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ABSTRACT OF THE DISSERTATION 
 
 

New Virulence Factors of the Invasive 
Human Pathogen Group A Streptococcus 

 
by 
 
 

Laura Ann Kwinn 
 
 

Doctor of Philosophy in Biology 
University of California, San Diego, 2006 
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Group A Streptococcus (GAS) is an important Gram-positive bacterial 

pathogen.  Found in chains, this bacterium colonizes the throat and skin of healthy 

individuals, and as a pathogen, primarily causes infections of the upper respiratory 

tract and the skin, including pharyngitis, scarlet fever, and impetigo.  In addition, 

GAS disease can lead to several post-infection sequelae, including acute rheumatic 

fever and subsequent heart disease, acute glomerulonephritis, arthritis, and 

neurological conditions.  In the past 30 years, a significant increase in invasive 

infections caused by GAS has been observed, in particular, necrotizing fasciitis and 

xv 



streptococcal toxic shock syndrome.  Virulence factors of GAS promote adherence 

to and invasion of host tissues, injury to host cells, and evasion of the complex 

human immune response.  This work describes the elucidation of a virulence factor 

involved in degradation of the human chemoattractant cytokine, interleukin 8, 

which is responsible for the recruitment of neutrophils to the site of bacterial 

infection.  In addition, we describe a two gene locus found upstream of the 

streptolysin S operon of GAS which is involved in the pathogenesis of invasive 

disease.  This locus includes ralp3, a member of the rofA-like family of 

transcriptional regulators, involved in the negative regulation of several virulence 

factors.  Phenotypic analysis of a ralp3 mutant strain of M1T1 GAS highlights its 

involvement in the control of genes responsible for adherence and invasion of host 

epithelial cells, survival during exposure to human whole blood or antimicrobial 

peptides, and ultimately, full virulence of the bacteria in an in vivo mouse model of 

invasive infection.  Divergently transcribed upstream of ralp3 is the gene we have 

named lsap, for Large Surface-Anchored Protein, due to its status as the largest 

predicted ORF in the M1 GAS genome and its predicted C-terminal LPXSG 

surface-anchor motif.  This gene is involved in the internalization of bacteria into 

host cells and their resistance to host antimicrobial peptides.  Allelic exchange 

mutagenesis of lsap shows that it is crucial for virulence in a mouse model of 

invasive infection.  The characterization of these genes has important implications 

in the control of bacterial virulence factor expression, and the identification of 

future vaccine targets. 
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Chapter I 

 

GAS Disease: A clinical perspective of virulence 

1 
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Introduction 

Group A Streptococcus (GAS, Streptococcus pyogenes) is an important 

Gram-positive bacterial pathogen for which the only known reservoir is the human.  

Found in chains, this coccoid bacterium colonizes the throat and skin of healthy 

individuals, and as a pathogen, is know to deploy a host of virulence factors to 

evade the human immune response and produce clinical disease.    

 

GAS infections have been present  throughout the recorded history of 

disease.  Symptoms of scarlet fever were first described by Hippocrates in the 5th 

century B.C., but it was not until the late 19th century that S. pyogenes was named 

and officially associated with disease (50).  Early 20th century scientist Rebecca 

Lancefield, a pioneer in streptococcal research, characterized the M-protein which 

has become the basis of serotyping β-hemolytic streptococci (36).  Epidemiological 

studies from the mid-1900’s illuminated the relationship between streptococcal 

infections and post-infection sequelae, such as acute rheumatic fever (ARF), acute 

glomerulonephritis, and streptococcal reactive arthritis (17). 

 

 In the pre-antibiotic era, streptococci frequently caused significant 

morbidity and mortality.   However, in the post-antibiotic period, diseases from 

streptococcal infections are seldom fatal in the developed world.  GAS remain 

exquisitely susceptible to β-lactam antibiotics, such as penicillin, which is still used 
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to treat non-invasive GAS disease at mucosal or cutaneous locations.  However, 

invasive GAS disease has been on the rise since the mid-1980’s, dominated by one 

particular serotype, M1T1 (31).  This chapter highlights the clinical significance 

GAS infection, provides current statistics on GAS disease burden and summarizes 

of current research into its etiology and treatment. 

 

Clinical manifestations 

GAS primarily causes infections of the upper respiratory tract and the skin, 

including pharyngits, scarlet fever, impetigo, and erysipelas.  In addition, GAS 

disease can lead to several post-infection sequelae, including acute rheumatic fever 

and subsequent heart disease, acute glomerulonephritis, arthritis, and neurological 

conditions.  In the past 30 years, a significant increase in invasive infections caused 

by GAS has been observed, in particular necrotizing fasciitis and bacteremia, often 

complicated by development of STSS and multiorgan system failure (31). 

 

The pathogenesis of GAS infections begins with attachment to the epithelial 

cells of the pharynx or skin.  This attachment is mediated by fimbriae composed of 

lipotechoic acid and a series of serologically distinct surface proteins, the M 

proteins, which have important antiphagocytic properties (17).  Systemic disease 

spread may be initiated by breaks in the skin or mucosal barriers, or alternatively, 

by direct cellular invasion by the GAS pathogen.  Specific diseases are also caused 

by exotoxins produced by the organism, for example, SpeA is responsible for the 

 



4 

unique symptoms of scarlet fever, and several other pyrogenic exotoxins trigger the 

immune activation of STSS. 

 

Non-invasive disease: Pharyngitis and Scarlet fever 

The most common cause of bacterial throat infection is GAS (6).  

Pharyngitis, or “strep throat,” presents as a sore throat, fever, red pharynx, and 

purulent tonsillar exudates.  Severe symptoms, such as nausea, vomiting, 

tachycardia, and seizures are rare, and mostly occur in children (4).  While the 

infection is usually self-limiting, antibiotics are often used to alleviate symptoms, 

but are also crucial to the prevention of complications (ie. peritonsillar abscess, 

cervical lymphadenitis, and mastoiditis), sequelae such as acute rheumatic fever, 

and transmission of the disease to family members and classmates (7).  

 

Although throat culture is the most accurate and least costly method of GAS 

detection, rapid antigen detection tests are also available to quickly identify GAS 

from throat swabs.  The use of rapid tests has been shown to significantly increase 

the number of patients who are appropriately treated for streptococcal pharyngitis, 

compared with use of traditional throat cultures (38).  In addition, the rapid 

diagnosis can prevent the inappropriate prescription of antibiotics.  This is of great 

importance to the prevention of GAS resistance to antimicrobials—while only 10% 

of pharyngitis cases in adults are bacterial, 73% of patients presenting with sore 

throats seen in primary care settings are prescribed antimicrobials (5, 39). 
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Scarlet fever, historically a common illness among children, is a rare 

complication today.  Scarlet fever is caused by GAS strains that produce 

streptococcal pyrogenic exotoxins A, B, and C.  These toxins, also known as 

superantigens, are responsible for the characteristic symptoms: fever, rough rash 

across the abdomen or chest which desquamates after the fever subsides, and 

“strawberry tongue”, the observation of inflamed papillae protruding through a 

bright red coating on the tongue (4). 

 

Sequelae of pharyngitis and scarlet fever 

Acute Rheumatic Fever 

Acute rheumatic fever (ARF) is a systemic inflammatory disease that 

occurs in 2–3% of children/adolescences infected with GAS pharyngitis.  ARF 

always follows pharyngitis and is more commonly associated with certain M types 

(1,3,5,16,18), although many serotypes have been implicated.  ARF is 

characterized by inflammation of the heart, the joints, the brain, and sometimes the 

skin. The hallmarks of ARF include carditis, migratory polyarthritis, cutaneous 

signs, chorea and subsequent acquired valvular disease. ARF is still the most 

common cause of acquired heart disease in children and adults. The inflammation 

of heart valves leads to rheumatic valvular heart disease, such as mitral and aortic 

regurgitation and mitral stenosis, and myocardial failure. ARF recurs in 50% of 

untreated patients with a history of ARF who develop repeated streptococcal 
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pharyngitis (4). Molecular mimicry plays a role in the pathogenesis of ARF— 

specific sequence motifs in the streptococcal group A carbohydrate epitope and the 

GAS M protein mimic human cardiac myosin leading to autoimmune reactivity 

(25). 

