilson, C., Curtis, N., Norrby-Teglund, A., and Sriskandan, S. (2018). Polyspecific intravenous immunoglobulin in clindamycin-treated patients with streptococcal toxic shock syndrome: a systematic review and meta-analysis. Clin. Infect. Dis. 67, 1434–1436. doi: 10.1093/cid/ciy401

Pierce, L. R., and Jain, N. (2003). Risks associated with the use of intravenous immunoglobulin. Transfu. Med. Rev. 17, 241–251. doi: 10.1016/S0887-7963(03)00038-5

Prasetyoputri, A., Jarrad, A. M., Cooper, M. A., and Blaskovich, M. A. T. (2019). The eagle effect and antibiotic-induced persistence: two sides of the same coin? Trends Microbiol. 27, 339–354. doi: 10.1016/j.tim.2018.10.007

Quinn, R. W. (1989). Comprehensive review of morbidity and mortality trends for rheumatic fever, streptococcal disease, and scarlet fever: the decline of rheumatic fever. Rev. Infect. Dis. 11, 928–953. doi: 10.1093/clinids/11.6.928

Richter, S. S., Heilmann, K. P., Beekmann, S. E., Miller, N. J., Miller, A. L., Rice, C. L., et al. (2005). Macrolide-resistant Streptococcus pyogenes in the United States, 2002–2003. Clin. Infect. Dis. 41, 599–608. doi: 10.1086/432473

Roberts, A. L., Connolly, K. L., Kirse, D. J., Evans, A. K., Poehling, K. A., Peters, T. R., et al. (2012). Detection of group A streptococcus in tonsils from pediatric patients reveals high rate of asymptomatic streptococcal carriage. BMC Pediatr. 12:3. doi: 10.1186/1471-2431-12-3

Rosendal, K. (1958). Investigations of penicillin-resistant streptococci belonging to group A. Acta Pathol. Microbiol. Scand. 42, 181–188. doi: 10.1111/j.1699-0463.1958.tb03183.x

Sartelli, M., Guirao, X., Hardcastle, T. C., Kluger, Y., Boermeester Marja, A., Raşa, K., et al. (2018). 2018 WSES/SIS-E consensus conference: recommendations for the management of skin and soft-tissue infections. World J. Emerg. Surg. 13:58. doi: 10.1186/s13017-018-0219-9

Schlievert, P. M., and Kelly, J. A. (1984). Clindamycin-induced suppression of toxic-shock syndrome-associated exotoxin production. J. Infect. Dis. 149, 471–471. doi: 10.1093/infdis/149.3.471

Schrage, B., Duan, G., Yang, L. P., Fraser, J. D., and Proft, T. (2006). Different preparations of intravenous immunoglobulin vary in their efficacy to neutralize streptococcal superantigens: implications for treatment of streptococcal toxic shock syndrome. Clin. Infect. Dis. 43, 743–746. doi: 10.1086/507037

Schwab, I., and Nimmerjahn, F. (2013). Intravenous immunoglobulin therapy: how does IgG modulate the immune system? Nat. Rev. Immunol. 13, 176–189. doi: 10.1038/nri3401

Sela, S., Neeman, R., Keller, N., and Barzilai, A. (2000). Relationship between asymptomatic carriage of Streptococcus pyogenes and the ability of the strains to adhere to and be internalised by cultured epithelial cells. J. Med. Microbiol 49, 499–502. doi: 10.1099/0022-1317-49-6-499

Seppälä, H., Skurnik, M., Soini, H., Roberts, M. C., and Huovinen, P. A. (1998). Novel erythromycin resistance methylase gene (ermTR) in Streptococcus pyogenes. Antimicrob. Agents Chemother. 42, 257–262. doi: 10.1128/AAC.42.2.257

Shaikh, N., Leonard, E., and Martin, J. M. (2010). Prevalence of streptococcal pharyngitis and streptococcal carriage in children: a meta-analysis. Pediatrics 126:e557-64. doi: 10.1542/peds.2009-2648

Shannon, B. A., McCormick, J. K., and Schlievert, P. M. (2019). Toxins and superantigens of group A streptococci. Microbiol. Spectrum 7, 3–6. doi: 10.1128/9781683670131.ch5

Siemens, N., Chakrakodi, B., Shambat, S. M., Morgan, M., Bergsten, H., Hyldegaard, O., et al. (2016). Biofilm in group A streptococcal necrotizing soft tissue infections. JCI Insight 1:e87882. doi: 10.1172/jci.insight.87882

Sorg, R. A., Lin, L., van Doorn, G. S., Sorg, M., Olson, J., Nizet, V., et al. (2016). Collective resistance in microbial communities by intracellular antibiotic deactivation. PLoS Biol. 14:e2000631. doi: 10.1371/journal.pbio.2000631

