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ABSTRACT OF THE DISSERTATION 

 

Master Manipulators: Using Proteomics to Understand how Streptococcal Biochemistry 
Conspires Against Host Defenses 

 

by 

 

Anaamika Campeau 
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University of California San Diego, 2021 

 

Professor David Gonzalez, Chair 
 

 

 We live in a world dominated by the microbes that have made their homes in and around 

us since the beginnings of human life. A major advancement in our understanding of the role 

microbes play in our lives came about in the recognition that many diseases are caused by 

microorganisms that have found ways to occupy our bodies. A still larger advancement was the 

realization that bacteria produce molecules that modulate host defenses in broad and targeted ways. 

Advances in our understanding of the host-pathogen relationship at the molecular level have relied 
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on methods that evaluate one or a few molecules at a time. However, recent developments in 

unbiased -omics technologies are highly suited to studying the vast arsenal of molecules that 

bacteria use to subvert host defenses.  

 This work describes one such -omics strategy for the discovery of novel bacterial virulence 

factors, termed Biomimetic Virulomics (BV). In chapter 1, I describe the impact of technological 

improvements in delineating the function of previously undescribed virulence factors on human 

health. I describe the results of a BV experiment oriented at discovering novel red blood cell-

targeted virulence factors in the important human pathogen, Streptococcus pyogenes, also known 

as Group A Streptococcus (GAS). In chapter 2, I present an initial characterization of one of the 

GAS virulence factors discovered through this method, S protein, a previously-overlooked GAS 

virulence factor. In chapter 3, I expand on the initial description of S protein into the realm of 

vaccine development, finding that recombinant S protein is robustly protective against localized 

GAS skin infections. In chapter 4, I describe an S protein homolog in another important human 

pathogen and cause of neonatal morbidity, Group B Streptococcus (GBS). I find that as in GAS, 

GBS S protein is critical for bacterial pathogenesis. In chapter 5, I use quantitative proteomics 

paired with tissue-type specific isolation methods to describe the effect of another important GBS 

virulence factor, iagA, on manipulating the blood-brain barrier during meningitis. Finally, in 

chapter 6, I present the future plan and broader implications for the work encompassed in this 

thesis as a grant application.



 1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Chapter 1: General Introduction 
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Summary 

 Bacteria cause disease by producing molecules that exert specific actions on host systems. 

These molecules are known as virulence factors. Throughout the modern era of scientific inquiry, 

several different classes of virulence factors have been identified and described using methods 

ranging from protein purification to transposon mutagenesis. However, with the rise of -omics 

technologies, new strategies for identifying bacterial virulence factors emerged. In this chapter, I 

describe the history and importance of bacterial virulence factor discovery. I contextualize 

traditional discovery methods in the backdrop of emerging -omics methods. I next describe 

“Biomimetic Virulomics” (BV), a newly-developed method for identifying host cell-type specific 

bacterial effector proteins using mass spectrometry-based proteomics. Finally, I introduce the 

discovery of a novel virulence factor that resulted from one such BV experiment: the Streptococcal 

virulence factor, S protein.  

1.1: Virulence: From germ theory to the central dogma 

From the earliest days of our existence, humans have pondered our relationship with 

disease-causing agents. Before the widespread acceptance of the scientific method and the Germ 

Theory of disease in the early 1800s, infectious disease symptomology and community spread 

were often attributed to incidental events, the presence of evil spirits, or even bad smells, “The 

Miasma Theory of Disease” (Min and Park, 2017; Mussap, 2019; Rakatansky, 2020). Still, 

throughout history and across cultures, prescient scientific minds circled closer to the relationship 

between infectious diseases and infectious agents—the invisible microbes that dominate this 

planet(Ober and Aloush, 1982; Rastogi and Rastogi, 1984).  

As technology and the scientific method developed in the 19th and 20th centuries, it was 

discovered that bacteria cause disease using molecular weapons honed over eons. It is speculated 
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that these molecules developed due to evolutionary pressure from other microbes. In the context 

of human disease, they help bacteria manipulate their environments, survive in inhospitable 

settings, and gain evolutionary advantages over other species in the zero-sum battle for resources. 

These molecules became known as “virulence factors.”  

The first bacterial virulence factors identified were toxins, molecular poisons with the 

potent ability to profoundly damage or kill host cells(Pellett, 2012). One of the first bacterial toxins 

to be identified was the Diphtheria exotoxin, produced by C. diphtheriae. In the late 1800s, Pierre 

Paul Emile Roux and Alexandre Yersin performed experiments demonstrating that cell-free 

supernatants of C. diphtheria cultures could produce symptoms equivalent to the disease when 

injected into animals(Hawgood, 2008). This finding ultimately led to the development of the 

diphtheria exotoxin as a vaccine antigen and the implementation of serum-based diphtheria anti-

toxin as a successful therapeutic against diphtheria in children(Kaufmann, 2017). Another early 

bacterial toxin described was botulinum toxin, an important cause of food-borne illness, in the 

1820s by German scientist Justinus Kerner(Erbguth, 2004). In the midst of a botulism outbreak 

linked to the consumption of contaminated sausages, Kerner described a “fat poison” or “sausage 

poison.”  His experiments even went so far as to isolate botulinum toxin-containing extracts from 

spoiled meats, injecting them into animals and describing the effects of the poisoning, both harmful 

and beneficial. However, it was not until 1897, when Belgian scientist Emile van Ermengem 

visualized anaerobic bacteria in the spleens of individuals who had succumbed to botulism, that 

botulinum poisoning was tied to a bacterial agent(Devriese, 1999). 

Toxins are produced by many human pathogens, and though they operate through widely-

varying mechanisms, toxins are unified in the bombastic nature by which they damage host tissues 

and the extreme danger in which they place their hosts. However, most bacterial virulence factors 
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operate through far more subtle mechanisms than those employed by toxins. Broadly defined, a 

bacterial virulence factor is any molecule bacteria use to cause disease(Casadevall and Pirofski, 

2009). Therefore, adhesins, the proteinaceous anchors bacteria use to attach themselves to the 

surface of the host cells, and proteases, enzymes bacteria secrete that are able to break down the 

protective extracellular matrix surrounding cells, are both classified as virulence factors(Culp and 

Wright, 2017; Frees et al., 2013; Klemm and Schembri, 2000). Also classified as virulence factors 

are immunomodulatory molecules bacteria produce(Forsythe and Bienenstock, 2010; Garcia-

Castillo et al., 2019; Kaparakis-Liaskos and Ferrero, 2015).  

In perhaps their most insidious virulence scheme, bacteria evolved ways to hide from the 

host immune system. One of the ways that bacteria in the Streptococcal genus, for example, evade 

detection by the immune system is through molecular mimicry(Cunningham, 2019, 2003, 1992). 

In this mode of virulence, bacteria produce cell surface molecules so similar to the host that normal 

immune surveillance systems fail to detect the presence of the bacteria. Largely responsible for 

mediating molecular mimicry in the important human pathogen Streptococcus pyogenes, or Group 

A Streptococcus (GAS), is M protein(Metzgar and Zampolli, 2011). M protein’s structure makes 

the pathogen resemble a human cell to the extent that it helps prevent phagocytosis by innate 

immune cells(Cunningham, 2019). GAS also evades detection by the innate immune system via 

its Group A carbohydrate, the surface-anchored N-acetyl-beta-D-glucosamine sugar characteristic 

of Streptococcus pyogenes(Cunningham, 2003; Sabharwal et al., 2006). The Group A 

carbohydrate also resembles host epitopes, helping bacteria evade detection by the immune 

system. Interestingly, the molecular mimicry functions of M protein and the Group A carbohydrate 

can cause autoimmune sequelae subsequent to even minor GAS infections(Cunningham, 2019, 

2016, 2014, 2003, 1992; Guilherme et al., 2006; Sabharwal et al., 2006). Therefore, these 
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molecular mimicry strategies are of interest not only in their role in promoting bacterial 

pathogenesis, but for their broad relationship with diseases of the immune system. 

Molecular mimicry is highly relevant to the host-pathogen relationship in other 

Streptococcal species. For example, Streptococcus agalactiae, or Group B Streptococcus (GBS), 

are encased in extracellular capsular structures comprised of sialic acid. The composition of sialic 

acid on the surface of this important human pathogen engages the inhibitory glycan receptor, 

Siglec9, in blood platelets, thereby preventing their activation and rendering GBS resistant to 

platelet-mediated killing(Uchiyama et al., 2019). GBS also produces b protein, a cell wall 

anchored virulence factor that engages Siglec7, an inhibitory receptor present on natural killer 

cells. By binding Siglec7, this bacterial protein prevents pyroptosis, a form of cell death that 

releases inflammatory mediators into the extracellular milieu, instigating a wider, more 

generalized inflammatory response(Fong et al., 2018; Tsatsaronis et al., 2014). The 

immunomodulatory partnership between GBS and specific components of the host immune system 

underscore the close evolutionary relationships humans have with the microbes with which we 

cohabitate this planet. 

 In addition to engaging in molecular mimicry strategies, bacteria also produce factors that 

directly interact with or inhibit components of the immune system. For example, many 

Streptococcal pathogens produce C5a peptidase, a protease that inactivates part of the complement 

system(Jarva et al., 2003; Lynskey et al., 2017). C5a, an important component of the complement 

cascade, is a potent chemoattractant of neutrophils, and thus plays an important role in the 

clearance of streptococcal bacterial infections. C5a peptidase has been shown to cleave not only 

C5a, but C3 and C3a, resulting in dysfunctional proteolytic products and severely impaired 

complement function(Lynskey et al., 2017). With its multi-faceted anti-complement activity, this 
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virulence factor substantially dampens the effect of an important anti-bacterial modality. Another 

important bacterial enzyme used to modulate host immunity is SpeB, a cysteine protease secreted 

at high levels by a multitude of GAS strains(Nelson et al., 2011; Olsen et al., 2015). Among SpeB’s 

host enzymatic targets are various cytokines, extracellular matrix components, and 

immunoglobulins. Given the broad nature of SpeB’s molecular targets in both soluble and cell-

associated components of innate and adaptive immunity, it is widely recognized as being among 

the most potent virulence factors produced by GAS(Sumitomo et al., 2013).  

The examples of bacterial factors that directly inactivate host immune defenses discussed 

in this introductory chapter have thus far been focused on enzymatic targeting and inactivation of 

host immune proteins. However, bacteria exert variegated methods for overcoming host defenses, 

including facilitating immune evasion by coopting host molecules to avoid detection. For example, 

a recent report demonstrated the role of bacterial pili in aiding GAS immune evasion among 

unencapsulated strains via binding of the human acute phase protein, haptoglobin. This study 

found that binding of haptoglobin allows GAS to resist killing by antimicrobial peptides(Chen et 

al., 2020). Beyond the examples discussed in this thesis, the strategies bacteria employ to evade 

and manipulate the host immune system abound in their creativity and insidious nature. 

1.2: Progress in -omics technologies sheds light on host-pathogen 

relationships 

Until relatively recently, the methods available to study the vast arsenal of bacterial 

virulence factors and their impact on the host were limited to strategies that profiled one or a few 

molecules at a time. Each class of biomolecules can be studied using a variety of techniques—for 

example, for the study of DNA, polymerase chain reaction (PCR) can be applied; for the study of 

RNA, tools like in situ hybridization can be used; for the study of individual proteins, techniques 
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like Western blotting and immunohistochemistry may be utilized. In fact, such tools remain 

indispensable to the in-depth study of individual pathways and processes involved in health and 

disease. However, a limitation of these methods is the a priori knowledge required. In other words, 

one must know what molecular target to evaluate before applying these techniques. Another 

drawback of these methods is the limited number of targets that may be evaluated during any given 

experiment, contributing to the often-slow pace of scientific research. 

 The past decades have seen the development and improvement of new technologies aimed 

at evaluating biomolecules from a global perspective. Perhaps the most well-known example of a 

global profiling strategy is whole genome sequencing, the method that gave rise to the news-

making accomplishments of the Human Genome Project. The rise of -omics technologies has 

improved our ability to visualize the holistic nature of disease processes at various biomolecular 

levels beyond nucleic acid-based -omics (e.g. genomics and transcriptomics). Another powerful 

technique, mass spectrometry, allows for global investigation into the realms of the proteome, the 

metabolome, and even the pantheon of post-translationally modified molecules, in unprecedented 

fashion. In fact, while genomic and transcriptomic methods were gaining prominence within the 

realm of biomedical sciences, the parallel field of mass spectrometry was having its own 

Renaissance.  

Mass spectrometry is a multifunctional tool allowing for the identification of molecules 

based on their mass and charge. Though once capable of only evaluating a handful of molecules, 

new advances in mass spectrometry allow for the separation, identification, and even 

quantification of thousands of biomolecules in a single experiment. Progress in the development 

of hardware and computational tools to process these data make mass spectrometry highly 

amenable to studying biological systems in an unbiased fashion. One prominent advance in mass  
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Figure 1-1: Basics of TMT-based multiplexing and quantitation.  

A). Cartoon representation of tandem mass tag (TMT). B). Principles behind TMT-based 
multiplexed mass spectrometry. 
 

 

 

 

 

 

 

 

 

 

 

 

 



 9 

spectrometry methodology was the development of tandem mass tags (TMTs)(McAlister et al., 

2012; Peng et al., 2003; Thompson et al., 2003). These chemical labels are comprised of three 

primary regions: 1). a reactive region that reacts specifically with primary amines found at the N-

termini of digested peptides and on the R group of lysine residues, 2). a mass normalizing region 

with strategically placed isotopes to ensure that each TMT possesses the same mass when in its 

intact form, and 3). a reporter region with strategically placed heavy isotopes that is broken off of 

the labeled peptide inside of the mass spectrometer, allowing for highly accurate quantitation of a 

peptide (Figure 1-1-A). TMTs present an advance over previously used proteomics methods for 

two primary reasons. First, they act as chemical barcodes for individual samples, allowing for 

samples to be mixed together, or multiplexed. The ability to multiplex samples improves a long-

standing problem in proteomics—run-to-run variability of fragmented peptides leading to missing 

quantitative values. Multiplexing can also reduce the amount of time required to collect data for 

multi-sample experiments (Figure 1-1-B). Second, TMTs are advantageous because of the quality 

of quantitation they allow. These developing methods heralded a new era of discovery in the field 

of host-pathogen interactions.   

1.3: Biomimetic Virulomics for virulence factor discovery in S. 

pyogenes 

Although these methods provided the means to detect and identify bacterial genes, 

transcripts, and effector molecules, methods for prioritizing biologically relevant features were 

lacking. We developed a technique known as “Biomimetic Virulomics” (BV) to aid in the 

detection of host cell type-specific bacterial effector molecules(Lapek et al., 2017a). This strategy 

involves pairing host membrane-coated nanosponges with unbiased mass spectrometry-based 

proteomics (Figure 1-2).  Briefly, secreted bacterial molecules are extracted from the media in 
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which the bacteria are grown. These virulence factor-enriched supernatants are incubated with 

biomimetic nanosponges coated with membranes derived from the target host cell of interest. 

Previous studies have demonstrated that virulence factors with high functional affinity for these 

membranes will bind to the nanosponges, thus acting as an unbiased enrichment tool for effectors 

of a given cell type. Following virulence determinant enrichment, loaded nanosponges are 

processed for mass spectrometry-based proteomics, where both protein identity and abundance are 

assessed. 

Group A Streptococcus (also known as Streptococcus pyogenes) is a top-ten human 

pathogen, causing an estimated 700 million cases per year(Nelson et al., 2011; Sims Sanyahumbi 

et al., 2016). Though the majority of GAS-associated illnesses are localized and acute, this 

pathogen is associated with half a million deaths per year, often due to invasive forms of GAS 

infection, such as necrotizing fasciitis and toxic shock  

syndrome. Additionally, the minor manifestations of GAS infection, pharyngitis and skin 

infections, are associated with autoimmune sequelae which can cause lifelong health problems 

beginning in childhood(Cunningham, 2019; Snider and Swedo, 2003).  

Given the wide distribution of cases and the distinct possibility for poor outcomes 

associated with GAS infections, this pathogen has been a topic of intense investigation for over 

100 years. Still, despite over 100 years of study, it is estimated that up to 40% of the annotated 

open reading frames (ORFs) in the GAS genome are uncharacterized, or have simply been 

assigned a putative function. A challenge of fully characterizing the pantheon of unannotated genes 

in a pathogen like GAS is prioritization of the virulence factors most relevant for a given 

pathogenic function. A targeted -omics strategy such as BV is thus highly valuable to the  
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Figure 1-2: Biomimetic virulomics workflow schematic.  

A). Cartoon representation of red blood cell-coated nanosponges (RBCNS). B). GAS secrete 
virulence factors into the bacterial supernatant capable of lysing RBCs. C). Biomimetic virulomics 
workflow, including quantitative proteomic analysis of bound virulence factors for the discovery 
of new bacterial effectors of host cells. 
 

 

 

 

 

 

 

 



 12 

prioritization of unannotated bacterial virulence factors, as understanding virulence factor tropisms 

towards specific membrane types is the manifest goal of BV.  

Given the b-hemolytic effect of GAS cells and supernatants on red blood cells, we 

undertook a BV experiment oriented at identifying novel GAS virulence factors that bind red blood 

cells (RBCs). RBC membrane-coated nanosponges (RBCNS) were incubated in hemolytic GAS 

supernatants and subjected to quantitative mass spectrometry-based proteomic analysis (Figure 1-

1A-C). Among the enriched proteins specifically bound to RBC membranes were Streptolysin O 

(SLO) and CAMP factor, two known hemolytic molecules produced by GAS(Lang and Palmer, 

2003; Limbago et al., 2000; Siemens et al., 2015). Also identified bound to RBCNS in high 

abundances were several previously uncharacterized proteins which were prioritized for further 

study. These uncharacterized proteins can be prioritized for future study of virulence properties 

for their affinity to host surfaces.  

 Among the uncharacterized proteins identified bound to the surface of RBC membranes 

was Spy_0802, 158 amino acid protein with no previously-described function. A cursory 

sequence-based analysis of this protein revealed that homologs were widely distributed among the 

Streptococcal genus, and that these homologs were largely relegated to Streptococci. Because of 

this, the newly discovered protein was named “S protein”(Wierzbicki et al., 2019). The work 

encompassed by this thesis centers on the initial characterization of Streptococcal virulence factors 

including S protein and their impact on host systems through classical biochemistry and 

microbiology methods. However, this thesis also takes advantage of quantitative TMT-based 

proteomics to provide a global perspective on the host-pathogen relationship of Streptococcal 

pathogens, Group A Streptococcus and Group B Streptococcus. 
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2.1 Abstract 

Group A Streptococcus (GAS) is a human-specific pathogen that evades the host immune 

response through the elaboration of multiple virulence factors. Although many of these factors 

have been studied, numerous proteins encoded by the GAS genome are of unknown function. 

Herein, we characterize a biomimetic red blood cell (RBC)-captured protein of previously 

unknown function—annotated subsequently as S protein—in GAS pathophysiology. S protein 

maintains the hydrophobic properties of GAS and its absence significantly reduces survival in 

human blood. S protein facilitates GAS coating with lysed RBCs to promote molecular mimicry, 

which increases virulence in vitro and in vivo (Figure 2-4-1). Proteomic profiling revealed that 

removal of S protein from GAS alters the cellular and extracellular protein landscapes, and is 

accompanied by a decrease in abundance of several key GAS virulence determinants. In vivo, the 

absence of S protein results in a striking attenuation of virulence and promotes a robust immune 

response and immunological memory.  
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Figure 2-1: S protein is a critical GAS virulence factor with implications for immune evasion.  
 
 
Artist: Dorota Wierzbicka 

 

 

 



 16 

2.2: Introduction 

Streptococcus pyogenes [Group A Streptococcus (GAS)] is a leading health and economic 

burden worldwide with an estimated 700 million infections occurring annually. Among these are 

18.1 million severe cases that result in over 500,000 deaths(Carapetis et al., 2005). Despite active 

research, a protective vaccine has not been developed(Dale et al., 2016; Rivera-Hernandez et al., 

2016), leaving antimicrobial agents as the sole pharmacological intervention against GAS. To date, 

penicillin remains a primary drug of choice for combatting GAS infections. However, despite no 

apparent emergence of resistant isolates, the rate of treatment failures with penicillin has increased 

to nearly 40% in certain regions of the world in the last 15 years(Brook, 2013). Due to the 

extremely high prevalence of GAS infection and the slowly decreasing efficacy of the currently 

available repertoire of countermeasures, it is critical to investigate alternative approaches against 

GAS infection. 

A relatively new and recognized strategy for combating drug resistant bacteria involves 

targeting virulence(Allen et al., 2014; Baron, 2010; Rasko and Sperandio, 2010). GAS has evolved 

to readily colonize and thrive within the human host, its primary reservoir. To avoid clearance by 

the immune system, GAS expresses a wide variety of secreted and cell-associated virulence factors 

to facilitate survival during infection. The pantheon of these virulence factors is extensive, and 

some such as Streptolysin S have been studied for over 100 years(Molloy et al., 2011). Despite 

decades of inquiry into the role and regulation of GAS virulence factors, the function and potential 

importance of many proteins involved in pathogenicity remains unknown.  

To facilitate the exploration of novel virulence factors, our group recently developed 

Biomimetic Virulomics, a tool that employs nanotechnology-enabled affinity enrichment coupled 

with multiplexed quantitative proteomics. This tool successfully selected and identified red blood 
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cell (RBC)-specific effector proteins secreted by GAS(Distler and Tenzer, 2017; Lapek et al., 

2017a). Among the identified proteins were previously known and recognized blood-targeting 

virulence factors, such as Streptolysin O and CAMP factor. Also identified were several proteins 

of unknown function. Indeed, Biomimetic Virulomics has the power to streamline the 

identification of effector proteins with host cell-type specificity. 

Here we examine one of the previously uncharacterized proteins captured by our RBC-

based Biomimetic Virulomics study, SPy_0802 (henceforth named S protein), and investigate its 

role in GAS pathogenesis. Using an in-frame deletion mutant, ∆ess, we characterized the impact 

of S protein on GAS physiology, its interactions with human RBCs and phagocytic cells in vitro, 

its role in cellular and extracellular proteome composition, and its virulence in an in vivo murine 

model of disseminated infection. Furthermore, we examined host responses through quantitative 

proteomic analysis of splenic tissues infected with wild type GAS or the ∆ess mutant. Because of 

its pivotal roles in pathogenesis and immune evasion, and its conserved nature in Streptococci, S 

protein shows promising clinical potential as a target for the development of anti-virulence 

pharmacological interventions.  

2.3: Results 

 S protein is a highly conserved protein across GAS serotypes. SPy_0802 was identified 

through the use of Biomimetic Virulomics, a recently published affinity-capture method that 

employs mass spectrometry-based proteomics of RBC-coated nanoparticles incubated with GAS 

culture supernatants (Figure 2-2-A) (Lapek et al., 2017a). The SPy_0802 locus is highly conserved 

and largely specific among the members of the Streptococcus genus (Figure 2-2-B).  SPy_0802 is 

a relatively small protein composed of N-terminal hydrophobic region and C-terminal 

peptidoglycan-binding motif LysM (Figure 2-2-C). Alignment of SPy_0802 sequences from 20 
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available GAS strains revealed 99% similarity with only 5 variable amino acids (Figure 2-3-A). 

Due to the high amino acid conservation of SPy_0802 among GAS strains and the presence of 

homologous proteins limited to other Streptococcus species, we named this translational product 

S protein and its genetic locus ess.  

 S protein is an extracellular and cell wall-associated protein. S protein was identified 

in our original work as a secreted protein (Lapek et al., 2017a), although it was detected in a 

previously-published screen for membrane-bound GAS antigens (Rodríguez-Ortega et al., 2006). 

To address these divergent findings, a recombinant version of the protein was purified (Figure 2-

3-B) and used to raise polyclonal rabbit antisera. Immunoblotting analyses indicated that S protein 

is abundant both as a cell-associated protein and in the extracellular milieu throughout GAS 

growth. In the supernatant, it undergoes proteolytic cleavage during stationary phase (Figure 2-2-

D-E) through a yet to be determined mechanism.  

S protein governs hydrophobic properties of GAS cells. In order to study the effect of 

S protein on GAS physiology, an allelic exchange deletion strain and a complemented deletion 

strain expressing S protein in trans (∆ess pDCerm::ess) were constructed in an M1 5448 

background. The first phenotype we observed in the absence of S protein was a striking difference 

in cell sedimentation (Figure 2-2-F). We hypothesized that this distorted phenotype was related to 

a difference in cell morphology. We tested this using fluorescence microscopy visualization of 

GAS cells. However, no difference in ∆ess cell chain length or diameter was detected (Figure 2-

3-C-D). We next sought to determine whether the sedimentation defect could be caused by 

differential proliferation rates caused by the absence of S protein. Measured viable cells counts 

indicated no difference in the ∆ess growth pattern or generation time [G] (Figure 2-2-G). Analysis  
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Figure 2-2. S protein discovery, chromosomal localization, protein architecture, expression 
throughout bacterial growth, and importance for hydrophobic properties of GAS cells  
A). Schematic of S protein discovery through Biomimetic Virulomics approach. RBCNS with 
(selected) captured proteins from M1 5448 culture supernatants (Lapek et al., 2017). B). 
Localization of ess (SPy_0802) and surrounding genes in GAS serotype M1 chromosome. C). 
Predicted protein architecture of S protein. Indicated on the figure: hydrophobic amino acids 
stretch (amino acids 30 – 52), disordered region (amino acids 52 and 113), LysM – peptidoglycan 
binding motif (amino acids 113 – 157). D). α-S protein antiserum validation. Whole cell lysates 
[C] and culture supernatants [S], of indicated GAS strains were probed with rabbit α-S protein 
antiserum. E). Western blotting analysis of S protein secretion and processing during different 
growth phases of GAS. Cells [C] and culture supernatants [S] of wt pDCerm strain, collected at 
indicated time points, were resolved by SDS-PAGE and probed with α-S protein antiserum. F). 
Photographic documentation of differences in GAS culture sedimentation after overnight growth.    
G). Proliferation of GAS strains in standard growth medium based on CFU scoring. Calculated 
Bacterial Generation Time (G) is reported for each strain. Experiment was performed in biological 
triplicate. Data are represented as mean ± SEM. Statistical significance (p < 0.05) indicated with 
*. H). Proliferation of GAS strains in standard growth medium based on OD600 measurements. 
Experiment was performed in biological triplicate. Data are represented as mean ± SEM. Statistical 
significance (p < 0.05) indicated with *. I). Photographic documentation of culture sedimentation 
during exponential phase of growth.  Image is representative of three biological replicates. Data 
are represented as mean ± SEM. Statistical significance (p < 0.05) indicated with *. J). 
Sedimentation of GAS overnight cultures mixed with water. Bacterial cell sedimentation was 
measured as a change in OD600 over the course of 5 hours. Experiment was performed in biological 
triplicate. Data are represented as mean ± SEM. Statistical significance (p < 0.05) indicated with 
*. K). Sedimentation of GAS overnight cultures mixed with methanol. Bacterial cell sedimentation 
was measured as a change in OD600 over the course of 5 hours. Experiment was performed in 
biological triplicate. Data are represented as mean ± SEM. Statistical significance (p < 0.05) 
indicated with *. L). Measurement of bacterial cells hydrophobic properties based on the ability to 
bind n-hexadecane. GAS hydrophobicity is quantified as a percentage of culture binding to n-
hexadecane. Experiment was performed in biological triplicate. Data are represented as mean ± 
SEM. Statistical significance (p < 0.05) indicated with *.  
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of the GAS growth curves based on the optical density indicated that bacteria deprived of S protein 

are more dispersed in the medium (Figure 2-2-H).  Upon further examination of GAS during 

growth, it was observed that at a certain density, cells expressing S protein form macro-structures 

(Figure 2-2-I). Over time, these cell-structures precipitate in culture. Furthermore, upon disruption, 

these macro-structures re-formed over time (Figure 2-3-E). Based on the different strain behavior 

in the culture medium, we hypothesized that formation and sedimentation of the cellular macro-

structures is driven by the hydrophobic properties of the GAS cell surface. To test this, we analyzed 

GAS sedimentation in media with different chemical properties. Wild type and complemented 

strains sedimented in the water control medium, while remaining in solution upon addition of the 

water-miscible solvent methanol (Figure 2-2-J-K). In contrast, ∆ess displayed an opposite behavior 

under these test conditions. Finally, we measured the GAS surface hydrophobicity based on the 

ability of cells to bind n-hexadecane (Rosenberg et al., 1980). Our data shows that ∆ess binds 

minute amounts of n-hexadecane compared to the wild type and complemented strains (Figure 2-

2-L). Spontaneous cell lysis that could affect experimental output was not observed during 

performance of the above experiments (Figure 2-3-F-G).  

S protein-deficient bacteria becomes more susceptible to phagocytic killing in vitro. 

Blood survival and dissemination is a predominant virulence property of GAS and is achieved 

through several mechanisms (Fischetti, 2016). Since S protein was identified as an RBC-specific 

protein, we analyzed its importance for GAS growth in blood. We observed that ∆ess had a 

significantly decreased ability to grow in human blood compared to the wild type and 

complemented strains (Figure 2-4-A). Next, we analyzed the interaction of ∆ess with individual 

blood components. We determined that S protein is not required for β-hemolysis (Figure 2-4-B-

C). Because S protein is predicted to be peptidoglycan-associated, we next endeavored to test  
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Figure 2-3. S protein amino acid conservation, lack of implication in physical properties of 
cells, and testing for spontaneous lysis during cell sedimentation and n-hexadecane binding 
experiments 
 
A). Conservation of S protein at the amino acid level. Protein sequences of S protein from 20 
available GAS strains from KEGG server database were aligned using Clustal Omega web tool. 
Variable amino acid positions are indicated in red color. B). Purified recombinant S protein. 
Indicated amounts of recombinant S protein were resolved on a 15% polyacrylamide gel and 
visualized by InstantBlue staining. The migration of the Precision Plus Protein Unstained 
Standards is indicated on the left. C). Fluorescent microscopy visualization of wt pDCerm, ∆ess 
pDCerm, and ∆ess pDCerm::ess strains late stationary and mid-exponential culture bacteria 
stained with FM 4-64, DAPI, and SYTOX mixture. Scale bar represents 5 µm. D). Quantification 
of bacterial average cell diameter. Cell diameters of GAS strains late stationary and mid-
exponential phase of growth cultures cells were visualized by fluorescent microscopy and 
measured using CellProfiler software. Experiment was performed with three biological replicates. 
Data are represented as mean ± SEM. Statistical significance (p < 0.05) indicated with *. E). 
Photographic documentation of GAS strains overnight cultures cell sedimentation. Bacterial 
overnight cultures were vortexed and incubated at room temperature. Pictures of the cultures were 
taken at indicated time points. F). Cell intactness analysis of GAS wt pDCerm, ∆ess pDCerm, and 
∆ess pDCerm::ess during 5 hours of incubation with addition of water or methanol. OD600 of 
bacterial overnight cultures mixed with either water or methanol was measured at time 0 and after 
mixing at time 5 hours. Experiment was performed with three biological replicates. Data are 
represented as mean ± SEM. Statistical significance (p < 0.05) indicated with *. G). Cell intactness 
analysis of GAS wt pDCerm, ∆ess pDCerm, and ∆ess pDCerm::ess during incubation in PUM 
buffer. OD600 of GAS cultures suspended in PUM buffer and not incubated with n-hexadecane 
were measured at time 0 and following 3 minutes vortexing and 15 minutes incubation (time 18 
min). Experiment was performed with three biological replicates. Data are represented as mean ± 
SEM. Statistical significance (p < 0.05) indicated with *. 
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whether S protein might act as a protective agent against complement killing. The absence of S 

proteins also did not affect GAS resistance to complement mediated killing (Figure 2-4-D and 2-

5-A). Further probing of the blood components revealed that lack of S protein results in GAS being 

more readily captured, internalized (phagocytized), and killed at a faster rate within THP-1-derived 

macrophages (Figure 2-4-E-G). We next assessed bacterial viability in the presence of human 

neutrophils. We tested extracellular viability of wild type, ∆ess, and complemented strains, finding 

that ∆ess was associated with increased extracellular killing in the presence of neutrophils. In our 

study of bacterial internalization by neutrophils, there was a trend towards increased uptake of 

∆ess compared to wild type and complemented strains (Figure 2-4-H-I). Increased association and 

phagocytosis of ∆ess in the phagocytic cells was only marginally rescued in the complement strain. 

Therefore, we subsequently quantified the hyaluronic acid capsule, an anti-phagocytic GAS 

determinant (Wessels et al., 1991). This assay showed decreased encapsulation of the 

complemented strain, but not of ∆ess (Figure 2-4-J). This data supports the notion that all 

phagocyte-related phenotypes of ∆ess are caused by a lack of S protein expression, while the 

elevated amount of complemented strain captured and internalized by phagocytes is a consequence 

of decreased capsule formation.   

Binding of RBC membranes by surface-associated S protein facilitates GAS 

virulence. Because our previous study showed that S protein present in bacterial culture 

supernatants selectively binds to RBC nanosponges (RBCNS) (Lapek et al., 2017a), we 

investigated the interaction between RBCs and cell associated S protein. To this end, we tested 

binding of RBCNS by whole GAS cells. Corroborating our previous findings, ∆ess bound 

significantly less RBCNS than wild type and complemented strains (Figure 2-4-K).  
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Figure 2-4. S protein is crucial for survival in human blood and coating of GAS cells with lysed 
RBCs fragments  
 
A). Proliferation of GAS strains in whole human blood. Ability of bacteria to multiply in blood is 
defined by Multiplication Factor (M. F.). Experiment was performed in biological triplicate. Data 
are represented as mean ± SEM. Statistical significance (p < 0.05) indicated with *.  B). Hemolytic 
properties of GAS strains on solid medium containing 5% sheep blood. C). Quantification of red 
blood cells lysis by GAS strains. Hemolytic properties of GAS strains were quantified by 
measuring hemoglobin release at absorbance 405 nm. Experiment was performed in biological 
triplicate. Data are represented as mean ± SEM. Statistical significance (p < 0.05) indicated with 
*. D). Bacterial survival in normal human serum (NHS). Resistance to serum complement of GAS 
strains was analyzed by determining viability in 50% NHS or heat inactivated NHS (hNHS). 
Experiment was performed in biological triplicate. Data are represented as mean ± SEM. Statistical 
significance (p < 0.05) indicated with *. E). Quantification of GAS cells captured by THP-1-
derived macrophages. Percentage of GAS cells associated with macrophages (adhered and 
internalized) before gentamycin treatment. Experiment was performed in biological triplicate. 
Data are represented as mean ± SEM. Statistical significance (p < 0.05) indicated with *. F). 
Quantification of bacterial cells phagocytized by THP-1-derived macrophages. Percentage of GAS 
cells internalized by macrophages after gentamycin treatment.  Experiment was performed in 
biological triplicate. Data are represented as mean ± SEM. Statistical significance (p < 0.05) 
indicated with *. G). Survival within THP-1-derived macrophages. Percentage of GAS cells inside 
macrophages at indicated time points post-gentamycin treatment.  Experiment was performed in 
biological triplicate. Data are represented as mean ± SEM. Statistical significance (p < 0.05) 
indicated with *. H). Quantification of recovered extracellular bacteria following incubation with 
primary human neutrophils. Log2(Fold Change) of recovered extracellular bacterial CFU/mL 
versus initial bacterial CFU/mL. Experiment was performed in biological triplicate. Data are 
represented as mean ± SEM. Statistical significance (p < 0.05) indicated with *. I). Quantification 
of bacterial cells phagocytized by primary human neutrophils. Percentage of GAS cells 
internalized by neutrophils after gentamycin treatment.  Experiment was performed in biological 
triplicate. Data are represented as mean ± SEM. Statistical significance (p < 0.05) indicated with 
*. J). Quantification of bacterial hyaluronic acid capsule. Amount of hyaluronic acid extracted 
from overnight cultures of GAS strains measured by optical density (OD640) and determined based 
on standard curve. Experiment was performed in biological triplicate. Data are represented as mean 
± SEM. Statistical significance (p < 0.05) indicated with *. K). Quantification of RBCNS binding 
by ∆ess mutant. Binding of RBCNS by whole bacterial cells was determined by measuring 
fluorescent signal of nanoparticles incubated with bacteria from overnight cultures. Experiment 
was performed in biological triplicate. Data are represented as mean ± SEM. Statistical 
significance (p < 0.05) indicated with *. L). Photographic documentation of pelleted GAS cell 
color after 1 hour incubation in PBS or 2% RBC solution. M). Effect of RBC membrane binding 
by S protein to the surface of GAS on interaction with THP-1 derived macrophages. Fold change 
between bacterial cells captured, internalized, and surviving within macrophages of GAS strains 
pre-incubated in 2% RBC solution or PBS was determined. Experiment was performed in 
biological triplicate. Data are represented as mean ± SEM. Statistical significance (p < 0.05) 
indicated with *. N). Effect of RBC membrane binding by S protein to the surface of GAS on 
proliferation of GAS strains in whole human blood. Fold change in Multiplication Factor (M.F.) 
between bacteria pre-incubated in 2% RBC solution and PBS was determined. Experiment was 
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performed in biological triplicate. Data are represented as mean ± SEM. Statistical significance (p 
< 0.05) is indicated with *. O). Survival of animals infected with wt pDCerm pre-incubated in PBS 
or 2% mouse RBC solution. Mice (n = 10) were infected intravenously with GAS or PBS and their 
viability was monitored over the course of 10 days. Data are represented as Kaplan-Meier survival 
curves. P). Change in body weight of animals infected with wt pDCerm pre-incubated in PBS or 
2% mouse RBC solution. Body weight of GAS- or PBS mock-infected animals was monitored 
daily and change in body weight, compared to day 0, was determined. 
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Based on these observations, we hypothesized that S protein coopts host RBC membranes 

for immune camouflage. To test this, we evaluated interactions with macrophages of GAS pre-

incubated in RBC solution or PBS.  Upon 100% endogenous lysis of RBCs (Figure 2-5-B), wild  

type and complemented strains gained a prominent red color, while ∆ess became faintly pink, 

indicating reduced RBC binding in the absence of S protein (Figure 2-4-L). RBC coating did not 

affect GAS viability, nor the amount of bacteria associating with or surviving within macrophages 

(Figure 2-5-C and 2-5-M). However, pre-incubation with RBCs decreased the phagocytic uptake 

of the wild type and complemented strains, while increasing the uptake of ∆ess.   