 

Factors causing certain individuals to be susceptible to ARF while others 

remain resistant, are unknown.  While the rates of development of ARF have been 

decreasing in most parts of the world, certain populations of Pacific Islanders, 

especially the New Zealand Maori have seen steady rates of the development of 

rheumatic fever, even when treated with appropriate antibiotics.  The current rate of 

infection in New Zealand is 2.5/100,000 population compared to 0.1/100,000 

population in the United States (10).  Additionally, studies of twins have implicated 

host genetic factors in determining susceptibility (33).  Recently, genetic 

susceptibility for ARF has been associated with HLA class II antigens, particularly 

HLA-DR2, HLA-DR4, and HLA-DR7 (27).  Interestingly, HLA-DRB1*11 appears 

to be protective against rheumatic fever (27). 

 

Streptococcal reactive arthritis 

Streptococcal reactive arthritis is a non-purulent arthritis that occurs 

following GAS infection, but does not involve rheumatic fever.  The arthritis can 

last for months, without relief from aspirin, which is particularly effective in cases 

of rheumatic fever-related arthritis.  Susceptibility may be genetically determined.  
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Recent studies have shown an increased frequency of the HLA-DRB1*01 allele in 

patients with reactive arthritis when compared with both normal individuals and 

those with rheumatic fever (2). 

 

Neurological disorders associated with streptococcal infection 

Thomas Sydenham first described post-streptococcal chorea in the 

seventeenth century as involuntary movement of the limbs and facial muscles in 

addition to emotional lability(60).  Centuries later, the connection between 

Sydenham’s chorea, originally known as St. Vitus’ Dance, and GAS infection were 

made, and to this day, the investigation of the relationship between neurological 

disorders and GAS disease persists.  A wide range of post-streptococcal disease of 

the CNS affecting children has been defined as pediatric autoimmune neuro-

psychiatric disorders associated with streptococcal infections (PANDAS) (20).  

These include movement disorders (chorea, tics, dystonia, and Parkinsonism), 

psychiatric disorders (obsessive/compulsive disorder and attention-

deficit/hyperactivity disorder), and associated sleep disorders.  Although there is 

some support for the idea that these diseases are mediated by auto-antibodies, 

current studies are conflicting and widely speculative (20).  A long latency between 

possible infection and diagnosis of PANDAS has made the association with 

streptococcal disease more difficult to ascertain. 

 

Non-invasive skin infections:  Impetigo and erysipelas 
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Impetigo, from the Latin “to attack”, is a localized purulent infection of the 

skin that is prevalent among young children, particularly in warm climates.  Also 

known as pyoderma, the infection progresses from the formation of pustules which 

then erupt into the characteristic thick, honey-colored crusts (8).  Strains that cause 

impetigo usually differ from those traditionally associated with pharyngitis.  Strains 

of some M protein types associated with impetigo (ie. 49 and 55) are highly 

nephritogenic and have given rise to community outbreaks of acute 

glomerulonephritis after streptococcal infections.  Interestingly, pyoderma does not 

incite the development of ARF.   

 

Taken from Greek meaning “red skin”, erysipelas is the infection of the 

superficial layers of the skin and cutaneous lymphatics.  The affected region is 

often inflamed and raised above surrounding skin.  Although traditionally 

erysipelas was thought of as a facial infection, more recent studies show up to 85% 

of infections occur on the legs and feet (14).   

 

Sequelae from impetigo and erysipelas 

Poststreptococcal glomerulonephritis 

Poststreptococcal glomerulonephritis (PSGN) is characterized by acute 

inflammation of and damage to the glomeruli, leading to hematuria and proteinuria, 

and often hypertension, edema and acute renal failure (4).  Approximately 90% of 

PSGN cases occur in children young children and occur between 7-21 days 
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following either pharyngeal or skin infection (52).  Several theories regarding the 

cause of glomerulonephritis have been proposed.  It is thought that certain 

nephritogenic streptococci produce proteins which have an affinity for regions of 

the glomerulus.  Once released into circulation, these proteins lodge within the 

glomerulus and activates complement through the alternative complement pathway.  

Streptococcal proteins can also serve as fixed antigens for subsequent recognition 

by circulating antibodies.  This recognition leads to activation of the classical 

complement pathway, thus stimulating inflammatory mediators and recruitment of 

host lymphocytes (64).  Other theories suggest that neuraminidase from certain 

streptococcal strains may modify host IgG to become antigenic, eliciting an anti-

IgG rheumatoid factor response (30).  Additionally, delayed-type hypersensitivity 

and superantigen-induced T cell proliferation could be a possible cause of PSGN 

(65). 

 

Epidemiology of non-invasive disease 

GAS is an exclusively human pathogen under natural conditions.  Bacteria 

are passed from one person to another, either by droplets or by direct contact with 

infected skin, or possibly by fomites.  Pharyngitis is more common in the winter 

and spring in temperate climate, and impetigo-like skin infections are more 

prevalent in the summer, often due to secondary infections of insect bites (17).  The 

prevalence of GAS in the throats of school children varies from 10-40% (24, 32).  

The highest incidence of GAS infections is in pre-adolescents.  After cumulative 
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GAS infections in childhood, a broad immunity to GAS develops in many adults.  

Hence, both pyoderma and streptococcal pharyngitis are less common in adults 

(18).   

 

Therapies for non-invasive disease 

Therapy for streptococcal pharyngitis is primarily aimed at prevention of 

non-suppurative and suppurative complications rather than cure of the infection.  

For pharyngitis, it is though that the infecting streptococci must be eradicated from 

the pharynx in order to prevent ARF.  A 10-day course of treatment with penicillin 

is associated with minimal treatment failure.  In fact, it is the only treatment that 

has been proven to prevent development of ARF (51).  A 10-day course of 

cefuroxime axetil has also been proven effective (61).  Shorter courses of other 

antibiotics including azithromycin (3 days), and cephalosporine (4-5 days) have 

more recently been shown to be effective, often with a superior cure rate than 

penicillin (12, 16).  Cephalosporine has also been shown to be an effective 

alternative for those allergic to penicillin (49).  For patients who may have trouble 

complying with a multi-day course of treatment, injectable Penicillin G benzathine 

is an effective alternative (61). 

 

Treatment for GAS skin diseases includes penicillin, erythromycin, or 

topical administration of mupirocin, an antibiotic derived from Pseudomonas 
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fluorescens (45).  Interestingly, treatment for skin infections has not been shown to 

prevent acute glomerulonephritis (37). 

 

Invasive Disease: Necrotizing fasciitis and streptococcal toxic shock 

syndrome 

When GAS is able to migrate from the site of infection through the tissues 

or bloodstream to cause infection that is called invasive disease.  Invasive disease 

includes cellulitis, necrotizing fasciitis, septic arthritis, osteomyelitis, pneumonia, 

empyema, meningitis, puerperal sepsis, and septicemia.  Invasive disease can also 

lead to a GAS toxin-mediated disease, Streptococcal Toxic Shock Syndrome 

(STSS). 

 

The hallmark of necrotizing fasciitis is infection of the subcutaneous tissue 

and fascia resulting in necrosis without affecting the underlying muscle (4).  The 

clinical presentation of necrotizing fasciitis includes extreme pain, swelling, and 

fever.  Patients often complain of a pain far greater than the severity of the lesion 

seems to afford.  A definitive diagnosis, made at the time of surgery, includes the 

degradation of the fascia to a gray, necrotic mass, easy separation of the fascia from 

underlying muscle, lack of bleeding in the area of infection, and the presence of 

putrid “dish-water” pus (63).  Tenderness beyond the apparent border of infection, 

erythema, and warmth of the skin are the most common early findings. 
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An exhaustive study at the Changi General Hospital in Singapore in 2002 

highlighted the importance of quick diagnosis and surgical intervention.  The 

cumulative survival rate for patients having surgery 48 hours after admission to the 

hospital was 18% lower than those whose symptoms were recognized and surgery 

was begun within 24 hours.  Patients who were not operated on until 5 days after 

admission had only a 52% survival rate, 41% lower than those patients treated 

within 24 hours (63).  Since necrotizing fasciitis is a rare disease, it is often 

excluded from the physician’s initial differential diagnosis.  An ongoing 

surveillance study in Toronto found that 50% of patients with necrotizing fasciitis 

had been sent home from a physician’s office or emergency room at least once 

before the diagnosis was made (40). 