Sousa-Pinto, B., Fonseca, J. A., and Gomes, E. R. (2017). Frequency of self-reported drug allergy: a systematic review and meta-analysis with meta-regression. Ann. Allergy Asthma Immunol. 119, 362–373.e2. doi: 10.1016/j.anai.2017.07.009

Spízek, J., and Rezanka, T. (2004). Lincomycin, clindamycin and their applications. Appl. Microbiol. Biotechnol. 64, 455–464. doi: 10.1007/s00253-003-1545-7

Sriskandan, S., Ferguson, M., Elliot, V., Faulkner, L., and Cohen, J. (2006). Human intravenous immunoglobulin for experimental streptococcal toxic shock: bacterial clearance and modulation of inflammation. J. Antimicrob. Chemother. 58, 117–124. doi: 10.1093/jac/dkl173

Sriskandan, S., McKee, A., Hall, L., and Cohen, J. (1997). Comparative effects of clindamycin and ampicillin on superantigenic activity of Streptococcus pyogenes. J. Antimicrob. Chemother. 40, 275–277. doi: 10.1093/jac/40.2.275

Stevens, D. L., Bisno, A. L., Chambers, H. F., Dellinger, E. P., Goldstein, E. J. C., Gorbach, S. L., et al. (2014). Practice Guidelines for the diagnosis and management of skin and soft tissue infections: 2014 update by the infectious diseases society of America. Clin. Infect. Dis. 59, e10–e52. doi: 10.1093/cid/ciu296

Stevens, D. L., and Bryant, A. E. (2017). Necrotizing soft-tissue infections. N. Engl. J. Med. 377, 2253–2265. doi: 10.1056/NEJMra1600673

Stevens, D. L., Bryant, A. E., and Hackett, S. P. (1995). Antibiotic effects on bacterial viability, toxin production, and host response. Clin. Infect. Dis. 20(Suppl. 2) S154–S157. doi: 10.1093/clinids/20.Supplement_2.S154

Stevens, D. L., Gibbons, A. E., Bergstrom, R., and Winn, V. (1988). The Eagle effect revisited: efficacy of clindamycin, erythromycin, and penicillin in the treatment of streptococcal myositis. J. Infect. Dis. 158, 23–28. doi: 10.1093/infdis/158.1.23

Stevens, D. L., Madaras-Kelly, K. J., and Richards, D. M. (1998). In vitro antimicrobial effects of various combinations of penicillin and clindamycin against four strains of Streptococcus pyogenes. Antimicrob. Agents Chemother. 42, 1266–1268. doi: 10.1128/AAC.42.5.1266

Stevens, D. L., Maier, K. A., Laine, B. M., and Mitten, J. E. (1987). Comparison of clindamycin, rifampin, tetracycline, metronidazole, and penicillin for efficacy in prevention of experimental gas gangrene due to Clostridium perfringens. J. Infect. Dis. 155, 220–228. doi: 10.1093/infdis/155.2.220

Stevens, D. L., Tanner, M. H., Winship, J., Swarts, R., Ries, K. M., Schlievert, P. M., et al. (1989). Severe group A streptococcal infections associated with a toxic shock-like syndrome and scarlet fever toxin A. N. Engl. J. Med. 321, 1–7. doi: 10.1056/NEJM198907063210101

Sunderkötter, C., Becker, K., Eckmann, C., Graninger, W., Kujath, P., and Schöfer, H. (2019). S2k guidelines for skin and soft tissue infections Excerpts from the S2k guidelines for “calculated initial parenteral treatment of bacterial infections in adults – update 2018”. J. Dtch Dermatol. Ges. 17, 345–369. doi: 10.1111/ddg.13790

Sutcliffe, J., Tait-Kamradt, A., and Wondrack, L. (1996). Streptococcus pneumoniae and Streptococcus pyogenes resistant to macrolides but sensitive to clindamycin: a common resistance pattern mediated by an efflux system. Antimicrob. Agents Chemother. 40, 1817–1824. doi: 10.1128/AAC.40.8.1817

Tarnutzer, A., Andreoni, F., Keller, N., Zürcher, C., Norrby-Teglund, A., Schüpbach, R. A., et al. (2019). Human polyspecific immunoglobulin attenuates group A streptococcal virulence factor activity and reduces disease severity in a murine necrotizing fasciitis model. Clin. Microbiol. Infect. 25, 512.e7–512.e13. doi: 10.1016/j.cmi.2018.07.007

Thabit, A. K., Fatani, D. F., Bamakhrama, M. S., Barnawi, O. A., Basudan, L. O., and Alhejaili, S. F. (2019). Antibiotic penetration into bone and joints: an updated review. Int. J. Infect. Dis. 81, 128–136. doi: 10.1016/j.ijid.2019.02.005