 Subsequently, we tested the effect of RBC coating on GAS survival in whole human blood. 

Supporting our in vitro macrophage data, pre-incubation with RBCs increased the proliferation 

rate of the wild type and complemented strains, while decreasing the viability of ∆ess when 

compared to bacteria preincubated with PBS (Figure 2-4-N). Finally, we analyzed the effect of 

RBC coating on GAS virulence in vivo using a mouse model of systemic infection (Lapek et al., 

2018). In the tested cohort, mortality rates of 40% and 90% were observed for mice infected with 

uncoated and RBC-coated wild type GAS, respectively (Figure 2-4-O). Furthermore, the majority 

of the animals infected with GAS pre-incubated with RBCs displayed a more rapid decrease in 

body weight (Figure 2-4-P).  

 Absence of S protein reshapes cellular and extracellular proteome landscapes of GAS 

cultures. Our data indicated that in the absence of RBC-coating, ∆ess is more susceptible to 

macrophage killing. This suggests that in addition to binding RBCs, S protein could have 

additional functions with distinct mechanisms of action. To gain a more comprehensive 

understanding of the role S protein plays in GAS physiology, we performed a quantitative 

proteomic analysis of wild type, ∆ess, and complemented strain whole cell lysates and culture  
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Figure 2-5. S protein deficient bacteria retain resistance to normal human serum killing, 
hemolytic properties, and their viability is not affected during incubation in 2% RBC solution.  
 
A). Bacterial survival in normal human serum (NHS). Resistance to serum complement killing 
was analyzed by incubation of GAS with 90% NHS or heat inactivated NHS (hNHS) and 
comparison amount of bacteria (CFUs) at time 0 and 3 hours. Experiment was performed with 
three biological replicates. Data are represented as mean ± SEM. B). Quantification of red blood 
cells lysis by GAS strains. Overnight cultures of wt pDCerm, ∆ess pDCerm, and ∆ess pDCerm::ess 
were incubated with red blood cells suspension and hemolysis was quantified by measuring 
hemoglobin release at absorbance 405 nm. Experiment was performed with three biological 
replicates. Data are represented as mean ± SEM. Statistical significance (p < 0.05) indicated with 
*. C). Comparison of bacteria viability after 1 hour incubation in either PBS or 2% RBC solution. 
Potential difference in effect of PBS [-] or 2% RBC solution [+] on viability of indicated bacterial 
strains was assessed by determination of bacteria amount (CFU/mL) after 1 hour of incubation. 
Experiment was performed with three biological replicates. Data are represented as mean ± SEM. 
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supernatants (Figure 2-6-A). Whole cell lysate analysis revealed several differentially abundant 

proteins as follows: 203 between wild type and ∆ess, 90 between wild type and complemented, 

and 185 between complemented and ∆ess (Figure 2-6-B). Results from the culture supernatant  

proteome analysis were even more striking, with numbers of proteins showing altered expression 

as follows: 305 between wild type and ∆ess, 19 between wild and complemented, and 352 between 

complemented and ∆ess (Figure 2-6-C). We excluded from further analysis proteins that were 

either similarly dysregulated in ∆ess and complemented strains in comparison to the wild type 

strain, or exclusively altered in the complemented strain (with exception to S protein). Through 

the comparison of ∆ess to the wild type and complemented strain we defined a core set of 94 and 

236 cellular and extracellular proteome components affected by S protein, respectively (Figure 2-

6-D-E). The vast remodeling of the proteome landscape in ∆ess is may be at least in part driven 

by the change in expression of four putative transcription factors, although this hypothesis requires 

further investigation.  

Classification of S protein-dependent proteins revealed that they belong to multiple 

functional categories (Figure 2-6-D-E). Since the full functional scope of S protein is unknown, it 

is unsurprising that the majority of dysregulated proteins are of unknown function. Notably, in the 

absence of S protein, many recognized virulence factors critical for invasive disease were down-

regulated in bacterial cells and culture supernatants (Figure 2-7-A-B). 

 Among the virulence factors down-regulated in ∆ess was M protein, a widely-studied and 

highly-abundant GAS virulence factor (Fischetti, 2016). Several studies have demonstrated the 

role of M protein in GAS surface hydrophobicity and bacterial aggregation (Frick et al., 2000; 

Tylewska et al., 1979). Since our data shows that ∆ess displays defects in cell sedimentation and 

surface hydrophobicity (Figure 2-4-2-F, I-L), we investigated whether these phenotypes were  



 31 

Figure 2-6. Absence of S protein reshapes cellular and extracellular proteome landscape   

A). Outline of the quantitative proteomic workflow for analysis of bacterial cell and culture 
supernatants proteomes among GAS strains. Three biological replicates were analyzed. B). Binary 
comparisons of whole cell lysates protein abundance among analyzed bacterial strains. Proteins 
above a pi score significance threshold of 1.1082 are highlighted in cyan and yellow. C). Binary 
comparisons of culture supernatant protein abundance among analyzed bacterial strains. Proteins 
above a pi score significance threshold of 1.1082 are highlighted in pink and green. D). Core set 
of GAS whole cell lysates proteome components affected by S protein. Orange and blue treemaps 
represent distribution of core set up- and down-regulated proteins, respectively, among functional 
groups. E). Core set of GAS culture supernatants proteome components affected by S protein. 
Orange and blue treemaps represent distribution of core set up- and down-regulated proteins, 
respectively, among functional groups.  
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related to down-regulation of M protein or whether they were S protein-specific. We introduced 

into ∆ess a vector containing the emm1 gene under control of a constitutive promoter 

(pDCerm::emm1) to elevate M protein abundance (Figure 2-7-C).  

The ∆ess pDCerm::emm1 showed significantly increased amounts of sedimented cells 

compared to ∆ess, though this strain did not rescue sedimentation to the level of ∆ess pDCerm::ess. 

This suggests that both S and M proteins play a role in sedimentation (Figure 2-7-D). Similarly, 

elevating M protein abundance in ∆ess drastically decreased the amount of non-sedimented cells 

remaining in solution (Figure 2-7-E). Since no difference in viability was observed among the 

tested strains (Figure 2-7-F) we concluded that the measurable change in cell aggregation is related 

to M protein mediated cell-cell interactions rather than differences in bacterial abundance or stage 

of growth. Subsequent study showed that increased the abundance of M protein did not affect n-

hexadecane binding by ∆ess (Figure 2-7-G). We conclude that down-regulation of M protein 

affects ∆ess cells aggregation but not surface hydrophobicity.  

Given the large-scale proteome reorganization in the ∆ess strain, we next investigated the 

hypothesis that S protein bears direct responsibility for binding RBC membranes. To test this, we 

used serum harvested from S protein-immunized rabbits to pre-block wild type GAS cells.  

Compared to bacteria blocked with serum collected from naïve rabbits, GAS preincubated in anti-

S protein serum bound less RBC membranes (Figure 2-7-H-I). Endogenous hemolysis and 

recovered bacterial CFUs were equivalent between bacteria pre-incubated in naïve and anti-S 

protein sera (Figure 2-7-J-K). Based on these data, we conclude that S protein bears a degree of 

direct responsibility for binding RBC membranes. 

 ∆ess mutant has highly attenuated virulence in a mouse model of systemic infection. 

Because ∆ess displayed a clear decrease in virulence in vitro, we hypothesized that S protein plays  
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Figure 2-7. Distinguishing between S protein and M protein involvement in GAS cell 
aggregation, surface hydrophobicity, and RBC binding phenotypes. 

 
A). Relative protein abundance for GAS virulence factors under control of S protein in whole cell 
lysate proteomics. Data are represented as mean + SD. B). Relative protein abundance for GAS 
virulence factors under control of S protein in supernatant proteomics. Data are represented as 
mean + SD. C). Western blot determination of M protein abundance in ∆ess pDCerm and ∆ess 
pDCerm::emm1 strain. Whole cell lysates and culture supernatants of indicated GAS strains were 
subjected to immunoblotting analysis with α-S protein and α-M protein antiserum.  D). 
Comparison of ∆ess pDCerm and ∆ess pDCerm::emm1 sediment bacteria volume. Volume of 
sediment bacteria was calculated by measuring the height and top diameter of bacterial cells on 
the bottom of the 15 mL falcon tube and applying the volume equation for a circular truncated 
cone. Data shown is representative of three biological replicates. Data are represented as mean ± 
SEM. Statistical significance (p < 0.05) indicated with *. E). Comparison of ∆ess pDCerm and 
∆ess pDCerm::emm1 non-sediment bacteria amount. The amount of non-sediment bacteria was 
determined by measuring the OD600 of the media above GAS cells localized on the bottom of the 
15 mL falcon tube. Data shown is representative of three biological replicates. Data are represented 
as mean ± SEM. Statistical significance (p < 0.05) indicated with *. F). Viability of ∆ess 
pDCerm::emm1 during stationary phase. Amount of live bacteria in the GAS cultures used for 
sedimentation studies is determined as CFU/mL. Data shown is representative of three biological 
replicates. Data are represented as mean ± SEM. Statistical significance (p < 0.05) indicated with 
*. G). Comparison of ∆ess pDCerm and ∆ess pDCerm::emm1 cells hydrophobic properties. GAS 
strain hydrophobicity is determined as a percentage of culture binding to n-hexadecane. All 
experiments were performed in three biological replicates.  Data shown is representative of three 
biological replicates. Data are represented as mean ± SEM. Statistical significance (p < 0.05) 
indicated with *. H). Photographic documentation of wt GAS pre-blocked with either pre-
immunization inactivated rabbit serum or a-S protein immunized inactivated rabbit serum. I). 
“Redness” quantification of photographed RBC-bound GAS pellets following serum blocking and 
RBC incubation. Biological replicate experiments were performed on three separate days.  Data 
shown is representative of three biological replicates. Data are represented as mean ± SEM. 
Statistical significance (p<0.001) is indicated with ***. J). In vitro hemolysis assay related to 
Figure S3H. Complete hemolysis was ensured by measuring A405 values in supernatants of each 
experimental replicate. Data shown is representative of three biological replicates. Data shown is 
representative of three biological replicates. Data are represented as mean ± SEM. Statistical 
significance (p < 0.05) indicated with *. K). Bacterial viability following S protein blocking assays. 
Bacteria were serially diluted and plated on agar plates to ensure equivalent bacterial levels 
following serum blocking and RBC incubation. Data shown is representative of three biological 
replicates. Data are represented as mean ± SEM. Statistical significance (p < 0.05) indicated with 
*. 
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an important role during infection in vivo. To test this, we employed a mouse model of systemic 

infection (Lapek et al., 2018; Lin et al., 2015). During a 10 day trial, wild type GAS was associated 

with a progressive decrease in animal body weight and 90% mortality rate (Figure 2-8-A-B). In 

contrast, all mice infected with ∆ess survived the challenge and their body weight stabilized and 

remained constant after a slight initial decline. Dissection of animals at day 4 post-infection 

revealed that ∆ess was largely cleared from the bloodstream (Figure 2-8-C). There was also an 

overall lower bacterial load in organs compared to wild type GAS. The S protein-complemented 

strain was also included in the in vivo experiments. However, due to poor maintenance of 

pDCerm::ess vector, no significant difference between the complemented strain and ∆ess was 

observed in vivo (Figure 2-9-A-D).  

Subsequent analyses of GAS load throughout the initial days of infection revealed that 24 

hours following infection there were approximately equivalent levels of the wild type and Dess 

GAS detected in the blood and splenic tissues (Figure 2-8-D-E). While levels of wild type GAS in 

the blood increased almost logarithmically over the course of the subsequent 3 days, the amount 

of ∆ess increased only slightly by day 3 and began to decline at day 4. Bacterial load of wild type 

GAS in the spleens also increased over time, while levels of ∆ess remained similar throughout  

infection. We also observed that during infection, the spleens of animals infected with wild type 

and ∆ess were significantly enlarged in comparison to control animals (Figure 2-8-F). To ensure 

that the striking in vivo attenuation phenotype observed in ∆ess was not associated with any 

unexpected mutations garnered during the generation of this strain, whole genome sequencing was 

performed. This analysis did not reveal any mutations in emm1 or other known virulence factors 

downregulated in the ∆ess proteome data, including known master regulators of GAS virulence  
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Figure 2-8. GAS ∆ess mutant has highly attenuated virulence in mouse model of systemic 
infection. 
 
A). Survival of animals infected with GAS wt pDCerm and ∆ess pDCerm stains. Mice (n = 10) 
were infected intravenously with indicated bacterial strains or PBS and their viability was 
monitored over the course of 10 days. Data are presented as Kaplan-Meier survival curves. B). 
Change in body weight of animals infected with GAS wt pDCerm and ∆ess pDCerm stains. 
Infected or PBS mock-infected mouse (n = 10) body weight was monitored daily and change in 
body weight, compared to day 0, was determined.  C). Quantification of bacterial load in mouse 
blood and organs during systemic infection. Bacterial burden during infection was analyzed by 
enumerating CFU in blood and homogenized organs collected from mice (n = 7) at day 4 post 
infection. Data are represented as box and whiskers plots with indicated minimum or maximum 
values. Statistical significance (p < 0.05) indicated with *. D). Progression of bacterial burden in 
the blood during 4 initial days post-infection. Enumeration of wt pDCerm and ∆ess pDCerm 
bacterial CFUs was performed in blood collected from sacrificed mice (n = 5) on days 1, 2, 3, and 
4 post infection. E). Progression of bacterial burden in splenic tissues over 4 days post-infection. 
Enumeration of wt pDCerm and ∆ess pDCerm bacterial CFUs was performed in homogenized 
spleens collected from sacrificed mice (n = 5) on days 1, 2, 3, and 4 post infection. F). Changes in 
the size of spleens during infection. Spleen sizes, represented as a percentage of a total body 
weight, collected from mice (n = 5) at days 1, 2, 3, and 4 post-infection (used for CFU enumeration 
in panel E) or PBS-mock infection were determined. All data, unless specified otherwise, are 
represented as mean ± SEM. 
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Figure 2-9. The ∆ess pDCerm::ess strain does not maintain the complementing vector during 
systemic infection 
 
A). Survival of animals infected with wt pDCerm, ∆ess pDCerm, and ∆ess pDCerm::ess stains. 
Mice (n = 10) were infected intravenously with indicated bacterial strains or PBS as control and 
their viability was monitored over the course of 10 days. Data are presented as Kaplan-Meyer 
survival curves. B). Change in body weight of animals infected with wt pDCerm, ∆ess pDCerm, 
and ∆ess pDCerm::ess stains. Infected or PBS mock-infected mice (n = 10) body weight was 
monitored daily and change in body weight was determined by comparing weight at indicated day 
post infection to the weight at day 0 of the infection. Data are represented as mean ± SEM. C). 
Quantification of bacterial load in mice blood and organs during systemic infection. Bacterial 
burden during infection with wt pDCerm, ∆ess pDCerm, and ∆ess pDCerm::ess stains was 
analyzed by enumerating CFU in blood and homogenized organs (indicated in the text) collected 
from mice (n = 7) at day 4 post infection. Data are represented as box and whiskers plot with 
indicated minimum or maximum values. D). Plasmid maintenance during infection. Maintenance 
of pDCerm vectors among GAS stains during mouse systemic infection was determined by 
comparison of enumerated bacteria from plated blood and homogenized organs (indicated in the 
text) collected from mice (n = 7) at day 4 post infection that grew on non-selective solid medium 
and medium supplemented with erythromycin. Data are represented as median. 
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(Churchward et al., 2009; Graham et al., 2002; Manetti et al., 2007; Metzgar and Zampolli, 2011; 

Sumitomo et al., 2013). 

 S protein deficiency leads to elevated immune pathway signaling and is associated 

with robust learned immunity. The spleen is an important secondary lymphoid organ responsible 

for coordinating innate and adaptive immune responses against bacterial pathogens filtered from  

the blood (Bronte and Pittet, 2013). Based on the dynamics of wild type and ∆ess bacterial burden 

in the blood and spleens over the course of infection, we hypothesized that the absence of S protein 

alters the host immune response. To better understand differential immune responses associated 

with infection with the wild type and mutant strain, we performed a TMT-based temporal 

proteomic analysis of spleens harvested from wild type, ∆ess, or PBS mock infected mice on days 

1 through 4 post-infection (Figure 2-10-A). Upon batch adjustment, the proteome data clustered 

largely by treatment group (Figure 2-10-B). K-means clustering was used to identify temporal 

trends in spleen proteomics data (Figure 2-11-A) (Ernst and Bar-Joseph, 2006).  

 K means clustering of ∆ess spleen proteome data demonstrated one group of proteins that 

appeared to increase in abundance over time (Cluster 7). The upward trend of these proteins 

appeared to be largely absent during wild type or mock infection. We next subjected the proteins 

within these clusters to interaction network analysis using String, focusing on protein abundance 

differences between wild type and ∆ess infection cohorts at day 1. String analysis revealed a cluster  

of related proteins involved in antimicrobial activity (S100a8, S100a9, Ngp, Ltf, Pglyrp1) or 

immune modulation (Lcn2, Mmp9, Mmp8, Chil1, Rnase1) (Figure 2-10-C).   

In the ∆ess infection clusters, we also identified two groups of proteins that began at high 

levels on day 1 and showed a sustained decrease in abundance over time (Clusters 0 and 1).  We 

found that this protein abundance trend was unique to ∆ess, and that mice infected with wild type  
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Figure 2-10. Lack of S protein leads to elevated interferon-related signaling during early 
infection and adaptive immunity development. 
 
A). Outline of the quantitative proteomic workflow and subsequent data normalization for analysis 
of splenic tissues harvested from PBS mock-infected and GAS infected mice (n=5 per group per 
day). B). Circular dendrogram demonstrating Spearman clustering of all samples. Covariates of 
treatment and time point are represented in the inner and outer circle, respectively. C). Protein 
interaction network generated using String-db of ∆ess infected spleen cluster 7 using day 4 
abundance values. Nodes are sized relatively by -Log10(p-value) and differentially colored by 
Log2(wt FC/∆ess FC) (see legend). D). Protein interaction network generated using String-db of 
∆ess infected spleen cluster 0 and 1 using day 1 abundance values. Nodes are sized relatively by -
Log10(p-value) and differentially colored by Log2(wt FC/∆ess FC) (see legend). E). Survival of 
Ifnar1 -/- mice over three weeks following ∆ess infection (n=8 per group). Data are presented as 
Kaplan-Meier survival curves.  F). Survival of mice exposed to ∆ess infection or PBS injection 
(initial groups n = 20) during re-infection with wild type GAS (groups:  PBS → PBS, n = 10; PBS 
→ wt pDCerm, n = 10; ∆ess pDCerm → PBS, n = 8; ∆ess pDCerm → wt pDCerm, n = 8). 
Following re-infection with wt pDCerm strain, animal viability was monitored daily for 10 days. 
Data are presented as Kaplan-Meier survival curves. G). Change in body weight of mice exposed 
to ∆ess infection or PBS (initial groups n = 20) during re-infection with wild type GAS (groups:  
PBS → PBS, n = 10; PBS → wt pDCerm, n = 10; ∆ess pDCerm → PBS, n = 8; ∆ess pDCerm → 
wt pDCerm, n = 8).  Subject body weight was monitored daily and change in body weight, 
compared to day 0, was determined. Data are represented as mean ± SEM.  
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GAS or administered PBS did not show striking changes in these proteins over the infection time 

course, including at day 1. As expected, String analysis revealed multiple immune-related protein 

clusters. The most prominent included several type I IFN-response proteins. Many of these 

proteins (Dhx58, Gbp5, Ifih1, Ifit1, Ifit2, Ifit3, Igtp, Iigp1, Isg15, Oas3, Oasl1, Tgtp1, Zbp1), 

followed the temporal trend seen in clusters 0 and 1, wherein they spiked on day 1 of ∆ess 

infection, followed by a precipitous drop to levels found in the mock-infected animals (Figure 2-

11-C). Notably, bacterial burden in blood and spleens at day 1 post-infection was roughly 

equivalent between wild type and ∆ess infected animals (Figure 2-8-D-E). The observed pattern 

of IFN signaling closely matched clearance of ∆ess during infection (Figure 2-8-D). These results 

suggested that during exposure to lethal levels of GAS, IFN signaling is partially responsible for 

the positive outcomes associated with infection with ∆ess. To test whether type I IFN signaling 

was responsible for enhanced survival of ∆ess infected mice, we infected Ifnar1 -/- mice with ∆ess 

and monitored survival for 3 weeks. Whereas earlier studies demonstrated 100% survival of mice 

infected with ∆ess (Figure 2-8-B), only 38% of Ifnar1 -/- mice survived infection with ∆ess (Figure 

2-10-E).   

 Because we saw robust engagement of core immune pathways during the early stages of 

infection with ∆ess, we hypothesized that infections with a strain lacking S protein might elicit 

longer-term immune responses—namely immune memory. To test our hypothesis, we exposed  

mice to systemic infection with ∆ess or PBS. After three weeks, equal numbers of mice from each 

group were administered PBS or infected with wild type GAS. Mice initially injected with PBS 

and later infected with wild type GAS displayed high mortality (90%) and a decrease in body 

weight throughout infection (Figure 2-10-F-G). In contrast, 7 out of 8 mice initially exposed to 

∆ess survived the challenge with the wild type strain and showed no progressive loss in body  
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Figure 2-11. Data obtained from proteomic analysis of mice spleen tissues harvested from 
PBS mock-infected, wt pDCerm, and ∆ess pDCerm infected mice: STEM clustering and 
change in abundance of selected proteins over the course of time. 
 
A). STEM clustering of data obtained from proteomic analysis of mice spleen tissues harvested 
from PBS mock-infected, wt pDCerm, and ∆ess pDCerm infected mice (n=5). B). Change in 
abundance of selected acute phase proteins throughout the infection in the mice splenic tissues. 
C). Change in the abundance of interferon activated proteins throughout the infection in the mice 
splenic tissues.  
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weight. Collectively, we show that infection with ∆ess stimulates IFN signaling and that challenge 

with this strain results in robust protection against GAS infection. 

2.4: Discussion 

 Despite decades of research and rapid technological advancements, our understanding of 

bacterial physiology and host-pathogen interactions remains limited. Protein products of 

approximately 50% of bacterial genes are either hypothetical or of unknown function 

(Sivashankari and Shanmughavel, 2006). Understanding how these uncharacterized proteins affect 

bacterial pathogenicity is critical for the formulation of new and alternative pharmacological 

interventions, which is increasingly important in the era of wide-spread antibiotic resistance 

(Zaman et al., 2017). In this work, we have performed an initial characterization of S protein, a 

previously uncharacterized protein, and investigated its involvement in GAS pathogenesis. 

Pathogens apply a multitude of mechanisms to avoid recognition by the host immune 

system. Imitation of host structures, known as the molecular mimicry, is one  such strategy 

(Wessels et al., 1991). Herein, we described a novel type of molecular mimicry, where GAS uses 

S protein to bind RBC fragments. Sequestration of RBC fragments prevents phagocytosis of GAS 

by macrophages and amplifies virulence in vitro and in vivo (Figure 2-4-M-P). Mechanisms of 

GAS hemolysis have been intensively studied. However, the evolutionary rationale behind this 

process remains incompletely understood. The discovery that GAS utilizes lysed RBCs as immune 

camouflage provides the first direct link between hemolysis, a hallmark diagnostic phenotype of 

GAS in the clinical laboratory, and the infectious process of the pathogen.  

Proteomic profiling of ∆ess indicated that the absence of S protein results in a vast 

rearrangement of the GAS cellular and extracellular proteome. These results suggest that S protein 

is a multifunctional protein which, besides directly participating in virulence, could be additionally 
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involved in gene expression regulation or in maintaining proteome homeostasis. Protein 

moonlighting, wherein a single protein performs more than one function, is well recognized in the 

literature (Jeffery, 2014, 2003, 1999). Among proteins downregulated in ∆ess were several known 

virulence factors, including M protein (Figure 2-7-A). M protein is a crucial virulence determinant 

of GAS required for survival in whole human blood and avoidance of phagocytosis (Fischetti, 

2016). Diminished levels of M protein could explain increased susceptibility to in vitro phagocytic 

killing of the ∆ess strain in the absence of RBC coating (Figure 2-4-E-I).  

We observed that during early ∆ess bacteremia, rapid disease clearance was associated 

with a distinct spike in IFN-regulated proteins early in infection (Figure 2-8-D-E and 5D). We 

showed that IFN signaling was necessary for ∆ess bacterial clearance (Figure 2-10-E). 

Subsequently it was found that ∆ess infection was associated with protection from reinfection with 

wild type GAS (Figure 2-10-F-G). It was previously shown that GAS stimulate production of type 

I and II IFN in human and murine cells, and that Ifnar -/- mice more readily succumb to GAS 

infection than wild type mice (Cavaillon et al., 1982; Goldmann et al., 2007; Gratz et al., 2011; 

Hyland et al., 2009; Miettinen et al., 2000; Müller-Alouf et al., 1997).  In this study, wild type 

GAS infection was not associated with a spike in IFN levels on day 1-4 post-infection. Although 

inhibition of IFN signaling has not been investigated as a GAS virulence strategy, our results 

suggest that robust GAS infection is associated with low viability of this immune pathway.  

 Together, the findings regarding S protein reported in this work can have a two-fold impact 

on the development of new countermeasures against GAS. First, due to its highly conserved nature 

among GAS serotypes and direct as well as indirect involvement in virulence, S protein is an ideal 

target for anti-virulence therapeutics. Thus, inactivation of S protein function would disarm GAS 

and make it vulnerable to the host immune system. Second, we identified immune pathways that 
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are strongly associated with positive outcomes against GAS infection. These host factors could be 

a starting point for future investigation into host-centered GAS therapies. Ultimately, our findings 

on S protein suggest that key presumptions regarding GAS infectious disease pathogenesis may 

be incomplete and require reevaluation. Thus, this work has the potential to break new ground in 

basic GAS pathogenesis research and can open the door to developing highly effective anti-

bacterial interventions. 

2.5: Methods 

LEAD CONTACT AND MATERIALS AVAILABILITY 

Further information and requests for resources and reagents including engineered bacterial 

strains should be directed to and will be fulfilled by the Lead Contact, David J. Gonzalez 

(djgonzalez@ucsd.edu).  All raw mass spectrometry files have been deposited to MassIVE 

(http://massive.ucsd.edu) and submitted to the ProteomeXchange Consortium 

(http://proteomecentral.proteomexchange.org) with the dataset identifiers PXD015341 for 

bacterial proteomics, PXD015342 for supernatant proteomics, and PXD015343 for spleen 

proteomics. 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 

Mice 

ICR (CD-1) Outbred Mice were ordered from Envigo. Ifnar1 -/- mice were ordered from 

the MMRRC. Animals were housed in a Specific Pathogen-Free facility, with 2-3 specimens per 

individually-ventilated cage with aspen chip bedding. All studies using CD-1 mice used female 

mice between 6-8 weeks old. Ifnar1 -/- mice were 13 week old females ordered from Jackson 

Laboratories via MMRRC Jax and were housed as described above. All animal experiments were 
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performed in accordance with NIH guidelines and approved by the Institutional Animal Care 

and Use Committee (IACUC) of UCSD under protocol S09388. 

Bacteria 

Streptococcus pyogenes M1 5448 (Chatellier et al., 2000) and its derivatives were cultured 

in Todd Hewitt Broth (Spectrum Laboratory Products, Inc.) supplemented with 0.2% yeast extract 

(VWR International, LLC) (THY) or grown on solid THY with addition of 1.4% agar (VWR 

International, LLC) or Mueller Hinton Agar with 5% Sheep Blood (Fisher Scientific) statically at 

37°C, unless stated otherwise (Gera and McIver, 2013). Medium for S. pyogenes strains carrying 

pHY304-ess::cat, pDCerm, pDCerm::ess, or pDCerm::ermm1 was supplemented with 2 µg/mL 

erythromycin (Spectrum Laboratory Products, Inc.). Escherichia coli strains NEB 5-alpha, NEB 

Turbo, and BL21(DE3) (New England BioLabs) and its derivatives were cultured in Luria-Bertani 

(LB) broth (Spectrum Laboratory Products, Inc.) at 37°C with aeration (220 rpm) or on LB agar 

(Core Bio Services) at 37°C, unless stated otherwise (Son and Taylor, 2012). The following 

antibiotics were used to supplement growth medium for E. coli:  250 µg/mL erythromycin for 

strains carrying pHY304, pHY304-ess::cat, pDCerm, pDCerm::ess, or pDCerm::emm1;  50 µg/mL 

kanamycin (BioPioneer) for strains containing N-HisPP-pET-28a(+) or N-HisPP-pET-28a(+)::ess. 

Engineered E. coli and S. pyogenes strains were stored by mixing 700 µL of the overnight cultures 

with 300 µL of 50% sterile glycerol (VWR International, LLC) (final glycerol concentration 15%) 

or 600 µL of the overnight cultures with 400 µL of 50% sterile glycerol (final glycerol 

concentration 20%) respectively. Bacterial stocks were stored at -80°C. 

Cell lines 

The acute monocytic leukemia THP-1 cells were acquired from American Type Culture 

Collection (ATCC). All cells were cultured in the RPMI 1640 Medium (ATCC modification) (Life 
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Technologies Corporation) supplemented with 10% Fetal Bovine Serum (USDA Certified, Heat 

Inactivated) (Core Bio Services) and 0.05 mM 2-mercaptoethanol (Life Technologies 

Corporation) at 37°C in the presence of 5% CO2. Cells were maintained at density 4 ˣ 105 – 1 ˣ 

106/mL. Differentiation of THP-1 cells into macrophages was achieved by supplementing the 

medium with 25 nM phorbol 12-myristate 13-acetate (PMA) (Sigma Aldrich) and is described in 

the Method Details section. 

METHOD DETAILS 

Genetic manipulations of Streptococcus pyogenes (GAS) M1 5448  

Wizard Genomic DNA Purification Kit (VWR International, LLC) was used for isolation 

of bacterial genomic DNA. Q5 High-Fidelity DNA Polymerase (New England BioLabs) was used 

for amplification of DNA designated for molecular cloning or sequencing purposes. QIAGEN 

Plasmid Mini Kit (QIAGEN, Inc.) and QIAquick PCR Purification Kit (QIAGEN, Inc.) were used 

for purification of plasmid DNA and PCR products, respectively. Quick-Load® Taq 2X Master 

Mix (New England BioLabs) was used for analyses of E. coli and GAS clones. DNA sequencing 

was performed at the Retrogen Inc. core. The ess (SPy_0802) gene replacement by 

chloramphenicol resistance cassette (cat) by homologous recombination was performed based on 

a previously described protocol (Le Breton and McIver, 2013) with minor changes to preparation 

of electrocompetent GAS cells (Dunny et al., 1991). Primers for amplification and Gibson 

Assembly of the chloramphenicol resistance cassette (cat) flanked by up- and downstream regions 

of ess (SPy_0802) gene were designed using online NEBuilder Assembly Tool 

(http://nebuilder.neb.com/). Chromosomal DNA of M1 5448 was isolated and served as a template 

for PCR amplification of 500 base pair regions directly up- and downstream of the ess locus using 

primer pairs ess-up-F/ess-up-R and ess-down-F/ess-down-R. The cat gene was amplified using 
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pACYC184 (Nakano et al., 1995) as a DNA template and primers cat-F and cat-R. PCR products 

were purified and assembled with NEBuilder HiFi DNA Assembly Master Mix (New England 

BioLabs). The assembly product was used as a template for amplification of the entire DNA region 

with primer pair ess-cat-F/ess-cat-R. Plasmid pHY304 (Pritzlaff et al., 2001) was PCR amplified 

using primers pHY304-F and pPHY304-R. PCR products were purified, subjected to digestion 

with EagI-HF and HindIII-HF restriction enzymes (New England BioLabs), purified, and ligated 

using Quick Ligation Kit (New England BioLabs). The entire ligation product was used for 

transformation of E. coli NEB Turbo competent cells (New England BioLabs), according to the 

manufacturer’s recommendation. As pHY304 contains a thermosensitive origin of replication that 

replicates at 30°C, the outgrowth of bacteria in SOC medium (New England BioLabs) and 

overnight incubation on solid medium supplemented with erythromycin was performed at 30°C. 

Bacterial colonies were passaged onto fresh solid medium and screened for the presence of 

pHY304-ess::cat by PCR reaction with primers pHY304-Ver-F and pHY304-Ver-R (each primer 

is complementary to the vector region approximately 200 base pairs up- and downstream 

respectively from the insertion site. The DNA template for the PCR reaction was obtained by 

suspending minute amounts of bacterial cells in 30 µL of sterile ddH2O and incubating for 5 

minutes at 100°C). Plasmid DNA form positively identified bacterial clones was purified and 

verified by DNA sequencing with primers pHY304-Ver-F and pHY304-Ver-R.  

 Electrocompetent GAS cells were prepared as follows: overnight cultures of M1 5448 

supplemented with 20 mM glycine (Spectrum Laboratory Products, Inc.) were back-diluted (1:20) 

in 150 mL of THY + 20 mM glycine, incubated until they reached  OD600=0.2-0.4, and cooled on 

ice for 30 minutes. The culture was spun down for 20 minutes at 10,000 ˣ g, 4°C, and cells were 

washed three times with ice-cold 0.625 M Sucrose (Sigma Aldrich), 1 mM MgCl2 • 6H2O (Fisher 



 52 

Scientific). Cells were finally suspended in 1 mL of 0.625 M Sucrose, 1 mM MgCl2 • 6H2O and 

50 µL aliquots were used immediately or stored at -80°C. M1 5448 cells were transformed with 

10 µg of pHY304-ess::cat by electroporation using BioRad Gene Pulser II and Gene 

Pulser/MicroPulser Electroporation Cuvettes, 0.2 cm gap (BioRad) (cooled on ice before 

application) at the following settings: voltage 1.75 kV, resistance 400 Ω; capacitance: 25 μF. 

Electroporated cells were mixed with 500 µL of THY broth and 0.25 M Sucrose, and were 

transferred to an Eppendorf tube. They were incubated at 30°C for 2 hours and plated on solid 

medium supplemented with erythromycin. Following 2 days of incubation at 30°C, bacterial 

colonies were passaged onto fresh agar plates with antibiotic and verified for the presence of 

pHY304-ess-cat as described above for E. coli. M1 5448 pHY304-ess::cat was cultured overnight 

at 30°C in 10 mL of THY broth supplemented with erythromycin, serially diluted in PBS (Cell 

Signaling Technology, Inc.), plated (dilutions 10-3 – 10-5) onto solid medium containing 

erythromycin, and incubated overnight at 37°C. On the following day, bacterial colonies with 

vectors that had integrated into the chromosome were inoculated in 10 mL of THY broth 

supplemented with erythromycin, and cultured overnight at 37°C. Frozen stocks were prepared as 

described above. On the following day, bacteria with an integrated pHY304-ess::cat plasmid 

(indicating a single crossover event) were plated onto solid medium without antibiotic 

supplementation and incubated overnight at 30°C. An individual bacterial colony was next 

inoculated in antibiotic-free medium and incubated at 30°C. On the following day, the culture was 

back-diluted (1:1000) in 10 mL of medium without antibiotic and incubated overnight at 37°C. 