 

The defining characteristics of streptococcal toxic shock syndrome (STSS) 

include the early onset of shock and multi-organ failure and the isolation of GAS 

from a normally sterile site(8).  50% of cases are accompanied by necrotizing 

fasciitis; for the rest, the portal of entry may be the skin, mucosa, or pharynx (13, 

58).  There are three phases in the progression of STSS: Phase 1 includes general 

malaise, chills, fever, nausea, vomiting, and diarrhea.  Phase 2 is characterized by 

tachycardia, fever, and if there is a necrotizing fasciitis lesion, increasing pain at the 

site of infection.  Phase 3 includes evidence of shock and organ failure including 

hypotension, renal impairment, and mental confusion (8).   
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Streptococcal pyrogenic exotoxins play a vital role in the pathogenesis of 

STSS.  In particular, the pyrogenic exotoxins A, B, and C act as superantigens in 

vivo, interacting simultaneously with the MHC Class II antigens on antigen-

presenting cells and specific Vβ regions of T cell receptors in the absence of 

classical antigen presentation.  This interaction leads to the synthesis of tumor 

necrosis factor α, interleukins 1β, 2, and 6, as well as interferon gamma and tumor 

necrosis factor β (26, 46).  This massive release of cytokines is a plausible 

mechanism to explain the dramatic shock and organ failure associated with STSS. 

 

 

Epidemiology of invasive disease 

GAS disease is community-acquired, owing to the need for human-to-

human transmission.  Studies have been on-going to determine specific host and 

environmental factors promoting the development of invasive disease.  The most 

recent study in North America found several factors associated with development 

of invasive disease that vary by age group (23).  Among adults, from 18-44 years of 

age, HIV positive status, injection drug use, and the presence of a child in the home 

with a sore throat in the past 2 weeks correlated significantly to development of 

invasive disease.  For adults over 45 years of age, host immune status contributed 

significantly to the development of invasive disease.  This status included immuno-

compromised status achieved through HIV infection, diabetes, cancer, and use of 
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corticosteroids; and also cardiac disease and injection drug use.  For older adults, 

the household size and presence of a child correlated more strongly than whether or 

not an infected child had been present (23).  Interestingly, this highlights the 

importance of person-to-person transmission, and suggests further research is 

needed to develop a vaccine and to determine whether prophylactic treatment of all 

those in the household during a child’s GAS pharyngitis infection is warranted.  

Davies et al.  estimated the risk to family members of patients’ households was 2.9 

per 1000, almost 200 times the risk in the general population (21).  Taken together, 

this data suggests that prophylactic treatment should be considered for those adults 

with risk factors for development of invasive GAS disease. 

 

Therapies for invasive disease 

Invasive disease must be treated more aggressively.  Antibiotics such as 

penicillin are ineffective in the treatment of invasive disease for several reasons.  In 

the case of necrotizing fasciitis, ischemia prevents antibiotics from reaching the site 

of infection.  Blood flow is impeded by intravascular cellular aggregates of 

platelets and neutrophils stimulated by the GAS secreted toxin, streptolysin O (9).  

As previously discussed, once necrotizing fasciitis is diagnosed, immediate 

débridement, or the surgical removal of infected tissues, is necessary (8).   

  

In situations such as bacteremia or STSS, where occlusions are not a 

hindrance, the choice of antibiotics is crucial for survival.  Traditional β-lactam 
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antibiotics prevent division of the bacterial cell wall by interfering with the 

production and maintenance of the peptidoglycan cell wall.  These antibiotics do 

not immediately kill the bacteria per se—they prevent further replication, 

eventually leading to the elimination of the bacterial population.  Before 

elimination, however, the GAS can continue to produce the toxins involved in 

shock and organ failure.  For this reason, clindamycin, a ribosomally-active 

antibiotic which decreases protein synthesis should be used to prevent the 

elaboration of toxins (66).   

 

It as long been hypothesized that the treatment of patients with intravenous 

gamma globulin (IVIG) can prevent the actions of toxins in STSS, but it has been 

difficult to prove definitively (57).  Human IVIG  has been successfully used in a 

mouse model of infection to neutralize the effect of superantigenic toxins in the 

blood (56).  IVIG enhanced the systemic clearance of bacteria and neutrophil 

infiltrate to the area of infection when given at the time of infection.  Those effects 

were lost, however, when treatment was delayed—in a scenario reminiscent of an 

infection presenting at a hospital, IVIG did not confer any benefit (56).  An 

additional complication is the preparation of IVIG itself.  Various preparations of 

IVIG were shown to be radically different in their neutralizing abilities (54).  Taken 

together, IVIG may be beneficial in the clinical setting if given early in the 

infection process.  As Stevens has remarked, since IVIG treatment is not expensive 

when compared to the total cost of a hospital stay, it is worth trying (57). 
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Global Burden of disease 

The global burden of Group A Streptococcal disease is enormous, 

especially in developing countries.  The prevalence of GAS pharyngitis is over 616 

million cases per year and over 111 million cases of skin disease.  Most shockingly, 

there are at least 663,000 new cases of invasive disease each year, resulting in 

163,000 deaths (11).  Post-streptococcal sequelae such as acute rheumatic fever, 

rheumatic heart disease, post-streptococcal glomerulonephritis, and invasive 

disease lead to 517,000 deaths each year, and continue to cause disease in over 18 

million people worldwide (11).   

 

In the United States, there are approximately 10 million cases per year of 

non-invasive disease.  According to the 2005 report of the CDC’s Active Bacterial 

Core Surveillance, 10,400 cases of invasive GAS disease occurred in 2004 (1, 4).  

A full 10% of invasive GAS disease cases proved fatal (1, 4). 

 

Vaccine Development 

With the rise in NF, STSS, and ARF infections in the last thirty years, a 

greater need has arisen for an effective vaccine against GAS.  While the incidence 

of these diseases has stabilized in the U.S. in the last few years, the burden in the 

developing world and in disadvantaged populations within developed nations 
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continues to grow.  ARF has become the leading cause of cardiac morbidity and 

mortality in the first 5 decades of life in the developing world with 12 million cases 

annually and 400,000 deaths per year (42).   

 

Although antibiotics remain effective in the treatment of GAS disease and 

protection from sequelae, limitations persist.  30% of ARF cases are preceded by 

unrecognizable GAS infection.  Even when GAS disease is detected, resources are 

not available for treatment in all areas.  For invasive GAS disease, such as STSS or 

NF, even though treatments may be available, they are not always successful at 

curing the patient.   

 

The development of a GAS vaccine would also portend a striking economic 

benefit in the U.S. alone.   In 2001, an Institute of Medicine analysis estimated the 

health care costs related to GAS disease to reach $493 million annually.  A vaccine 

given to 95% of infants, even with only 75% efficacy would save $314 million per 

year (28).  Statistics are not available for developing nations. 

 

Producing this vaccine has proven to be a formidable task due to the variety 

of serotypes and the potential cross-reactivity of many GAS surface epitopes.   

Vaccine development began in the 1940s with an inactivated whole cell preparation 

(35).  These trials produced systemic and local reactions, but did not prevent GAS 

disease.  Studies beginning in the 1960s moved toward vaccination with 
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preparations of purified M proteins, the highly antigenic yet often immunogenic 

surface protein determinants of GAS (19, 35, 43, 62).  Limited immunity was often 

achieved, but in some cases the proteins retained cross-reactivity with human brain, 

heart, and joint epitopes.  In one study utilizing the M3 protein, investigators 

reported an increase in the rate of ARF among vaccinated children compared with 

controls (43).  It was never determined that the vaccine was a contributing factor in 

these cases, but clinical testing ceased for nearly 30 years. 