Vannice, K. S., Ricaldi, J., Nanduri, S., Fang, F. C., Lynch, J. B., Bryson-Cahn, C., et al. (2020). Streptococcus pyogenes pbp2x mutation confers reduced susceptibility to β-Lactam antibiotics. Clin. Infect. Dis. 71, 201–204. doi: 10.1093/cid/ciz1000

Vyas, H. K. N., Indraratna, A. D., Everest-Dass, A., Packer, N. H., De Oliveira, D. M. P., Ranson, M., et al. (2020). Assessing the role of pharyngeal cell surface glycans in group A streptococcus biofilm formation. Antibiotics 9:775. doi: 10.3390/antibiotics9110775

Walker, M. J., Barnett, T. C., McArthur, J. D., Cole, J. N., Gillen, C. M., Henningham, A., et al. (2014). Disease manifestations and pathogenic mechanisms of group A streptococcus. Clin. Microbiol. Rev. 27, 264–301. doi: 10.1128/CMR.00101-13

Weiser, J. N., Ferreira, D. M., and Paton, J. C. (2018). Streptococcus pneumoniae: transmission, colonization and invasion. Nat. Rev. Microbiol. 16, 355–367. doi: 10.1038/s41579-018-0001-8

Wilde, S., Johnson, A. F., and LaRock, C. N. (2021a). Playing with fire: proinflammatory virulence mechanisms of group A streptococcus. Front. Cell Infect. Microbiol. 11:704099. doi: 10.3389/fcimb.2021.704099

Wilde, S., Olivares, K. L., Nizet, V., Hoffman, H. M., Radhakrishna, S., and LaRock, C. N. (2021b). Opportunistic invasive infection by group A streptococcus during anti-interleukin-6 immunotherapy. J. Infect. Dis. 223, 1260–1264. doi: 10.1093/infdis/jiaa511

Wilke, M. S., Lovering, A. L., and Strynadka, N. C. (2005). β-Lactam antibiotic resistance: a current structural perspective. Curr. Opin. Microbiol. 8, 525–533. doi: 10.1016/j.mib.2005.08.016

Wilkins, A. L., Steer, A. C., Smeesters, P. R., and Curtis, N. (2017). Toxic shock syndrome–the seven Rs of management and treatment. J. Infect. 74(Suppl. 1) S147–S152. doi: 10.1016/S0163-4453(17)30206-2

Wolf, A. J., Liu, G. Y., and Underhill, D. M. (2017). Inflammatory properties of antibiotic-treated bacteria. J. Leukoc. Biol. 101, 127–134. doi: 10.1189/jlb.4MR0316-153RR

Zarandi, E. R., Mansouri, S., Nakhaee, N., Sarafzadeh, F., and Moradi, M. (2017). Toxin production of Clostridium difficile in sub-MIC of vancomycin and clindamycin alone and in combination with ceftazidime. Microb. Pathog. 107, 249–253. doi: 10.1016/j.micpath.2017.03.002


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Johnson and LaRock. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Antibiotic Treatment, Mechanisms for Failure, and Adjunctive Therapies for Infections by Group A Streptococcus



		INTRODUCTION



		GROUP A STREPTOCOCCUS INFECTIONS



		NON-ANTIMICROBIAL ANTIBIOTIC EFFECTS



		ANTIBIOTIC RESISTANCE



		β-LACTAM RESISTANCE CONCERNS



		ADDITIONAL CONSIDERATIONS WITH ANTIBIOTIC TREATMENT



		MECHANISMS FOR TREATMENT FAILURE



		ANTI-VIRULENCE TREATMENT



		CLOSING COMMENTS



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		REFERENCES

















OPS/images/cover.jpg
in Microbiology










OPS/images/fmicb-12-760255-g002.jpg
“ “' 45

% " Persisters .
L 4

S

Biofilm/ *~ =~~~

- Vegetation
o
.
- L
CH L)
IS u Intracellular
L N Reservoir
L 4
Q b /AR
-
y
{0 A O
- Thrombosis/

Killing & W\ Necrosis






OPS/images/fmicb-12-760255-g001.jpg
&
- i a(

B-lactams Macrolides/Lincosamides  Intravenous
Bactericidal Bacteriostatic Immunoglobulin

Anti- mlcroblal o Antl-wrulence

Y %

E Cell wall synthesis : Protein synthesis i Opsonlzatlon E
inhibition 2 inhibition Toxm neutrallzatlon

5 Antl-lnﬂammatory

O






OPS/images/logo.jpg
, frontiers
in Microbiology