The back-dilution and overnight incubation at 37°C was repeated. The culture was subsequently 

serially diluted in PBS and plated (dilutions 10-3 – 10-5) onto solid medium without erythromycin. 

Bacterial colonies were next passaged in parallel onto medium with and without erythromycin. 
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Bacterial clones that that did not grow on medium supplemented with erythromycin (indicating a 

double crossover event) were verified by PCR (DNA extracted by boiling in water as described 

above) with the primer pair essDel-Ver-F/essDel-Ver-R. Primers are complementary to the 

chromosomal region approximately 700 base pairs from the beginning and the end of ess gene, 

and 200 base pairs up- and downstream from homologous recombination sites, respectively. 

Positively identified ∆ess clones were further verified by DNA sequencing of a PCR-amplified 

700 base pairs up- and downstream region from the allelic exchange site (essDel-Ver-F/essDel-

Ver-R primers were used for PCR amplification and sequencing). 

 The deletion of ess was genetically complemented through expression of ess in trans from 

a pDCerm vector (Jeng et al., 2003). The coding sequence of ess with a 319 base pairs upstream 

region containing predicted transcriptional promoter region(s) by BPROM 

(http://www.softberry.com/berry.phtml?topic=bprom&group=programs&subgroup=gfindb) and 

Promoter Prediction by Neural Network (http://www.fruitfly.org/seq_tools/promoter.html), and 

100 base pairs downstream containing a transcriptional termination site were amplified with 

primer pair ess-F/ess-R. The 3335 base pairs of pDCerm was amplified with primers pDCerm-F 

and pDCerm-R. Both PCR products were purified, treated with KpnI-HF restriction enzyme (New 

England BioLabs), re-purified, ligated as described above, and the entire reaction product was used 

to transform of E. coli NEB 5-alpha competent cells (New England BioLabs), according to the 

manufacturer’s recommendation. Bacterial clones were passaged and screened for the presence of 

pDCerm::ess by PCR with primers pDCerm-Ver-F and pDCerm-Ver-R. Primer are 

complementary to the vector region approximately 200 base pairs up- and downstream form the 

insertion site, respectively. The DNA template for PCR was obtained as described above. Clones 

of pDCerm::ess were verified by DNA sequencing with primers pDCerm-Ver-F and pDCerm-Ver-
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R. Electrocompetent ∆ess cells were prepared and electroporated with 1 µg of either pDCerm or 

pDCerm::ess as described above. Cells were mixed with 500 µL of THY broth, 0.25 M Sucrose, 

transferred to an Eppendorf tube, incubated at 37°C for 1 hours, and plated on solid medium 

supplemented with erythromycin. Wild type M1 5448 was simultaneously electroporated with 

pDCerm. GAS clones were verified for the presence of pDCerm vectors by PCR with the primer 

pair pDCerm-Ver-F/pDCerm-Ver-R as described above. 

 Genetic complementation of ess deletion with emm1 expressed in trans from a pDCerm 

vector was performed in an analogous manner as described above. The DNA region encoding the 

M protein with 20 base pairs upstream including a native ribosome binding site and 100 base pairs 

downstream containing a transcriptional terminator were amplified with primers emm1-F and 

emm1-R. The PCR product was next digested with KpnI-HF enzyme, ligated into a PCR amplified 

pDCerm vector, and introduced into E. coli NEB Turbo competent cells. The verified 

pDCerm::emm1 vector was next used for transformation of ∆ess cells. 

 

Purification of recombinant S protein and production of polyclonal rabbit antibodies 

 A recombinant version of S protein containing an N-terminal 6×His-tag was obtained by 

amplification of the DNA region encoding S protein, excluding the start codon, with primer pair 

ress-F/ress-R. The purified 502 base pair PCR product and N-HisPP-pET-28a(+) (Buffalo et al., 

2016) were cleaved with BamHI-HF and EagI-HF restriction enzymes (New England BioLabs), 

re-purified, ligated, and introduced into E. coli NEB 5-alpha competent cells as described above. 

Individual bacterial colonies were passaged onto fresh solid medium and screened for the presence 

of N-HisPP-pET-28a(+)::ess by PCR with the primers, NHpET28-Ver-F and NHpET28-Ver-R, 

binding approximately 200 base pairs up- and downstream respectively form the insertion site 
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(preparation of  the DNA template for PCR was performed as described above). The obtained 

vector, which was verified by DNA sequencing with primers NHpET28-Ver-F and NHpET28-

Ver-R, was used for the transformation of E. coli BL21(DE3) competent cells (New England 

BioLabs), according to the manufacturer’s recommendation.  

 For the production of recombinant S protein, overnight cultures of E. coli BL21(DE3) N-

HisPP-pET-28a(+)::ess was back-diluted (1:100) in 200 mL of LB supplemented with kanamycin 

and cultured to OD600 of approximately 0.5. Recombinant protein expression was induced through 

addition of isopropyl β-D-1-thiogalactopyranoside (IPTG) (Omega Scientific) to a final 

concentration of 0.05 mM, and the culture was incubated on a shaker overnight at 18°C and 220 

rpm. Bacterial cells were harvested by 10 minute centrifugation at 6,000 ˣ g at 4°C and stored at -

80°C until used. 

 Affinity purification of recombinant S protein was performed as follows: pelleted E. coli 

BL21(DE3) N-HisPP-pET-28a(+)::ess cells were suspended in 20 mL of lysis buffer composed of 

20 mM Tris-HCl pH 8.0 (Avantor Performance Materials), 500 mM NaCl (Sigma Aldrich), 10 

mM imidazole (Sigma Aldrich), 50 mM L-Arginine (VWR International, LLC), 50 mM L-

Glutamic Acid (Spectrum Laboratory Products, Inc.), and 0.5% Triton X-100 (Fisher Scientific). 

The lysis buffer was supplemented with a 1/4 of a cOmplete, Mini EDTA-free Protease Inhibitor 

Cocktail tablet (Roche Diagnostics) and lysozyme (BioPioneer) to a final concentration of 1 

mg/mL. Samples were incubated on ice for 30 minutes followed by 3 cycles of sonication using a 

Q500 QSonica sonicator (Qsonica) equipped with 1.6 mm microtip at an amplitude of 35%. The 

sonication protocol was as follows: 10 seconds sonication; 10 seconds break; total sonication time 

2 minutes; with 5 minutes incubation on ice in between cycles. Samples were subjected to 

centrifugation at 16,000 ˣ g at 4°C to remove cell debris and unbroken cells. Supernatants 
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containing soluble proteins were next passed through a 0.22 μm filter (MilliporeSigma) and 

incubated for 1 hour at 4°C with rotation with 1 mL of Ni-NTA agarose (Qiagen) equilibrated with 

lysis buffer. Subsequently, the sample was loaded onto a Poly-Prep Chromatography Column 

(Bio-Rad Laboratories) and had been washed with 30 mL of wash buffer I (20 mM Tris-HCl pH 

8.0, 500 mM NaCl, 40 mM imidazole, 50 mM L-Arginine, 50 mM L-Glutamic Acid, 0.5% Triton 

X-100) and 10 mL of wash buffer II (20 mM Tris-HCl pH 8.0, 500 mM NaCl, 40 mM imidazole, 

50 mM L-Arginine, 50 mM L-Glutamic Acid, 0.05% Triton X-100). Recombinant S protein was 

eluted from the Ni-NTA agarose with 4 mL of elution buffer (20 mM Tris-HCl pH 8.0, 500 mM 

NaCl, 250 mM imidazole, 50 mM L-Arginine, 50 mM L-Glutamic Acid). In order to remove all 

Triton X-100, the sample was incubated for 2 hour rotating at room temperature with 1 g of Bio-

Beads SM-2 Adsorbent Media (Bio-Rad Laboratories) that was initially equilibrated with elution 

buffer. Samples were separated from the adsorbent media by elution through a Poly-Prep 

Chromatography Column. Samples were transferred to dialysis tubing with molecular weight 

cutoff 6-8 kDa (Fisherbrand), and dialyzed against 10 mM Tris-HCl pH 8.0, 100 mM NaCl, 50 

mM L-Arginine, 50 mM L-Glutamic Acid overnight at 4°C. The total concentration of 

recombinant S protein was measured using the DC Protein Assay (Bio-Rad Laboratories). 

 Rabbit polyclonal Anti-S protein antibodies against recombinant S protein were prepared 

by Pacific Immunology (https://www.pacificimmunology.com/) using a 13-week antibody 

production protocol and two New Zealand White rabbits (Animal Protocol #1 approved by IACUC 

and the NIH Animal Welfare Assurance Program No. A4182-01; US Department of Agriculture 

93-R-283). 

Growth in THY broth 
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To determine growth rates of GAS strains, overnight cultures of M1 5448 wt pDCerm, 

∆ess pDCerm, and ∆ess pDCerm::ess were back-diluted (1:20) in 10 mL of fresh medium and 

incubated for 7 hours at 37°C. Cultures were vortexed at each time point and optical densities at 

wave length 600 nm (OD600) were measured with the use of SPECTRONIC 200 

Spectrophotometer (Thermo Fisher Scientific). A sample of the culture was then serially diluted 

(10-1 – 10-5) in PBS and 5 µL spotted on solid medium for colony forming units (CFU) enumeration 

(calculated as CFU/mL). Experiments were performed in three biological replicates. Bacterial 

Generation Time (G) was calculated using the equation: G = !
"." $%& '/)

, where t = time interval (180 

min), B = average number of bacteria at the beginning of the exponential phase of growth (2 hour 

time point), and b = the average number of bacteria at the end of the exponential phase of growth 

(5 hour time point). Bacterial cultures were documented by taking pictures with a Nikon D7000 

digital camera equipped with macro lens.   

Fluorescence microscopy 

To visualize the morphology of GAS cells, bacteria from late stationary (overnight 

cultures) or exponential (4 hours of growth post 1:20 back-dilution of overnight culture in fresh 

medium) phase of growth were mixed by vortexing. 6 µl of each cell suspension was added to 1.5 

µl dye mix composed of 60 µg/mL FM 4-64 (Life Technologies Corporation), 10 µg/mL DAPI 

(Sigma Aldrich), and 2.5 µM SYTOX Green (Life Technologies Corporation) in 1X T-base (2 g 

(NH4)2SO4 [Fisher Scientific], 18.3 g K2HPO4 • 3H2O [Fisher Scientific], 6 g KH2PO4 [Fisher 

Scientific], 1 g C6H5O7Na3 • 2H2O [Fisher Scientific] per 1 L of ddH2O)  and transferred onto an 

agarose pad (20% LB broth, 1% agarose [Fisher Scientific]). Samples were air-dried under a fume 

hood (care was taken to prevent over-drying). Cells were visualized on an Applied Precision DV 

Elite optical sectioning microscope equipped with a Photometrics CoolSNAP-HQ2 camera. 
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Pictures were deconvolved using SoftWoRx v5.5.1 (Applied Precision). Images for figures were 

prepared using FIJI. Bacterial cell diameters from multiple pictures were quantified with 

CellProfiler (Kamentsky et al., 2011) on two separate occasions. 

Quantification of GAS cells sedimentation in THY broth 

Overnight cultures of M1 5448 wt pDCerm, ∆ess pDCerm, and ∆ess pDCerm::ess were 

mixed by vortexing. 3.6 mL were transferred to 4.5 mL disposable, polystyrene cuvette (Fisher 

Scientific), and mixed with either 400 µL of ddH2O or methanol (Fisher Scientific). Bacteria were 

mixed by pipetting and cuvettes were sealed with parafilm (Bemis Company Inc.). OD600 was 

measured from the side of the cuvette with SPECTRONIC 200 Spectrophotometer every 15 

minutes for a total of 5 hours at room temperature. Bacterial cell sedimentation was measured as 

a “Change in OD600” which was calculated using equation: ( *	
*,

) ˣ 100, where T = OD600 at the 

indicated time point, T0 = initial OD600 at time 0. In order to determine if spontaneous cell lysis 

had occurred during the experiment, bacteria were mixed by pipetting and OD600 values were 

recorded at the terminal time point. Experiments were performed in three biological replicates.  

Binding of bacterial cells to n-hexadecane 

Surface hydrophobicity of GAS cells measured by the ability to adhere to  n-hexadecane 

was performed based on a previously described protocol (Ofek et al., 1983; Rosenberg et al., 1980). 

Overnight cultures of M1 5448 wt pDCerm, ∆ess pDCerm, and ∆ess pDCerm::ess were harvested 

by centrifugation for 10 minutes at 10,000 ˣ g at room temperature, and pelleted cells were washed 

twice and suspended in PUM buffer (22.2 g K2HPO4 • 3H20, 7.26 g KH2PO4, 1.8 g urea [Promega 

Corporation], 0.2 g of MgSO4 • 7H20 [Sigma Aldrich], per 1 L of ddH2O). Next, 2.4 mL of the 

bacterial suspension was transferred into 13 ˣ 100 mm borosilicate glass disposable culture tubes 

(Fisher Scientific) and 0.4 mL of n-hexadecane (Fisher Scientific) was added. Bacteria without 
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addition of n-hexadecane were used as controls for spontaneous cell lysis. The OD600 was 

measured from the side of the tube using a SPECTRONIC 200 Spectrophotometer. Tubes were 

next vortexed for 3 minutes, allowed to settle for 15 minutes, and the OD600 of the bottom fraction 

was measured. Hydrophobic properties of bacterial cells are represented by the percentage of 

bacteria bound to the n-hexadecane, calculated using the following 

formula:	"(*.	,/0..	1	*23	,/0..)
*.	,/0..

#x100, where T0 OD600 = OD600 value before vortexing and T15 

OD600 = OD600 value after vortexing. Experiments were performed in three biological replicates. 

Growth of GAS in whole human blood 

The ability of GAS strains to multiply in whole human blood (The Lancefield Bactericidal 

Assay) was tested using protocol described by (Lancefield, 1957). Briefly, overnight cultures of 

indicated bacterial strains were back-diluted (1:20) in 10 mL of fresh medium and incubated for 

75 minutes (OD600 ≈ 0.15), serially diluted in PBS, and 100 µL of the 10-4 dilution was plated on 

solid medium (starting inoculum). 100 µL of the 10-4 dilution was mixed with 900 µL of freshly 

drawn, heparinized whole human blood in a heparin coated Eppendorf tube (Fisher Scientific) and 

incubated for 3 hours while shaking (220 rpm) at 37°C. Bacteria were next 10-fold diluted in PBS 

and 100 µL of undiluted and diluted suspension was plated on solid medium. The ability of GAS 

to survive in whole human blood is represented as multiplication factor (M. F.), which was 

calculated using following formula 567	89:;<
567	9:9!9;<

. CFU final = CFU/mL after 3 hours of incubation, 

CFU initial = CFU in 100 µL of bacterial suspension mixed with the blood. 

 To determine whether RBC membrane-binding molecular mimicry affected GAS 

proliferation in whole human blood, overnight cultures were adjusted to a concentration 2 ˣ 107 

CFU/mL, and 100 µL of bacteria were pre-incubated with 100 µL of either PBS or 4% RBC 

solution (prepared as described in the Quantitative in vitro hemolytic activity assay section; final 
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concentration 2% RBCs) for 1 hour at 37°C. Bacteria were serially diluted in PBS and 100 µL of 

the suspension containing approximately 500 CFUs was plated for exact bacterial enumeration or 

mixed with 900 µL of fresh human blood. The following incubation and plating steps were 

performed as described above. The fold change between the results obtained for bacteria pre-

incubated with RBCs and PBS within each biological replicate was calculated using the following 

formula:	"=)51>)?
>)?	

#. In the formula, RBC = results for bacteria pre-incubated in 2% RBC solution 

and PBS = results for bacteria pre-incubated in PBS. Experiments were performed in three 

biological replicates. 

Quantitative in vitro hemolytic activity assay 

The method for quantification of GAS strains hemolytic properties was based on 

previously described protocols (Saroj et al., 2016; Shin et al., 1999). Overnight cultures of M1 

5448 wt pDCerm, ∆ess pDCerm, and ∆ess pDCerm::ess were back-diluted (1:20) in 10 mL of 

fresh medium, incubated at 37°C until the mid-exponential phase of growth (4 hours). Cultures 

were adjusted with THY to cell density of 107 CFU/mL. A 2% red blood cell (RBC) suspension 

was prepared by diluting 25 µL of freshly drawn, heparinized whole human blood in 0.5 mL of 

PBS. The solution was subjected to centrifugation for 10 minutes at 1,000 ˣ g, room temperature 

followed by two wash steps with equivalent volumes of PBS. RBCs were finally resuspended in 

1.25 mL PBS. A 100 µL aliquot of bacteria was mixed with 100 µL of the 2% RBC suspension in 

an Eppendorf tube and incubated for 1 hour at 37°C. THY broth alone was used as a control for 

spontaneous RBCs lysis, and THY broth supplemented with Triton X-100 (1% final concentration 

in the mixture with RBC) (VWR International, LLC) was used to determine maximum RBCs lysis. 

Following incubation, tubes were centrifuged for 10 minutes at 1000 ˣ g at room temperature, and 

100 µL of the resulting supernatant was transferred into a flat-bottom 96-well plate (Fisher 
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Scientific). The amount of released hemoglobin was quantified by measuring absorbance at 405 

nm using a VersaMax Tunable Microplate Reader. Experiments were performed on three separate 

occasions in technical duplicate on each occasion.  

Bacterial survival in normal human serum 

To measure the survival of GAS strains in normal human serum (NHS), overnight cultures 

of M1 5448 wt pDCerm, ∆ess pDCerm, and ∆ess pDCerm::ess were back-diluted (1:20) in 10 mL 

of fresh medium and incubated at 37°C to the mid-exponential phase of growth (4 hours). Cultures 

were harvested by centrifugation for 10 minutes at 10,000 x  g and pelleted bacteria were suspended 

in PBS to cells density of 106 CFU/mL. Bacteria were serially diluted (10-1 – 10-5) in PBS and 5 

µL spotted (in technical duplicate) on solid medium for CFU enumeration. 100 µL of bacteria (105 

CFU) was mixed with either 500 µL NHS (Fisher Scientific) and 400 µL PBS (final NHS 

concentration 50%) or 900 µL NHS (final NHS concentration 90%). Heat inactivated NHS (hNHS; 

30 minutes incubation at 56°C) was used as a control. Bacterial suspensions were incubated for 3 

hours at 37°C, serially diluted in PBS and spotted (in technical duplicates) on solid medium for 

CFU enumeration as described above. Bacterial survival was calculated using the formula 

( 567	89:;<
567	9:9!9;<

) ˣ 100, where CFU final = average CFU/mL after 3 hours of incubation, CFU initial = 

average CFU in 100 µL of bacterial suspension mixed with the NHS. Experiments were performed 

on three separate occasions.  

THP-1-derived macrophage infection 

The procedure for GAS infection of THP-1-derived macrophages was based on a 

previously-described protocol (O’Neill et al., 2016), with several modifications. THP-1 cells were 

differentiated into macrophages by harvesting the desired amount of cells by centrifugation (6 

minutes at 150 ˣ g, room temperature), and suspending them in complete growth medium 
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supplemented with 25 nM PMA. Cells (105) were seeded in 24-well plate (Fisher Scientific) and 

incubated for 48 hours at 37°C in the presence of 5% CO2. Overnight cultures of indicated GAS 

strains were centrifuged for 10 minutes at 10,000 ˣ g at room temperature and suspended in RPMI 

1640 Medium (ATCC modification) supplemented with 10% heat inactivated normal human 

serum and 0.05 mM 2-mercaptoethanol to a final concentration of 2 ˣ 105 CFU/mL. Bacterial cells 

were opsonized by incubation for 20 minutes at room temperature. Differentiated THP-1 cells were 

washed once with PBS and 1 mL of the bacterial suspension was added (multiplicity of infection 

[MOI] of 2). Following 90 minutes of infection at 37°C, extracellular bacteria were killed by 

adding gentamycin (VWR International, LLC) to a final concentration of 150 µg/mL. At the same 

time, medium with bacteria from one set of wells was serially diluted (10-1 – 10-2) in PBS and the 

rest of the medium was removed. Macrophages were washed three times with PBS, then lysed by 

adding 1 mL of 0.05% Triton X-100 in PBS solution and incubating for 5 minutes at 37°C. The 

solution was 10-fold diluted in PBS and 5 µL of diluted medium and lysed macrophages were 

spotted on solid medium for CFU enumeration in technical duplicate. After 1 hour of gentamycin 

treatment at 37°C, the medium was removed, cells were washed three times with PBS, and fresh 

medium (RPMI 1640 Medium [ATCC modification], 10% heat inactivated normal human serum, 

0.05 mM 2-mercaptoethanol) supplemented with 150 µg/mL gentamycin was added. Cells from 

one set of wells were lysed, as described above, and 10 µL was spotted on solid medium for 

bacterial enumeration in technical triplicate. Macrophages were incubated for 6 hours at 37°C. At 

time points 2, 4, and 6 hours cells were lysed as described above and 10 µL was spotted on solid 

medium for bacteria enumeration in technical triplicate. The following formula was used to 

calculate the amount of bacteria associated with macrophages: " *@.	5A<<B
*@.	5A<<BC*@.	DAE9FG

# 	ˣ	100. The 

amount of internalized bacteria was calculated using the following formula: 
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( *2H
*@.	5A<<BC*@.	DAE9FG

)	ˣ	100. Bacterial survival within macrophages at indicated time points was 

calculated as follows:	" *I
*2H

# ˣ	100. Abbreviations in the above formulas are as follows: T90 Cells 

= average CFU/mL from lysed macrophages after 90 minutes of infection (bacteria that were 

adhered to and internalized by macrophages), T90 Medium = average CFU/mL in medium after 

90 minutes of infection, T1G = average CFU/mL in lysed macrophages after 1 hour of gentamycin 

treatment, TX – average CFU/mL in lysed macrophages at indicated time points following 1 hour 

of gentamycin treatment. Experiments were performed on three separate occasions. 

 To determine whether RBC membrane-binding molecular mimicry affected the 

interactions between GAS and THP-1 derived macrophages, overnight cultures were adjusted to a 

concentration 2 ˣ 107 CFU/mL, and 100 µL of bacteria were pre-incubated with 100 µL of either 

PBS or 4% RBC solution (prepared as described in the Quantitative in vitro hemolytic activity 

assay section; final concentration 2% RBCs). 100 µL of 4% RBC solution was incubated with 100 

µL of THY broth or THY broth with Triton X-100 (1% final concentration) as a control for RBC 

lysis. Following 1 hour incubation at 37°C, bacterial cells were serially diluted (10-1 – 10-4) in 

PBS.  5 µL of each dilution was spotted onto solid medium for CFU scoring, and undiluted bacteria 

were harvested by centrifuged for 10 minutes at 10,000 x  g. After centrifugation, supernatants were 

collected and used for the quantitative in vitro hemolytic activity assay (described in the above 

section) and cells were suspended in RPMI 1640 Medium (ATCC modification) supplemented 

with 10% heat inactivated normal human serum and 0.05 mM 2-mercaptoethanol to a final 

concentration of 2 ˣ 105 CFU/mL. The following steps were performed as described above. The 

fold change between the results obtained for bacteria pre-incubated with RBCs and PBS within 

each biological replicate of the experiment was calculated using the following formula: "=)51>)?
>)?	

#. 
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In the formula, RBC = results for bacteria pre-incubated in 2% RBC solution and PBS = results 

for bacteria pre-incubated in PBS.  Experiments were performed in three biological replicates. 

Human Neutrophil Extracellular Killing 

Whole blood was isolated from healthy donors into heparinized vacutainer tubes (Becton 

Dickinson).  Blood was layered onto Polymorphprep (Progen) and subjected to centrifugation at 

500 x g for 30 minutes in a swing-bucket rotor at room temperature without braking. The 

neutrophil layer was extracted and washed once in 10 mL of Hank’s Buffered Salt Solution 

(HBSS) (Gibco) and spun for 5 minutes at 400 x g. The cell pellet was resuspended in a solution 

of RPMI (Sigma) supplemented with 10% heat-killed normal human serum (Millipore). 1 x 106 

cells/mL were added to 24 well plates for neutrophil killing studies. Bacteria were opsonized in 

RPMI supplemented in 10% heat killed normal human serum prior to addition to neutrophil 

suspension studies.  For extracellular killing studies, bacteria were added to cells at MOI of 1 and 

incubated at 37°C for 45 minutes. Following incubation, cells were resuspended and the entire 

volume of the well was subjected to centrifugation at 400 x g for 5 minutes. Supernatants were 

subjected to serial dilution from 10-1 to 10-2 and 20 µL was spotted onto THY+2µg/mL 

erythromycin agar plates for CFU enumeration. Recovered extracellular CFU following 

incubation with primary neutrophils was calculated using the following formula: 

Log2
=AJKLAMAE	567/GN	
O:KJF<;!AE	567/GN

  . 

Human Neutrophil Intracellular Uptake 

Neutrophils were isolated as described above. Bacteria were incubated with neutrophils at 

MOI of 2 for 45 minutes at 37°C. Extracellular bacteria were killed through addition of 100 µg/mL 

Gentamycin for 30 minutes at 37°C. Neutrophils were resuspended and subjected to centrifugation 

at 400 x g for 5 minutes. Cell pellets were lysed in 100 µL of sterile ultrapure water, diluted from 
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100 to 10-1, and 20 µL was spotted onto agar plates for CFU enumeration. Recovered intracellular 

CFU following incubation with primary neutrophils was calculated using the following formula: 

Log2
=AJKLAMAE	567/GN	
O:KJF<;!AE	567/GN

 . 

Hyaluronic acid capsule quantification 

The amount of hyaluronic acid capsule produced by tested GAS strains was determined as 

described previously (Jin and Pancholi, 2006). Briefly, a standard curve for determining hyaluronic 

acid capsule formation was prepared. This was achieved by mixing 50 µL of hyaluronic acid 

sodium salt from Streptococcus equi (Sigma Aldrich) 2 mL of chromogenic reagent (20 mg of 

Stains-all [Fisher Scientific] and 60 µL glacial acetic acid [Fisher Scientific] in 100 mL of 50% 

formamide [VWR International, LLC]) and measuring absorbance at 640 nm. A 10 mL overnight 

culture of GAS was harvested by centrifugation for 10 minutes at 10,000 ˣ g at room temperature. 

Pelleted cells were suspended in 0.5 mL of ddH2O. Next, 1 mL of chloroform (Fisher Scientific) 

was added, bacteria were vortexed for 15 minutes, and centrifuged for 10 minutes at 12,000 ˣ g at 

room temperature. 50 µL of the aqueous phase was collected, mixed with 2 mL of chromogenic 

reagent, and absorbance was measured. Hyaluronic acid capsule concentration was calculated 

based on the standard curve as “µg/mL”. Experiments were performed in biological triplicate. 

RBCNS binding by GAS cells 

Mouse Red Blood Cell (RBC) membrane nanosponges (RBCNS) were prepared as 

described previously (Hu et al., 2015; Lapek et al., 2017a). Briefly, 100 nm PLGA polymeric cores 

were prepared using 0.67 dL/g of Carboxyl terminated 50:50 poly(lactic-co-glycolic) acid (PLGA) 

(LACTEL Absorbable Polymers) in a nanoprecipitation process. The PLGA polymer was first 

dissolved in acetone at a concentration of 10 mg/mL. One milliliter of the solution was then added 

to 1 mL of UltraPure water. For fluorescently labeled formulations, 1,1'-Dioctadecyl-3,3,3',3'-
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Tetramethylindodicarbocyanine Perchlorate (DiD) (Life Technologies Corporation) was loaded 

into the polymeric cores at 0.1 wt%. The mixture was next stirred under vacuum for 3 hours. RBC 

membrane coating was obtained by fusing RBC membrane vesicles with PLGA particles via 

sonication using an FS30D bath sonicator at a frequency of 42 kHz and a power of 100 W for 2 

min. The size and the zeta-potential of the resulting RBCNS were obtained from three dynamic 

light scattering measurements using a Malvern ZEN 3600 Zetasizer, which showed an average 

hydrodynamic diameter of 100 nm and 115 nm before and after the membrane coating process, 

respectively. 

 To determine binding of RBCNS to GAS cells, 2 mL of  the indicated strain overnight 

culture was mixed in 1:1 ratio with mixture of 1 part VECTASHIELD Mounting Medium with 

DAPI (Fisher Scientific) and 9 parts 10% sucrose or with 10% sucrose, 4% bovine serum albumin 

(BSA) (VWR International, LLC) and incubated for 30 minutes at room temperature. Solutions 

were next centrifuged for 8 minutes at 3,000 ˣ g, room temperature and washed twice with 10% 

sucrose. Pelleted bacteria were suspended in 10% sucrose (original culture volume), placed on ice 

and incubated for 5 min with or without RBCNS. Afterwards, 1 mL of 10% sucrose was added 

and samples were centrifuged for 8 minutes at 3,000 ˣ g, room temperature, washed three times, 

and suspended in 10% sucrose. A TECAN plate reader was used to measure fluoresce intensity of 

DiD at excitation/emission 630/670 nm and DAPI at excitation/emission 358/461 nm. 

Measurements of DAPI-free and RBCNS-free bacteria were used to determine the fluorescent 

background. The RBCNS binding by bacterial cells was calculated using formula P?
/Q>O1)

, where 

NS = DiD fluorescence signal (excitation/emission 630/670 nm); DAPI = DAPI fluorescence 

signal (excitation/emission 358/461 nm); B -  fluorescence signal of DAPI- and RBCNS-free 
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bacterial cells (excitation/emission 358/461 nm). Experiments were performed in biological 

triplicate. 

a-S Protein Bacterial Blocking 

Bacteria were cultured overnight and diluted to 107 CFU/mL concentration. Bacteria were 

subjected to centrifugation at 10,000 x g for 10 minutes at room temperature. Bacteria were 

resuspended in 1 mL 1x sterile PBS and subjected to centrifugation at 10,000 x g for 10 minutes 

at room temperature. The wash step was repeated once more. Washed bacteria were suspended in 

1 mL of RPMI 1640 medium supplemented with 10% heat inactivated normal human serum, 

incubated for 20 minutes shaking at room temperature, washed with PBS as above, and suspended 

in 1 mL of RPMI 1640. Serum collected from rabbits on the pre-immunization bleed day and the 

final post-S protein immunization day were incubated at 56°C for 20 minutes and added to 

bacterial suspensions at 1:100 dilutions. Bacteria were incubated shaking for 40 minutes at room 

temperature. Bacteria were pelleted at 10,000 x g for 10 minutes, supernatants removed, and pellets 

were resuspended in 200 µL of THY broth. For RBC binding studies, 100 µL of each bacterial 

suspension was incubated with 100 µL of RBCs prepared as described above. Mixtures were 

incubated at 37°C for 1 hour, then pelleted at 10,000 x g for 10 minutes at room temperature. 

Complete RBC lysis was ensured by measuring heme release as described above. Bacteria were 

resuspended in 800 µL of sterile 0.75x PBS. Bacteria were pelleted, imaged, and resuspended prior 

to serial titration and plating on THY+2µg/mL erythromycin plates for enumeration.  

Measurement of ∆ess pDCerm::emm1 cell sedimentation  

 The effect of elevated M protein expression in the ∆ess genetic background on cell 

aggregation and sedimentation was analyzed as follows. Bacterial strains were inoculated in the 

morning in 10 mL of liquid medium, incubated at 37°C for 8 hours, back-diluted (1:20) in 10 mL 
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of fresh medium (in a 15 mL falcon tube), and incubated for 18 hours at 37°C. On the following 

day, tubes were spun down (1 minute, 500 ˣ g, room temperature) to bring down all aggregated 

cells to the bottom of the tube. Sedimented cell pellet heights and top diameters were measured 

with a millimeter scale ruler and non-sediment culture OD600 values were determined. Cultures 

were next vortexed, serially diluted (10-1 – 10-5) in PBS. 5 µL of each sample was spotted on solid 

medium for CFU/mL scoring in technical duplicate. Sedimented bacterial volume (mm3) was 

calculated using the volume equation for a circular truncated cone: 2
"
π(r12 + r1r2 + r22)h; where r1 = 

radius of the top of the sedimented cells; r2 = radius of the bottom of the sediment cells (constant 

value of 2 mm); h = height of the sedimented cells. Experiments were performed in three biological 

replicates. 

Mouse systemic infection model 

To determine the fitness of GAS strains during mouse systemic infection, overnight 

cultures of indicated bacterial strains were back-diluted (1:20) in 10 mL of fresh medium and 

incubated at 37°C for 4 hours to mid-exponential phase of growth. Cultures were next harvested 

(10 minutes centrifugation at 10,000 ˣ g, room temperature) and pelleted bacteria were suspended 

in PBS to cell density of 108 CFU/mL. Bacteria were serially diluted (10-1 – 10-6) in PBS and 5 µL 

spotted (in technical duplicates) on solid medium for exact CFU enumeration. The 6-8 week old 

female CR (CD-1) mice (10 per group) were infected with 100 µL of bacterial suspensions (107 

CFU) via lateral tail vein injection. Control animals were injected with PBS alone. Animal survival 

and weight (g) was monitored daily for 10 days. Change in body weight was calculated with the 

following formula: "RS
R.
# ˣ	100, where W0 = animal weight at the day of the infection and Wx = 

animal weight at indicated day.  
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To determine whether RBC membrane-binding molecular mimicry affected GAS virulence 

during mouse systemic infection, overnight cultures of wt pDCerm strains was back-diluted (1:20) 

in 10 mL of fresh medium, incubated at 37°C for 4 hours, mixed with equal volumes of PBS or 

4% mouse RBC solution (prepared as described in the Quantitative in vitro hemolytic activity 

assay section), and incubated for 1 hour at 37°C. The subsequent steps were performed as 

described above.  

 For analysis of bacterial load in the blood and organs of infected animals, bacterial 

suspensions were prepared and administered to animals (7 per group) as described above. At day 

4 post-infection, blood was collected, animals were sacrificed and perfused with PBS 

(administered through the apex of the left ventricle of the heart). Organs (liver, kidneys, spleen, 

lungs, and heart) were next removed, submerged in 1 mL of PBS, and homogenized for 1 minute 

in Mini-Beadbeater-24 (BioSpec Products) with Ceramic Beads (BioSpec Products). Blood and 

homogenized organs were next serially diluted in (10-1 – 10-6) in PBS and 10 µL of undiluted or 5 

µL diluted blood/tissue was spotted on solid medium (with or without supplementation of 

erythromycin) for bacteria enumeration. Maintenance of the pDCerm vectors among bacterial 

strains during infection (named here “Plasmid maintenance”) was calculated by formula: 567	?
567	P?

, 

where CFU S = CFU/mL of bacteria that grew on a selective medium (with erythromycin), CFU 

NS = CFU/mL of bacteria that grew on a non-selective medium (without erythromycin). In 

situation where no bacteria were recovered on one of the media types, a 10-fold lower CFU/mL 

value of the other media type was assigned to it.  

 For analysis of bacterial load in the blood and spleens through the initial 4 days of infection 

and spleen collection for proteomic analysis, bacterial suspensions were prepared and administered 

to animals (5 per group for each day of the study) as described above. Control animals were mock-
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infected with PBS. During the subsequent 4 days post-infection, weight measurements of animals 

were taken before blood collection and spleen harvesting (performed as described above). Prior to 

tissue homogenization, spleen weight measurements were taken. Following plating (on solid media 

without erythromycin) for the bacterial CFU/mL determination, homogenized spleens were 

immediately transferred to -80°C.  Spleen weight as a percent of the total body mass was calculated 

with following formula: "?T
)T
# ˣ	100, where SW = spleen weight and BW = weight of the entire 

animal.    

 For studies involving Ifnar1 -/- mice, mice were infected with 107 CFU of Dess GAS or 

administered PBS via lateral tail vein injection (n=8 per group). Survival was monitored for 3 

weeks following injection. 

Protection studies with ∆ess strain 

 In order to test if mice exposed to systemic infection with ∆ess developed adaptive 

immunity against the wt pDCerm strain, overnight cultures of the mutant strain were back-diluted 

(1:20) in 10 mL of fresh medium and incubated at 37°C to mid-exponential phase of growth (4 

hours of growth). Cultures were centrifuged for 10 minutes at 10,000 ˣ g at room temperature, and 

cells were suspended in PBS to a concentration of 3 ˣ 108 CFU/mL. Bacteria were serially diluted 

(10-1 – 10-6) in PBS and 5 µL spotted on solid medium for exact CFU determination in technical 

duplicate. A group of 20 CR (CD-1) mice (6-8 week old) were administered 100 µL of a bacterial 

suspension containing approximately 3 ˣ 107 CFU through lateral tail vein injection. 20 control 

animals were injected with PBS. After 3 weeks, half of the mice from each group were infected 

with 5 ˣ 107 CFUs of wt pDCerm (bacteria suspension was prepared as described above), and the 

second half of each group was mock-infected with PBS. Animal survival and weight (g) were 

monitored daily for 10 days. Changes in body weight were calculated as described in the above 



 71 

section. At the end of day 10 post-infection, blood from surviving animals was collected into 

heparin-coated Eppendorf tube for serum isolation.  