 

Current vaccine development utilizes the ability of scientists to create 

recombinant fusion proteins which contain the antigenic portions of the M protein 

while eliminating all cross-reactive immunogenic portions.  Additionally, 

fragments from several different M proteins may be fused together to allow for 

greater protection across serotypes.  Recently, phase I trials were completed using a 

multi-valent recombinant vaccine containing the N-terminal portions of 6 

epidemiologically important GAS serotypes which did not induce cross-reactive 

antibodies but did confer immunity to healthy adults (34).  With the advancement 

of sequencing techniques, the number of recognized M serotypes has grown in 

recent years.  There are 83 serologically unique M proteins currently acknowledged 

(M1 to M93), with additional proteins containing distinct 5’ variable regions 

increasing the total possible number of serotypes up to 180-200 (Bernard Beall, 

personal communication).  This has driven the current development of a 

recombinant vaccine expressing regions of 26 M types (22, 44).  This vaccine has 
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shown promise in clinical trials, producing antigen-responsive antibodies to most of 

included peptides, while averting the production of cross-reactive antibodies (44).  

Interestingly, despite inclusion of over a quarter of known serotypes—the 26-valent 

vaccine was developed to include 80-90% of serotypes found mainly in North 

America—its coverage in other regions of the world such as Asia and developing 

nations is questionable.  International support is required for an effective vaccine to 

be developed which would definitively reduce the global burden of GAS disease. 

 

Surface-expressed GAS proteins have a high potential for a successful 

vaccine, supported by the observation that individuals with low antibody titers to 

surface GAS proteins suffered a predisposition to invasive disease (3).  While no 

human trials have commenced, several gene targets including C5a peptidase and 

Sib35, an immunoglobulin-binding surface protein, have been studied in mice (15, 

29, 47, 48, 55).  The similar bacterium Lactococcus lactis expressing an M-protein 

fragment has been successfully tested as a live vaccine in mice(41).  Interestingly, 

only one non-proteinaceous antigen, the group A carbohydrate, has been tested in 

mice and shown to be successfully immunogenic (53).  

 

Conclusions 

 GAS is an important human pathogen causing infections that range from the 

mild sore throat to devastating necrotic disease and life-long injurious sequelae.  

Since 2001, the sequencing of 12 genomes has greatly expanded the abilities of 
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researchers to quickly identify genetic components corresponding to the 

progression of disease.  The continuing challenge of GAS research is to understand 

the complicated interactions between host environment and GAS to elucidate the 

mechanisms of pathogenesis: how the bacteria respond to the various components 

of the immune response, gain function through horizontal gene transfer with 

members of their own and other species, and how their virulence factor expression 

can be tightly controlled by a complex web of several regulatory pathways (17, 59). 

Understanding these mechanisms will lead to further strategies to not only prevent 

future infections, but also to combat future antibiotic resistance. 
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Introduction 

 Group A Streptococcus (GAS, S. pyogenes) is a Gram-positive bacterium 

associated with a wide spectrum of disease conditions in the human host.  While 

the majority of GAS disease is limited to superficial sites such as the pharyngeal 

mucosa (“strep throat”) or skin (impetigo), the organism is also a leading agent of 

invasive infections, including the life-threatening syndromes of necrotizing fasciitis 

and toxic shock syndrome.  The annual burden of invasive GAS infection is 

estimated at over 650,000 cases and 150,000 deaths worldwide (14), reflecting the 

global dissemination of strains of enhanced virulence potential, including a highly 

prevalent clone of the M1T1 serotype (16).  The propensity of GAS to produce 

systemic infection in otherwise healthy children and adults defines a capacity of the 

pathogen to resist host innate immune clearance mechanisms that normally 

function to prevent microbial dissemination beyond epithelial surfaces. 

  

 Phagocytic cells such as neutrophils and macrophages represent a critical 

element of innate immunity against invasive bacterial infection.  The general 

effectiveness of these cells in host defense bespeaks specialized functions in 

directed migration, microbial uptake, and production of a variety of bactericidal 

effector molecules.  In this review, we examine the multiple virulence factors of 

GAS capable of interfering with the host phagocyte defense system, placing a 

particular emphasis on recent discoveries established through molecular genetic 

analysis of the pathogen.   
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Impairment of Phagocyte Recruitment 

 Circulating leukocytes responds to chemotactic signals to leave the 

vasculature and migrate to the site of infection.  While chemoattractants include 

products from the bacteria cell wall (e.g. N-formyl peptides), the strongest and 

most specific stimuli are host-derived.  GAS has evolved mechanisms to interfere 

with two of the most potent molecules promoting neutrophil recruitment, the CXC 

chemokine interleukin-8 (IL-8) and the complement-derived anaphylotoxin C5a.  

In this way the kinetics of the innate immune response to GAS infection are 

delayed, favoring bacterial survival.  

 

 IL-8 is a multifunctional protein involved in the migration of neutrophils 

out of the bloodstream and towards the site of infection.  Not only does IL-8 act a 

potent chemoattractant (45), it can also be found tethered to the luminal surface of 

the microvasculature where it provides a stop signal to rolling neutrophils (27, 56).  

GAS produce a protease (ScpC aka SpyCEP) that specifically cleaves the C-

terminus of IL-8, leading to functional inactivation of the chemokine (28).  ScpC 

also cleaves the murine CXC chemokines KC and MIP-2 (37). Loss of ScpC 

expression dramatically reduces GAS virulence in the mouse necrotizing fasciitis 

model, reflecting increased neutrophil influx to the site of infection (37).   
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 C5a is an 11 kD fragment of the complement cascade with multiple 

inflammatory properties including the recruitment of neutrophils and stimulation of 

their bactericidal capacity against GAS (25).  However, GAS express an 

endopeptidase, ScpA, which cleaves human C5a between His-67 and Lys-68, 

residues within the critical recognition site for leukocyte surface receptors (17).  

The anchorless surface dehydrogenase (SDH) is also shed from the GAS surface 

whereupon it binds and inactivates human C5a (75), providing another impediment 

to host neutrophil chemotaxis.    

 

Escape from Neutrophil Extracellular Traps 

 It has recently been appreciated that, apart from their phagocytic function, 

neutrophils can efficiently capture and kill microbes in the extracellular space.  

This process involves neutrophil extrusion of a matrix of DNA and histones known 

as Neutrophil Extracellular Traps, or NETs, which ensnare bacteria and subject 

then to microbicidal effectors including the granule proteases elastase and 

myeloperoxidase (11).  With chromatin representing the principal scaffold of 

NETs, the contribution of several GAS DNAse enzymes to pathogenesis has come 

under examination.  A GAS strain with mutations in three encoded DNAses is 

significantly attenuated in murine skin and systemic infection models as well as 

pharyngeal infection of cynomolgus macaques (72).  Among these was the highly-

active bacteriophage-encoded DNAse Sda1, present in the secreted proteome of the 

virulent M1T1 GAS clone associated with severe, invasive infections (5).  Targeted 
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mutagenesis and heterologous expression of Sda1 reveal that the enzyme is 

necessary and sufficient for promoting GAS NET degradation and resistance to 

neutrophil killing in vitro and in vivo (12).  Moreover, pharmacological inhibition 

of Sda1 DNAse activity preserved host NET function and reduced the severity of 

GAS skin infection (12). 