SDS-PAGE and Western blotting 

 Bacterial samples from liquid cultures were obtained by separating cells from culture 

supernatants by 10 minutes centrifugation at 10,000 ˣ g at room temperature. Samples were 

normalized based on the total protein concentration or optical density (OD600) of bacterial culture 

and boiled for 10 minutes in 4x Laemmli Sample Buffer (Bio-Rad Laboratories) containing 50 

mM Dithiothreitol (DTT) (Invitrogen). Samples were separated on either 10% or 15% 

polyacrylamide gels. Following electrophoresis, proteins were stained with InstantBlue 

(Expedeon) or transferred onto 0.2 μm nitrocellulose membrane (Bio-Rad Laboratories) using a 

Trans-blot Turbo (Bio-Rad Laboratories) system. Membranes were incubated in 5% milk 

suspension in PBS with 0.1 % Tween 20 (VWR International, LLC) (PBST) for 1 hour, briefly 

washed with PBST, incubated for 1 hour in primary antibodies diluted in a 5% milk suspension in 

PBST, washed 3 times (10 minutes each) with PBST, incubated with secondary HRP conjugate 

antibodies for 1 hour, and finally washed 3 times (8 minutes each) with PBST. Immunoblots were 

incubated for 5 minutes in SignalFire ECL Reagent (Cell Signaling Technology, Inc.) mix and 

visualized with Chemi-DocTM MP System (Bio-Rad Laboratories). Primary antibodies were used 

at indicated dilutions: rabbit polyclonal anti-S protein 1:5000, mouse polyclonal anti-M protein 

1:1000, pooled mouse serum from experimental groups 1:5000. Secondary antibodies, Goat Anti-

Rabbit IgG H&L (HRP) and Goat F(ab) Anti-Mouse IgG H&L (HRP) (Abcam, Inc.), were used 

at 1:10,000 dilution.  

Proteomics analyses  
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 Samples of whole cells and culture supernatants of wild type, ∆ess, and complemented 

GAS M1 5448 were collected by centrifugation of overnight cultures (10 mL) for 10 minutes at 

10,000 ˣ g at 4°C. A quarter of cOmplete, Mini, EDTA-free Protease Inhibitor Cocktail tablet was 

added immediately to each filter sterilized (0.22 µm) culture supernatant and samples were stored 

-80°C until used. Bacterial cells and culture supernatants were collected on three separate 

occasions.  

Sample lysis was performed as follows. Bacterial cell pellets were suspended in 500 µL of 

lysis buffer composed of 75 mM NaCl, 3% sodium dodecyl sulfate (SDS) (Fisher Scientific), 1 

mM sodium Fluoride (VWR International, LLC), 1 mM beta-glycerophosphate (Sigma Aldrich), 

1 mM sodium orthovanadate, 10 mM sodium pyrophosphate (VWR International, LLC), 1 mM 

phenylmethylsulfonyl fluoride (Fisher Scientific), 50 mM HEPES (Fisher Scientific) pH 8.5, and 

1X cOmplete EDTA-free protease inhibitor cocktail, plus 500 µL of 8M Urea (Fisher Scientific), 

50 mM HEPES pH 8.5, and subjected to sonication using a Q500 QSonica sonicator (Qsonica) 

equipped with 1.6 mm microtip at amplitude 20%. Samples were subjected to 10 seconds of 

sonication followed by 10 seconds of rest, with a total sonication time of 30 seconds. For mouse 

spleens, 500 µL of lysis buffer and 500 µL of 8M Urea, 50 mM HEPES pH 8.5 was added to 

homogenized samples in PBS. In order lyse any remaining intact tissue, spleens were subjected to 

an additional three rounds of 1 minute bead beating in a Mini-Beadbeater-24 at 4°C with 1 minute 

of rest between cycles. For immunoprecipitated antigens, the lysis step was omitted, and only 210 

µL of 8M Urea, 50 mM HEPES pH 8.5 was added. 

 Protein extraction and digestion was performed as follows. Reduction of disulfide bonds 

was performed by addition of DTT to a final concentration of 5 mM. Samples were incubated for 

30 minutes at 56°C. Iodoacetamide (IAA) (Sigma Aldrich) was added to a final concentration of 
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15 mM and samples were incubated in a darkened environment for 20 minutes at room 

temperature. The reaction was quenched by adding 5mM DTT and incubated in a darkened 

environment for 15 minutes at room temperature. Proteins from spleen samples and bacterial 

culture supernatants were precipitated using chloroform-methanol precipitation (Wessel and 

Flügge, 1984). Briefly, protein solutions were mixed with 6 mL of methanol, 1.5 mL of 

chloroform, and 4 mL of HPLC-grade water. Samples were briefly vortexed and centrifuged for 2 

minutes at 4,000 rpm at room temperature. The resulting supernatants were aspirated and an 

additional 6 mL of methanol was added to the pellets. Samples were briefly vortexed and 

centrifuged for 2 minutes at 4,000 rpm. Supernatants were again aspirated. Protein pellets were 

placed on ice and washed three times with 3 mL of ice cold acetone (Fisher Scientific) (briefly 

vortexing and 2 minutes spin at 4,000 rpm at 4°C). Proteins from bacterial cell pellets and 

immunoprecipitated antigens were precipitated by adding 1/4 of the total volume of trichloroacetic 

acid (TCA) (Fisher Scientific) to the samples, briefly vortexing the samples, and incubating 

samples on ice for 10 minutes. Samples were spun down for 5 minutes at 16,000 ˣ g at 4°C. Protein 

pellets were washed three times with 300 µL of ice cold acetone. The chloroform-methanol- and 

TCA-precipitated proteins were dried at 56°C.  

Protein Digestion and Tandem Mass Tag (TMT)-Labeling was performed as follows. Dried 

bacterial protein pellets (from whole cells, culture supernatants, and immunoprecipitated antigens) 

were suspended in 300 µL of digestion buffer comprised of 1M urea and 50mM HEPES pH 8.5, 

while dried mouse spleen proteins were suspended in 900 µL of the same buffer. Samples were 

vortexed for 5 minutes and sonicated in a water bath for 5 minutes. Bacterial and mouse proteins 

were digested by adding 3 or 9 µg of LysC Endopeptidase (VWR International, LLC), respectively, 

and shaking overnight at room temperature. Following day, 3 or 8.6 µg of Sequencing Grade 
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Modified Trypsin (Core Bio Services) was added to bacterial or mouse proteins, respectively, and 

samples were incubated for 6 hours at 37°C. The digestion reactions of bacterial, mouse, and 

immunoprecipitation samples was terminated by acidifying the solution with 20 µL, 60 µL of 10% 

trifluoroacetic acid (Sigma Aldrich), or 20 µL of 10% trifluoroacetic acid plus 300 µL 0.1% of 

trifluoroacetic acid, respectively. Insoluble debris was separated by centrifuging the samples for 5 

minutes at 16,000 ˣ g at room temperature. Supernatants containing digested soluble peptides of 

bacterial whole cell lysates and culture supernatants, and mouse splenic tissues were desalted using 

C18 resin columns (Sepax). Peptides from immunoprecipitated antigens were desalted using a 

STAGE (STop And Go Extraction) TIPS Desalting Procedure, and dried under vacuum. All 

samples, with the exception of the immunoprecipitated antigens, were next suspended in a solution 

of 50% acetonitrile (VWR International, LLC) and 5% formic acid (Fisher Scientific) and peptide 

content was quantified with Pierce Quantitative Colorimetric Peptide Assay (Fisher Scientific). 50 

µg of peptides from each sample was separated for further analysis, with the exception of the 

bacterial supernatants samples, which displayed chronically low yields. Therefore, 37 µg from 

bacterial supernatant samples were separated for further study. Internal standard bridge channels 

were prepared for mouse splenic tissues and bacterial whole cell samples using methods previously 

described (Lapek et al., 2017b).  Briefly, 5.83 µg of each sample was mixed together and separated 

into seven 50 µg aliquots. Internal standards were dried under vacuum. The immunoprecipitated 

antigens were suspended in 50 µL of 30% dry acetonitrile with 200 mM HEPES pH 8.5 and the 

entire sample was used for TMT-labeling. TMT reagents were prepared by vortexing for 5 minutes 

in a solution of 30% dry acetonitrile with 200 mM HEPES pH 8.5 to a final concentration of 20 

µg/µL. Label assignment was performed such that no sample replicates were assigned to the same 

label. Bridge channels were assigned to channel 126 for spleen and whole cell bacteria 
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experiments. Protein aliquots were incubated with 8 µL of suspended TMT labels for 1 hour at 

room temperature. Reaction quenching was performed by adding 9 µL of 5% hydroxylamine 

(Sigma Aldrich) to the labeling reaction and incubating for 15 minutes at room temperature. 

Following the reaction quenching, samples were acidified with 50 µL of 1% trifluoroacetic acid. 

Following labeling, samples within each 10-plex were pooled, and with exception to 

immunoprecipitated antigens, desalted, and lyophilized (McAlister et al., 2014; Thompson et al., 

2003; Wang et al., 2011).   

Reverse-Phase High pH Liquid Chromatography Sample Fractionation of bacterial and 

mice TMT-labeled samples was performed as follows. Lyophilized multiplexed samples were 

suspended in a solution of 5% acetonitrile, 5% formic acid and fractionated using reverse-phase 

high pH liquid chromatography on an Ultimate 3000 HPLC with 4.6 mm x 250 mm C18 column. 

Samples were separated on a gradient progressing from 5% to 90% acetonitrile in 10 mM 

ammonium bicarbonate (Fisher Scientific) for one hour. For labeled and pooled 

immunoprecipitated antigens, Pierce High pH Reversed-Phase Peptide Fractionation Kit (Fisher 

Scientific) was used for sample fractionation. Of the 96 and 8 fractions produced for bacteria/mice 

and immunoprecipitated antigens samples, respectively; concatenated fractions were pooled as 

previously described (Wang et al., 2011). Alternating pooled sets were lyophilized under vacuum. 

LC-MS/MS was performed as follows. Dried fractions were suspended in 8 µL of 5% 

acetonitrile and 5% formic acid solution, vortexed for 5 minutes, and sonicated in a water bath for 

5 minutes. Experiments were performed on an Orbitrap Fusion mass spectrometer with in-line 

Easy-nLC. Fractions were run on three-hour gradients beginning with elution solution containing 

3% acetonitrile and 0.125% formic acid and ending with an elution solution containing 100% 

acetonitrile and 0.125% formic acid. Peptides were separated using an in house-packed 30 cm ˣ 
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100 µm inner diameter, 360 µm outer diameter column comprised of 0.5 cm C4 resin (diameter = 

5 µm), 0.5 cm C18 resin (diameter = 3 µm), and 29 cm C18 resin (diameter = 1.8 µm). Source 

ionization was performed by applying 2000V of electricity through the T-junction joining sample, 

waste, and column capillary termini. 

 MS1 spectrum acquisition was performed in data-dependent mode with Orbitrap survey 

scan range of 500 - 1200 m/z and resolution of 60,000. Automatic gain control (AGC) 2 ˣ 105 with 

maximum ion inject time of 100 ms. Top N was used with N=10 for both MS2 and MS3 fragment 

ion analysis. 

 MS2 data was collected using the decision tree option. Ions carrying 2 charges were 

analyzed between 600 - 1200 m/z, and ions carrying 3 or 4 charges were analyzed between 500 - 

1200 m/z. The ion intensity threshold was 5 ˣ 104.  Selected ions were isolated in the quadrupole 

at 0.5 Th and fragmented via Collision Induced Dissociation (CID). Fragment ion detection and 

data centroiding occurred in the linear ion trap with rapid scan rate AGC target of 1 ˣ 104. 

 TMT-based quantitation via MS3 fragmentation was performed using synchronous 

precursor selection. Up to 10 MS2 precursors were concurrently fragmented using High Energy 

Collisional Dissociation (HCD) fragmentation. Reporter ions were detected in the Orbitrap at a 

resolution of 60,000 and with a lower threshold of 110 m/z. AGC was set to 1 ˣ 105 with maximum 

ion inject time of 100 ms. Data collected was centroided and precursor ions outside of 40 m/z 

below and 15 m/z above the MS2 m/z were removed.  

Data Processing and Normalization was performed as follows. Raw spectral data was 

processed using Proteome Discoverer 2.1. Spectral matching at the MS2 level was performed 

against the UniProt Streptococcus pyogenes serotype M1 reference proteome downloaded on 

1/29/2018 or Mus musculus reference proteome downloaded on 11/28/2016. The Sequest 
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algorithm was used for spectral matching and in silico decoy database construction (Eng et al., 

1994). Precursor ion mass tolerance was set to 50 ppm and fragment ion mass tolerance was set to 

0.6 Da. The digesting enzyme was specified as trypsin, with two missed cleavages allowed and 

peptide length range between 6 - 144 amino acids. Methionine oxidation was used as dynamic 

modification (+15.995 Da). Used static modifications included isobaric tandem mass tags at 

peptide N-termini and on lysine residues (+229.163 Da) and carbamidomethylation of cysteine 

residues (+57.021 Da). A false discovery rate of 1% was used for filtering at both the peptide and 

protein levels in Percolator using the aforementioned decoy database (Käll et al., 2007; Spivak et 

al., 2009). 

 The single pooled bridge channel assigned to TMT-126 was used for normalization of 

values across 10-plexes for the spleen tissues and whole cell lysate bacterial proteomics 

experiments, while the supernatants proteomics data was normalized against average values for 

each protein. Bridge channels had been eschewed for the bacterial supernatants proteomics 

experiment due to a low protein yield following precipitation. Briefly, data were filtered for high 

peptide spectral match (PSM) confidence and PSM unambiguity/selection. Quantification values 

were normalized against protein bridge channel values or protein average value and subsequently 

to the median value of all bridge channels or averages. The resulting quantification values were 

next adjusted for variation in labeling efficiency by normalizing against the median values for each 

TMT label and the median of the channel medians. To adjust the data for an observed 10-plex-

based batch effect, the frozen surrogate variable analysis (fSVA) R package was used (Parker et 

al., 2014). 

QUANTIFICATION AND STATISTICAL ANALYSIS 
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All data, excepting proteomics data sets, were analyzed and plotted using GraphPad Prism 

7. Mean values with corresponding ± SEM are presented; Kaplan-Meier survival curves were 

prepared for Figure 2-8-A, S3A, and 6A. GraphPad Prism’s built-in Student’s t test and one way 

ANOVA were used to determine statistical significance (p < 0.05).  

For bacterial whole cells and culture supernatants proteomic data statistical significance (p 

< 0.05) was determined by using Microsoft Excel’s built-in Student’s t test with Welch’s 

Correction where appropriate based on an antecedent F test. Further stringency was imposed on 

binary comparisons through the use of the pi score calculation, which accounts for both statistical 

significance and fold change (Xiao et al., 2014). A pi score cutoff of 1.1082 was used to identify 

differentially expressed proteins between the various GAS strains profiled.  Annotation of 

significantly altered proteins was performed manually. Treemaps were generated using the 

treemap R package.      

For mouse spleen proteomic data, unbiased clustering was performed using the amap R 

package.  Distance measurement was performed using the Spearman method and the average 

agglomeration method was used for clustering. Dendrogram generation was performed using the 

ape R package. Heatmap generation was performed using the gplots R package. K-means 

clustering was performed using the Short Time series Expression Miner (STEM) software package 

(Ernst and Bar-Joseph, 2006). Eight clusters were generated using the average values for each 

treatment group time series. For protein interaction network analysis, protein lists generated using 

k-means clustering were subjected to analysis using String-db (www.string-db.org). Interactions 

were filtered for aggregate scores greater than 0.7 (high confidence). Network figures were 

generated using Cytoscape v3.7.1. Fold difference was calculated by dividing wild type and Dess 
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abundance values by the average of the PBS values, then calculating Log2 of the wild type versus 

Dess values.  P values were calculated using the PBS-normalized values. 

DATA AND SOFTWARE AVAILABILITY 

The mass spectrometry proteomics data have been deposited into MassIVE 

(http://massive.ucsd.edu) and submitted to the ProteomeXchange Consortium 

(http://proteomecentral.proteomexchange.org) with the dataset identifiers PXD015341 for 

bacterial proteomics, PXD015342 for supernatant proteomics, and PXD015343 for spleen 

proteomics. 

Chapter 2 is a reprint in full of a 2019 publication that appeared in Cell Reports with 

contributions from Igor H. Wierzbicki, Anaamika Campeau, Diana Dehaini, Maya Holay, Xiaoli 

Wei, Trever Greene, Man Ying, Jenna S. Sands, Anne Lamsa, Elina Zuniga, Kit Pogliano, Ronnie 

H. Fang, Christopher N. LaRock, Liangfang Zhang, and David J. Gonzalez. The dissertation author 

was one of two primary authors of this paper (with Igor H. Wierzbicki). 
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3.1: Abstract 

Group A Streptococcus (GAS) is associated with a half-million deaths yearly and severe 

autoimmune sequelae. Despite the ubiquity of GAS infection, no vaccine exists. Because GAS 

virulence factors M protein and GAS carbohydrate are associated with autoimmunity, it is critical 

to evaluate the vaccine potential of other GAS virulence factors. We recently developed 

Biomimetic Virulomics, a mass spectrometry-based virulence factor capture tool to discover and 

characterize S protein, a central GAS virulence determinant. In our investigation of whether 

recombinant S protein is a viable vaccine candidate, we found that S protein sequences were highly 

conserved among GAS, and that anti-S protein antibodies bind the GAS surface. Preimmunized 

animals showed over three-log bacterial CFU reduction in a skin infection model compared to 

naïve animals. Quantitative proteomics of lesions demonstrated that immunized animals showed 

increased immunoglobulins, suggesting engagement of adaptive immunity underlies GAS 

clearance. These data suggest that S protein is a viable GAS vaccine candidate. 

3.2: Introduction 

Streptococcus pyogenes [Group A Streptococcus (GAS)] is a major public health concern, 

with estimates of over 700 million cases of GAS infections per year(Carapetis et al., 2005). GAS 

commonly manifests as pharyngitis, typically termed “strep throat”. However, GAS is also a major 

cause of highly contagious skin infections worldwide, ranging from superficial infections, such as 

impetigo, to deeper, more life-threatening illnesses such as cellulitis and necrotizing 

fasciitis(Stevens and Bryant, 2016). Untreated GAS skin infection has also been linked to a chronic 

autoimmune illness known as glomerulonephritis, a prominent cause of kidney failure(Tyrrell, 

2021). Superficial GAS skin infections frequently spread to the upper respiratory tract, causing 

GAS pharyngitis, which is associated with other debilitating autoimmune illnesses, such as acute 
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rheumatic fever (ARF), rheumatic heart disease (RHD), and neuropsychiatric diseases(Carapetis 

et al., 2016; Cunningham, 2014; Martin et al., 2015). Notably, severe forms of GAS infection are 

highly concentrated in areas where poverty is endemic(Martin et al., 2015; Rodriguez-Iturbe and 

Musser, 2008; Snider and Swedo, 2003). The vast majority of these cases occur in children and 

are correlated with reduced quality of life and increased risk of early death(Carapetis et al., 2016, 

2005).   

Despite the widespread nature of GAS infections and their association with severe adverse 

outcomes, no vaccine for this pathogen currently exists, partly due to the risk of autoimmunity 

following exposure to GAS antigens(Bisno et al., 2005). Recent studies revealed post-

streptococcal autoimmune illnesses are associated with cross-reactivity between antibodies against 

the major GAS virulence factors, M protein and the GAS surface carbohydrate, and important 

structural proteins in the heart and joints(Cunningham, 2019). Importantly, such findings 

disqualify the native forms of these critical virulence factors from being developed as vaccine 

candidates. Given the inherent difficulties associated with developing vaccines against the two 

major GAS virulence factors, the evaluation of novel bacterial virulence determinants represents 

an attractive avenue towards the development of a safe, universal vaccine for this important human 

pathogen. 

Our lab recently leveraged an innovative nanosponge-based affinity enrichment technique, 

Biomimetic Virulomics, to discover and characterize a previously unannotated GAS virulence 

factor(Lapek et al., 2017a). This novel virulence factor was named S protein due to the wide 

distribution of homologs across the Streptococcal genus. Functional analysis of an S protein 

isogenic mutant strain (Dess) revealed that removal of S protein severely weakened bacteria against 

host innate immune defenses, suggesting that S protein is a previously overlooked central virulence 
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determinant. In support of this notion, the Dess strain showed a robust remodeling of the bacterial 

virulome relative to the wild type strain, suggesting that S protein plays an important role in 

bacterial physiology(Wierzbicki et al., 2019).  

Given these results demonstrating S protein’s key role in virulence, we sought to determine 

whether S protein could serve as a viable protective vaccine against GAS infection(Rodríguez-

Ortega et al., 2006). We first used unbiased sequence alignment and determined that S protein’s 

sequence is highly conserved among S. pyogenes strains. Enzymatic surface shaving of GAS 

strains confirmed native S protein is surface exposed among various strains, and antibodies raised 

against recombinant S protein bound to the bacterial surfaces of multiple serotypes. Corroborating 

this preliminary evidence, we next observed that recombinant S protein exhibited a robust ability 

to protect animals from localized GAS skin infection in an S protein-dependent fashion in vivo. 

Using a quantitative proteomics-based approach, we observed that lesions collected from S 

protein-naïve animals infected with GAS mounted rapid innate immune engagement, while 

immunized animals exhibited a strong antibody-based response. These results represent a first step 

in the development of an S protein vaccine against GAS, a major cause of pediatric morbidity and 

mortality worldwide.  

3.3: Results 

S protein is highly conserved in GAS: Recombinant S protein was purified from an E. 

coli strain engineered to express the S protein sequence from the M1 GAS strain 5448(Wierzbicki 

et al., 2019). To assess the degree of sequence identity for S protein homologs in the Streptococcal 

genus in an unbiased fashion, the M1 template used to generate recombinant S protein was 

subjected to PSI-BLAST analysis among Streptococci, where 44 sequences were ascribed to S. 

pyogenes (GAS). All identified proteins with greater than 60% sequence identity and 70% query  
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Figure 3-1. Sequence characterization of recombinant S protein vaccine candidate.  

A). Circular dendrogram showing phylogeny of S protein homologs in Streptococcus genus 
detected by PSI-BLAST analysis of GAS S protein template. Matches were filtered to greater than 
60% sequence identity and greater than 70% query coverage. Inner circle shows S. pyogenes as a 
portion of all Streptococci, while the outer circle shows species level clustering for non-S. 
pyogenes S protein homologs. B). In silico prediction of GAS S protein structure generated in 
Phyre2.  C). Mass spectrometry-based proteomics results of GAS S protein showing predicted 
modified residues. D). Detected residue modification unevenness mapping for common 
modifications. 
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coverage to the GAS S protein template were then subjected to sequence alignment in Clustal 

Omega. A phylogenetic tree was generated using this software, and the resulting Neighbor joining 

tree was used to generate a circular dendrogram, which showed a high degree of clustering among 

S protein sequences from GAS strains (Figure 3-1-A). Among the identified GAS S protein 

sequences, the strains showed over 90% identity to one another (Figure 3-2-A). A crystal structure 

for S protein currently does not exist, but structural prediction using Phyre2 yielded a predictive 

model for the C-terminal 69 residues (43.7% of total residues) with 99.4% confidence(Kelley et 

al., 2015) (Figure 3-1-B).  

 Post-translational modifications (PTMs) affect tertiary structure of proteins, and the three-

dimensional structure of proteins informs immune recognition of foreign antigens. To evaluate the 

degree to which recombinant S protein was modified, mass spectrometry-based analysis of 

recombinant S protein was performed. A PTM-tolerant search of the MS2 spectra collected 

determined that several residues were predicted to be modified throughout S protein (Figure 3-1-

C).  Prominent modifications included deamidation, oxidation, dioxidation, formylation,  

carboxylation, carbamylation, and various glycosylations (Figure 3-2-B).  To aid in visualizing the 

distribution of various detected modifications, they were localized to specific residues and mapped 

to the S protein sequence (Figure 3-1-D).  While many of these modifications could be artifacts of 

sample preparation, glycosylations were identified most in the C-terminal regions of the protein, 

suggesting they may also be of biological significance. (Figure 3-1-D).  

Anti-S protein antibodies bind the surface of GAS 

Previous efforts predicted that S protein is cell surface exposed; however, there is little 

information on the native orientation of S protein within the cell wall or its ability to foster 

opsonization with antigen-specific antibodies(Rodríguez-Ortega et al., 2006; Wierzbicki et al.,  
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Figure 3-2. Expanded analysis of recombinant S protein mass spectrometry results. 
 
A). Heatmap demonstrating sequence identity between S. pyogenes S protein sequences. B). Delta 
m/z histogram demonstrating putative modifications identified from GNPS-based spectral 
networking. 
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2019). To examine these questions, we employed enzymatic digestion of bacterial surface epitopes 

(the “surfome”) and sequenced them using mass spectrometry to determine whether S protein-

derived peptides could be detected(Rodríguez-Ortega et al., 2006). Four GAS strains representing 

clinically-prevalent serotypes (M1, M3, M4, and M12) were analyzed(Helal et al., 2020; Ho et al., 

2003; Kaplan et al., 1996; Konrad et al., 2020). 

Notably, surface shaving of all analyzed strains led to the detection of S protein peptides, 

suggesting that S protein is widely present on the GAS surface (Figure 3-3-A-D).  Given the 

detection of S protein on the surface of GAS strains, we sought to determine whether antisera 

generated against recombinant S protein could bind the surface of GAS strains through flow 

cytometry. Bacteria incubated in anti-S protein antisera showed an increase in fluorescence 

intensity compared to negative controls in M1, M3, M4, and M12 strains assessed (Figure 3-3-E, 

Figure 3-4-A).  

Because S protein homologs exist across the Streptococcal genus, we next wondered 

whether S protein’s cell-surface orientation would be retained in another species, Group B 

Streptococcus (GBS). Sequence identity between S protein homologs in GAS and GBS ranged 

from 20-71% in sequences identified through BLAST-P analysis (Figure 3-4-B). To confirm that 

this homolog was also present on the GBS surface, we repeated surfome shaving using the CNCTC 

10/84 strain (NCTC) (Hooven et al., 2014).  

Interestingly, while we did recover peptides derived from the GBS S protein homolog, they 

were heavily biased towards the C terminal region of the protein, suggesting that this protein may 

differ from its GAS counterpart in its orientation within the bacterial cell wall (Figure 3-3-C). 

Next, flow cytometry using antibodies raised against GAS S protein was performed to determine 

whether anti-GAS S protein antisera showed cross-reactivity with GBS. Interestingly, anti-S  
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Figure 3-3. GAS S protein is surface exposed and is susceptible to anti-S Protein antibodies.  
 
A-D). Amino acid frequency plot for S protein surfome peptides detected in GAS M1, M3, M4, 
and M12 strains. E). Flow cytometry analysis of GAS emm types following incubation with anti-
S protein serum.  
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Figure 3-4. GBS NCTC S protein homolog is surface exposed. 
 
A). Percent of cells within gate from flow cytometry analysis. B). Sequence alignment of S. 
pyogenes (GAS) and S. agalactiae (GBS) strains. C). GBS S protein homolog surfome peptide 
mapping. D). Flow cytometry showing binding of antibodies generated against recombinant GAS 
S protein to the CNCTC 10/84 strain of GBS. 
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protein antibodies showed poor binding to the bacterial cell surface compared to GAS strains 

(Figure 3-4-A, Figure 3-3-D). However, it is unclear whether this difference in binding is a result 

of the divergent sequence of the protein, its more limited exposure on the bacterial cell surface, or 

a combination of both factors. 

S protein immunization protects mice against localized GAS infection: Having 

evidence of anti-S protein antibody binding to GAS in vitro, we next sought to test whether 

immunization with recombinant S protein would lead to protection for GAS infection in vivo. Mice 

were immunized with recombinant S protein or an aluminum hydroxide adjuvant (alum) alone 

using a two-dose scheme, with injections spaced two weeks apart (Figure 3-5-A). Immunization 

was initially tested with varying amounts of recombinant S protein (25µg, 50µg, and 75µg) (n=4-

5 per group). The two-injection scheme resulted in vigorous anti-S protein antibody production at 

all concentrations (Figure 3-6-A, Figure 3-5-B).  

S protein-immunized (75µg each) and naïve mice were infected intradermally with either 

WT GAS or the Dess isogenic mutant strain (n=5 per group). Lesions were allowed to form for 

three days, at which time lesion area was measured and lesions were isolated, pulverized, and 

serially diluted for bacterial CFU enumeration. In WT-infected naïve animals, lesions adopted an 

inflamed, gaping appearance, whereas immunized mice showed signs of rapid healing, with 

scabbing and reduced lesion diameter (Figure 3-5-C). Lesions from immunized mice were also 

significantly smaller than in the naïve animals in the WT GAS infected group (Figure 3-5-C-D). 

Notably, there was no significant difference in lesion area in animals infected with the Dess strain, 

regardless of whether animals were immunized against S protein or not (Figure 3-5-D). On CFU 

enumeration of homogenized lesion samples, there was a greater than three-log significant  
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Figure 3-5. Recombinant GAS S protein protects against localized GAS infection in a skin 
model.  
 
A). Recombinant S protein immunization scheme with downstream outputs. B). Anti-S protein 
titer measurements in mice after two-dose immunization scheme with recombinant S protein or 
alum alone. C). Pictures demonstrating lesion phenotypes after infection day 3 in S protein 
immunized or naive animals. D). Lesion size measurements in S protein naive or immunized 
animals after day 3 of infection with WT GAS or ∆ess GAS. Statistical significance was 
determined using Tukey’s multiple comparison test. E). Recovered CFU enumeration from lesions 
collected from S protein naive or immunized animals infected with WT GAS or ∆ess GAS after 
day 3 of infection.  Statistical significance was determined using Tukey’s multiple comparison 
test. * p value<0.05; ** p value<0.01; ***p value<0.001; **** p value<0.0001. 
 

 

 

 

 

 



 92 

 

Figure 3-6. Recombinant S protein immunizes animals against GAS infection. 
 
A). Mice immunized with varying amounts of S protein developed robust anti-S protein antibody 
responses. B). CFUs recovered from mice infected with GAS following immunization with 75µg 
aliquots of S protein differed significantly between naïve and immunized animals and were used 
for mass spectrometry based analysis. Significance was determined using Mann-Whitney U Test. 
* p value<0.05.C). CFUs recovered from mice infected with GAS following immunization with 
25, 50, or 75µg aliquots of S protein did not differ significantly. Significance was determined using 
one-way ANOVA. 
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decrease in recoverable CFUs in immunized animals infected with the WT strain compared to the 

naïve animals (Figure 3-5-E). Again, animals infected with the Dess strain showed no significant  

difference in recovered CFUs in either the naïve or immunized groups, indicating the specificity 

with which anti-S protein immunity conferred protection against GAS infection (Figure 3-5-F).  

Also notable were the significantly reduced lesion size and recovered CFUs in the Dess infected 

group compared to the WT GAS infected group. Recent work from our lab indicated that S protein 

deletion substantially impaired virulence in a systemic infection model(Wierzbicki et al., 2019). 

Reinforcing its virulent nature, the results presented here indicated S protein immunization plays 

a critical role in localized GAS skin infection, a major cause of pediatric morbidity worldwide. 

Taken together, these results provide strong evidence of S protein’s potential as a vaccine 

candidate against GAS infection and S protein’s role in promoting virulence during localized skin 

infections.  

Probing the host response to GAS infection after S protein immunization 

In order to understand the host pathways underlying the differential immune responses 

associated with GAS infection in immunized and naïve states, we performed tandem mass tag 

(TMT)-based unbiased quantitative proteome analysis of skin lesion lysates derived from the 75µg 

group of the initial dosing experiment (n=5 per group) (Figure 3-6-B-C). Through proteomics, we 

identified and quantified 3,658 proteins after quality control filtering steps.  

In order to understand broad overall trends in the proteome data, it was initially subjected 

to hierarchical clustering. Samples clustered based on immunization status, indicating divergent 

host responses to GAS infection predicated on prior S protein immunization (Figure 3-7-A). 

Binary comparison of the proteome data was performed to identify proteins with abundance 

changes significantly associated with immunization (Figure 3-7-B). p score was used to identify 
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significantly altered proteins, as it incorporates both p-value based significance and fold 

change(Xiao et al., 2014). 38 proteins were defined as being significantly increased, whereas 67 

proteins were defined as being significantly decreased in the immunized compared to the naïve 

cohort. To test for biologically relevant trends in immunization-respondent features, gene ontology 

analysis was performed. The top biological process terms associated with S protein vaccination 

included “complement activation” and “humoral immune response,” indicating a rapid 

engagement of both protein-based innate and adaptive immune components (Figure 3-7-C). In 

contrast, the top enriched terms associated with innate immunity and a generalized response to 

stress (Figure 3-7-D).  

Further evaluation of proteins significantly increased in naïve animals compared to 

immunized animals revealed that several defined markers of innate immunity were significantly 

higher in naïve animals compared to immunized animals (Figure 3-7-E). Examples include CD14, 

a marker and pattern recognition receptor (PRR) of macrophages, and Nos2, a protein involved in 

antimicrobial activity of macrophages(Bogdan et al., 2000; Henneke et al., 2001; Jiang et al., 

2005). Also noted was an upregulation in several neutrophil cytosolic factors (Ncf1, Ncf2, Ncf4), 

and the related protein, Cyba. Ncf proteins partner with Cyba to generate large amounts of 

superoxide, a critical antimicrobial defense element(Ueno et al., 2005; Vatansever et al., 2013; 

Yoshida et al., 2002) (Figure 3-7-F-I).  

Neutrophil engagement is instigated by a litany of cell surface receptors. Because several 

antimicrobial proteins linked to neutrophils were increased in naïve infected animals compared to 

immunized animals, we hypothesized that the response to GAS infection in naïve animals was 

regulated by a subset of these receptors. However, proteome analysis of our samples did not detect 

these receptors, likely due to the innate difficulties associated with analyzing membrane-integrated 
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proteins through mass spectrometry(Chung et al., 2013; Zvonok et al., 2010). To overcome this 

challenge, we employed String-db, a protein-protein interaction predictor to visualize which 

infection-associated proteins in naïve animals could be regulated by neutrophil receptors in an 

unbiased fashion(Futosi et al., 2013). Though not detected in the proteome data, TLR4 and Cxcr2 

assumed central positions within a larger protein-interaction network comprised by neutrophil 

signaling proteins, with TLR4 directly connected to 6 proteins and Cxcr2 connected to 5, 

suggesting that these receptors mediated the response to GAS infection in naïve animals (Figure 

3-7-J; Figure 3-8-A)(Eisele et al., 2011; Hawn et al., 2009; Herbold et al., 2010; Tsai et al., 2000).  

We next analyzed the set of proteins increased during GAS infection in immunized 

animals. It was noted that of the 38 upregulated proteins in this group, 10 were immunoglobulins-

derived (Figure 3-7-K). We speculated whether immunoglobulins were increased beyond the 

bounds of the applied statistical significance threshold. Of the 52 immunoglobulin-derived 

proteins detected in the proteome dataset, 45 were increased during infection in S protein 

immunized animals (Figure 3-7-L-M). These findings align with the intent of immunization with 

S protein, eliciting rapid, antibody-based immunity during GAS infection. Taken together, the 

findings of our proteome study indicate that although GAS infection in naïve animals stimulates a 

robust innate immune response, pre-immunization with recombinant S protein results in antibody-

based killing and immune memory to rapidly kill bacteria.  

3.4 Discussion 

Our results establish S protein as a viable candidate for further development in GAS 

vaccination strategies. Recombinant S protein elicited a strong antibody response in vivo and 

demonstrated robust immunity against localized GAS infection in an S protein-dependent manner. 

Unbiased quantitative proteome analysis revealed the molecular underpinnings of the differential  
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Figure 3-7. Differential host responses to GAS infection in the context of prior S protein 
immunization.  
 