 

Interference with Complement Function 

 Following activation of the classical or alternative complement pathways, 

opsonization of foreign microbes occurs through deposition of C3b and its cleavage 

fragment iC3b on their surface.  Complement receptors (CR) on neutrophils and 

macrophages engage the bound C3b (CR1) or iC3b (CR3 and CR4) to facilitate 

phagocytosis.   Since the complement system is capable of efficient self-

amplification, potential host cell damage is mitigated by the counterregulatory 

proteins C4-binding protein (C4bp) and factor H (FH) that dampen the activity 

level of the classical and alternative pathways, respectively.  GAS exhibits the 

capacity to acquire C4bp and FH, thereby impeding host complement activation 

and preventing efficient opsonophagocytosis. 

 

 C4bp interferes with the assembly of the membrane-bound C3 convertase of 

the classical pathway (34).  GAS is able to selectively acquire host C4bp from 

human serum through the action of the hypervariable regions of several M-protein 

family members, thereby inhibiting classical pathway activation (58, 76).  
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Monoclonal antibody mapping studies reveal the binding site of the GAS M 

proteins on C4bp overlaps the C4b binding site itself (9), thus blocking its essential 

function.  A strong correlation can be established between C4bp acquisition on the 

GAS surface and evasion of phagocytosis, highlighting the importance of this 

innate immune resistance mechanism (8).  The lack of consensus sequence motifs 

among C4bp binding M-protein hypervariable reflects an interesting capacity for 

sequence divergence across M types while maintaining highly specific ligand-

binding functions (65). 

 

 FH and the variant splice form of its coding gene, FH-like protein-1 (FHL-

1), are central fluid-phase regulators of the alternative complement pathway, 

functioning to accelerate the decay of the C3 convertase (C3bBb) and acting as 

cofactors for factor I-mediated degradation of C3b)(80).  M protein has long been 

known to restrict deposition of C3b on the GAS surface, a function that can be 

correlated to resistance to phagocytosis (40).  Many GAS M proteins were found 

capable of binding FH and FHL-1 proteins through their conserved C-repeat region 

and/or hypervariable N-terminal regions (39, 41).  However, the overall 

significance of M protein binding to FH and FHL-1 to complement resistance 

remains a matter of debate.  Affinities for FH and FHL-1 vary widely by M-type -- 

M18 possesses the highest affinity, while M1 and M3 proteins, representing strains 

commonly associated with invasive disease, show little if any binding (64).  

Recently, the M5 protein was shown to bind FH and FHL-1 at its N-terminus, but 
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the bacteria resisted phagocytosis equally well regardless of the inclusion or 

exclusion of this N-terminal binding domain (43).  In M1 strains, the M protein is 

dispensible for FH/FHL-1 binding; instead, the surface-anchored protein Fba 

mediates binding to these complement regulatory factors.  Fba promotes M1 GAS 

survival in human whole blood and prevent deposition of C3b on the bacterial cell 

surface (63). 

 

 The terminal complement pathway generates the membrane attack complex 

C5-9 which can disrupt bacterial cell membranes leading to hypoosmotic lysis; 

although the effectiveness of this aspect of complement activation is diminished by 

the thickness of the peptidoglycan layer of the Gram-positive cell wall.  M1 and 

M57 serotypes of GAS release the protein SIC (serum inhibitor of complement) 

that couples with clusterin and histidine-rich glycoprotein, two serum regulators of 

membrane-attack complex activity, consequently inhibiting complement-mediated 

cell lysis (3).  While preventing uptake of C567 onto the cell surface is a 

measurable property of SIC (30), the protein has several additional activities that 

may contribute to GAS phagocyte resistance (see below). 

 

Interference with Antibody-Mediated Opsonization 

 Immunoglobulins (Igs) generated against specific bacterial epitopes provide 

a second effective form of opsonization, promoting engagement and uptake by host 

phagocytes expressing  surface receptors for the Ig Fc domain.  GAS confounds 
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this branch of host innate defense by a variety of means, including molecular 

mimicry, antigenic diversity, and specific proteins that degrade Ig molecules, bind 

them in a non-opsonic fashion, or interfere with their recognition by phagocyte Fc 

receptors.  In contrast to the serotype-specific polysaccharide capsules of group B 

Streptococcus and Streptococcus pneumoniae, which represent primary targets of 

protective immunity, the invariant GAS capsule consists of a homopolymer of 

hyaluronic acid, identical to a major constituent of the mammalian extracellular 

matrix.  This effective mimicry provides the bacterium a protective cloak not 

recognizable as a foreign antigen.  And while the M protein on the GAS cell 

surface can serve as a target of protective immunity, hypervariability of its N-

terminal domain has generated > 100 known serovariants among which lack of 

cross-protection is commonplace. 

 

 The innate immune function of Ig is thwarted when the pathogen binds its 

Fc region, effectively decorating the bacterial surface with the host molecule in a 

“backwards”, nonopsonic orientation. The surface-expressed GAS fibronectin-

binding protein I (SfbI) binds the Fc region of the Fc region of IgG, preventing 

phagocytosis of IgG-coated RBCs and Ab-dependent cell cytotoxicity by 

macrophages (53).  Several M protein types and related family members also show 

capacity for binding the Fc domains of IgG and/or IgA (13, 15, 71). Protein H, a 

GAS surface protein structurally related to M protein, interacts with the Fc region 
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of IgG and inhibits IgG-dependent complement activation on the bacterial cell 

surface (7).  

 

 The broad spectrum GAS cysteine protease SpeB has been shown to cleave 

IgG, IgA, IgM, IgD, and IgE antibodies in vitro (19).  This degradation occurs even 

when IgG is specifically bound to a bacterial antigen via its Fab regions; yet when 

the IgG Fc region is bound to GAS surface proteins in a nonopsonic fashion, it is 

then spared from SpeB proteolysis (29).  Mac-1/IdeS, a second GAS cysteine 

protease, cleaves IgG in vitro and in vivo, targeting the lower Fc region (1, 2). 

 

 A GAS protein with homology to the alpha-subunit of a leukocyte B2-

integrin, CD11b, named Mac-1 was discovered which binds to FcγRIIIB (CD16) on 

the surface of neutrophils inhibiting phagocytosis and activation of the oxidative 

burst (46).  Subsequently, the closely related Mac-2 protein binds was found to 

bind both Fcγ RII and III receptors, likewise serving to competitively to inhibit host 

phagocyte recognition of IgG on the bacterial surface (1).  Both Mac proteins 

further exhibit IgG endopeptidase activity (47).  The secreted GAS protein EndoS 

hydrolyzes the chitobiose core of the asparagine-linked glycan on IgG,  preventing 

recognition of IgG by phagocyte Fc receptors, blocking complement activation 

through the classical pathway, and impairing opsonophagocytosis (19, 20). 

 

 



36 

Avoidance of Phagocytic Uptake 

 Beyond interference with complement and antibody-mediated opsonization, 

GAS employs several strategies to resist its uptake into phagocytes.  Although the 

GAS hyaluronic acid capsule does not block C3 deposition on the bacterial surface, 

its antiphagocytic function is supported by several lines of evidence. Capsule-

deficient GAS generated by targeted mutagenesis of the has biosynthetic operon or 

through hyaluronidase treatment become susceptible to phagocytic clearance and 

less virulent in animal challenge models (59).  Conversely, GAS variants with 

increased encapsulation are generated by animal passage and mucoid strains are 

linked epidemiologically to greater invasive disease potential (68).  The hyaluronic 

acid capsule appears to restrict access of phagocytes to a variety of opsonins on the 

bacterial surface (22). 

 

 GAS also possess the capacity to utilize various host matrix proteins to 

shield their surface and/or promote formation of bacterial aggregates whose particle 

size may exceed the uptake capacity of host phagocytes.  For example, the SfbI 

protein can bind fibronectin that can in turn recruit collagen leading to matrix 

deposition on and between bacteria and the development of large aggregates (26).  