A). Hierarchical clustering of proteome data from lesions collected from naive and S protein-
immunized animals. B). Identification of differentially abundant proteins via binary comparison. 
C-D). Biological Process Gene Ontology term enrichment for proteins associated with GAS 
infection subsequent to alum (C) or S protein immunization (D). E). Heatmap demonstrating 
relative protein abundance for gene ids categorized under “innate immunity” via Biological 
Process Gene Ontology. F-H). Plotted relative abundance of NCF family proteins in naive and 
immunized animals during GAS infection. I). Knowledge-based prediction of the neutrophil 
activation receptor Cxcr2 with proteins upregulated during infection in naive animals compared to 
S protein immunized animals. J). Heatmap demonstrating relative protein abundance for 
significantly altered immunoglobulins. K). Average fold change for all immunoglobulins detected. 
L). Pie chart demonstrating proportion of immunoglobulins associated with S protein 
immunization during GAS infection. * p value<0.05; ** p value<0.01; *** p value<0.001. 
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Figure 3-8. Predicted neutrophil receptor regulation of naïve infection-associated skin lesion 
proteome changes. 
 
A). Predicted neutrophil receptor regulation of proteome feature increased in naïve animals 
infected with GAS compared to immunized animals. 
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bacterial clearance in immunized versus naïve animals. In naïve animals, protein abundance 

changes during GAS infection reflected innate immune processes like oxidative burst and were 

predicted to be regulated by innate immune relay receptors TLR4 and Cxcr2. This contrasted 

starkly with host pathways elicited by infection in immunized animals, where immunoglobulins 

were the most prominent increased features. Together, these results align with the expected 

response to infection in host systems previously exposed to a foreign antigen. 

 Antibodies raised against recombinant S protein bound the surfaces of diverse GAS strains. 

This finding was unsurprising, as GAS S protein is highly conserved in sequence among GAS 

strains. Additionally, the putative surface exposed portions of GAS S protein detected via mass 

spectrometry after enzymatic surface shaving largely mapped to similar regions. This finding 

suggests that immunization with recombinant GAS S protein could be broadly protective against 

GAS infection and could confer a degree of protection against other Streptococcal pathogens, 

including GBS. Though homologs of S protein exist widely in the Streptococcal genus, sequence 

divergence exists and the orientation of S protein between species is likely variable. Further studies 

are required to determine the protective value of immunity elicited against S protein in the broad 

context of Streptococcal infection.  

 Though preliminary proof-of-principle evidence presented here strongly supports S protein 

as a vaccine antigen, expanded studies are necessary to evaluate the full range of S protein’s 

implications in mitigating the GAS-host relationship. Recent studies have demonstrated the 

efficacy of combinatorial vaccines comprised of multiple highly conserved, surface exposed 

antigens(Reglinski et al., 2016; Rivera-Hernandez et al., 2019). Though recombinant S protein 

conferred protection against GAS infection, it could be even more valuable as a part of a 

combinatorial vaccine, possibly adding to the universality of previous combinatorial vaccine 



 100 

endeavors. Additionally, the model used in this study was focused to skin lesions, which are a 

highly prevalent manifestation of GAS infection. However, GAS-induced pharyngitis remains the 

most common form of GAS infection. Like impetigo and other skin infections, GAS pharyngitis 

carries with it a risk of developing autoimmune sequelae, so any further testing of S protein as a 

vaccine candidate should account for this important condition. Recent studies have focused on 

non-human primates (NHP) as a model for GAS pharyngitis, as mice are poor models for “strep 

throat” due to their lack of tonsils(Rivera-Hernandez et al., 2019). Future studies on the universal 

potential of S protein as a vaccine candidate should be escalated to these NHP models, as they 

more realistically recapitulate GAS infection of the pharynx. Despite these limitations, the results 

provided here represent a strong rationale for the further evaluation of S protein as a vaccine 

antigen. 

3.5 Methods 

Bacterial Strains 

 GAS M1, M3, M4, and M12 strains and GBS CNCTC 10/84 strain were a kind gift from 

the laboratory of Dr. Victor Nizet. GAS strains were grown in Todd-Hewitt Broth supplemented 

with 0.2% yeast extract (THY), and GBS strains were grown in Todd-Hewitt Broth (THB). All 

strains were initiated from frozen glycerol stocks stored at -80°C.  

S protein sequence analysis 

The S protein sequence from the GAS M1T1 strain 5448 was subjected to PSI-BLAST 

analysis, where all matches with over 60% sequence identity and 70% query coverage were 

retained. The top sequence identity matches were subjected to sequence alignment and cladogram 

generation using Clustal-Omega(Madeira et al., 2019). A neighbor-joining tree without distance 
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corrections was generated. A circular dendrogram of the resultant analysis was generated in R 

using the “dendextend” and “ape” packages(Galili, 2015; Paradis et al., 2004).  

Recombinant S protein Mass Spectrometry Analysis 

Recombinant S protein generated in a previous study was subjected to gel electrophoresis 

in three separate lanes on an SDS-PAGE gel and stained with Instant Blue(Wierzbicki et al., 2019). 

Briefly, three aliquots of 20mg recombinant S protein was resuspended in 5ml 4x Laemmli loading 

buffer and 1ml reducing agent (500 mM DTT). Samples were boiled for approximately 10 minutes. 

Samples were loaded with standard ladder (Precision Plus Protein All Blue Prestained Protein 

Standard, Biorad) into the wells of a 20% SDS-PAGE gel. The chamber was filled with 1x TBS 

running buffer and samples were run for approximately 45 minutes. After, the gel was extracted 

from the casing and the stained protein bands were cut out. Three bands corresponding to the 

~24kDa form of S protein were processed separately, and the bands corresponding to the ~18kDa 

band were combined into a single replicate. Cut gel bands were further cut into small cubes and 

placed into clean tubes. Cubes were dehydrated with 50% acetonitrile (ACN) and 50 mM TEAB 

for approximately 15 minutes on a shaker at 37°C for two cycles. This was followed by 

dehydration with 100% ACN. Samples were subjected to vortexing and incubation at room 

temperature for 5 minutes. Samples were then reduced with 5µl of 500 mM DTT in 200ml of water 

and placed on a heating block for 30 minutes. Samples were then washed with water once and 

dehydrated as above. Samples were subjected to alkylation with 15µl of 500 mM iodoacetamide 

(IAA) in 200µl of water. Samples were once again rinsed and dehydrated as above. Samples were 

then digested in-gel using 2.5µg trypsin (Promega V5113) in 200µl 50 mM TEAB overnight. 

Digestion was quenched using 200ml 50% ACN and 5% formic acid, quenched peptides were 

transferred to new tube, and gel pieces were subjected to extraction (200µl 50% ACN and 5% 
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formic acid) on a shaker at 37°C for 15 minutes, thrice, each time transferring the supernatant to a 

collection tube for a total of four tubes. A final extraction with 100µl of 100% ACN was done and 

collection tubes were dried under vacuum prior to desalting on C18 columns and mass 

spectrometry analysis. 

GAS surfome analysis 

Group A Streptococcus (GAS) strains (GAS M1, M3, M4, and M12) and GBS strain 

CNCTC 10/84 were grown overnight from frozen glycerol stocks in Todd-Hewitt broth 

supplemented with 0.2% yeast extract (THY) and Todd-Hewitt broth (THB)- respectively, at 37°C. 

Bacterial cultures were re-grown the following day to mid-log phase. GBS cultures were grown at 

a 1:20 dilution in THB for 3 hrs and GAS strains were grown at a 1:20 dilution in THY for 4 hrs. 

Bacterial cultures were centrifuged at 12,000 x g for 5 minutes at 4°C and washed three times with 

sterile phosphate-buffered saline (PBS). After the last wash, dried pellets were processed for 

protein digestion via resuspension in 1M urea with 50mM HEPES and 10ug of trypsin rotating at 

37°C for 40 min. Digested culture samples were centrifuged at 12,000 x g for 5 mins and 

supernatant was removed and further purified by filtering using Millex-GP 0.22um 

polyethersulfone syringe filters. Filtered supernatant samples were then acidified by adding 10ul 

of 10% trifluoroacetic acid. Peptides were then desalted using C18 columns using manufacturer’s 

instructions (Waters). Desalted peptides were dried under vacuum and analyzed using an Orbitrap 

Fusion Mass Spectrometer.   

Flow cytometry 

 Bacterial cultures were grown overnight in Todd-Hewitt Broth supplemented with 0.2% 

yeast extract (for GAS strains) and Todd-Hewitt Broth (for GBS). Two aliquots of 2ml per strain 
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were subjected to centrifugation at 8000 x g to pellet cells and bacteria were washed three times 

with phosphate-buffered saline (PBS). Bacteria were incubated in PBS with 1% heat-inactivated 

normal human serum for 30 minutes at 4°C. Cells were pelleted through centrifugation at 8,000 x 

g and washed with PBS. Cells were resuspended in PBS alone or PBS with 1:100 heat-inactivated 

anti-S protein antisera for 1 hour at 4°C. After 1 hour, bacteria were subjected to centrifugation at 

8,000 x g, washed with PBS, and resuspended in PBS with 1:200 dilution anti-rabbit secondary 

antibody conjugated to Alexafluor-488. Samples were incubated at 4°C for 45 minutes rotating 

before being centrifuged at 8,000 x g and resuspended in 1.5% paraformaldehyde. Samples were 

analyzed using a FACS Aria (BD). Data were analyzed in FloJo. Parent gates were applied 

uniformly across all analyzed strains and conditions to segregate the population to be analyzed. A 

positive gate was applied to the segregated cells to determine the percentage of labeled cells.  

S protein Immunization 

For S protein immunization, 5-week old female CD1 (Charles River Laboratories) mice 

were used. Mice were immunized intramuscularly (i.m.) with 25µg, 50µg, or 75µg of S protein 

absorbed 1:3 to aluminum hydroxide adjuvant (alum, Alhydrogel® adjuvant 2%, InvivoGen) in a 

total volume of 100µl (80ml/hind leg quadriceps). Control mice received equal amount of alum. 

Mice received two injections 2 weeks apart. 

Mouse Dermonecrosis Model 

S protein immunized mice were shaved and Nair was applied to remove residual hair. Mice 

were intradermally (ID) injection with 20µl of GAS M1 (2x106 CFU) or GAS M1 Dess (2x106 

CFU). The abscess size was measured at 72 h and the areas of the lesions were calculated using 

ImageJ. The abscess site was excised and homogenized in PBS. 25µl of homogenate was serially 

diluted and plated for enumeration of CFU.   
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ELISA 

S protein-specific IgG antibody was measured by ELISA. Animals were bled 2 weeks after 

the final S protein injection. Purified S protein were used to sensitize the ELISA plates at a 

concentration of 10mg/ml in PBS, pH 7.4. The plates were washed with PBS-T (0.05% Tween 20) 

and blocked with 2 % bovine serum albumin (BSA) in PBS for 1 h. After blocking, serial dilutions 

of mouse sera were added and incubated for 2h, followed by incubation with horseradish 

peroxidase (HRP)-conjugated anti-mouse IgG (Biolegend) for 1h. The plates were washed and 

developed with TMB substrate (BD OptEIA™).  

Quantitative proteome analysis of skin lesions 

Peptide Extraction 

 Lesions were subjected to pulverization and supernatants were collected. Supernatants 

were combined with 500µl of a lysis buffer comprised of 6M urea, 7% sodium dodecyl-sulfate 

(SDS), and 50mM triethylammonium bicarbonate (TEAB) adjusted to pH=8.1 with phosphoric 

acid (PA). Samples were subjected to probe sonication via three cycles of 10 seconds on and 10 

seconds of rest at 20% amplitude. Samples were subjected to reducing conditions to break disulfide 

bonds via the addition of 5µl of dithiothreitol (DTT) and incubation at 47°C for 30 minutes. 

Samples were cooled at -20°C for 5 minutes and reduced disulfide bonds were alkylated via the 

addition of 15µl iodoacetamide (IAA) and incubation in a darkened environment for 20 minutes. 

The reaction was quenched through addition of 5µl of DTT and incubation on the benchtop for 15 

minutes. 27µl of PA was added to each tube, followed by 1.5mL of a binding buffer comprised of 

90% methanol and 50mM of TEAB with pH adjusted to 7.1 with PA. Samples were mixed through 

vortexing and added to the upper chamber of S-trap columns in 200µl increments. Flow through 

was discarded for this and subsequent wash steps. S trap filters were washed 5 times with 165µl 
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of binding buffer. 125µl of digestion buffer comprised of 50mM TEAB with sequencing-grade 

trypsin (Promega) at a concentration of 40µg/ml was added to the upper chamber of each S trap 

and allowed to partially saturate the filter. Protein digestion proceeded for 3 hours at 47°C. 

Digested peptide was eluted via addition and centrifugation of 125µl of 50mM TEAB, 125µl of 

5% formic acid (FA), and 125µl of 50% acetonitrile (ACN) with 5% FA. Flow through was 

subjected to drying under vacuum. Peptides were then resuspended in 0.1% trifluoroacetic acid 

and desalted on C18 columns using the manufacturer’s instructions (Waters). 

Peptide Quantification, TMT Labeling, and Fractionation 

 Peptides were quantified using a Quantitative Colorimetric Peptide Assay (Pierce), 

following manufacturer’s instructions. 50µg of each sample was aliquoted for tandem mass tag 

(TMT) labeling. TMTs were resuspended in dry acetonitrile to a final concentration of 10µg/µl. 

Aliquoted peptide was resuspended in 50µl of a solution of 30% dry acetonitrile with 200mM 

HEPES. 8µL of each TMT label was added to its assigned sample and labeling proceeded for one 

hour at room temperature on the benchtop. The reaction was quenched via addition of 9�l of 5% 

hydroxylamine and incubation on the benchtop for 15 minutes. 50µl of 1% TFA was added to each 

sample and samples were mixed together. The multiplexed sample was dried under vacuum and 

resuspended in 1ml of 0.1% TFA before being desalted as above. The desalted sample was dried 

under vacuum. Samples were fractionated on an Ultimate 3000 HPLC using a gradient ranging 

from 5% to 35% acetonitrile with 10mM ammonium bicarbonate, wherein 96 fractions were 

collected over 60 minutes. Fractions were concatenated using an alternating recombination 

strategy, and alternating column fractions were subjected to quantitative mass spectrometry-based 

analysis(Wang et al., 2011). 

Mass Spectrometry Data Collection 
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 Twelve fractions representing the multiplexed experiment were resuspended in 5% ACN 

with 5% FA and analyzed on an Orbitrap Fusion Mass Spectrometer with in-line Easy-nLC 1000. 

3µL of each fraction was loaded onto a 30cm long column pulled and packed in-house with 

contents from the tip as follows: 0.5cm of 5µm C4, 0.5cm of 3µm C18, and 29cm 1.8µm C18. The 

inner diameter of the column was 100µm, while the outer was 350µm. The column was attached 

to the nLC via an electrospray-enabled T junction connecting the sample, waste, and column 

capillaries. MS1 data was collected in data-dependent mode with scans collected between 500-

1200 m/z, a resolution of 60,000, and maximum inject time of 100ms. Peptides were sequenced in 

the linear ion trap with rapid scan rate. Reporter ion fragmentation and detection occurred in the 

Orbitrap. 

Data Analysis 

 All graphs were made using GraphPad Prism version 7. All image generation and figure 

layout were performed in Adobe Illustrator.For recombinant S protein mass spectrometry analysis, 

raw files were analyzed using GNPS to identify possible modifications using unbiased 

methods(Wang et al., 2016; Wozniak et al., 2020). Raw spectral files were converted to mzML 

format using MSConvert(Chambers et al., 2012). Spectral networking revealed prominent 

modifications corresponding to deamidation, carboxylation, carbamylation, formylation, 

oxidation, deoxidation, and several forms of glycosylation. These modifications were used to 

inform the Byonic search node in Proteome Discoverer, where the GAS M1 5448 reference 

proteome was used to matched detected spectra to protein sequences.  

For skin lesion quantitative proteomics, raw files were analyzed using Proteome 

Discoverer. MS2 spectra were matched to theoretical spectra generated against a Mus musculus 

reference proteome downloaded from Uniprot.com in a Sequest-HT node with a false discovery 
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threshold of 0.01. Dynamic modifications were limited to oxidation of methionines, while static 

modifications included chemically-induced experimental modifications: TMT labels of lysine 

residues and peptide N-termini and carbamidomethylation of cysteine residues. Precursor ion mass 

tolerance was set to 50ppm, while fragmentation ion tolerance was 0.6Da. Resultant peptide 

spectral matches (PSMs) were first filtered to retain high confidence matches and non-rejected 

matches. PSMs with isolation interference values greater than 25 and average quantitative values 

lower than 10 were also removed. Resultant peptide spectral matches (PSMs) were summed to the 

protein level. Protein quantitative information was normalized through a two-step process. First, 

proteins were normalized against the average value for each protein which was itself normalized 

to the median of all averages. Next, the resulting values were normalized to a value resulting from 

the normalization of the channel median divided by the median of all values. The resulting values 

were subjected to hierarchical clustering and similarity matrix generation using Morpheus 

(https://software.broadinstitute.org/morpheus). All heatmaps were also generated using Morpheus. 

Network generation was performed using String-db with interaction threshold set to 0.7, and all 

networks were processed for image generation using Cytoscape.  

Data Availability 

Raw proteome data has been uploaded to massive.ucsd.edu and can be accessed through 

the ProteomeXchange Consortium using the following identifier: PXD025695 for skin lesion 

quantitative proteomics. 

 
Chapter 3 in full is a manuscript which is currently under review, including contributions 

from Anaamika Campeau, Chih-Ming Tsai, Carlos Gonzalez, Consuelo Sauceda, Rob Knight, 

George Y. Liu, and David J. Gonzalez. The dissertation author was the primary author of this 

manuscript. 
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4.1: Abstract 

 Group B Streptococcus (GBS, S. agalactiae) is a human commensal and occasional 

pathogen that remains a leading cause of neonatal sepsis and meningitis with increasing disease 

burden in adult populations. Although programs for universal screening in pregnancy to guide 

intrapartum prophylaxis has reduced GBS disease burden resulting from mother-to-infant transfer 

during birth, better knowledge of disease mechanisms may elucidate new strategies to reduce 

antibiotic exposure and adverse effects on the newborn microbiome and its critical function. In our 

efforts to expand the knowledge base required for targeted anti-virulence therapies, we identified 

a GBS homolog for a recently identified virulence determinant of group A Streptococcus, S 

protein, and evaluated its role in GBS pathogenesis. A GBS S protein deletion mutant, Dess, 

showed altered cell-surface properties compared to the WT parent strain, including defective 

retention of its surface polysaccharide. Quantitative proteome analysis of enzymatically shaved 

surface epitopes of the GBS Dess mutant revealed a dysregulated cell surface virulome, with 

reduced abundance of several protein and glycoprotein components. The Dess mutant showed 

markedly attenuated virulence in a murine model of GBS systemic infection, with increased 

proteasome activity detected in the spleens of animals infected with the Dess mutant. These results 

expand the key roles S protein plays in streptococcal pathogenesis and introduces a new GBS 

virulence determinant and potential target for therapeutic development. 
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4.2: Introduction 

Group B Streptococcus (GBS), or Streptococcus agalactiae, remains a major cause of 

neonatal morbidity and mortality across the globe. A commensal in an estimated 25% of the 

healthy adult population, GBS can be transmitted from mother to child during delivery(Seale et 

al., 2017; Stoll et al., 2011). Universal maternal screening protocols and intrapartum antibiotic 

prophylaxis have made GBS-induced preterm birth and early-onset GBS infection (i.e. infections 

that occur during the first week of life) less common(Renner et al., 2006; Seedat et al., 2019). 

However, GBS infections are increasingly reported in scenarios where maternal prophylaxis is 

ineffective, such as in infants beyond the first week of life, pregnant women, and older or 

immunocompromised adults(Farley, 2001). Additionally, the use of intrapartum antibiotics is 

increasingly scrutinized given the selective pressure for antibiotic resistance and deleterious effects 

of antibiotic administration on maternal-to-neonatal microbiome transfer, which is recognized for 

its importance in early neonatal health and immunity (Cassidy-Bushrow et al., 2016; Kolter and 

Henneke, 2017; Stearns et al., 2017; Tapiainen et al., 2019).  

One potential alternative approach to intrapartum use of antibiotics in GBS-colonized 

mothers is the use of pharmacological agents that target virulence factors. The development of 

anti-virulence strategies requires a comprehensive understanding of the molecular mechanisms by 

which a pathogen causes disease. However, despite over a century of investigation into GBS 

pathogenesis, only a small fraction of the genome has been characterized, with the majority of 

open reading frames still annotated as “uncharacterized,” or ascribed a putative function on the 

basis of sequence homology to known proteins in other species. Characterizing proteins of 

unknown function, especially those that are localized to the bacterial surface, is critical for 
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identifying new anti-virulence targets or candidate vaccine antigens(Doro et al., 2009; Patras et 

al., 2018).  

We recently pioneered and applied a host membrane-specific virulence determinant 

enrichment strategy termed Biomimetic Virulomics (BV) to identify and then characterize a novel 

virulence factor of previously unknown function in group A Streptococcus (GAS)(Lapek et al., 

2017a). This protein was named “S protein,” due to the wide distribution of homologs in the 

Streptococcus genus, and its corresponding open reading frame designated ess(Wierzbicki et al., 

2019). Functional studies of S protein demonstrated a central role in bacterial physiology, where 

it impacted the bacterium’s ability to resist killing by components of the host immune response in 

vitro and in vivo. We further linked GAS S protein to a novel strategy for evading host immunity, 

wherein the bacterium coats itself in lysed red blood cell components, preventing the host from 

recognizing bacterial pathogen-associated molecular patterns, thus contributing to bacterial in vivo 

survival and virulence. Given the important role S protein plays in GAS pathogenesis, we 

hypothesized that an S protein homolog in GBS would similarly be indispensable for pathogenesis. 

Here, we describe a role for S protein in GBS virulence, linking S protein deletion (Dess) to 

reduced capsular retention and a destabilized bacterial surface virulome. We also determined that 

ess deletion reduced bacterial surface glycosylation through mass spectrometry-based methods. In 

vivo, the Dess mutant showed attenuated virulence and increased susceptibility to rapid bacterial 

clearance. Proteome analysis of blood and spleen tissue collected from infected animals revealed 

that Dess elicited increased proteasome components compared to infection with the wild-type 

(WT) GBS strain, linking rapid clearance of the mutant to increased intracellular proteolysis. 

Together, these findings implicate the S protein of GBS as a key virulence determinant, resembling 

its GAS counterpart. 
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4.3: Results 

Deletion of S protein alters properties of surface chemistry in GBS. To study the role 

of the S protein homolog in GBS, we generated an S protein deletion mutant (Dess) in the virulent 

serotype V strain NCTC 1084(Hooven et al., 2014). A revertant strain (restoring the WT) was 

collected from the single crossover stage of the ess gene deletion procedure. In addition, the Dess 

allelic replacement mutant was complemented by transformation with plasmid vector pDCerm 

expressing the cloned ess gene. In stationary liquid culture, a sedimentation phenotype was 

immediately apparent in the Dess strain, in contrast to the WT strain, which remained dispersed 

throughout the medium in culture. This phenotype was complemented upon reintroduction of S 

protein on an exogenous vector (Figure 4-1-A). Previous studies have linked increased bacterial 

cell sedimentation with changes in cell surface hydrophobicity(Araújo et al., 2008; Krasowska and 

Sigler, 2014; Kumar et al., 1991; Zita and Hermansson, 2006). Therefore, we tested whether the 

Dess strain showed altered hydrophobicity by evaluating its differential propensity to interact with 

aqueous versus organic solvents (Figure 4-1-B). As hypothesized, Dess associated more readily 

with the organic solvent compared to the WT or complemented strains, suggesting that the 

bacterial aggregation phenotype was caused by increased surface hydrophobicity driving bacterial 

self-association.  

The best characterized GBS virulence determinant is its capsule, a layer of polysaccharide 

coating the cell surface that allows bacteria to evade clearance by host innate immunity(Cieslewicz 

et al., 2005). Encapsulation of GBS renders the bacteria hydrophilic, due to the polar nature of 

sugars. Given our finding demonstrating increased hydrophobicity in Dess, we sought to determine 

if the altered surface character in the mutant strain was due to a defect in encapsulation.  

Transmission electron microscopy (TEM) revealed altered capsular morphology with a reduced  
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Figure 4-1. Deletion of S protein alters properties of surface chemistry in GBS.  
 
A). Photo demonstrating sedimentation phenotype of WT, S protein deletion, and complemented 
GBS strains. B). Hydrophobicity assay of WT, S protein deletion, and complemented GBS strains. 
Significance was determined using Tukey’s Multiple Comparisons Test (p<0.01 **). C). 
Transmission electron microscopy of WT, S protein deletion, and complemented GBS strains. 
Images to the right are representatives of images on the left, blown up to demonstrate cell wall and 
capsule morphology.D). Capsule thickness quantified in ImageJ. Significance was determined 
using Tukey’s Multiple Comparisons Test (p<0.01 **; p<0.001 ***; p<0.0001 ****). E). Capsule 
detected in supernatant using Stains-all and normalized against a Streptococcus equi capsule 
standard. 
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capsule thickness and relatively smoothed appearance in the Dess mutant in comparison to the WT 

or complemented strains (Figure 4-1-C, D).  Reduced capsule thickness in the Dess mutant was 

accompanied by higher levels of sugars in the supernatant of bacterial cultures in Dess compared 

to the WT or complemented strains, suggesting diminished capsule retention in the absence of S 

protein (Figure 4-1-E). Together, these data suggest that S protein plays an important role in GBS 

surface architecture and in particular the surface presentation of GBS capsule. 

GBS S protein stabilizes the surface-anchored virulome. Proteins exposed on the 

bacterial surface play a critical role in mediating bacterial interactions with the environment, 

including the relationship of pathogens with host defenses. We next explored potential changes in 

surface-associated protein dynamics resulting from loss of S protein expression.  Enzymatic 

proteolytic surface shaving was paired with quantitative proteomic analysis of the WT, Dess, and 

complemented strains(Doro et al., 2009; Rodríguez-Ortega et al., 2006), adapting a strategy used 

in the past to profile surface-exposed epitopes for GBS vaccine development.  

 Surface shaving of bacterial cells was performed in biological triplicate, and quantitative 

proteomic analysis carried out using tandem mass tags (TMTs), which allowed for multiplexing 

of the samples prior to mass spectrometry-based analysis. From the 12 fractions analyzed, 1,212 

proteins were identified and quantified after quality control filtering. Unbiased hierarchical 

clustering was performed on the proteome data to evaluate the similarities and differences within 

the data from a broad perspective. Hierarchical clustering showed that the Dess mutant segregated 

from the WT and complemented strains. WT and complemented strains were correlated, though 

not to the degree of within-strain replicates (Figure 4-2-A). These data demonstrate that removal 

of S protein broadly remodels the surface proteome of GBS. 
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Figure 4-2. GBS S protein stabilizes the surface-anchored virulome. 
 

A). Similarity matrix demonstrating Pearson correlation values for proteome quantitation data 
following hierarchical clustering. B). Binary comparison strategy for identifying differentially 
abundant proteins in the surfome samples collected from WT and S protein deletion mutant GBS 
strains. Proteins significantly higher in WT compared to the deletion mutant are circled. Proteins 
with p score value greater than 2.5 were highlighted for further analysis. C). Results of pSORTb 
analysis of proteins significantly upregulated in WT GBS in comparison to the S protein deletion 
mutant. Data are reported as the percentage of significantly increased proteins in a given location 
within the total number proteins assigned a location. D). Venn diagram showing proportion of all 
cell wall proteins identified upregulated in WT or complemented strains compared to the S protein 
deletion strain as a proportion of all cell wall proteins. E). Delta m/z histogram of PTM-inclusive 
search of surfome data with putative glycans highlighted. F). Binary comparison of glycosylation-
inclusive data for WT versus S protein deletion surfome data. Glycopeptides with differential 
abundance p score greater than 2.5 are highlighted. 
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To evaluate the molecular changes in the bacterial surfome associated with loss of S 

protein, we performed a binary comparison of protein-level quantitative information between the 

WT and Dess strains (Figure 4-2-B). Of particular interest to this analysis were those protein 

abundance values that were higher in the WT strain compared to Dess (circled in Figure 4-2-B). 

Among the total proteins identified were a number of putative intracellular contaminants, including  

ribosomal proteins likely released into the supernatant from lysed cells. Proteins downregulated in 

the Dess mutant compared to the WT strain were subjected to pSORTb analysis to evaluate their 

predicted cellular localization within the bacteria(Yu et al., 2010). Compared to all cell wall-

associated proteins identified, 80% were significantly higher in the WT compared to the Dess 

surfome. Following this trend, among all extracellular proteins identified, 70% were significantly 

higher in the WT strain compared to Dess (Figure 4-2-C). The trend of cell wall-associated proteins 

being reduced in the absence of S protein was preserved in a comparison of the complemented 

strain with Dess, indicating that S protein plays a significant role in stabilizing the surfome (Figure 

4-2-D, Figure 4-3-A-P). 

 Protein modifications also play important roles in overall chemical traits of biological 

surfaces, and we assessed whether such modifications, especially glycosylation, were altered in 

the Dess mutant. Due to the diverse nature of these modifications, we used an unbiased strategy to 

identify possible glycosylation modifications present in the surfome data. By spectral networking 

we matched prominent m/z differences between networked spectral features of our data to known 

glycosylation modifications (Figure 4-2-E)(Wang et al., 2016; Wozniak et al., 2020). We then re-

searched our data using parameters related to these mass differences. In a focused evaluation of 

modified peptides, we found that glycosylated peptides were present in lower abundance in the  
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Figure 4-3. Cell wall-associated protein abundance for proteins significantly decreased in 
comparison of Dess to either WT or revertant strains. 
 
A-P). Relative abundance for pSORTb-designated cell wall proteins significantly decreased in 
comparisons of Dess to either WT or complemeted strain surfomes. Significance was determined 
using one-way ANOVA with Tukey’s multiple comparison test (* p-value<0.05; ** p-value<0.01; 
*** p-value<0.001; **** p-value<0.0001;ns non-significant). 
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Dess mutant compared to the WT strain (Figure 4-2-E). Collectively, these findings demonstrate 

that removal of S protein severely impacts the overall molecular nature of the GBS surfome. 

S protein deletion sensitizes GBS to killing in vitro and in vivo. Because loss of S 

protein was associated with altered capsular retention and surface-associated virulence stability, 

we examined whether S protein deletion impaired GBS resistance to clearance by host immune 

defenses in the blood. The Dess mutant had significantly reduced survival in freshly-isolated whole  

human blood compared to the WT and complemented strains (Figure 4-4-A). Neutrophils are the 

most abundant circulating leukocyte, and occupy a central role in bloodstream innate immune 

defense against GBS. The pathogen produces an array of surface-anchored virulence factors that 

allow the bacterium to evade neutrophil killing(Liu et al., 2004). Neutrophil reactive oxygen 

species (ROS) release was assayed following to exposure GBS test strains. The Dess strain elicited 

significantly higher ROS production compared to WT or complemented strains, consistent with 

the ability of the GBS capsule that cloaks proinflammatory cell wall components (Figure 4-4-B).  

Consistent with this finding, loss of S protein resulted in more efficient killing of the Dess strain 

by human neutrophils (Figure 4-4-C).   

Next, we examined whether the reduced survival of the Dess mutant in whole blood and 

results of the neutrophil killing assays translated into reduced virulence during systemic infection 

in vivo. Cohorts of mice were injected intraperitoneally (I.P.) with WT and Dess GBS strains. As 

our prior studies using a complementation vector to assess the role of S protein in GAS virulence 

in vivo revealed poor plasmid retention in the absence of antibiotic pressure(Wierzbicki et al., 

2019), we added the GBS revertant in to the analysis in lieu of a complemented strain(Patras et al., 

2018). Survival was assessed for seven days after I.P. infection, during which time 60% of animals 

infected with the WT and revertant strains succumbed. In contrast, 100% of animals infected with  
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Figure 4-4. GBS S protein is critical for GBS virulence in vitro and in vivo. 
 

A). Whole blood survival assay results. Significance was determined using Tukey’s Multiple 
Comparisons Test (p<0.01 **). B). Neutrophil oxidative burst assay results. Significance was 
determined using Tukey’s Multiple Comparisons Test (p<0.0001 ****).  C). Bacterial survival 
following incubation with primary human neutrophils. Significance was determined using Tukey’s 
Multiple Comparisons Test (p<0.01 **; p<0.001 ***). D). Kaplan-Meier plot demonstrating 
survival after I.P. challenge with GBS strains. E). Bacterial CFUs recovered from blood 22 hours 
post I.P. infection with GBS strains. Significance was determined using Tukey’s Multiple 
Comparisons Test (p<0.0001 ****). F). Bacterial CFUs recovered from spleen 22 hours post I.P. 
infection with GBS strains. G). Bacterial CFUs recovered from brains 22 hours post I.P. infection 
with GBS strains. Significance was determined using Tukey’s Multiple Comparisons Test (p<0.05 
*). 
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the Dess mutant survived indicating that S protein plays an important role in mediating virulence 

during GBS infection in vivo (Figure 4-4-D).  

To gain a deeper understanding of the role S protein plays in the host-GAS interaction in 

vivo, we performed additional studies to evaluate dissemination of GBS into the organs of infected 

animals. Animals were infected with WT, Dess, and revertant strains of GBS and sacrificed 8 h 

post infection. Tissues collected for CFU enumeration included blood, spleen, and brain, the latter  

chosen due to the propensity of GBS to invade the central nervous system and cause meningitis. 

Whereas the Dess mutant was completely cleared from the blood of the infected animals, high 

levels of blood CFUs were detected for the WT and revertant strains (Figure 4-4-E). In contrast to 

blood, spleens showed no significant difference in bacterial levels or comparative size (Figure 4-

4-F, Figure 4-6-A). The spleen plays an important role in filtering the blood and relaying active 

immune signals(Lewis et al., 2019). Though bacterial levels in the spleens of infected animals did 

not differ by strain, host pathways engaged by each strain may differ, especially given the rapid 

clearance of Dess from the blood. CFU enumeration of recovered brains revealed significantly 

lower bacterial levels in the Dess mutant strain-infected mice compared to the WT strain, with the  

revertant strain yielding an intermediate phenotype that did not reach statistical significance 

(Banerjee et al., 2011; Doran et al., 2005; van Sorge et al., 2009). Overall, these data are consistent 

with a role for S protein in modulating resistance to immune clearance in the bloodstream and 

potentially facilitating its further dissemination to the brain tissues. 

S protein deletion mutant elicits altered host signaling in key organs associated with 

clinical manifestations of GBS. Due to the strain-dependent levels of bacterial CFUs recovered 

from the blood of infected animals, we hypothesized that these differences may be reflected in 

divergent proteome patterns at the organ level. To address this, we prepared collected organ lysates  
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Figure 4-5. Proteome-based evaluation of S protein-dependent host responses. 
A). Schematic of mouse organ proteome experiment. B). Venn diagram demonstrating overlap in 
proteins detected and quantified in blood and spleens following proteome analysis. C). Scatterplot 
demonstrating Log2 fold change of WT infected versus uninfected GBS strains for blood and 
spleen proteome data. Highlighted datapoints represent significantly altered proteins (p 
score>1.5). D). Scatterplot demonstrating Log2 fold change of S protein deletion mutant infected 
versus uninfected GBS strains for blood and spleen proteome data. Highlighted datapoints 
represent significantly altered proteins (p score>1.5). E). Venn diagram demonstrating 
significantly altered proteins in spleen comparison of WT or S protein deletion mutant strain 
compared to uninfected. F). Protein interaction network for the union of significantly altered spleen 
proteins in comparison of WT or S protein deletion mutant strain versus uninfected. G). Heatmap 
demonstrating proteasome components upregulated in spleens of animals infected with S protein 
deletion mutant compared to WT GBS infected or uninfected spleens. H). Volcano plot 
demonstrating significantly altered (p-value<0.01) proteins in the comparison of brains collected 
from WT versus S protein deletion mutant GBS following normalization against uninfected. I). 
Non-redundant top enriched functional terms from proteins significantly increased in brains of 
mice infected with WT GBS compared to the S protein deletion mutant. J). Non-redundant top 
enriched functional terms from proteins significantly increased in brains of mice infected with S 
protein deletion mutant compared to the WT strain. K). Mean relative abundance heatmap of 
clathrin-related proteins significantly upregulated in WT GBS infected brains compared to S 
protein deletion mutant infected brains. L). Mean relative abundance heatmap of Insulin-like 
Growth Factor regulation-related proteins significantly upregulated in WT GBS infected brains 
compared to S protein deletion mutant infected brains. 
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for quantitative multiplexed proteome analysis (Figure 4-5-A). Following proteome analysis and 

data normalization, the blood dataset was found to be comprised of 546 proteins, the spleen dataset 

of 3,384 proteins, and the brain dataset was made up of 3,304 proteins. Due to the close functional 

relationship between the blood and spleen, we endeavored to investigate the systemic alterations 

for proteins identified in both tissues (Figure 4-5-B).  