Under physiological conditions, the B- and C-repeat regions of GAS M protein can 

bind fibrinogen and albumin, thus masking them from antibody binding (66).    The 

M-related protein Mrp, expressed by more than half of GAS strains, recruits 

fibrinogen to the bacterial surface in a fashion that impairs complement deposition 
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(21).  GAS has been shown to aggregate and form intratissue microcolonies or 

biofilms on uncoated polystyrene surfaces or those coated with fibronectin or 

collagen (48), likely restricting phagocyte access.  Finally, the multifunction 

secreted SIC protein can colocalize with the F-actin binding domain of ezrin which 

links the phagocyte cytoskeleton to the plasma membrane.  This interference can be 

viewed as a mechanism to impair the biophysical events required or phagocytic 

uptake, as evidenced by the enhanced internalization of SIC-deficient mutants by 

human neutrophils (38).    

 

Cytotoxicity and Phagocyte Apoptosis 

 GAS elaborate a variety of potent cytotoxins, and another important 

mechanism for innate immune resistance appears to involve triggering the death of 

the phagocytic cell types before bacterial killing can be accomplished.  The pore-

forming GAS β-hemolysin streptolysin S (SLS) exerts cytocidal activity on host 

neutrophils and thereby promotes GAS resistance to phagocytic killing (24, 57).  

The structurally unrelated cholesterol-binding cytolysin streptolysin O (SLO) is 

also toxic to human neutrophils and impairs their phagocytic capacity (4, 67).  

Consequently, both the SLS and SLO toxins are key virulence factors in the 

pathogenesis of invasive GAS infection (24, 31, 49).  The antiphagocytic functions 

of SLO may be more complex than direct cytolysis, as in an epithelial cell model 

SLO is seen to allow GAS to avoid lysosomal localization (35).  SLO also serves to 

deliver an NADase toxin to the host cell cytoplasm in a process known as 
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cytolysin-mediated translocation(50); the NADase activity depletes the host cell 

energy stores (55).   

 

 Upon phagocytosis, GAS mediate a program of accelerated neutrophil 

apoptosis which can be correlated to enhanced phagocyte resistance relative to a 

variety of other common human pathogens (42).  Although the GAS virulence 

factors involved in the neutrophil apoptosis differentiation program and their 

cellular targets remain to be elucidated, epithelial cell models suggest GAS can 

induce a unique apoptosis pathway based on caspase-9 release, mitochondrial 

dysfunction, and calcium regulation (60, 77).  Additional evidence links GAS-

induced macrophage apoptosis triggered to activation of matrix metalloproteases by 

the cysteine protease SpeB (74). 

 

Resistance to Effectors of Phagocyte Killing 

 After phagocytic uptake of the target bacteria, neutrophils and macrophages 

deploy an array of bactericidal mechanisms including vacuole acidification, 

generation of reactive oxygen and nitrogen species, and production of cationic 

molecules including antimicrobial peptides (cathelicidins and defensins), 

myeloperoxidase, and lysozyme (33).  Recently it has been shown that GAS can 

escape from the phagosome into the cytoplasm of neutrophils (54).   Since viable 

GAS can be isolated from inside host phagocytic cells both in vitro and in vivo 

(52), the traditional interpretation of  GAS as an “extracellular” bacterial pathogen 
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is undergoing reevaluation.  Consequently, increased attention has been focused on 

the molecular basis of GAS survival within phagocytes.  Indeed, new investigations 

have shown that GAS expressing M protein are actually efficiently internalized by 

phagocytic cells, but that the M protein promotes subsequent intracellular survival 

(70).  M protein was found to inhibit the fusion of azurophilic granules with the 

phagosome and other membrane trafficking events required for phagosome 

maturation (6, 69). 

 

 Lacking catalase or carotenoid pigment such as those expressed by 

Staphylococcus aureus, GAS has generally been considered susceptible to host 

oxidative burst killing.  However, a recent study revealed that GAS expression of 

GpoA glutathione peroxidase allows the organism to adapt to oxidative stress and 

contributes to virulence in several animal models of pyogenic GAS infection (10).  

Another mechanism of neutrophil intracellular killing involves the action of 

cathelicidin antimicrobial peptides, as demonstrated by the increased susceptibility 

of cathelicidin-deficient mice to invasive GAS infection (61).  One mechanism by 

which GAS resists cathelicidin killing is through incorporating positively charge 

residues into its cell wall lipoteichoic acid, leading to electrostatic repulsion of the 

antimicrobial peptide.  In this fashion, D-alanylation of teichoic acids mediated by 

the dlt operon promotes GAS resistance to cathelicidins and to neutrophil killing 

(44).  The human cathelicidin LL-37 and neutrophil α-defensins can be bound and 

inactivated by GAS protein SIC (32).  Finally, the secreted cysteine protease SpeB 
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is trapped on the GAS surface by a2-macroglobulin bound to the bacterial surface 

protein GRAB; the retained SpeB is capable of degrading LL-37 and protecting the 

bacteria against its antimicrobial action (62). 

 

Regulation of GAS Virulence Phenotypes 

 Expression of GAS virulence phenotypes is under the control of a complex 

set of global transcriptional regulators.  These comprise two-component sensor 

kinase/response regulators, stand-alone response regulators, and alternative sigma 

factors.  Together, these frameworks coordinate GAS response pathways including 

those function to subvert host phagocyte clearance.    For example, genes positively 

regulated by Mga (mutli-gene regulator) include those encoding M and M-like 

proteins responsible for impairing opsonization and promoting GAS neutrophil 

survival, the C5a peptidase (ScpA) targeting neutrophil chemokines, and the 

multifunctional antiphagocytic SIC protein (51).  Gene expression analysis of 

phagocytosed GAS uncovered a two-component response regulator Ihk/Irr critical 

for pathogen survival (79).  Ihk/Irr influences expression of 20% of the GAS 

genome, notably including genes involved in cell wall formation and peptidoglycan 

synthesis.  Elimination of the response regulator gene (irr) gene yielded a GAS 

mutant that was unable to resist killing by cationic antimicrobial peptides and 

reactive oxygen species, and which was severely attenuated for virulence in the 

mouse necrotizing skin infection model (78).  
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 The two-component GAS global regulator CovR/S (for control of virulence) 

modulates the expression of several GAS virulence factors including the hyaluronic 

acid capsule, cysteine protease SpeB, and the cytotoxin SLS (36).  CovR/S is 

though to play a role in GAS adaptation to multiple stresses including heat, acid 

and hyper-osomolarity stress (23).  Recent data indicate that genetic mutations in 

the covR/S locus can be correlated with a phenotypic switch from mucosal to 

invasive forms of GAS infection.  In comparing the transcriptional profile of GAS 

isolates from pharyngeal vs. systemic infection, two distinct patterns emerged (73).  

The switch from the pharyngeal to the invasive pattern  could be recapitulated by 

mouse passage, and was traced to mutations in either CovR or CovS that lead to 

increased expression of hyaluronic acid capsule, IL-8 protease ScpC, protein SIC, 

DNAse Sda1, together with decreased expression of the cysteine protease, SpeB 

(73).  Loss of SpeB preserved M protein and streptokinase on the GAS surface, 

which allows accumulation and activation of the host protease plasmin facilitating 

spread of the organism to the deep tissues (18). 

 

Conclusions 

 GAS derives its scientific name S. pyogenes from the Latin for “pus-

generating”, consistent with neutrophilic infiltrates observed at the site of acute 

GAS infection.  The rising prevalence of deep-seated, invasive GAS infections 

corroborates the sophisticated suite of defense mechanisms the pathogen has 

evolved to avoid clearance by the host phagocyte response.  These GAS virulence 
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traits interfere at multiple points, from initial neutrophil recruitment, to the 

processes of opsonization, to bacterial entrapment and uptake, and to intracellular 

effectors of bacterial killing; in several cases a single GAS molecule impairs 

multiple host defense mechanisms (e.g. M protein or protein SIC).  Improved 

understanding of the molecular basis of GAS phagocyte resistance may provide 

opportunities for therapeutic intervention, wherein novel pharmacologic agents act 

not to kill the bacterium directly, but rather to render it susceptible to our own 

innate immune defenses. 
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Neutrophils are an important factor in the immune response to 

GAS 

During GAS infection, the bacteria encounter many non-specific barriers of 

the innate immune system: epithelial cells of the skin and upper respiratory tract, 

secreted antimicrobial substances, complement proteins in the blood, and 

phagocytic cells circulating in the blood and tissues. One of the first responses of 

the body to microbial assault is the recruitment of neutrophils to the site of 

infection. Neutrophils are the most prevalent subset of granulocytic cells, 

comprising 50-70% of circulating white blood cells (14). Neutrophils are produced 

in the bone marrow and circulate in the bloodstream for no more than 10 hours 

before migrating into tissues, where they live for only a few days. Once at the site 

of infection, neutrophils can employ several killing mechanisms against invading 

microbes, including releasing reactive oxygen species or antimicrobial peptides, 

secreting NETs, or neutrophil extracellular traps, consisting of chromatin and 

elastase, or engulfing and trapping them in phagolysosomes (50).  A review of 

these mechanisms is found in Chapter II of this work. 

 

Interleukin-8 Plays a Critical Role in Neutrophil Recruitment 

Traveling through the bloodstream, neutrophils can be stimulated to bind to 

adhesive molecules in an on-and-off fashion, known as rolling.  Rolling along the 

vascular wall reduces the speed of the neutrophil from 2.5 mm/s to 50µm/s (28).  
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While the neutrophils are still traversing 8-10 times their diameter in 1 second, this 

slowing allows time for interactions of surface molecules of the neutrophil with 

those of the endothelial cells.  Tethering and release is mediated by interleukin 8 

(IL-8) and other stimulatory molecules which upregulate levels of P-, E-, and L-

selectins in endothelial cells.  IL-8 is the major chemoattractant cytokine, or 

chemokine, for neutrophil recruitment (26). IL-8 is bound via its C-terminus to 

surface glucosaminoglycans such as heparan sulfate, a necessary first step in 

activation (33, 53).  This binding interaction is necessary for local activation, since 

secreted IL-8 would instead serve to activate only free-flowing neutrophils.  

Surface localization of IL-8 is primarily found in the postcapillary venules and 

small veins, smaller vessels where leukocytes, by virtue of size, would physically 

come into contact with the vascular lining (33). 

 

Neutrophils are tethered to endothelial cells by P-, E- and L-selectins during 

the rolling phase of activation.  Because of the shear forces of blood flow, these 

interactions are transient, and the neutrophils roll along the endothelial surface.  P-

selectin is the predominant leukocyte rolling receptor on acutely inflamed 

endothelial cells in vivo (29). P-selectin is stored in resting endothelial cells in 

secretory granules called  Weibel-Palade bodies, but can be rapidly  mobilized to 

the cell surface when stimulated by pro-inflammatory mediators (44).  The major 

ligand for P-selectins found on leukocytes is a homodimeric sialomucin called P-

selectin glycoprotein ligand-1 (PSGL-1) (56).  While P-selectin is responsible for 
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the majority of interactions during leukocyte rolling, when endothelial cells are 

stimulated by cytokines such as TNFα, IL-1, or LPS, E-selectins are expressed.  

These bind to both PSGL-1 and N-linked glycans on CD44 expressed by 

leukocytes (25) and stimulate a characteristically slower rolling (55).  L-selectin 

mediated rolling is also dependent on PSGL-1, but is mostly involved in secondary 

tethering of one free leukocyte to another rolling one, and is implicated in chronic 

inflammation (45). 

 

The next step in the extravasation cascade is to activate the neutrophil to 

cause strong adherence to the vascular wall.  At this point, endothelial cell surface-

bound IL-8 binds to its specific receptors on the neutrophil membrane, CXCR1 or 2 

and induce an extremely rapid (millisecond) conformational change of the β2-

integrins on the surface (27).  This conformational change increases the affinity of 

the neutrophil integrin for endothelial surface ICAM-1, and of PSGL-1 for P-

selectin (7).  Together, this strengthening of the bond between neutrophil and 

vascular endothelium leads to a complete stop(35). 

 

The final step in the migration process is the extravasation of the neutrophil 

through the endothelium into extra-vascular tissues.  Extravasation of the 

neutrophil through the venule endothelial cell layer takes place at three sites: 

endothelial cell tricellular junctions, gaps between pericytes, and in areas of the 

basement membrane which have lower than average expression of adherence 
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molecules such as laminin and collagen (52).  Neutrophils take advantage of these 

permissive regions between cells, but are also postulated to be able to create their 

own, using surface bound elastase, a serine protease capable of cleaving laminins 

(52).  After recruitment into the tissue, IL-8 also functions to keep the neutrophils 

alive during their journey and stimulate them to release antimicrobial products after 

a certain amount of time (31, 38).    

 

Host Signaling Pathways Lead to IL-8 Production 

The events leading up to IL-8 secretion by host cells involve an intracellular 

cascade of signaling molecules including those belonging to the mitogen-activated 

protein (MAP) kinase superfamily leading to translocation of nuclear factor-kappa 

B (NF-κB), and upregulation of IL-8 mRNA.  At least three subgroups of MAP 

kinase pathways have been identified: extracellular-signal regulated kinase (ERK), 

c-Jun NH2-terminal kinase/stress-activated protein kinase (JNK/SAPK), and p38; 

and their respective roles in bacterial stimulation of cytokines are unclear (12, 21).  

Studies with GAS have shown that adhesion of GAS to epithelial cells is sufficient 

to stimulate nuclear translocation of NF-κB (32), and infection by GAS induced 

phosphorylation of p38 in mouse osteoblastic cells (36).  Specific upregulation of 

IL-8 was recently shown to be mediated through NF-kB and MAP kinase signaling 

pathways in epithelial cells, however the specific mechanisms remain unknown 

(49).   
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It can be postulated the toll-like receptors (TLRs), well-known for their 

mediation of host responses to various pathogens, may play a role in the 

recognition of GAS and subsequent activation of MAP kinase pathways leading to 

the production of IL-8.  Recent studies by Pahlman and colleagues have revealed an 

interaction between GAS M protein and TLR2 on human monocytes facilitated by 

neutrophil-derived heparin-binding protein resulting in cytokine release (37).  In 

addition, GAS can stimulate a TLR4-dependent release of antimicrobial peptides in 

neutrophils and macrophages, although direct interaction between the bacteria and 

TLR4 is unknown (40). 

 

GAS proteins promote an IL-8 host response 

GAS proteins and cell wall stimulate IL-8 production from host cells in 

vitro.  The extracellular proteins SmeZ and SpeA increased production of IL-8, as 

did heat-killed bacteria (34).  Surface glycoprotein LTA is also shown to stimulate 

IL-8 release from lung microvascular endothelium (2).  Group B Streptococci have 

also been shown to increase production of IL-8 in brain microvascular endothelial 

cells (8).  From this, we postulated that IL-8 production by host cells would be an 

indication of the pathogenicity of GAS strains.  Experiments were undertaken in 

the lab to observe the effect of GAS virulence factors on the stimulation of IL-8 

production from host epithelial cells. 
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Materials and Methods 

Bacteria and growth conditions. 

M1T1 GAS wild-type (WT) strain 5448 is an isolate from a patient with NF 

and toxic shock syndrome TSS that is genetically representative of a globally 

disseminated clone associated with invasive GAS infections (4).  GAS was grown 

in Todd-Hewitt broth (THB), pH 7.5, or on THB agar plates (THA).  For antibiotic 

selection, 2 µg/ml erythromycin (Em) or 2 µg/ml chloramphenicol (Cm) was used. 

Escherichia coli strains were grown in Luria-Bertani broth (LB); antibiotic 

selection employed 500 µg/ml Em.  For functional assays, unless otherwise noted, 

bacteria were grown to early log phase, i.e. OD600 = 0.4 = ~ 1 x 108 colony forming 

units (CFU) per ml in THB, resuspended in appropriate buffers, and concentrations 

confirmed by plating dilutions and enumerating CFU. 

 

Detection of IL-8 production by A549 human lung epithelial cells 

 GAS bacteria or supernatant was added to monolayers of A549 cells in 24-

well plates in varying concentrations.  The plates were centrifuged to assure contact 

between bacteria and  human cells and then incubated at 37˚C for 1-4 hours.  