Of particular interest within this dataset were proteins with altered abundance in the blood 

compared to the spleens during infection with either the WT or Dess GBS strains. To visualize 

such protein abundance trends, the Log2 fold change of the infected versus uninfected groups were 

plotted, comparing the spleens and the blood. Proteins possessing a p score greater than 1.5 were 

highlighted, and were colored to delineate proteins that were significantly altered in the blood 

alone, the spleens alone, or in both(Xiao et al., 2014). A clear trend that emerged from this analysis 

was the increased number of significantly altered proteins for the S protein deletion mutant-

infected animals (51 proteins) compared to the WT GBS infected animals (27 proteins) (Figure 4-

5-C-D). The majority of dysregulated proteins were increased in abundance in both the blood and 

spleens, though rarely to a degree that met the applied significance threshold in both organs. This 

data trend, paired with the rapid clearance of the Dess mutant from the blood, suggested that the 

protein alterations during infection with the mutant strain may play a contributing role in the 

enhanced survival for these animals.  

We next focused our analysis on the spleens of infected animals to evaluate the differential 

immune responses associated with rapid clearance of Dess in comparison to WT infection. The 

union of proteins identified with significantly altered abundance in the WT and Dess strains 

compared to uninfected spleens were used for this analysis (Figure 4-5-E). These proteins were 

subjected to analysis with String-db, an analytical tool that generates interaction networks on the  
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Figure 4-6. Spleen weight for infected animals. 
 
A). Spleen weight for animals infected with WT, Dess, or revertant strains of GBS. Significance 
was determined using one-way ANOVA with Tukey’s multiple comparison test (ns non-
significant). 
 

 

 

 

 

 

 

 

 

 

 

WT Δess Revertant
0.00

0.05

0.10

0.15

0.20

Sp
le

en
 W

ei
gh

t (
g)

ns

ns

ns

A



 125 

basis of experimentally demonstrated and predicted protein pathway relationships (Figure 4-5-F). 

The nodes were colored to indicate whether proteins were significantly altered in the spleens of 

animals infected with the WT strain, the Dess mutant, or both strains in comparison to uninfected 

spleens. A subset of acute phase reactants was significantly increased in response to both infection 

scenarios, including serine protease inhibitors, Serpinas 3n/1d/c1/10/1b, all known to play a 

regulatory role the immune response to bacterial infections. Among networked proteins, the great 

majority were altered in either both infection states or only in the Dess mutant infection. Only three 

proteins, Itih2, A1bg, and Kng2, were significantly increased during infection with the WT strain 

only. One notable set of proteins exclusively increased in the spleens of animals infected with Dess 

was Psma1/3/4/5/6/7 (Figure 4-5-G), which comprise an important subunit of the proteasome, an 

intracellular protein complex that proteolytically cleaves foreign antigens(Kovacsovics-

Bankowski and Rock, 1995; Reis e Sousa and Germain, 1995). Proteasomal activation is necessary 

for the clearance of several known viral, bacterial, and parasitic infectious agents(Basler et al., 

2009; Iovino et al., 2014; Joeris et al., 2012; Mundt et al., 2016; Strehl et al., 2006). Enhanced 

susceptibility to proteasomal activation, therefore, could be a contributing factor in the rapid in 

vivo clearance of the Dess mutant. 

To further evaluate the role of S protein in GBS infection of brain tissues, we performed a 

binary comparison between the brain proteome data from WT GBS infected animals and Dess 

infected animals (Figure 4-5-H). Proteins with differential abundance that met the applied 

threshold of p value<0.01 were highlighted for further study, and gene ontology analysis 

performed on the set of proteins increased during infection with the WT strain compared to Dess 

(Figure 4-5-I). Among the top enriched proteins identified in this dataset were clathrin-related 

proteins (Figure 4-5-K) that  may play a role in GBS transcytosis across the blood-brain 
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barrier(Herold et al., 2019; Mu et al., 2016). Among proteins with reduced abundance in the brains 

of animals infected with WT GBS compared to Dess were several associated with high density 

lipoprotein (HDL) remodeling (Figure 4-5-J) such as were Ahsg, Alb, ApoA1, and Chgb, proteins 

with still unelucidated roles in brain health and disease (Figure 4-5-L).  

4.4: Discussion 

 GBS remains an important human pathogen and a significant cause of poor clinical 

outcomes for afflicted neonates(Libster et al., 2012). A more complete understanding of GBS 

virulence processes is needed to advance novel therapeutics or preventative strategies against this 

pathogen. Here, we characterized the GBS S protein homolog to a virulence determinant originally 

identified in GAS. The data presented demonstrate that the GBS S protein plays a role in the ability 

of GBS to maintain its surface homeostasis and to resist bloodstream clearance. As with S protein 

in GAS, deletion of S protein in GBS results in alterations to bacterial physiology and reduced 

virulence in vivo. In particular, S protein in GBS appears to be required for proper anchoring of 

the surface polysaccharide capsule, a classical virulence determinant among GBS strains. 

Alterations within the GBS surface-anchored virulome extend beyond capsular retention to protein 

and glycoprotein-based surface characteristics of GBS important from virulence. A GBS S protein 

null strain was highly impaired in its ability to resist neutrophil and whole blood clearance and to 

cause invasive disease in vivo. Proteome analysis of the organs revealed that the S protein deletion 

mutant elicited a more robust systemic host response compared to the WT strain, suggesting that 

rapid clearance of the bacteria is associated with efficient recognition of the bacteria resulting from 

the absence of S protein. Further analysis of brain tissues showed increased clathrin-related 

proteins during WT GBS infection.  
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 In deleting the S protein homolog gene locus (ess) we identified altered surface chemistry 

and aggregation phenotypes, which were restored when the mutant was complemented using a 

vector with S protein expressed in trans. Altered surface chemistry presented as increased 

hydrophobicity, which we linked to reduced capsular retention. Our results also demonstrate that 

S protein occupies a central role in surface homeostasis of GBS. Given the pleiotropic impact of 

S protein deletion of GBS physiology, the impaired in vivo virulence phenotype identified is likely 

reflective of the cumulative surface changes to the bacteria. S protein deletion sensitized bacteria 

to a robust immune response in the spleen including an increase in the abundance of proteasome 

components, an important contributor to antigen presentation during the development of adaptive 

immunity. While the S protein deletion strain is efficiently cleared from the system, the bacteria 

may nevertheless be processed to promote long-term adaptive immunity against GBS. 

Clathrin-related proteins were identified during infection of the brain with the WT strain 

compared to the S protein deletion mutant. Past studies have demonstrated that GBS facilitates 

endocytosis and invasion into host cells by coopting the natural process of clathrin-mediated 

endocytosis(Lemire et al., 2012). GBS facilitate invasion through the notoriously impermeable 

blood-brain barrier as an essential first step in the pathogenesis of GBS meningitis(Zhu et al., 

2021). Our results suggest that a higher degree of blood-brain barrier penetration or 

permeabilization occurs in response to infection with the WT GBS compared to infection with the 

S protein deletion strain. As removal of S protein results in loss of proper capsular anchoring to 

the bacterial surface, poor bacterial penetration into the brain tissues and the failure of clathrin 

proteins to increase in abundance likely results from enhanced clearance of the bacteria from the 

blood by neutrophils as shown in our in vitro assays. This result could also be caused by increased 
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sensitization to platelet antimicrobial factors to which GBS capsule promotes resistance 

(Uchiyama et al., 2019).  

Additional studies are needed to more completely understand the role of the S protein 

homolog in GBS pathophysiology and how alterations in the GBS surface resulted in increased 

vulnerability to detection and killing by host immune modalities.  Future work to probe the 

relationship of S protein to the full catalogue of known GBS virulence determinants will help 

determine its viability as an anti-virulence or vaccine target.  

4.5: Methods 

Ethics Statement 

Animal studies were conducted under protocols approved by the UC San Diego 

Institutional Animal Care and Use Committee (IACUC). Fresh whole blood and blood for 

neutrophil isolation were obtained via venipuncture from healthy volunteers under written 

informed consent approved by the UC San Diego Human Research Protection Program. 

Bacterial culture methods 

Bacteria were grown in sterile Todd-Hewitt broth (THB, Hardy Diagnostics). 

WT+pDCerm, Dess+pDCerm, and Dess+pDCerm::ess GBS strains were grown in THB 

supplemented with 5 µg/mL erythromycin. 

GBS strain generation 

 Cloning methods were adapted from several sources(Framson et al., 1997; Patras et al., 

2018; Wierzbicki et al., 2019). Briefly, the ess homolog from GBS was identified in the genome 

of the well characterized GBS serotype V strain NCTC 10/84 strain (American Type Culture 

Collection catalog no. 49447). Genomic DNA was extracted from GBS NCTC 10/84 grown 

overnight in 10mL of THB using a Genomic DNA Isolation Kit (Wizard). Bacterial pellets were 
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resuspended in 480 µL of 50 mM EDTA with 120 µL of lysozyme (10mg/mL in deionized H2O). 

Cells were incubated at 37ºC for 45 min to allow digestion of the cell wall. Pellets were subjected 

to centrifugation and resuspended in Nuclei Lysis Solution, before being incubated at 80ºC for 5 

min. After samples were cooled, 1.2 µL RNase solution was added, and samples were incubated 

at 37ºC for 45 min. Next, 200 µL of Protein Precipitation Solution was added, and samples were 

incubated on ice for 5 min. Precipitated protein was subjected to centrifugation and supernatant 

was retained. Samples were mixed with isopropanol and subjected to centrifugation. Supernatant 

was next discarded, and 600 µL of 70% ethanol was added After vortexing and centrifugation at 

maximum speed, supernatant was decanted and remaining material was allowed to dry for 15 min. 

The genomic DNA was rehydrated in 100 µL of deionized water at 65ºC.  

Amplification of the gene-coding region containing the flanking regions of the ess homolog 

was performed using PCR, with forward and reverse primers used to amplify the 500 bp upstream 

(FW: 5’-AATCCTCCCCGACTTCCCCCTTGTTAATC-3’; REV: 5’-TAGGATTGTATCTTTTAACTTTTTAAG-3’) and 

downstream (FW: 5’-TTTCTTGATTTTCTTTAAAGCG-3’; REV: 5’-GGGGGAAGTCGGGGAGGATTATGAACTC-

3’) of the gene. Q5 High Fidelity Polymerase (New England Biolabs) was used for amplification 

and confirmed by polyacrylamide gel electrophoresis. Next, Gibson assembly was performed on 

the fragments by mixing 0.2 pmol of each at a 1:1 ratio along with 10 µL Gibson Assembly Master 

Mix (New England Biosciences) and 10µL deionized water. Mixtures were incubated at 50ºC for 

30 min. The resulting assembly fragments were amplified with Q5 polymerase to include 

restriction enzyme sites on either side, Xho1 and Not1 (FW: 5’-

TATATACTCGAGTTTCTTGATTTTCTTTAAAGCG-3’; REV: 5’-

TATATAGCGGCCGCTAGGATTGTATCTTTTAACTTTTTAAG-3’). The fragment and the pHY304 vector 

were next subjected to enzymatic digestion with Xho1 and Not1 in CutSmart Buffer (New England 
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Biosciences). After digestion, fragments were purified and quantified by nanodrop. Digestion 

fragments were ligated together with Quick Ligase (New England Biosciences), transformed into 

chemically competent DH5a E. coli and clones selected on LB agar with 500 µg/mL erythromycin 

to identify recombinant vector, pAC1. pAC1 identity was checked using PCR for the ligation sites 

(FW: 5’-GCAAGGCGATTAAGTTGGGT-3’; REV: 5’-GTGTGGAATTGTGAGCGG-3’). Electrocompetent GBS 

were generated by growing bacteria in 0.6% glycine in THB. Bacteria were washed in 0.625M 

sucrose pH 4.5 and resuspended in an identical buffer(Framson et al., 1997). Purified AC1 

plasmids were mixed with electrocompetent GBS, with 1µL of pAC1 and 75µL of bacteria. 

Samples were gently mixed and incubated on ice for 30 min. Electroporation occurred using 0.1 

cm cuvette and the following settings: 600 W, 1.25 kV, and 25 µF. After electroporation, bacteria 

were incubated in THB with 0.25 M sucrose for 2 h on a rotator at 30ºC. Antibiotic selection was 

performed on THB with 5 µg/mL erythromycin at 30ºC overnight. Positive colonies were shifted 

to 37ºC with erythromycin pressure maintained to allow for single crossover insertion. Cultures 

were plated on THB media and screened for loss of erythromycin resistance. Erythromycin 

sensitive strains were expanded in THB media, and genomic DNA extracted. Loss of ess (Dess) or 

reinstatement of the native gene (revertant) was confirmed by PRC amplification of the gene region 

and flanking areas (FW: 5’-CATGACTAATTCTTCATGTC-3’; REV: 5’-GGACGTTTTGAATTCGTTAG-3’). The 

amplified region was then sequenced by Eton Biosciences to ensure that gene knockouts were 

properly constructed. 

 For generation of the complemented strain, the Dess S protein deletion strain of NCTC in 

GBS was rendered electrocompetent (with initial growth conditions adjusted to 0.4% glycine). A 

complementation vector with ess, 500bp upstream, and 327bp downstream of the chromosomal 

ess gene in the multiple cloning site of the pDCerm plasmid was synthesized de novo by GenScript. 
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Electroporation to introduce the plasmid into the Dess genotype background was performed as 

described above. In parallel, electrocompetent WT NCTC and Dess NCTC were electroporated in 

the presence of pDCerm lacking components of ess to ensure that identical growth conditions 

could be applied to all strains. Positive clones of all colonies were selected for on THB agar with 

5 µg/mL erythromycin. Positive clones of the complemented strain were amplified in liquid media, 

prepared for plasmid purification, and plasmids were sequenced to confirm introduction of the 

appropriate plasmid by Eton Biosciences. 

Hydrophobicity Assay 

 Bacterial cultures were grown overnight in THB at 37°C. Two mL each of overnight 

cultures were subjected to centrifugation at 8,000 x g for 2 min. Pellets were washed in sterile PBS 

twice. Hydrophobicity assay was performed by resuspending bacteria in 2 mL of sterile PBS. 500 

µL of n-hexadecane was layered on top of each sample. Negative control duplicates containing 

only PBS with culture pellets were also prepared. Tubes were covered with parafilm and subjected 

to vigorous vortexing for 15 sec each. Aqueous and organic layers were allowed to separate for 5 

min. Hydrophobicity was assessed by measuring OD600 of the aqueous fraction and dividing this 

value by the negative control OD600. This number was multiplied by 100 and then subtracted from 

100. The experiment was performed in biological triplicate.  

Electron Microscopy and Capsule Thickness Determination 

GBS strains were grown overnight then inoculated 1:10 in fresh THB media. When the 

culture reached optimal density OD600=0.4, 1 ml of the culture was spun down, washed once with 

PBS and was fixed by adding modified Karnovsky's fixative (2.5% glutaraldehyde + 2% 

paraformaldehyde in 0.15 M sodium cacodylate buffer, pH 7.4) for at least 4 h, post-fixed in 1% 

osmium tetroxide in 0.15 M cacodylate buffer for 1 h, and stained in block in 2% uranyl acetate 
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for 1 h. Samples were dehydrated in ethanol, embedded in Durcupan epoxy resin (Sigma-Aldrich), 

sectioned at 50–60 nm on a Leica 6 UCT ultramicrotome, and picked up on Formvar and carbon-

coated copper grids. Sections were stained with 2% uranyl acetate for 5 min and Sato's lead stain 

for 1 min. Grids were viewed using a JEOL 1200 EX II TEM transmission electron microscope 

and images obtained with Gatan 792 and Gatan Orius 600 digital cameras. Images were taken from 

multiple random fields at magnifications ranging from 10,000× to 50,000×. GBS capsule thickness 

of at least 10 random bacteria from at least 5 random pictures for each strain was measured using 

the Image J software. 

Supernatant Quantification of Capsule 

 Capsule quantification was performed using a modified published method(Jin and 

Pancholi, 2006). Briefly, 5 ml of overnight bacterial cultures were subjected to centrifugation at 

8,000 x g for 5 min. Supernatants were segregated from pellets and filtered through 0.22 µm 

barriers. 2 mL of each supernatant (from WT, S protein deletion mutant, and complemented 

strains) was mixed with 2 mL of a chromogenic reagent comprised of 20mg of 3,3′-Diethyl-9-

methyl-4,5,4′,5′-dibenzothiacarbocyanine, 1-Ethyl-2-3-(1-ethylnaphtho1,2-dthiazolin-2-ylidene)-

2-methylpropenylnaphtho1,2-dthiazolium bromide with 60 µL of glacial acetic acid in 100 mL of 

50% formamide in borosilicate test tubes. A standard capsule control was generated using 

Streptococcus equi capsule. Tubes were subjected to vigorous vortexing and absorbance read at 

640 nm. Absorbance value for experimental samples were calculated as a ratio of the S. equi 

standard.  

Whole Blood Killing Assay 

Fresh whole blood was acquired from healthy donors using protocols approved by the UC 

San Diego Human Research Protections Program. Overnight cultures of GBS strains were 
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inoculated to Todd Hewitt Broth (THB) at a ratio of 1:10. When the culture reached OD600=0.4, 

the culture was centrifuged and re-suspended in Hank’s Balanced Salt Solution (HBSS). 100 µL 

of fresh blood was seeded into a 96 well flat bottom plate. 20 µL of bacteria (5x104 CFU/well) 

prepared above were added on top of seeded blood and incubated for 30 min at 37°C on a 

horizontal rotor. Bacterial inoculum was reserved for plating to determine whole blood killing. 

After incubation, water was added to lyse red blood cells. Wells were properly mixed and diluted 

and plated on to agar plates. Each condition was tested in triplicate and the individual experiments 

were repeated at least 3 times. 

Neutrophil Killing Assay  

Neutrophils were isolated from fresh whole blood of healthy donors using protocols 

approved by the University of California San Diego (UCSD) Human Research Protections 

Program. The Polymorphprep (Axis-Shield) was used for extraction of neutrophils following the 

manufacturer’s protocol. All GBS strains were grown to mid-logarithmic growth phase (OD600nm 

= 0.4) and washed in PBS. Neutrophils were added to bacteria at a multiplicity of infection (MOI) 

= 0.1 bacteria per neutrophil, centrifuged at 500 x g for 5 min to ensure contact, and incubated for 

30 min at 37°C with 5% CO2.  Prepped neutrophils were re-suspended in HBSS (Ca+, Mg+ before 

the assay) at a concentration of 5x106 cells/mL. Next, 100 µL neutrophils (5x105 cells) were seeded 

to 96 well flat bottom plate to have each condition in triplicate and 100 µL of bacteria (5x104 

CFU/well) prepared above was added to each well of neutrophils. The 96 well plate was 

centrifuged at 500 x g for 5 min and then incubated in 37C + 5% CO2 for 30 min. At experiment 

termination, samples were serially diluted in PBS and plated onto THB agar plates for CFU 

enumeration. Each condition was tested in triplicate and the individual experiments were repeated 

at least 3 times. 
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Primary Human Neutrophil Oxidative Burst Assay 

Human neutrophils (1 × 107/mL) were loaded with 20 μM 2,7-dichlorofluorescein diacetate 

(DCFH-DA; Fisher) in Hank’s balanced salt solution (HBSS, Cellgro) without Ca2+ and Mg2+ and 

incubated with rotation at 37°C for 20 min. Neutrophils were washed once with PBS and 

resuspended in HBSS with Ca2+ and Mg2+ to a density of 1 × 106 cells/well in a white wall 96 well 

palate (Costar). Multiplicity of infection (MOI) = 1 bacteria per neutrophil was added to each well 

and was incubated for 30 min at 37°C with 5% CO2. Fluorescence intensity at 485 nm 

excitation/520 nm emission quantified on an Enspire plate reader (Perkin Elmer). 

Animal Studies 

The CD1 mice used in this study were acquired from Charles River. For survival studies, 

6x107 CFU GBS strains were intraperitoneally injected in to 8 weeks old female CD1 mice. 

Survival of infected mice were monitored every 8 h for 6 days.  For CFU enumeration and mass 

spectrometry experiments, 4.6-4.8 x 107 CFU GBS strains or PBS controls were I.P. injected into 

8 weeks old female CD1 mice. Mice were euthanized 24 h after infection and blood, brain, spleen, 

and liver were harvested and homogenized. Dilution was plated onto Todd-Hewitt agar plates 

(THA) for CFU enumeration. Part of the samples were kept in -80°C for proteome analysis. 

GBS Surfome Analysis 

 GBS strains (WT+pDCerm, Δess+pDCerm, and Δess+pDCerm::ess) were grown 

overnight from frozen glycerol stocks in Todd-Hewitt broth (THB) at 37°C.  GBS cultures were 

grown the next day at a 1:20 dilution in THB for 3 h. Bacterial cultures were centrifuged at 12,000 

x g for 5 min at 4°C and washed three times with sterile phosphate-buffered saline (PBS). After 

the last wash, pellets were processed for protein digestion via resuspension in 1M urea with 50mM 

HEPES and 10 µg of trypsin rotating at 37°C for 40 min. Digested culture samples were 
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centrifuged at 12,000 x g for 5 min and supernatant was removed. Isolated peptides were filtered 

using Millex-GP 0.22 µm polyethersulfone syringe filters. Peptides were subjected to reduction of 

disulfide bonds via addition of dithiothreitol (DTT) to a final concentration of 5 mM and 

incubation at 56°C for 30 min. Reduced disulfide bonds were alkylated via addition of 

iodoacetamide (IAA) to a final concentration of 15 µM and incubation at room temperature in a 

darkened environment. The alkylation reaction was quenched via addition of DTT to a final 

concentration of 5 mM and incubation at room temperature on a benchtop. Peptides were then 

desalted using C18 columns using manufacturer’s instructions (Waters). Desalted peptides were 

dried under vacuum and analyzed using an Orbitrap Fusion Mass Spectrometer (See Mass 

Spectrometry Methods). 

Organ Proteome Analysis 

Lysed samples were sonicated using a Q500 QSonica sonicator with a 1.6 mm tip at 20% 

amplitude for a pulse rate of 10 sec on, 10 sec off for three cycles. Reduction of protein disulfide 

bond was performed using 5 µL of 1 M dithiothreitol (DTT). Samples were vortexed and incubated 

at 47°C for 30 min. Alkylation of reduced disulfide bonds was performed using 15 µL of 1M 

iodoacetamide (IAA) in a dark environment at room temperature for 45 min. The alkylation 

reaction was quenched using 5 µL of 1 M DTT. 

S-trap mini by ProtiFi was used for protein extraction and digestion. Briefly, samples were 

prepared by addition of 27 µL of 12% phosphoric acid to reduced and alkylated samples. Binding 

buffer containing 90% methanol and 50 mM TEAB, adjusted to pH 7.1 was added to samples at a 

7:1 ratio to sample volume. Samples were loaded on to S-trap mini spin columns. Bound samples 

were washed with 165 µL of binding buffer. Samples were digested using 5 µL trypsin (2.5 µg) 

and 115 µL 50 mM TEAB per sample and an incubation period of 3 hours at 47°C. Peptides were 
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eluted by using 125 µL 50mM TEAB, 125 µL 5% FA, and 125 µL 50% ACN, 5% formic acid 

(FA) in individual subsequent steps. Eluted peptides were dried under vacuum. Dried down peptide 

pellets were resuspended in 0.1% trifluoroacetic acid (TFA). Samples were then desalted using 

C18 resin columns and again dried under vacuum. 

Dried samples were resuspended in 50 µL of a solution of 30% dry acetonitrile and 200 

mM HEPES (pH 8.5). TMT reagents (Thermo Scientific) were resuspended in 30% dry acetonitrile 

and 50 mM HEPES (pH 8.5). Sample labeling was performed by adding 7.5 µL of appropriate 

TMT label on each sample with an incubation period of 1 h at room temperature. Labeling reaction 

was quenched using 9 µL of 5% hydroxylamine per sample tube with an incubation period of 15 

min.  

Sample fractionation  

Multiplexed samples were fractioned with Pierce High pH Reversed-Phase Peptide 

Fractionation Kit (Thermo Scientific) using the manufacturer’s protocol. Briefly, samples were 

resuspended in 300 µL of 0.1% TFA solution. Samples were bound to the resin and eluted using 

increasing concentrations of acetonitrile. After fractionation samples were dried using vacuum 

centrifugation. Eight fractions resulted from each multiplexed experiment, and were analyzed 

using an Orbitrap Fusion Mass Spectrometer (See Mass Spectrometry Methods) 

Mass Spectrometry Methods 

 Mass spectrometry-based proteome analysis was performed on an Orbitrap Fusion Mass 

Spectrometer with in-line Easy nano-LC. The LC was connected to the mass spectrometer via an 

in-house pulled and packed column with the following characteristics: the column was 30 cm long 

column with contents starting from the spray tip as follows: 0.5 cm of 5 µm C4, 0.5 cm of 3 µm 

C18, and 29 cm of 1.8 µm C18. The inner diameter was 100 µm, while the outer was 350 µm. The 
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column, sample injection, and waste lines were connected via a T-junction which was electrified 

at 2000V to induce nanospray ionization.  

For surfome proteomics, 12 alternating fractions were resuspended in 8 µL of 5% ACN 

with 5% FA, and 3 µL of each were injected onto the fractionation column. For organ proteomics, 

all 8 resultant fractions were resuspended as above, but only 1 µL of each was used for analysis 

for blood and spleens, while 3 µL were used for brain samples.  

MS1 data were acquired in data-dependent mode using a scan range of 500-1200 m/z and 

resolution of 60,000. Maximum inject time was 100ms and automatic gain control (AGC) was 2 x 

105. MS2 data were collected using the decision tree option, with two possibilities: ions with 2 

charges were analyzed within the 600-1200 m/z range, while those with 3-4 charges were acquired 

between 500-1200 m/z. The lower threshold for ion fragmentation was 5 x 104. Ions selected for 

fragmentation in the quadropole at 0.5 Th were fragmented using CID in the linear ion trap in 

centroid mode. Rapid scan rate was used and the AGC setting was 1 x 104. MS3 based quantitation 

was performed in the Orbitrap following HCD fragmentation. Reporter ion detection occurred with 

60,000 resolution and AGC of 1 x 105 with maximum ion inject time of 100ms.  

Proteome Data Processing 

 Proteome data were searched using Proteome Discoverer. Surfome data were searched 

against the reference proteome for Streptococcus agalactiae serotype V downloaded from 

Uniprot.com. Organ proteome data was searched against the Mus musculus reference proteome 

downloaded from Uniprot.com. The Sequest algorithm was used to facilitate spectral matching to 

an in silico theoretical database generated from each reference proteome(Eng et al., 1994). The 

mass tolerance for precursor ions was 50 ppm and the fragment ion mass tolerance was 0.6 Da. 

Two missed cleavages were allowed, and peptide length was relegated to 6-144 amino acids. 
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Allowed modifications included oxidation of methionine (variable) and TMT labeling of lysines 

and N-termini and carbamidomethylation of cysteine (static). For glycoproteome analysis of 

surfome data, a Byonic node replaced the Sequest node, allowed static modifications were 

expanded to include putative sugar modifications specified in Figure 4-2-E. and A false discovery 

rate of 1% was applied for filtering for peptides and proteins. 

 Following completion of each search, proteome data were processed and normalized. For 

processing, peptide spectral matches (PSMs) were filtered to exclude matches without “High” 

confidence and with a “Rejected” PSM ambiguity. They were also filtered to retain only those 

PSMs that had average quantitation abundance >10 and had isolation interference value <25. PSMs 

were summed to the protein level, or for glycoproteome investigations, to the unique modified 

peptide level. Summed values were normalized to the average value for each unique entity, which 

were themselves normalized to the median of the averages. The organ proteome data values were 

next subjected to channel-based normalization, where each value was divided by the median for a 

specific channel, which was itself divided by the median of all protein abundance values. 

Data Analysis and Figure Generation 

 For biological assays, one-way ANOVA statistical tests with Tukey’s Multiple 

Comparison Test was performed using GraphPad Prism. Statistical significance was denoted using 

the following scheme: ns: non-significant; *p value<0.05; **p value<0.01; ***p value<0.001; 

****p value<0.0001. For proteome data where binary comparisons were performed, statistical 

significance was determined for two comparison groups either using p-value based significance 

metrics or p score, a significance metric incorporating both p value and fold change. For 

proteomics data, p value was determined using Students T-test with Welch’s correction in 

instances where the assumption of equal variances could not be fulfilled based on F test values.  
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 Heatmap generation for hierarchical clustering was performed in Morpheus 

(https://software.broadinstitute.org/morpheus). Venn Diagrams were generated using 

BioVenn(Hulsen et al., 2008). Cytoscape was used to process String interaction network-based 

figures. All other graphs were made using GraphPad Prism. All figures were compiled and 

processed in Adobe Illustrator.  

Data Availability 

Proteome data was uploaded to massive.ucsd.edu and can be accessed using the following 

identifiers: PXD026318 for GBS surfome analysis; PXD026319 for blood proteome analysis; 

PXD026396 for spleen proteome analysis; and PXD026418 for brain proteome analysis. 

Data Availability Statement 

 The raw data supporting the conclusions of this article will be made available by the 
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5.1: Abstract 

Group B Streptococcus (GBS) remains the leading cause of neonatal meningitis, a disease 

associated with high rates of adverse neurological sequelae. The in vivo relationship between GBS 

and the brain tissues remains poorly characterized, partly because past studies have focused on 

microbial rather than host processes. Additionally, the field has not capitalized on systems-level 

technologies to probe the host-pathogen relationship. Here, we use multiplexed quantitative 

proteomics to investigate the effect of GBS infection in the murine brain at various levels of tissue 

complexity, beginning with the whole organ and moving to brain vascular substructures. Infected 

whole brains showed classical signatures associated with the acute phase response. In isolated 

brain microvessels, classical blood-brain barrier proteins were unaltered, but interferon signaling 

and leukocyte recruitment proteins were upregulated. The choroid plexus showed increases in 

peripheral immune cell proteins. Proteins increased in the vasculature during GBS invasion were 

associated with MHC Class I antigen processing and endoplasmic reticulum dysfunction, a finding 

which correlated with altered host protein glycosylation profiles. Globally, there was low 

concordance between the infection proteome of whole brains and isolated vascular tissues. This 

study underscores the utility of unbiased, systems-scale analyses of functional tissue substructures 

for understanding disease. 

Group B Streptococcal (GBS) meningitis remains a major cause of poor health outcomes 

very early in life. Both the host-pathogen relationship leading to disease and the massive host 

response to infection contributing to these poor outcomes are orchestrated at the tissue and cell 

type level. GBS meningitis is thought to result when bacteria present in the blood circumvent the 

selectively-permeable vascular barriers that feed the brain. Additionally, tissue damage subsequent 

to bacterial invasion is mediated by inflammation and by immune cells from the periphery crossing 
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the blood-brain barrier. Indeed, the vasculature plays a central role in disease processes occurring 

during GBS infection of the brain.  Here, we employ quantitative proteomic analysis of brain 

vascular substructures during invasive GBS disease. We use the generated data to map molecular 

alterations associated with tissue perturbation, finding widespread intracellular dysfunction and 

punctuating the importance of investigations relegated to tissue type over the whole organ.     

5.2: Introduction 

Streptococcus agalactiae, or Group B Streptococcus (GBS) remains the leading cause of 

neonatal sepsis and meningitis (Thigpen et al., 2011). Notably, up to 50% of infants that recover 

from GBS meningitis suffer from neurological problems, such as blindness, deafness, and cerebral 

palsy, later in life (Edwards et al., 1985; Libster et al., 2012). It has been posited that perturbation 

of the system of continuous capillaries that supply the brain tissues with nutrients, collectively 

known as the blood-brain barrier (BBB), is a prerequisite for the development of GBS meningitis 

(Kim et al., 2017; Nizet et al., 1997). Despite decades of study, the relationship between GBS and 

tissues of the BBB remains poorly understood.  

The capillaries of the BBB are characterized by the maintenance of specialized cell-cell 

junctions and by low rates of transcytosis that prevent the unimpeded passage of cells and 

molecules from the blood into the privileged tissues of the brain (Vorbrodt and Dobrogowska, 

2003). Also important to the protection of the brain tissues from the blood is the choroid plexus 

(CP), a fenestrated vascular structure in the brain that comprises a part of the blood-cerebrospinal 

fluid (CSF) barrier. Several studies have investigated GBS interactions with the BBB by studying 

specific bacterial virulence factors (Banerjee et al., 2011; Doran et al., 2003; Kim et al., 2019, 

2017, 2015; Mu et al., 2014; Tazi et al., 2010; van Sorge et al., 2009). Among these was a study 

identifying iagA, a putative lipoteichoic acid (LTA) anchor that was critical for penetration of brain 
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microvascular endothelial cells (BMECs) in vitro and for GBS meningitis in vivo (Doran et al., 

2005). However, fewer studies have investigated changes to the host during this disease. 

Additionally, no studies to our knowledge have taken advantage of systems-level techniques such 

as proteomics to unbiasedly evaluate changes in these important physiological barriers during 

active GBS infection.  

While bacterial perturbation of the BBB precedes GBS meningitis, damage of the CNS 

tissues associated with meningitis is largely the result of the host response to the presence of 

bacteria within the brain. Indeed, a study on MyD88-/- and TLR2-/- mice demonstrated that the 

mutants lacking these key immune proteins had better overall outcomes than wild-type (WT) mice 

upon GBS infection (Mancuso et al., 2004). Host-centered studies can also shed light on 

pathogenic processes. One study showed that GBS was sufficient to activate the autophagy 

pathway in brain microvascular endothelial cells both in vitro and in vivo (Cutting et al., 2014), 

suggesting that GBS perturbs intracellular functions in the BBB endothelium. Additional studies 

on responses to GBS infection of the brain tissues can improve our understanding of host-pathogen 

interactions and the contribution of the immune response to clinical outcomes. 

Our goals in this study were two-fold: First, we sought to understand the tissue specific 

proteome signatures underpinning the host-pathogen relationship in GBS meningitis. Second, we 

endeavored to unbiasedly characterize molecular changes to the BBB during this disease, including 

post-translational modifications of the host proteome. We achieved these goals by performing 

quantitative mass spectrometry (MS)-based proteomic analysis of whole brains, brain capillaries, 

and choroid plexi collected from animals infected with a WT virulent GBS strain and its isogenic 

invasion-deficient mutant strain (DiagA). While whole brains showed changes in acute phase 

reactants typical of systemic bacterial infection, specific evaluations of the brain vasculature 
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yielded a more granular view into the alterations associated with bacterial perturbation of the BBB. 

Proteomic data from isolated microvessels and choroid plexi allowed us to map protein pathway 

changes in the CNS vasculature during infection, identifying several innate immune-related 

changes in both tissues. We also found invasion-associated increases in endogenous antigen 

presentation machinery and endoplasmic reticulum (ER) stress response proteins.  Conversely, 

there were no significant changes observed in many classical molecular features of the BBB. Given 

the established relationship between ER dysfunction and protein glycosylation, we expanded our 

search parameters to identify changes in post-translational modifications during infection, 

determining that invasive GBS infection was strongly associated with altered glycosylation of 

several secreted and cell surface proteins. Our study yielded proteome signatures of GBS infection 

in the brain vasculature not detectable through a whole organ approach, providing an important 

snapshot into molecular pathway changes during GBS meningitis.  

5.3: Results 

BBB Proteome Mapping of the Brain Tissues during GBS infection: To assess the 

proteome changes in the brain tissues during GBS infection, mice were first infected with WT 

GBS strain COH1, a virulent encapsulated serotype III strain, and its isogenic DiagA mutant 

(Doran et al., 2005). To assess the relative difference in infectivity of brain tissues in WT and 

DiagA strains at various time points, animals were sacrificed at 16 hours, 38 hours, and 62 hours 

post-infection. It was noted that at the 62 hour time point, WT GBS infected mice demonstrated 

signs of meningitis, such as seizures and motor difficulties. Whole brain and blood tissue were 

harvested and subjected to homogenization for colony-forming units (CFU) enumeration (n=5) 

(Figure 5-1-B-C).  Recovered CFUs from brain tissue were significantly higher in the WT 

compared to DiagA strains at the latest time point (62 hours post-infection). CFUs recovered from  
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Figure 5-1. Experimental outline showing strategy for delineating infection- and invasion-
associated proteome changes during GBS meningitis.  
 
A). Schematic detailing experimental strategy for mouse infection with WT and DiagA GBS 
isogenic strains, vascular tissue isolation, and proteomic analysis of isolated substructures. B-C). 
CFU enumeration of whole brain (B) and blood tissue (C) collected from mice infected with WT 
and DiagA COH1 GBS at 16, 38, and 62 hours post-infection. Statistical significance was 
determined through one-way ANOVA (* p<0.05; *** p<0.001). 
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the blood were not significantly different between either strain at this time point, supporting past 

research indicating that the two strains differ in their ability to mediate disease in the brain tissues 

(Doran et al., 2005). 

The whole brain tissue was next subjected to TMT-based quantitative multiplexed 

proteomic analysis, with 8,563 proteins quantified in total and 3,245 proteins quantified in 

common among all multiplexed experiments (n=4-5). Binary comparisons between WT- and 

mock-infected animals were performed to define the set of proteins significantly altered in 

abundance during GBS infection of the brain tissues (Figure 5-2-A-C). Of the differentially 

abundant proteins, a core set of 11 proteins were increased at all timepoints, while only one protein 

was decreased at all timepoints (Figure 5-2-D-E). Among the common increased proteins, all were 

associated with the acute phase response to infection (Saa1, Lrg1, Hp, Itih4, Serpina3n, Fga/b/g, 

Cp, and C3) (Figure 5-2-E). Ttr, a thyroxine transport protein previously identified in both the 

serum and cerebrospinal fluid (CSF) was decreased at all timepoints (Raju M et al., 2016). 

Although these changes aligned with known features of bacterial sepsis and meningitis, the whole 

brain tissue analysis of this experiment precluded the tissue-specific localization of these signals 

to the vascular barriers between the blood and brain.  

To address the shortcomings of whole organ proteomics in a disease-relevant tissue type, 

a separate cohort of mice was infected with WT and DiagA GBS, and all animals were sacrificed 

62 hours post-infection.  Capillaries (n=6 per infection group) and choroid plexi (n=3-4 per 

infection group) were isolated from the brains of infected mice and subjected to multiplexed 

quantitative proteomic analysis (Figure 5-1-A). For vessel proteomics, we detected and quantified 

4,786 proteins in total and 3,305 proteins in common between both multiplexed experiments. We 

detected 4,867 proteins in the choroid plexus experiment. Based on these numbers, this study is  
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Figure 5-2. CFU enumeration and quantitative proteomic analysis of whole brains infected 
with GBS. 
 
A-C). Binary comparisons of WT GBS-infected whole brains. Colored dots represent significantly 
up (red) or down (blue) -regulated proteins in WT GBS-infected brains compared to mock-infected 
brains (p>1). D). Venn diagram showing overlap of significantly altered proteins in WT GBS- 
compared to mock-infected whole brains at each time point. E). Average protein abundance values 
for significantly up and down-regulated proteins common to all timepoints in WT GBS- compared 
to mock-infected whole brains at each time point. F). Overlap of all identified proteins in vessel 
and choroid plexus proteomics experiments. G). Treemap representing Reactome functional 
enrichments for proteins uniquely identified in vessels. Cells are sized by -Log10(p-value) of 
enrichment. H). Treemap representing Reactome functional enrichments for proteins uniquely 
identified in choroid plexi. Cells are sized by -Log10(p-value) of enrichment. 

 



 149 

 



 150 

among the most comprehensive proteomic analysis of in vivo blood-brain barrier and choroid 

plexus tissues performed to date (Al Feteisi et al., 2018; Balusu et al., 2016; Chun et al., 2011; 

Duban-Deweer et al., 2012; Jiménez-Munguía et al., 2018; Krzyzanowska et al., 2015; Liu et al., 

2018; Ning et al., 2011; Sathyanesan et al., 2012; Thouvenot et al., 2012, 2006, Uchida et al., 2015, 

2011). Among the proteins detected in each of these tissue types, 3,051 were common to both, 

while 1,734 and 1,816 were unique to the vessels and choroid plexus, respectively (Figure 5-2-F). 

Reactome pathway analysis was performed on the proteins unique to each tissue type, where the 

most significantly enriched term was “Axon Guidance” for vessels and “TNF Signaling” for the 

choroid plexus (Figure 5-2-G-H) (Jassal et al., 2020). These findings underscore the role of 

differential protein abundance in dictating the functional characteristics of each of these two tissue 

types. 

Classical molecular signatures of the blood-brain barrier are unchanged during GBS 

meningitis: In crossing from the blood into the brain tissues, GBS is thought to circumvent the 

BBB, thus provoking inflammation and damage to the CNS. Therefore, we evaluated the brain 

vasculature proteome data for abundance changes in classical proteins implicated in BBB integrity 

during GBS infection. Comparing WT COH1-infected versus mock-infected vessels, we saw no 

significant difference in the abundances of cell-cell junction proteins known to confer 

characteristic continuity to the brain microvasculature, including Tjp1, Tjp2, Cldn5, Ocldn, Cdh5, 

JAM2, JAM3, F11r, and Esam (Liebner et al., 2000; Stamatovic et al., 2016; Vorbrodt and 

Dobrogowska, 2003) (Figure 5-3-A). We next contextualized our data against a published dataset 

of BBB-specific genes (Munji et al., 2019). Of 517 genes deemed “BBB-enriched” through 

transcriptomic profiling, we detected 122 in our proteomics dataset. Altered proteins were 

identified using p-scores, a metric that accounts for both statistical significance and fold change.   
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Figure 5-3. GBS infection is associated with changes in immune-related proteins in the brain 
vasculature  
 
A). Relative abundance values of classical blood-brain barrier protein markers in comparison 
between WT GBS- versus mock-infected blood vessels. B). Comparison of previously-published 
blood-brain barrier proteins from WT GBS-infected versus uninfected brain vessels (dark red: p-
score>1; light blue: p-value<0.05; Student’s T test). C). Comparison of previously-published 
blood-brain barrier dysfunction proteins from WT GBS-infected versus uninfected brain vessels 
(light red=p<0.05; Student’s T test). D). Bubbleplot demonstrating the functional annotations of 
significantly-altered proteins in a comparison of WT GBS versus uninfected brain vessels (p-
score>1). E). Protein-protein interaction networks for significantly altered proteins in WT GBS 
infected versus uninfected brain vessels (p-score>1). Networks were generated using String-db 
associations (Interaction score>0.9). F). Bubbleplot demonstrating the functional annotations of 
significantly-altered proteins in a comparison of WT GBS versus uninfected choroid plexi (p-
score>1). G). Protein-protein interaction networks for significantly altered proteins in WT GBS 
infected versus uninfected choroid plexi (p-score>1). Networks were generated using String-db 
associations (Interaction score>0.9).  
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Figure 5-4. Proteome abundance overlay of microvessel and choroid plexus compared to 
whole brains. 
 
A). Overlap of identified proteins in brain microvessel proteomics experiment and whole brains 
proteomics experiment. B). Correlation plot of Log2(Fold Change) between WT GBS infected and 
uninfected brain microvessels and whole brains at 62 hours post-infection. C). Correlation plot of 
Log2(Fold Change) between WT GBS infected and DiagA GBS infected brain microvessels and 
whole brains at 62 hours post-infection. D). Overlap of identified proteins in choroid plexus 
proteomics experiment and whole brains proteomics experiment E). Correlation plot of Log2(Fold 
Change) between WT GBS infected and uninfected choroid plexi and whole brains at 62 hours 
post-infection. F). Correlation plot of Log2(Fold Change) between WT GBS infected and DiagA 
GBS infected choroid plexi and whole brains at 62 hours post-infection. 
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When we evaluated protein abundance changes during infection with WT GBS for these 122 

proteins, only a single protein exceeded a p score of 1 (increased; Scl38a), with 5 proteins 

exceeding a p value-based significance threshold (decreased; Igf1r, Glb1, Ptgds, Rab11fip1, 

increased; Scl38a) (p<0.05) (Figure 5-3-B). We next attempted to benchmark infection-dependent 

changes in the BBB against gene expression changes in a published BBB dysfunction gene module  

(Munji et al., 2019). Of the 136 genes found to be strongly associated with BBB dysfunction in 

that study, we detected 35 in our proteomics dataset. When we evaluated GBS infection-dependent 

changes, no proteins exceeded a p score of 1, and only 2 proteins (increased; Ptgfrn and Vwf) 

showed significantly different abundances using a p value-based significance threshold (p<0.05) 

(Figure 5-3-C). Taken together, these findings suggest that many classical features of the BBB are 

maintained during GBS meningitis, and that perturbation of the BBB during GBS meningitis is 

distinct from other forms of brain injury where BBB dysfunction has been implicated.  

GBS infection is associated with changes in immune-related proteins in the brain 

vasculature: We next assessed the infection-dependent changes in the BBB during GBS infection, 

performing binary comparisons on the vessel and choroid plexus data collected from WT COH1-

infected and mock-infected animals. Vessel proteins meeting a p>1 threshold were subjected to 

functional annotation (Figure 5-3-D), and the majority of changes identified in the brain 

vasculature were related to the host immune response. Among the most highly significant changes 

in the brain microvasculature were Ackr1, Icam1, and Vcam1. These proteins play important roles 

in the recruitment of peripheral immune cells to the brain tissue during various neurological 

diseases (Al-Obaidi and Desa, 2018; Boyd et al., 1988; Freyer et al., 1999; Minten et al., 2014; 

Salvi et al., 2017; Sorensen et al., 2018; Wang et al., 2007). This analysis also detected an increase 

in transport proteins, Scl38a5 and Slc12a7. Both transporters have been identified as important  
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Figure 5-5. Mapping invasion-dependent proteome changes reveals altered endoplasmic 
reticulum protein pathway abundances. 
 
A). Heatmap of k-means clustered vessel proteomics average values from WT GBS-infected, 
DiagA GBS-infected, and mock-infected animals. To the left of the heatmap, clusters are numbered 
and delineated with colored bars. B). Protein interaction network of invasion-associated cluster 1 
(Interaction score>0.9). Nodes are sized by significance of the comparison between WT GBS-
infected vs.  ∆iagA GBS-infected vessels. Nodes are colored by fold change between WT GBS-
infected and ∆iagA GBS-infected quantitation value averages. Functional clusters are circled and 
labeled. Node labels are colored to enhance visibility against background. Nodes are sized by -
Log10(p-value), with increased significance associated with increased node size. 
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components of the BBB (Agarwal et al., 2010; Daneman et al., 2010; Munji et al., 2019), but their 

function during BBB perturbation remains poorly characterized. 

Protein interaction networks were constructed to identify groups of proteins influenced by 

GBS infection. Analysis of the vessel data revealed several proteins related to the acute phase 

response to infection (Hp, Hpx, Serpina3n, Fga/b, Igfbp7, Cfh, and C4b), antigen presentation 

(Tap1, Tap2, Tapbp, H2-D1, and H2-Q10), and interferon response (Igtp, Gbp2, Irgm1, and Iigp1) 

(Figure 5-3-E). Binary comparisons of WT GBS infected and uninfected choroid plexus tissue 

revealed many differentially regulated proteins (Figure 5-3-F). Network analysis of these proteins 

revealed an increase in proteins related to innate immune processes and the acute phase response 

(Arsa, Npc2, Ctsc, Rnaset2a, Elane, Arg1, Serpina3i/g/n, F13a1, Prss1, Ltf, Ctss, Hp, Hpx, Itih4, 

Tf, Ica, and Gm20425) (Figure 5-3-G). This is consistent with hallmark clinical features of GBS 

meningitis, in particular massive leukocyte infiltration into the CSF (Hoffman and Weber, 2009).  

Finally, we evaluated the degree to which infection-dependent changes in the brain 

microvessels and choroid plexus could be identified in the whole brain proteomics data. We 

identified 1,896 proteins in common between the whole brains and microvessels and 1,645 shared 

between the whole brains and choroid plexi. There was low concordance between WT infection-

dependent changes in whole brains compared to microvessels (r=0.0833) and choroid plexi 

(r=0.1197) (Figure 5-4-B, Figure 5-4-E, respectively). Low concordance was also found between 

invasion-dependent changes in whole brains compared to microvessels (r=-0.0663) and choroid 

plexi (r=0.0941) (Figure 5-4-D, Figure 5-4-F). These findings highlight the potential value of our 

tissue type-based strategy for probing the proteomics of GBS interaction with BBB structures. 

Invasive GBS infection in the brain vasculature results in increased intracellular 

stress proteins: Because previous studies showed that the iagA gene was associated with GBS  
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Figure 5-6. Functional GO analysis of all clusters derived from k-means clustering of brain 
microvessel proteomics data. 
 
A-H). Bar graphs representing significantly enriched functional terms from GO analysis of brain 
microvessel protein clusters derived from k-means clustering (8 clusters). Violin plot insets 
demonstrate the within-cluster average protein abundance trends for each experimental group. 
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invasion into the brain tissues, we next explored proteins with different abundance profiles in the 

brain vasculature during WT GBS and DiagA GBS infection. To identify disease-relevant protein 

abundance changes, we performed k-means clustering on the average values of each protein in WT 

GBS, DiagA GBS, and mock infection (Figure 5-5-A). Each cluster was then subjected to 

functional enrichment analysis using the KEGG search function of g:Profiler (Figure 5-6-). This 

analysis revealed a group of proteins (Cluster 1) whose abundance was increased during infection 

with the WT strain but unchanged in infection with the DiagA strain (Figure 5-6-A). The most 

strongly enriched terms associated with Cluster 1 were “Protein Processing in ER,” “Antigen 

Processing and Presentation,” and “Phagosome.”  

The proteins belonging to this cluster were further analyzed for functional groupings 

through network analysis (confidence score>0.9) (Figure 5-5-B). The networks identified clusters 

related to endoplasmic reticulum (ER) stress, ER-Golgi trafficking, and protein glycosylation. Of 

the 434 proteins identified in this cluster, 130 were related by “very high” interaction confidence 

scores (30%) and were associated with ER biology. Among the most highly differentially abundant 

proteins between WT and DiagA GBS infection were proteins related to endogenous antigen 

presentation via MHC Class I. In addition to MHC Class I subunits, this cluster included several 

signaling molecules related to peptide antigen loading in the ER, such as Tap1, Tap2, Tapbp, Calr, 

and Canx (Adhikari and Elliott, 2003).  

We next endeavored to validate the invasion-associated increases in MHC class I protein 

abundance using an alternative method. To achieve this, we performed immunofluorescent 

staining for MHC Class I in brain tissues collected from mice injected with WT GBS, DiagA GBS, 

or PBS (red). Bandeiraea simplicifolia lectin (BSL) stain was used to identify the brain vasculature 

(green).  Mice infected with WT GBS showed staining for MHC Class I in the brain  
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Figure 5-7. Invasive GBS infection in the brain engages vascular MHC Class I antigen 
presentation machinery. 
 
A). Immunofluorescent staining of whole brain sections taken from mice either infected with WT 
GBS or DiagA GBS or mock-infected. Sections were stained for MHC class I and BSL (a marker 
of blood vessels). B). Quantitation of mean fluorescence for MHC Class I staining images 
collected from three disparate regions of the cortex (WT-infected, n=3; iagA-infected and mock-
infected, n=4). Statistical significance was determined using one-way ANOVA test (* p<0.05; ** 
p<0.01; **** p<0.0001). 
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Figure 5-8. Vcam1 is increased in both WT GBS and DiagA GBS infected brain 
microvasculature. 
 
A). Immunofluorescent staining validation of increased Vcam1 in vasculature of WT GBS and 
DiagA GBS infected animals. Images were taken from the hypothalamus region of the brain in all 
animals. B). Quantification of Vcam1 staining in brains of infected mice determined by 
normalizing average Vcam1 intensity against BSL staining. Statistical significance was 
determined through one-way ANOVA. 
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microvasculature. In contrast, the vessels of mice either infected with DiagA GBS or mock-infected 

showed significantly weaker MHC Class I staining (Figure 5-7-A-B). MHC Class I staining was 

highly restricted to the brain vasculature, and was not found in other tissue types within the brain 

(Figure 5-7-A). A known marker of vascular inflammation, Vcam1, was increased above baseline 

during both WT and DiagA GBS infection in the microvessel proteomics data. We validated this 

finding through immunofluorescent staining of whole brain sections for Vcam1. Vcam1 staining 

was restricted to the brain vasculature and increased during infection with both strains used in this 

study (Figure 5-8-A-B). These findings demonstrate the validity of the proteomics approach to 

understanding GBS invasion-dependent host proteome changes.  

Invasive GBS infection of the brain vasculature and altered glycosylation: One of the 

central findings from our investigation of invasion-associated proteome changes in the brain 

vasculature during GBS meningitis was an increase in proteins related to ER stress, ER-Golgi 

trafficking, and protein glycosylation (Figure 5-5-B). The ER is a major site of post-translational 

glycosylation within the cell, and ER stasis has significant implications for overall cellular 

characteristics and cell survival. Additionally, cells increase glycosylation of proteins to enhance 

survival during times of ER stress (Cherepanova et al., 2016; Denzel et al., 2014; Vincenz and 

Hartl, 2014; Wang et al., 2014). To investigate the functional impact of ER stress in the BBB 

during GBS infection, we assessed whether glycosylation of host proteins was altered in the brain 

vasculature during GBS infection.  

Utilizing Global Natural Products Social Networking (GNPS), a tool that groups spectral 

data in an unbiased fashion for the identification of modified peptides, we found that a 162 Da 

hexose mass shift was the second most abundant chemical modification in the range of 3 to 300 

Da mass differences investigated, after a mass shift of 16 Da corresponding to oxidation (Figure  
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Figure 5-9. Quantitative Glycoproteomics of BBB during GBS Meningitis. 
 
A). Histogram of m/z difference distribution for networked peptides derived from GNPS. Mass 
shifts corresponding to known chemical modifications are highlighted ([16] oxidation; [28] 
formylation; [43] carbamylation; [57] carbamidomethylation; [72] ethoxyformylation; [162] 
hexose; [229] TMT label). B). Number of significantly altered glycopeptides in WT GBS- versus 
mock-infected vessels compared to the number of significantly altered glycopeptides in DiagA- 
versus mock-infected vessels (p-score threshold>0.5). C). Cellular component GO analysis ranked 
by -Log10(BH-adjusted p-value) (top 10 terms are shown). D). String protein interaction network 
for significantly altered glycosylated proteins (p-score threshold>0.5; interaction threshold>0.7). 
Nodes are sized by -Log10(p-value), with increased significance associated with increased node 
size. 
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5-9-A).  To evaluate the effect of GBS infection on glycosylation of vessel proteins, we utilized 

Byonic, a proteome analysis software that allows wider search parameters to facilitate the 

identification of post-translationally modified (PTM) peptides (Bern et al., 2012).  

Our MS-based analysis of the mouse vessel proteome collected 515,914 MS/MS spectra. 

However, only 120,909 spectra were matched to peptides using our standard methods, with a final 

match rate of 23.4%. A portion of unmatched MS/MS spectra is likely derived from heavily 

modified peptides, such as those that are glycosylated. In our expanded PTM-enabled search of 

the vessel data, we identified 180,667 peptide spectral matches, increasing our overall match rate 

to 35.02% (Figure 5-10-A). Peptide spectral matches were connected to the corresponding MS3 

spectra to yield quantitative information on 117,674 PSMs (Figure 5-10-B). MS3 quantitation 

values were summed at the glycosylated peptide level, resulting in 44,247 unique peptide features, 

among which 1,747 were glycosylated (Figure 5-10-C).  

 Binary comparisons were performed to identify differentially abundant glycosylation 

events in the context of GBS infection, yielding 104 unique glycopeptides upregulated during 

infection (p>0.5). Compared to the 104 increased glycopeptides in the WT GBS infected compared 

to mock-infected vessels, there were only 23 increased glycopeptides identified in our comparison 

of vessels collected from DiagA GBS infected compared to mock-infected animals (Figure 5-9-B). 

Proteins modified in the ER are often exported to the cell surface or extracellular space. To 

determine the localization of the modified proteins, we performed Gene Ontology (GO) analysis 

of proteins with significantly altered glycopeptides, focusing on cellular component. The most 

strongly enriched terms were “plasma membrane region,” “cell junction,” and “synapse,” 

indicating that many of the identified altered glycopeptides are functionally relevant to the vascular 

cell surface and extracellular space (Figure 5-10-C). We finally represented the significantly  
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Figure 5-10. Byonic analysis of spectra derived from microvessel proteomics experiment. 
 
A). Differential peptide spectral match rate between Proteome Discoverer and Byonic. B). 
Proportion of quantitative spectra matched to peptide spectral matches in Byonic analysis. C). 
Count of unique peptides and unique glycosylated peptides identified from Byonic analysis. 
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altered proteins as functional interaction network resource in order to facilitate the further study of 

altered glycosylation patterns in the brain vasculature during GBS infection (Figure 5-9-D). In 

sum, these data represent the first comprehensive glycoproteomic analysis of the GBS-diseased 

BBB and support our hypothesis that GBS-induced ER dysfunction is associated with wide-

ranging impacts on cellular function. 

5.4: Discussion 

In the present study, we first identified protein abundance changes in BBB structures that 

were associated with GBS infection but were not identified in our analysis of whole brains. Among 

the most significantly altered proteins we identified in the brain vasculature related to innate 

immunity and leukocyte recruitment. These findings are in line with known clinical features of 

GBS meningitis, including leukocyte infiltration into the brain parenchyma and associated 

perivascular edema. Notably, we identified a subset of BBB-related signaling proteins 

downregulated in the brain vasculature of infected mice, including Igf1r, Glb1, Ptgds, Rab11fip1. 

Previous literature indicates that these proteins play important roles in cell signaling. Indeed, one 

study showed that Igf1, the ligand for Igf1r, resulted in improved BBB integrity following brain 

hemorrhage (Nowrangi et al., 2019). This suggests that the altered vascular proteins identified in 

our study may play important roles in the pathophysiology of GBS meningitis, where the BBB is 

penetrated by bacteria. In the choroid plexus, we identified several proteins associated with 

leukocyte activity. Of note, there was only minor overlap between the altered proteins identified 

in whole brains compared to brain microvasculature and choroid plexi, underscoring the 

importance of tissue-specific assessments in the context of disease. 

 We also showed largescale pathway changes associated with ER antigen processing, stress, 

and dysfunction that are associated with the invasion or persistence of bacteria in the brain. While 
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the WT GBS-dependent increase in endogenous antigen presentation via MHC Class I has not 

previously been discussed in the literature, one study demonstrated that antibody blocking of MHC 

Class I reduced recruitment of peripheral leukocytes during viral meningitis (Kim et al., 2009). 

This finding is consistent with one of the best-studied roles of MHC Class I, the recruitment of 

immune cells to diseased tissues. Because MHC Class I participates in the presentation of 

endogenous antigens to the peripheral immune system, this finding also suggests that GBS 

antigens are present in the endothelial cells that make up the BBB. Indeed, although GBS is often 

described primarily as an extracellular pathogen, it has been shown to enter cultured brain 

endothelial cells (Cutting et al., 2014; Nizet et al., 1997). Additionally, numerous bacterial toxins 

enter host cells and exert pathogenic effects independently of bacterial entry, which could lead to 

both the engagement of endogenous antigen presentation and the ER dysfunction discussed below 

(Cutting et al., 2014; Williams and Tsai, 2016). 

We observed that several proteins related to ER stress were upregulated in an invasion-

dependent manner. Previous studies have demonstrated that bacterial toxins may trigger ER stress, 

and some have even suggested that ER stress induced by a related species, group A Streptococcus 

(GAS), may confer a strategic advantage by allowing the bacteria greater access to amino acids as 

a nitrogen source (Baruch et al., 2014). It is possible that GBS employs a similar strategy in its 

interference with cells in the BBB. 

 Altered glycosylation levels observed in this study could be linked to the increase in 

proteins associated with ER stress and vesicle trafficking dysfunction observed in the invasion-

associated proteome changes in the BBB. Indeed, we present evidence that invasive disease is 

associated with a greater degree of altered protein glycosylation. This hypothesis is further 

supported by the highly significant “synapse” and “plasma membrane” GO terms identified for 
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altered glycosylated peptides, as many glycosylated proteins are marked for export to the plasma 

membrane. The function of glycosylation of proteins associated with inflammation remains poorly 

understood. However, we observed an increase in glycopeptides derived from proteins involved 

in neurite outgrowth, including Cntn1, a protein that has been shown to play critical roles in cellular 

migration in the brain. This finding paired with the alterations of glycosylated sites in extracellular 

matrix proteins suggests dysfunctional cell-cell association or cellular migration may represent an 

as-yet undescribed pathogenic feature of GBS meningitis.  

 The data shown here suggest that BBB dysfunction associated with GBS meningitis is 

centered on aberrant ER activity rather than on largescale disruption of the classical markers of 

BBB integrity. Future studies can leverage the methods described here to evaluate even earlier 

timepoints as well as individual cell type populations to understand both the temporal and cell 

type-specific nature of the host-pathogen interaction leading to GBS meningitis. Given the 

complex makeup of the brain, it is likely that pathogens must engage diverse virulence mechanisms 

in order to manipulate the various cell types that make up the host system to cause invasive disease. 

Further studies could also utilize systems biology techniques and isogenic mutants to investigate 

host molecular changes caused by a key GBS virulence factor, the hemolysin/cytolysin, during 

BBB perturbation.  

 To conclude, this study demonstrates the advantages of tissue type-specific molecular 

profiling over whole organ studies or those limited to the evaluation of singular protein targets. 

Investigations of this nature are appropriate for the study of GBS infection in the CNS, as bacteria 

likely employ a multitude of strategies to circumvent the highly selective vascular barriers 

separating the blood and the brain. Additional studies using in vitro cell culture models could 

untangle the temporal nature of the various pathways altered during GBS infection in this study to 
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determine their importance to GBS pathophysiology. The data enclosed in this study lay the 

groundwork for future investigations into the molecular interplay between GBS virulence factors 

and host cell or tissue types. Finally, these methods are broadly applicable, and future systems-

level studies concerning pathogens, both bacterial and viral, and their relationship to the host 

should employ tissue type-specific methods of this nature in order to generate a more complete 

understanding of the diseased state. 

5.5: Methods 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 

Animal Subjects 

CD-1 mice used in the study were obtained from Charles River. Male mice aged 8-9 weeks 

were infected as described in the Methods Details section. Animals were housed in pathogen-free 

facilities until infections were performed. Animal experiments were approved by the committee 

on the use and care of animals at UC San Diego (UCSD) and performed using accepted veterinary 

standards. 

Bacteria  

WT and isogenic DiagA COH1 GBS strains were grown from frozen glycerol stocks in 

Todd-Hewitt Broth (THB) at 37°C. The DiagA COH1 GBS strain was generated in a previous 

study (Doran et al., 2005). 

METHOD DETAILS 

Mouse model of hematogenous GBS meningitis.   

For whole brain and vascular isolation studies, mice were infected with 1x108 CFU of WT 

COH1 or DiagA COH1. Bacteria were grown overnight, then back-diluted and grown for 4 hours 
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to mid-log phase. Prior to infection, bacteria were pelleted, washed in PBS, and serial dilutions 

were plated on solid medium. PBS was administered as a control.  

For CFU enumeration and whole brain proteomics, 5 animals per group were sacrificed 16 

(early), 38 (mid), or 62 (late/moribund) hours post-infection, as these time points corresponded to 

various stages previously measured by weight loss. Blood was serially diluted for CFU 

enumeration. Brain hemispheres were homogenized via bead-beating and either used for CFU 

enumeration or proteomic analysis. 

For vascular isolation studies, six animals per infection group were sacrificed 62 hours 

post-infection. Animals were put under general anesthesia by an IP injection of ketamine (100 

mg/kg)/xylazine (20 mg/kg) mixture. Blood was removed by transcardial perfusion of ice cold 

DPBS for 3 min at 4.5 µL/min. All dissections were conducted in cold DPBS. Brains were 

dissected to exclude the olfactory bulb, optic tract, cerebellum, pons and medulla. Meninges were 

removed by rolling brains on Whatman filter paper (Hardened 50). Choroid plexi were isolated by 

microdissection and were immediately stored on dry ice. Remaining brain tissue samples were 

immediately frozen in dry ice prior to vessel isolation. 

For the brain imaging cohort, mice were infected with 1x108 CFU of WT COH1 (n=3), 

DiagA COH1 (n=4), or PBS (n=4) and sacrificed 62 hours-post infection. Animals were put under 

general anesthesia by an IP injection of ketamine (100 mg/kg)/xylazine (20 mg/kg) mixture 

followed by transcardial perfusion of 0.2 mg/mL EZ-link sulfo NHS-biotin in DPBS (Gibco) 

solution using a Dynamax peristaltic pump for 10 min, followed by 10 min of perfusion with 4% 

paraformaldehyde in PBS. The flow rate of the pump was adjusted to match the cardiac output of 

mice (at 4.5 µL/min). Isolated whole brains were submerged in a solution of 30% sucrose for 

further processing.  



 171 

Brain Vasculature Isolation 

Purification of mouse brain vessels was adapted from an existing protocol (Boulay et al., 

2015). Briefly, mouse brains were cut into small pieces manually using a scalpel and subsequently 

homogenized with an automated Dounce homogenizer (20 strokes, 400rpm). The pellet was 

resuspended by adding dextran buffer and vigorously shaken before proceeding to centrifugation 

at 4,400xg for 15 min at 4°C. The supernatant along with the white myelin layer formed on top 

were aspirated and the remaining myelin carefully wiped from the tube walls. The pellet containing 

the blood vessels was resuspended and passed through a glass-bead column. Vessels adhering to 

the glass beads were collected by washing the beads in a buffer containing BSA. The solution 

containing purified blood vessels was filtered using a 70 μm mesh filter to exclude large blood 

vessels and a 20 μm mesh filter to retain small blood vessels and filter out remaining small debris. 

Blood vessels from the 20um filter were used for proteomic analysis.   

Immunofluorescent Staining 

Blocking and permeabilization of tissue sections was performed using 50% normal goat 

serum, 0.5% Triton X-100 and 1.5 M glycine in PBS to quench autofluorescence. Antibodies were 

diluted in 5% normal goat serum, 0.05% Triton X-100 and 0.15 M glycine at a 1:1000 

concentration and stained overnight at 4 °C.  Secondary antibodies and BSL were diluted in the 

same solution at a concentration of 1:1000 and incubated 2 hours at room temperature. When BSL 

staining was employed, stained sections were incubated in a solution of 4% paraformaldehyde for 

10 minutes following secondary antibody staining. Sections are mounted using Fluormount-G. For 

MHC Class I, images were taken from three disparate regions of the cortex in all animals. For 

Vcam1, images were collected from the hypothalamus and from two disparate regions of the cortex 

in all animals. Image analysis was performed using ImageJ, where background fluorescent was 
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removed by uniformly setting the lower threshold to 65 for MHC Class I, to 175 for Vcam1, and 

to 65 and 100 for MHC Class I and Vcam1 BSL images, respectively. Intensity of staining was 

quantified by measuring the average threshold adjusted intensity over the measured area and 

normalizing immunofluorescence against BSL values. For Vcam1 staining, the values for each 

brain region were additionally normalized against the average intensity value. 

Proteomics Sample Lysis.  

Whole brain tissue and choroid plexus samples were immersed in equal volumes of lysis 

buffer containing 75 mM NaCl, 3% sodium dodecyl sulfate (SDS), 1 mM sodium fluoride, 1 mM 

beta-glycerophosphate, 1 mM sodium orthovanadate, 10 mM sodium pyrophosphate, 1 mM 

phenylmethylsulfonyl fluoride, 1X cOmplete EDTA-free protease inhibitor cocktail, and 50 mM 

HEPES (Sigma), pH 8.5. Isolated vasculature samples were immersed in a solution comprised of 

1% w/v DDM, 50 mM HEPES, pH=8.5, 0.1M sodium chloride, 10mM sodium fluoride, 10mM b-

glycerophosphate, 2mM sodium orthovanadate, and 10mM sodium pyrophosphate. Vessels were 

immersed in a lysis buffer substituting SDS for n-Dodecyl-B-D-Maltoside (DDM). An equal 

volume of 8M urea was added to each sample. Samples were then subjected to probe sonication to 

ensure complete lysis. Probe sonication was performed using a Q500 QSonica sonicator with 

1.6mm microtip horn using the pulse setting, which alternated sonication at 20% amplitude for 15 

seconds with 15 seconds of rest three times.   

Protein Extraction and Digestion.  

Disulfide bond reduction was performed in 5mM dithiothreitol (DTT) at 56°C for 30 

minutes. Methylation of broken disulfide bonds was then performed in 15mM iodoacetamide 

(IAA) in a darkened environment for 20 minutes.  Quenching of the methylation reaction was 

performed by adding 5mM DTT and incubating samples in a darkened environment for 15 minutes 
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(Elias et al., 2005).  Protein from brain sample lysates were then precipitated using the chloroform-

methanol precipitation method previously described. Protein from endothelial cell samples was 

precipitated using trichloroacetic acid (TCA) in methods previously described. Following protein 

precipitation, solid-phase pellets were kept on ice to prevent biased sample loss of hydrophobic 

proteins. Protein pellets were washed with cold acetone following precipitation and centrifuged at 

4000 rpm for 2 minutes at 4°C. The resultant supernatant was removed and acetone washes were 

repeated twice more. Following the final wash, protein pellets were dried at 56°C. 

Protein Digestion and TMT Labeling.   

Dried protein pellets were resuspended in 900uL of 1M urea with 50mM HEPES, pH=8.5. 

Samples were vortexed for 5 minutes and sonicated in a water bath sonicator for 5 minutes to 

ensure rehydration of the pellets. Digestion of brain protein samples was performed at room 

temperature overnight with 9 µg sequencing-grade LysC. A second digestion step was performed 

using 8.6 µg sequencing-grade trypsin at 37°C for 6 hours.  The trypsin reaction was terminated 

by addition of 60 µL of 10% trifluoroacetic acid (TFA). Insoluble debris was pelleted by 

centrifuging the samples for 5 minutes at 4000 rpm. Digested soluble peptide was desalted on C18 

resin columns and dried under vacuum. Lyophilized peptides were resuspended in 1 mL 50% 

acetonitrile and 5% formic acid prior to peptide quantification using the Pierce Quantitative 

Peptide Assay Kit. 50 ug of peptide from each sample was separated for further analysis (McAlister 

et al., 2012; Thompson et al., 2003). An internal standard termed a “bridge channel” was prepared 

from the peptide isolates by mixing equal amounts of each sample together and separating three 

aliquots of 50 µg from this mixture. Peptide samples intended for TMT labeling and mass 

spectrometry-based proteomic analysis were lyophilized overnight under vacuum.  These samples 

were resuspended in 50 µL of a solution of 30% dry acetonitrile and 50mM of HEPES, pH=8.5.  
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TMT reagents were resuspended by vortexing for 5 minutes in a solution of 30% dry acetonitrile 

and 50mM of HEPES, pH=8.5. Labeling was performed on resuspended peptides by incubating in 

8µL for one hour at room temperature. Reaction quenching was performed for 15 minutes by 

adding 9µL of 5% hydroxylamine to reaction tubes. After reaction quenching, samples were 

acidified using 50µL of 1% TFA. Of note, brain sample label assignment for this experiment was 

performed as part of a larger experiment with a total of 135 mouse brain samples.  Sample label 

assignment was performed such that no two replicates were assigned to the same label channel.  

Bridge channels for the proteomics experiment were assigned to the 126 TMT label for all three 

10-plexed runs.  Following acidification of labeled samples, labeled peptides within each 10-plex 

were mixed together, desalted on C18 resin columns, and lyophilized.     

Sample Fractionation.  

Choroid plexus and microvessel multiplexed samples were fractionated using spin columns 

as recommended by the manufacturer (Pierce). 

LC-MS/MS/MS.   

Dried fractions were resuspended in a solution of 5% acetonitrile and 5% formic acid. Mass 

spectrometry-based proteomic data collection was performed on an Orbitrap Fusion with in-line 

Easy nano-LC.  Fractions were run on 3 hour gradients, and the column was washed in between 

each multiplexed set of fractions run. The gradient ranged from 3% acetonitrile and 0.125% formic 

acid to 100% acetonitrile and 0.125% formic acid over each run.  Peptides were separated using 

an in-house prepared column with length of 30cm, inner diameter of 100um, and outer diameter 

of 360um outer diameter. The column was packed at the front end with 0.5cm of 5um C4 resin 

and 0.5cm of 3um C18 resin.  The remainder of the column was packed with 1.8um of C18 resin. 
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Ionization at the source was facilitated by applying 2 kV of electricity through a T-junction 

connecting sample, waste, and column capillary lines. 

 MS spectrum acquisition was performed in data-dependent mode with survey scan range 

of 500-1200 m/z and resolution of 60,000. Automatic gain control (AGC) was set to 2x105 and the 

maximum ion inject time was 100 ms. The Top N option was selected, with N set to 10 ions for 

both MS2 and MS3 analysis. 

 MS2 data was collected with the decision tree tool. The settings for the decision tree were 

as follows. Ions with 2 charges were analyzed between 600 and 1200 m/z, while ions with 3 or 4 

charges were analyzed between 500 and 1200 m/z. The lower ion intensity threshold was 5x104. 

Selected ions were isolated in the quadrupole at 0.5 Th and fragmented with Collision Induced 

Dissociation (CID).  Fragment ions were detected in the linear ion trap with rapid scan rate AGC 

of 1x104. Data were centroided at this stage. 

 Fragmentation of TMT reporter ions was performed at the MS3 stage using synchronous 

precursor selection.  The 10 precursors chosen at the MS2 stage were fragmented at High Energy 

Collisional Dissociation (HCD) fragmentation. Reporter ion detection occurred in the Orbitrap 

with resolution of 60,000 with lower detection limit set at 110 m/z. AGC at this stage was 1x105, 

and maximum inject time was 100 ms.  Data were centroided at this stage. Precursor ions below 

40 m/z and above 15 m/z of the MS2 m/z were jettisoned at this stage. 

Data Processing and Normalization.  

Spectral matching and filtering was performed using the Proteome Discoverer 2.1 

software(Elias et al., 2005; Elias and Gygi, 2007; Peng et al., 2003).  Spectral matching was 

performed using the Uniprot Mus musculus reference proteome downloaded on 7/2/2018 appended 

to the COH1 GBS reference proteome downloaded on 7/6/2018. 
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 For proteomic analysis, the SEQUEST algorithm was used for decoy database generation. 

Precursor ion mass tolerance was set to 50 ppm and fragment ion mass tolerance was 0.6 Da. The 

enzyme was set as trypsin, and two missed cleavages were allowed.  The peptide length range was 

6-144 amino acids. One dynamic modification was used, methionine oxidation (+15.995 Da). 

Static modifications included isobaric tandem mass tags at the N-termini and on lysine residues 

(+229.163 Da) and carbamidomethylation of cysteines (+57.021 Da). Filtering of spectra was 

performed in Percolator at the peptide and protein levels against the previously generated decoy 

database. For glycoproteomic analysis, the Processing node was modified to include Byonic. 

Within the Byonic node, the built-in N-glycan mouse plasma database was specified as a 

“Dynamic – Rare” setting. 

 Following search completion, data were filtered for high peptide spectral match (PSM) 

confidence and PSM disambiguity/selection. For proteomics, filtered PSM quant data were 

summed to the protein level, and for glycoproteomics, filtered PSM quant data were summed to 

the unique glycopeptide level. Whole brain and choroid plexus proteomic data were normalized 

against the average relative abundance for a given protein divided by the median of all average 

values. A second normalization step was performed by normalizing the average-normalized values 

against the median values for each TMT channel divided by the median of all TMT channel 

medians.  Brain microvessel proteomic data was normalized against the bridge channel values for 

each protein divided by the median of all bridge channel values. A second normalization step was 

performed as described above. 

GNPS Analysis 

Mass spectrometer-generated .raw files were converted to .mzML files using MSConvert. 

GNPS spectral networking was run on files using a precursor ion tolerance of 0.6 Da and a 
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fragment ion tolerance of 0.02 Da. Cosine score threshold was set to 0.7, and minimum matched 

fragment ions was set to 6 ions. 

Statistical Methods. 

For CFU enumeration, statistical significance was determined through one-way ANOVA 

with Tukey’s multiple comparison test. For staining intensity in immunofluorescence studies, one-

way ANOVA was used to determine statistical significance. p score (proteomics p >1; 

glycoproteomics p >0.5) was used to evaluate differences in protein abundance from proteomics 

data, with p values derived from the student’s T test with or without Welch’s correction (Xiao et 

al., 2014). K-means clustering was performed using Morpheus 

(https://software.broadinstitute.org/morpheus/). GO analysis was performed using g:Profiler 

(http://biit.cs.ut.ee/gprofiler/gost), and term enrichment was determined by Benjamini Hochberg-

corrected p-value. 

Figure Generation.  

Histograms and volcano plots were generated using Graphpad PRISM 8. Bubble plots were 

generated in R using the ggplotly function. Networks were generated using String-db 

(https://string-db.org/cgi/input.pl?sessionId=treosIb26CwC&input_page_show_search=on). 

String-db interaction networks were imported to Cytoscape for final figure generation. Heatmap 

generation was performed using Morpheus (https://software.broadinstitute.org/morpheus).  

Data and Code Availability.  

Raw mass spectrometry data can be found in the MassIVe spectral repository and are 

available at ProteomXchange under the PXD013946 identifier for whole brains data, PXD013917 

for choroid plexus data, and PXD013936 for brain vessel data. 
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Chapter 5 is a reprint of a work in full as it has been published in mSystems (2020), 

including contributions from Anaamika Campeau, Robert H. Mills, Marie Blanchette, Kaja 

Bajc, Mario Malfavon, Roeben N. Munji, Liwen Deng, Bryan Hancock, Kathryn A. 

Patras, Joshua Olson, Victor Nizet, Richard Daneman, Kelly Doran, and David J. Gonzalez. The 

dissertation author was the primary author of this manuscript. 
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Summary 
 

The work described above underscores the important role -omics technologies such as 

proteomics will play in the future of virulence factor discovery and characterization in the 

relational context of complex host defense systems. Applying Biomimetic Virulomics to aid in the 

discovery of novel virulence factors produced by the important human pathogen, Group A 

Streptococcus, led to the discovery of S protein, a central GAS virulence factor that plays important 

roles in bacterial physiology. In characterizing S protein’s role in modulating host defenses, we 

discovered a novel mechanism of immune evasion by which GAS coat themselves in lysed red 

blood cell fragments in an S protein dependent manner, thus shielding themselves from recognition 

by host defenses. Through this initial characterization of S protein, we came to hypothesize that S 

protein was a viable vaccine candidate against GAS infection, a hypothesis that was validated in 

vivo. Finally, we found that a closely-related S protein homolog found in the human pathogen 

Group B Streptococcus was also important for establishing infection via its role in stabilizing the 

bacterial surfome. Despite these advances in our understanding of S protein’s role in bacterial 

pathogenesis, the discovery of this previously-undescribed virulence factor has hatched a litany of 

new questions and avenues for investigation. The Future Directions chapter of this document 

describes the immediate next steps for the study of S protein and the implications of this work in 

the form of a grant application. 
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AIM 6.1. Interrogate mechanisms of S protein mediated RBC coating of the GAS cell surface  

6.1.1 Define the S protein binding partner in RBCs that mediates interactions with GAS.  

Rationale: Data we published in the lab demonstrated that in the absence of S protein, GAS 

are deficient in their ability to coat themselves with fragments of lysed red blood cells, leading to 

a reduced ability to evade detection by host immunity(Wierzbicki et al., 2019). Additionally, we 

demonstrated that native S protein directly binds the surface of RBCNS, suggesting that an S 

protein binding partner exists in the RBC membrane, facilitating RBC coating as an immune 

evasion strategy. However, the host binding partner of GAS S protein remains unknown. In this 

subaim, we seek to define the RBC membrane binding partner for GAS S protein. 

Experiment 6.1.1.1 – We previously generated a strain of E. coli capable of expressing 

recombinant GAS S protein (E. coli containing a N-HisPP-pET-28a(+)::ess vector). In this 

experiment, we will use purified recombinant S protein to pull down the RBC binding partner 

facilitating GAS-RBC coating. To achieve this, recombinant S protein will be loaded onto Ni-

NTA beads via the 6x-His tag at the N terminus. Lysed RBC membrane ghosts will be introduced 

onto the beads and allowed to incubate in the bead mixture to facilitate RBC target binding to S 

protein(Wilke and Bubeck Wardenburg, 2010). Nonspecific binding to beads will be controlled 

for by incubating Ni-NTA beads with RBC lysates in the absence of S protein loading. Beads will 

be thoroughly washed with a buffer containing low concentration of imidazole. Finally, S protein 

bound to its RBC interaction partner will be eluted using buffer containing high levels of 

imidazole. To identify to nature of the binding partner, we will perform mass spectrometry-based 

peptide sequencing of the pull-down products.  

Experiment 6.1.1.2 – Perform pull-down assays using biotinylated recombinant S protein 

to identify interaction partners: To cross reference experiment 1.1.1, RBC pulldowns will be 
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carried out using the Pierce™ Pull-Down Biotinylated Protein-Protein Interaction Kit (Thermo) 

per manufacturer instructions. Biotinylated S protein will be synthesized by Thermo-Fisher using 

established methods for production and quality control. The biotinylated S protein will be loaded 

onto streptavidin-linked magnetic beads and the bead slurry incubated with RBC membrane 

lysates. Following stringent washing steps, the beads will be subjected to on-bead digestion for 

bound peptides. As negative controls, beads will be incubated with RBC lysate in parallel to the 

pull-down experiment. Mass spectrometry-based sequencing of digested peptides will be used to 

identify RBC binding partners of S protein. 

Experiment 6.1.1.3 – Validation of the S protein membrane receptor protein interaction: 

Targeting the top hits conserved across experiments 1.1.1 and 1.1.2, we will validate the S protein 

receptor candidates by competitive inhibition studies using western blot or imaging studies (Figure 

6-1). Using antibodies against candidate receptors, we will block RBC protein receptors prior to 

incubating cells with recombinant S protein. Differentially-bound S protein in the presence or 

absence of pre-blocking of RBC receptor targets will be quantified using Western blots for S 

protein and fluorescent imaging for bound S protein. If positive results are obtained, we will pursue 

experiments to further validate the S protein receptor using RBCs derived from knockout mice 

lacking the target, depending on the target’s putative identity.  
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Figure 6-1: Schematic representation of S protein RBC target blocking experiment.  

A). Putative RBC receptor of S protein will be blocked with polyclonal antibodies. Differential S 
protein binding to RBCs will be assayed using Western blot analysis for S protein and 
immunofluorescent imaging for bound S protein. 
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Anticipated results, potential pitfalls and alternative approaches: Affinity of S protein with 

its receptor may be too weak or transient to detect through our approach. The manufacturer of the 

pulldown kit provides alternative strategies for detecting weak interactions such as modifying 

buffer conditions for washing and elution steps. If we encounter these technical issues, we will 

defer to the manufacturer recommendations. If weak interactions further hinder our experiments, 

then we will pursue MS-based crosslinking experiments to link the S protein receptor to S protein 

in situ(Iacobucci et al., 2018). A second challenge our experimental design may encounter arises 

from the assumption that the S protein receptor is present on the RBC surface or that it is 

proteinaceous in nature. Although previous studies have confirmed that RBC membranes orient 

themselves in a manner identical to their in vivo orientation and we have shown the RBCNS bind 

to GAS in an S protein-dependent manner, it is possible that the receptor is in a cryptic location 

such as the cytoplasmic face that is only exposed upon RBC lysis or that it is a metabolite or 

glycoconjugate. If the protein pulldowns are not successful for these reasons, we will use 

metabolomics and discovery-oriented searches for post-translationally modified molecules to 

more broadly evaluate the nature of the S protein ligand. An additional potential pitfall of this 

subaim arises from the placement of the His tag or biotinylated residue. If N-terminal tags impede 

the binding of the RBC target to S protein, we will engineer S protein variants tagged at the C-

terminus and repeat the above experiments. 

6.1.2 Determine the S protein residues important for RBC binding and consequent immune 

evasion.  

Rationale: Based on published and preliminary data, we hypothesize that S protein 

mediates binding of RBC membranes to the GAS surface, thus aiding in immune evasion. 

However, little is known about the precise biochemical nature of this binding interaction. In this 
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subaim, we seek to evaluate the S protein amino acid residues required for S protein function—

esspecially as these residues relate to RBC membrane binding. 

Experiment 6.1.2.1 – Construction of S protein allelic exchange mutants: We preliminarily 

showed that complementation of the Dess with ess bearing targeted point mutations, each of which 

was used to evaluate a given residue’s role in mediating hydrophobicity (Figure 6-2). However, 

we hypothesize that specific residues are also important for mediating S protein binding of RBC 

membranes. To test this hypothesis, we will first generate GAS mutants with single point 

mutations at the following sites within the genome: 1) W31A, F40A, V44A, V51A (all within the 

hydrophobic stretch) and 2) V114A (within LysM motif). Single point mutations will be 

introduced to S protein, constructed by our established allelic exchange methods.  

Experiment 6.1.2.2 – Determine the RBC binding capacity of S protein mutants: We 

hypothesize that specific residues within GAS S protein are important for RBC membrane binding. 

Therefore, using the single residue mutants generated in experiment 6.1.2.1, we will test whether 

each of these mutants demonstrates reduced binding of RBCNS using previously-published 

quantitative methods. WT GAS and Dess GAS will be used as positive and negative controls, 

respectively.  

Experiment 6.1.2.3 – Determine the contribution of S protein residues to phagocyte 

resistance. We previously demonstrated that GAS S protein plays a critical role in mediating GAS 

interactions with whole blood and with cellular components of the innate immune system. 

However, it remains unknown which residues of S protein are important for mediating this 

phenotype. To address this, we will assess the ability of the allelic exchange targeted mutants to 

survive in whole blood, to resist killing by cultured macrophages, and to resist killing by 

neutrophils. Bacterial resistance will be quantified by enumerating CFUs after incubation with the  
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Figure 6-2. Targeted mutant S protein-expressing GAS strain characterization. 
 
A). OD600 of non-sedimented culture in targeted mutants (increased nonsedimented bacteria 
corresponds to reduced hydrophobicity). 
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blood components. WT GAS and Dess GAS will be used as positive and negative controls, 

respectively. 

Experiment 6.1.2.4 – Determine the RBC coating-dependent virulence capacity of S 

protein targeted mutants in vivo: We hypothesize that disrupting critical residues in S protein’s 

primary sequence will impair RBC camouflage and make GAS more susceptible to immune 

detection and killing in vivo. Mice (n = 10) will be infected intravenously with the panel of GAS 

mutant strains described above, either with or without RBC pre-treatment, and their viability will 

be monitored daily for up to 10 days. Body weight will be measured and recorded as a means by 

which to assess overall health. Survival will also be monitored. Blood will be collected from each 

animal over the first 4 days of infection to track dissemination and blood survival of bacterial 

strains. Infection with WT GAS and Dess GAS will be used as positive and negative controls, 

respectively. 

Anticipated results, potential pitfalls and alternative approaches: Given our expertise 

working with in vivo and in vitro models of GAS infection and pathophysiology, we do not 

anticipate any technical hurdles for this subaim. However, it is possible that the residues we have 

chosen to mutate are not involved in RBC membrane binding of S protein. Therefore, if we obtain 

negative results in any of the above experiments, we will mutate additional residues within the S 

protein sequence and repeat all above experiments. Additionally, to evaluate the universality of 

our findings, we will repeat the above experiments using two additional GAS serotypes (e.g. M3 

and M4 serotypes).  

6.1.3 Determine if S protein-mediated RBC camouflage requires GAS expression of 

hemolytic toxins SLS or SLO and the potential virulence role S protein may play in the 

absence of these toxins.  
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Rationale: The primary finding of our published study on S protein in GAS revealed that 

bacteria coat themselves in fragments of RBCs resulting from hemolysis. This finding brings to 

bear a questions on the molecular relationship between hemolysis and RBC binding. Specifically, 

what impact does S protein have on GAS pathogenesis in non-hemolytic or weakly hemolytic GAS 

strains? We showed that deletion of S protein results in downregulation of several central GAS 

virulence determinants, such as M protein, SpeB, and pilin. Therefore, we hypothesize that in the 

absence of hemolysis, while GAS likely do not use S protein to bind RBC fragments, S protein 

must still plays an important role in regulating the GAS virulome. To test this hypothesis, we will 

utilize existing allelic exchange mutants with deletions in genes that produce prominent GAS 

hemolysins. We will use deletion mutants for streptolysin S (sls) (DsagA), streptolysin O (Dslo), 

or a double mutant lacking both toxins for the following experiments(Alouf, 1980; Flaherty et al., 

2015; Limbago et al., 2000; Siemens et al., 2015).  

Experiment 6.1.3.1 – Test the virulence role S protein plays in the DsagA-I background: 

Hemolysis acts upstream of RBC fragment coating of GAS. In the absence of innate hemolytic 

ability, we hypothesize that S protein will continue to play a central virulence role during GAS 

infection given its function as a regulator of multiple GAS virulence factors. We will first employ 

quantitative methods to evaluate the production of S protein and a set of proteins that are dependent 

on S protein in DsagA, by the use of Western blot and quantitative mass spectrometry. Next, we 

will evaluate these strains ability to bind RBCNS in a quantitative manner. 

Experiment 6.1.3.2 – Test the virulence role S protein plays in the Dslo background: Similar 

to the method we will use to quantify S protein and associated virulence effectors in the absence 

of sagA, we will determine the production of S protein in the Dslo background. This will be tested 
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using Western blot and quantitative mass spectrometry. Next, we will evaluate these strains ability 

to bind RBCNS in a quantitative manner. 

Experiment 6.1.3.3 – Validate the role S protein plays in a DsagA-Dslo double mutant and 

clinically isolated non-hemolytic GAS strains: To validate our findings from the above 

experiments, we will test clinical isolates of non-hemolytic GAS strains with natural mutations in 

the SLS and SLO operons in parallel to the experiments above. We will also determine S protein 

abundance and associated virulence factor abundance for an existing DsagA-Dslo double mutant. 

We will also test these strains’ ability to bind RBCNS in a quantitative manner. 

Anticipated results, potential pitfalls and alternative approaches: We expect that non-

hemolytic to mildly hemolytic strains to exhibit a diminished virulence potential relative to the 

WT GAS strain. We believe that this will be based on their diminished ability to coat the GAS cell 

surface and thus evade the host immune response. If we do not observe a correlation between the 

known genetic basis for hemolysis and virulence capacity, we will use established allelic exchange 

methods to delete EbsA, a homologue of a pore-forming toxin which is adjacent to ess. We will 

repeat the above experiments using this strain.  

6.1.4 Determine whether S protein’s RBC-binding function contributes to resistance to LL-

37, NETs, complement, and host antibodies.  

Rationale: We demonstrated that S protein-mediated RBC fragment binding to the GAS 

surface renders bacteria resistant to killing by macrophages in vitro and to host immune defenses 

in vivo. However, the basis for in vivo hypervirulence remains incompletely understood, as GAS 

must evade more than cellular innate immune components to establish successful infections. 

Therefore, we hypothesize that the RBC fragment binding function of S protein also allows 
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bacteria to more efficiently resist killing by the human cathelicidin, LL-37, NETs, the complement 

system, and host antibodies. This hypothesis will be tested using the experiments delineated below. 

Experiment 6.1.4.1 – Determine LL-37 susceptibility (+/-) RBC coating: The LL-37 

minimum inhibitory concentration for GAS has been established in our lab. Therefore, to test 

whether RBC coating renders bacteria more resistant to LL-37, bacteria will be incubated in a 2% 

RBC solution or PBS, as in published studies. Bacteria will then be allowed to grow in the presence 

or absence of LL-37. Differential bacterial viability will be assessed by measuring the OD600 

every minute for 30 minutes. 

Experiment 6.1.4.2 – Determine serum, plasma, and platelet survival (+/-) RBC coating: 

Human samples of serum, plasma, or platelet extracts will be prepared from at minimum 10 

separate individual donors. All donors will be healthy by clinical standards. Bacteria will be 

incubated in a 2% RBC solution or PBS, as in published studies. Bacteria will then be introduced 

to culture media containing 10% of either human serum, plasma, or platelet extracts, or media 

alone. Bacterial growth will be assessed by measuring the OD600 every minute for 30 minutes. 

The experiment will be repeated at minimum three times to ensure experimental rigor. 

Experiment 6.1.4.3 – Determine NET survival (+/-) RBC coating: Primary human 

neutrophils will be collected from healthy donors and seeded into flat-bottom wells. NETs will be 

induced by addition of PMA and incubation at body temperature for 3 hours. NET formation will 

be validated through microscopy. GAS with or without pre-incubation in 2% RBC solution will 

be added to the NETs and allowed to incubate for 30, 60, and 90 minutes. Samples will be collected 

for CFU enumeration at each time point to evaluate bacterial viability. The experiment will be 

performed on three separate occasions. 
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Anticipated results, potential pitfalls and alternative approaches: To ensure experimental 

rigor, we will delete S protein in at minimal two other hypervirulent GAS strains of differing M 

serotype (e.g. M3 and M4). In order to directly ascribe the function of S protein to any identified 

phenotypes, we will express M protein in the ∆ess background to ascertain the direct or secondary 

impact of S protein in RBC coating of GAS and its impact on resistance to killing by the above 

components of host immunity.  

AIM 6.2. Delineate the direct role(s) of S protein in GAS-epithelial cell interactions  

6.2.1 Define key function(s) of S protein in adherence/invasion of skin and pharyngeal 

epithelial cells  

Rationale: The hyaluronic acid (HA) capsule in GAS plays a central role in bacterial ability 

to evade phagocytosis with innate immune cells(Stollerman and Dale, 2008). In our previous 

studies, we quantified the hyaluronic acid content in ∆ess relative to WT GAS and observed no 

statistically significant difference in the amount of capsule produced by each strain, though there 

was a defect in phagocytosis on deletion of S protein. Additionally, proteome profiling studies of 

the S protein deletion mutant showed that S protein robustly impacts the levels of two major 

virulence factors well documented to contribute to adherence and colonization: 1) speB and 2) M 

protein(Cole et al., 2010; Olsen et al., 2015; Sumitomo et al., 2013). Here, we will systematically 

determine if GAS virulence phenotypes are directly due to S protein. We will use overexpression 

strains of speB and M1 protein in the ∆ess background (as previously performed with M protein 

to assign direct function of S protein).  

Experiment 6.2.1.1 – Determine the role of S protein in epithelial colonization and biofilm 

formation (+/-) RBC coating: We hypothesize that S protein contributes to skin and pharyngeal 
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colonization required for the establishment of infection. By using CFU enumeration corroborated 

by differential immunofluorescent staining of bacteria via direct microscopy, we will contrast the  

adherence/invasion of WT vs. ∆ess M1 GAS to human OKP7 pharyngeal cells and HaCaT 

keratinocytes (+/-) RBC coating. We will study biofilm formation of all strains on polystyrene, 

and on epithelial cell monolayers, using mouse-anti-GAS antisera and Alexa Fluor 488- 

conjugated goat anti-mouse (Invitrogen) to visualize biofilm formation. Strains overexpressing 

speB and M protein via introduced recombinant vectors in the ∆ess background will be used as 

controls to determine if identified effects can be directly attributed to S protein, as suggested by 

studies employing the S protein deletion mutant.  

Anticipated results, potential pitfalls and alternative approaches: All proposed experiments 

have been performed extensively and published by our team; therefore, we expect no major 

technical hurdles that will impede the proposed work. A potential pitfall we may face is the 

possibility that virulence determinants regulated by S protein beyond speB and M protein could 

be responsible for the phenotypes observed. If we determine an independent role for S protein after 

testing both speB and M protein, we will further authenticate our findings by generating a third 

overexpression strain the ∆ess of a virulence factor impacted by S protein expression (e.g. 

Lmb/Cfa/Pilin). In addition, we will reproduce our experiments in at least two additional GAS M 

serotypes.  

6.2.2 Define key function(s) of S protein in intracellular survival and interaction with the 

autophagy system.  

Rationale: Subversion of autophagy is a pivotal element leading to successful GAS 

intracellular replication in epithelial cells and macrophages, playing a critical role in disease 

progression(Nakagawa et al., 2004; O’Neill et al., 2016; Quach et al., 2009). We showed that 
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intracellularly, ∆ess displayed decreased survival within cultured macrophages compared to WT 

and complemented strains. Next, we will test whether S protein contributes to intracellular survival 

in epithelial cells of the skin and nasopharynx and if the failed intracellular survival of the ∆ess 

strain is dependent on the autophagy system. As in Aim 6.2.1, we will employ overexpression 

strains of speB and M1 protein in the ∆ess background to assign direct function to S protein.  

Experiment 6.2.2.1 – Determine if ∆ess GAS failure to replicate intracellularly depends on 

autophagy (+/-) RBC coating: To evaluate whether S protein plays a role in intracellular survival 

in an autophagy-dependent manner, we will use WT and autophagy-deficient (ATG4-/-) 

macrophages. In WT and ATG4-/- macrophages, we will infect cells with bacteria preincubated 

with 2% RBCs or PBS and allow internalization to occur for 90 minutes. We will kill extracellular 

bacteria with gentamicin and investigate survival of bacteria and autophagy maturation markers 

including LC3 colocalization with bacteria within OKP7 pharyngeal epithelial cells. We will also 

investigate defective intracellular survival phenotypes by transmission electron microscopy for the 

presence/absence of characteristic double bound autophagosome vesicles.  

Anticipated results, potential pitfalls and alternative approaches: Using the approaches 

delineated here, we expect to determine whether S protein-mediated RBC coating of GAS plays a 

role in intracellular persistence by subverting autophagy pathways. As a way to corroborate the 

results from our first experiment through orthogonal means, we will employ a transient knockdown 

of autophagy by treating with shAtg4 and assessing whether S protein plays a role in autophagy 

evasion and whether RBC binding enhances evasion of autophagy processes. To ensure rigor of 

our experiments, we will employ strains overexpressing M protein and SpeB in the ∆ess 

background. Additionally, we will repeat these experiments in at minimum two additional virulent 

strains of GAS. 
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6.2.3 Study S protein in GAS local infection using NALT and skin lesion models.  

Rationale: Our previous investigations largely focused on systemic models of GAS 

infection. However, the vast majority of GAS infection is localized to the pharynx and skin, and 

even these minor infections can have devastating consequences if GAS antigens elicit 

autoimmunity, as in rheumatic heart disease, glomerulonephritis, and psychiatric sequelae of GAS 

infections. To address the role of S protein in common GAS infections, we will employ infection 

models of skin and pharyngeal infection both in vitro and in vivo. 

Experiment 6.2.3.1 – Determine if S protein is required to cause infection of mouse nasal-

associated lymphoid tissue (NALT) (+/-) RBC coating: While mice lack tonsils, the primary site 

of Strep Throat, they possess lymphatic tissue patches in the nasopharynx which have been used 

as analogs of tonsils, nasal-associated lymphoid tissue (NALT)(Park et al., 2003). Using the NALT 

model, we will determine whether S protein is necessary for infection of these tissues, both with 

and without RBC membrane coating. Both WT GAS and ∆ess GAS strains will be employed in 

this model. NALT will be harvested for histopathological evaluation and biofilm staining, and a 

section will be homogenized for CFU counts. This in vivo model will inform companion studies 

in cultured human pharyngeal epithelial cells, which will interrogate adherence, invasion and cell 

injury.  

Experiment 6.2.3.2 – Determine if S protein is required to cause infection in a mouse skin 

infection model (+/-) RBC coating: Past studies in our lab have demonstrated that S protein plays 

an important role in sustaining skin infection. However, it is unknown whether S protein-

dependent RBC binding renders bacteria hypervirulent using this model. Therefore, we will 

preincubate WT GAS with 2% RBCs or PBS, then inject cultures into mice intradermally. Lesions 
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will be monitored daily, and after 3 days, half of the tissue will be homogenized for CFU 

enumeration, while the other half will be sectioned for histological examination. 

Anticipated results, potential pitfalls and alternative approaches: We anticipate that ∆ess 

will be attenuated in the NALT and skin lesion models compared to WT. Given our expertise in 

both skin infection models and the abundant collegial resources at UCSD, we do not expect 

insurmountable technical hurdles with the in vivo experiments. A limitation of our study is that the 

S protein complemented strain does not maintain the plasmid long term in vivo. Given this 

limitation, to further authenticate the role of S protein in GAS epithelial cell interactions, we will 

generate ∆ess strains in more M serotypes to repeat the in vivo experiments.  

AIM 6.3. Define the role of S protein in virulence and immunogenicity in multiple GAS 

strains and in GBS  

6.3.1 Characterize the role that S protein plays in a diverse panel of GAS strains  

Rationale: GAS M1 is the most commonly isolated serotype from infected patients 

globally, but other serotypes, including M12, M28, M3 and M44 are also common. We have shown 

that S protein is a key virulence factor in the hypervirulent GAS M1T1 clone. However, the 

importance of S protein in other GAS strains remains unclear. Based on the genetic conservation 

of S protein and its critical virulence role in the M1 background, we hypothesize that its absence 

in other streptococcal pathogens will lead to attenuated virulence in vitro and in vivo. To test this 

hypothesis, we will determine the role S proteins play in GAS strains of varying serotype, 

encapsulation and pathogenic potential. This is important given our established relationship 

between S and M proteins and the well-known association of different M protein serotypes with 

tissue tropism and disease outcomes.  
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Experiment 6.3.1.1- Determine the virulence role S protein plays in GAS M4: In Australia, 

it has been reported that invasive infections caused by GAS derive predominately from M4 strain 

types. This serotype lacks the hasABC gene operon that produces HA capsule(Flores et al., 2014, 

2012). The HA capsule is widely considered an important GAS virulent mechanism for immune 

evasion. Our preliminary data showed that the hyaluronic acid capsule was not altered in ∆ess, yet 

this isogenic mutant displayed a dramatic attenuation of virulence. Based on these results, we 

hypothesize that S protein will play a key virulence role in GAS strains types that HA capsule. To 

test this hypothesis, we will construct a ∆ess GAS M4 strain and then test its virulence potential 

in vivo using systemic models of infection in addition to localized models as performed for the 

M1 strain. To test the role of S protein in this strain in vitro, we will perform infection assays using 

clinically relevant cell types, such as HaCaT cells, OKP7 cells, and THP1-derived macrophages. 

Experiment 6.3.1.2- Determine the virulence role S protein plays in GAS M3: GAS strains 

of M3 type are one of the most widely isolated serotypes in invasive disease cases(Stetzner et al., 

2015). Patients infected with M3 serotypes are more likely to have complications associated with 

necrotizing fasciitis. Natural mutations in CovRS are attributed to its robust ability to evade 

neutrophil and TNF-α responses during infection of the skin. Based on our in vivo systemic 

infection model, we hypothesize that ∆ess in M3 background will lose the ability to robustly infect 

the skin. To test this hypothesis, we will construct a ∆ess GAS M3 strain and then test its virulence 

potential in vivo using systemic models of infection in addition to localized models as performed 

for the M1 strain. To test the role of S protein in this strain in vitro, we will perform infection 

assays using clinically relevant cell types, such as HaCaT cells, OKP7 cells, and THP1-derived 

macrophages. 
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Anticipated results, potential pitfalls and alternative approaches: We anticipate that as in 

GAS M1, S protein deletion in M3 and M4 strains will render the bacteria largely avirulent. 

However, if we determine that S protein is not a virulence determinant in the M3 and M4 strains, 

this suggests that S protein may have differential functions among differing M types. If this is the 

case, we will compare the RBC binding ability of the M3 and M4 strains.  

6.3.2 Understand the role S protein plays in the pathogenesis of the major neonatal pathogen 

GBS.  

Rationale: Streptococcus agalactiae, also known as GBS colonizes approximately 25% of 

pregnant women asymptomatically, where it can become pathogenic in the context of birth, 

passing from the mother to the child(Stoll et al., 2011). GBS is also the leading cause of bacterial 

meningitis in the neonatal period, and mortality remains high despite antibiotic therapy, with 25-

50% of surviving infants are left with permanent neurological sequelae(Choi et al., 2018; Libster 

et al., 2012). GBS infection is effectively prevented and treated via intrapartum administration of 

antibiotics, such as penicillin; however, the effect of antibiotics on the health of the mother and 

child remains unclear, and treatment failures have been reported(Tapiainen et al., 2019; Velaphi 

et al., 2003). To avoid over-reliance of antibiotics, new therapeutic targets are needed. To 

determine the virulence role of S protein in GBS, we deleted the S protein homolog in NCTC, a 

serotype V strain with high virulence potential. Using the S protein homolog deletion mutant in 

GBS, we defined it as an important virulence factor for GBS. However, additional work is required 

to fully evaluate the role of S protein in this important human pathogen.  

Experiment 6.3.2.1 – Determine the role S protein plays in GBS strain A909: The A909 

strain is highly virulent, moderately pigmented, and can readily lyse RBCs. We will genetically 
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delete S protein and functionally characterize the impact of S protein on GBS pathogenesis by our 

previously described methods.  

Experiment 6.3.2.2 – Determine the role S protein plays in GBS strain COH1: The COH1 

strain is highly virulent serotype III strain with low hemolytic activity. We will genetically delete 

S protein and functionally characterize the impact of S protein on GBS pathogenesis by our 

previously described methods.  

Anticipated results, potential pitfalls and alternative approaches: We hypothesized that S 

protein would be a critical virulence factor in GBS pathogenesis and therefore expect that in the 

absence of S protein, GBS demonstrate attenuated virulence. Our team has extensive experience 

in GBS genetics and pathogenesis studies. Therefore, we see no hurdles with constructing and 

testing the mutant strains. Additionally, our preliminary results characterizing an S protein deletion 

mutant in the NCTC strain of GBS make success in this aim likely. However, if S protein does not 

show a phenotype in the additional GBS strains we seek to evaluate, we will further look into why 

this is the case by fully characterizing the dysregulated proteome associated with S protein deletion 

in these strains. We will additionally test the GBS cells ability to interact with RBCs and will 

progress to examine the system-wide virulome expression levels in the absence of S protein.  

6.3.3 Evaluate the potential of recombinant S protein as a vaccine antigen against GAS and 

GBS  

Rationale: Despite active research, a protective vaccine has not yet been developed against 

many streptococcal pathogens in humans, leaving antimicrobial agents as the sole pharmacological 

intervention(Guilherme et al., 2013; Reglinski et al., 2016; Rivera-Hernandez et al., 2019). Our 

recent studies demonstrated that recombinant S protein robustly protected mice against a localized 

GAS skin infection. Due to the high conservation of S protein among GAS strains, its presence 
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being predominantly limited to the Streptococcus genus, and its required virulence role, we 

hypothesize that S protein has potential as a vaccine antigen to be included in multivalent 

vaccines(Rivera-Hernandez et al., 2019). To test this hypothesis, we will perform passive and 

active mouse immunization studies using multiple GAS serotypes and GBS.  

Experiment 6.3.3.1 – Generation of rabbit antisera: Recombinant S protein will be sent to 

AbCore (Ramona, CA) for generation of polycolonal rabbit serum recognizing S protein.  

Experiment 6.3.3.2 – HL-60 opsonophagocytic killing: An established GAS 

opsonophagocytic killing assay (OPKA) which employs differentiated human neutrophil-like 

promyelocytic leukemia cells (HL-60) will be used to determine the ability of antibodies to 

opsonize GAS and make them susceptible to capture by innate immune cells. The assay will be 

standardized for clinically relevant GAS strain types (M3, M4, and M12), and for GBS NCTC 

strain by demonstrating antibody-specific killing using rabbit antisera against S protein.  

Experiment 6.3.3.3 – Passive immunization: Cohorts of female 10-week-old CD-1 mice 

will be immunized I.P. with 0.5 ml anti-S protein rabbit serum (n = 10) or normal rabbit serum (n 

= 10) prior to infectious challenge with GAS strain of 3 serotypes (M1, M3, M4) by the above IP 

or IV (systemic) challenge routes. Mice will be monitored daily to assess survival. The experiment 

will be repeated using an in vivo mouse model of passive immunization followed by GBS 

infection.  

Experiment 6.3.3.4 – Active immunization and challenge: Groups of 10 CD-1 mice will be 

immunized intramuscularly on days 0 and 14 with 75 μg of total S protein adjuvanted with alum 

(Alhydrogel [2%]) at a 1:1 ratio (50μl immunization dose)/mouse. The negative-control group will 

receive PBS in alum as a sham vaccine. Serum samples will be taken before immunization and on 

day 30 for IgG titer determination by ELISA. On day 30, immunized mice will be challenged with 
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GAS strain using an intradermal skin infection or with GBS using a systemic infection model. For 

necrotizing skin infection in GAS strains, mice will be challenged subcutaneously with 1x107 CFU 

of GAS. Lesion size will be measured daily, and on days 3 post-infection, mice will be euthanized 

to obtain skin, blood, and spleen samples for CFU quantification and cytokine quantification via 

ELISA. For systemic infection studies, 1x107 CFU of GBS will be injected I.P. in 10% mucin and 

mortality and body weight followed twice daily.  

Anticipated results, potential pitfalls and alternative approaches: Due to the high degree of 

conservation in S protein’s sequence among GAS and the ability of antisera generated against S 

protein derived from an M1 serotype strain to promote opsonization of multiple serotypes (M3, 

M4, M12), we do not anticipate that immunization with recombinant S protein will fail to protect 

against multiple GAS serotypes. However, it is possible that the S protein sequence derived from 

GAS will not confer protection against GBS infection. In this case, a recombinant form of the S 

protein homolog sequence derived from GBS will be generated and tested for its ability to protect 

against GBS infection in vivo.  
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