Supernatant was then collected and frozen in aliquots at -80˚C.  100µl aliquots 

were used in an IL-8 ELISA assay as follows: specially-treated 96 well plates 

(Immulon) were coated with mouse-derived monoclonal antibody to human IL-8 

diluted in 50mM sodium carbonate buffer pH 9.3 for 4-8 hours. Wells were then 

blocked with 5% milk overnight at 4˚C. Wells were then washed three times with 
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Wash Buffer (0.1% Tween-20). Samples and standards were diluted in wash buffer 

with 1% BSA and added to wells. After a 3 hour incubation at room temperature, 

the wells were washed three times and a biotinylated goat anti-human IL-8 

antibody was diluted in wash buffer with 1% BSA and added to the wells. The 

plate was incubated for 1.5 hours at room temperature. Plates were washed 3 times 

and Streptavidin-HRP diluted in 1% BSA was added for 1.5 hours at room 

temperature. Plates were washed 4 times and developed with tetramethylbenzidine 

diluted in sodium acetate buffer. The reaction was quenched with 1.2 M sulfuric 

acid. Absorption of each well was measured at 450 and 595nm in a microplate 

reader and analyzed with Biotek software. (all antibodies from R&D Systems). 

 

Reverse transcription of IL-8 mRNA.   

After supernatants were removed from the IL-8 stimulation assay described 

above, A549 monolayers were lysed and RNA isolated using Qiagen’s RNEasy 

Mini kit with in-column DNase digestion according to the manufacturer’s protocol. 

First-strand synthesis and (PCR) were performed as described (39) using primer 

sets for IL-8, IL-8-Forward (5’- atgacttccaagctggccgtggct-3’) + IL-8-Reverse (5’-

tctcagccctcttcaaaaacttctc-3’) and the control protein, β-actin, β-actin-Forward (5’-

tgacggggtcacccacactgtgcccatcta-3’) and β-actin-Reverse (5’-

ctagaagcattgcggtggacgatggaggg-3’). 

 

Western blot analysis of IL-8 levels 

 



60 

GAS supernatant containing secreted proteins was filter-sterilized using a 

0.2µm filter and concentrated 10X in a centricon-30 column. IL-8 was added to the 

concentrated supernatant and samples were incubated for 1 hour at 37˚C.  Samples 

and an IL-8 control were applied to NuPAGE 10% Bis-Tris premade gels from 

Invitrogen and run and transferred to nitrocellulose as per manufacturers 

instructions. Monoclonal and polyclonal antibodies from Endogen were used to 

visualize IL-8 bands. Blots were developed with an ECL kit. IL-8 degradation is 

seen by comparing degraded samples to the IL-8 standard. 

 

Mutagenesis of the M1 GAS aminopeptidase N (PepN) gene 

Targeting vectors for an interruption mutagenesis of pepN with the 

pVE6007 plasmid containing the chloramphenicol acetyltransferase gene (cat) were 

constructed using sequence information from the GAS M1 serotype SF370 genome 

(11).  Briefly, ~500 bp of chromosomal DNA of the PepN gene  was amplified with 

primer set pepN-internal-Forward (5’- cgggaattcgctatggaaaattgggg-3’) + pepN-

internal-Reverse  (5’-gggggtacctcaatattgaaacg-3’).  Cloned into the temperature-

sensitive vector pVE6007.  Bacteria containing the pVE6007-PepN-KO plasmid 

were grown at 30˚ overnight and then passaged several times at 37˚C.  Since the 

vector itself is temperature sensitive, and therefore unable to replicate at 37˚C, only 

those bacteria that had integrated the plasmid into the pepN gene, thus disrupting 

the sequence, were able to replicate and survive.  Chromosomal DNA was prepared 

and PCR analysis used to confirm the integration mutant. 
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Expression of GAS Aminopeptidase N in L. lactis 

 The GAS pepN gene was cloned into the Gram-positive expression vector, 

pDCerm, using the primers GAS-pepN-upstream (5’-gctctagaggagcgtattccagtgg-3’) 

and GAS-pepN-downstream (5’-gcggatccaacttgcatgacgtctgc-3’).  The gene product 

was cloned into pDCerm and transformed into competent Lactococcus lactis.   

Strains were grown at 30˚C and the presence of the plasmid was confirmed by PCR 

using the primers pepN-internal-Forward and pepN-internal-Reverse. 

 

Adherence and Invasion Assays 

GAS and L. lactis adherence and invasion assays with human A549 lung 

epithelial cells were performed as previously described (8), with some 

modifications. Briefly, newly confluent monolayers of 2 x 105 A549 cells/well in 

24-well plates were washed three times with RPMI 1640. Early log phase bacteria 

were pelleted, washed with PBS, resuspended in RPMI 1640 + 10% FBS, and 

added to the wells at a varying multiplicity of infection.  Plates were centrifuged at 

200 x g for 5 min to place GAS cells on the monolayer surface and incubated at 

37°C under 5% CO2.  For adherence assays, the plates were incubated for 30 min, 

after which time the wells were washed six times with PBS to remove non-adherent 

bacteria.  Monolayers were disrupted with 100µl of trypsin-EDTA and 400µl of 

0.025% Triton X-100, and dilutions plated to enumerate total cell-associated CFU.   
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For cellular invasion assays, after 2 h incubation under the above protocol, 

monolayers were washed 3 times with PBS, and RPMI 1640 + 10% FBS + 100 

µg/ml gentamicin + 5µg/ml penicillin added to kill surface-associated, non-

internalized bacteria.  After subsequent incubation for 2 h, monolayers were 

washed three times with PBS and lysed as above for enumeration of intracellular 

CFU.  Assays were performed in quadruplicate and repeated three times. 

 

Whole blood killing assays 

Human venous blood was collected from healthy individuals and 

heparinized.  200 CFU of GAS or 106 cfu of L. lactis in 100 µl PBS were added to 

300 µl of blood and incubated at 37˚C with rotation.  At the indicated time 

intervals, 50 µl aliquots were removed and plated for quantification.   

 

Results 

IL-8 is not detected in supernatant of epithelial cells stimulated by live GAS 

To study the affects of various GAS virulence factors on IL-8 production, 

an in vitro model of GAS infection was used to stimulate the host immune 

response. Simply, monolayers of a lung epithelial cell line, A549, were infected 

and the cellular supernatant was collected to measure the presence of IL-8 via 

ELISA. Surprisingly, the amount of IL-8 measured by ELISA from infected 

monolayers was very low, less than even the amount secreted by an un-infected 
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monolayer control.  This was true for all GAS mutant strains tested.  This decrease 

in the amount of IL-8 secreted into the media was dose- and time-dependent—

increasing the cfu of GAS added to the well and prolonging the experiment several 

hours further decreased the levels of IL-8 below background (Fig. 3.1).  Similarly, 

addition of the supernatant of overnight bacterial cultures to monolayers of A549 

also had a negative effect on the levels of IL-8.  Interestingly, this SN could cause a 

decrease in IL-8 levels of a monolayer pre-stimulated by TNF-α. 

 

IL-8 mRNA is present despite lack of IL-8 protein detection 

Our observations led to several possible mechanisms. First of all, a secreted 

factor of GAS could suppress the transcription of the IL-8 gene. Secondly, GAS 

could release a protease destroying the IL-8 after it is secreted. Finally, GAS could 

produce a protein that irreversibly bound IL-8 and rendered it undetectable in the 

assays.  To test transcriptional control, we isolated the mRNA from host cells and 

measured IL-8 transcription by RTPCR.  Levels of IL-8 mRNA increased with the 

amount of bacteria added (Fig. 3.1).  Correlating the increase in mRNA with the 

decrease in IL-8 protein suggested that IL-8 might be degraded by GAS.  
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M1 GAS degrades IL-8 protein 

To decipher whether IL-8 was actively being degraded by a factor in the 

supernatant of GAS, Western blot analysis was performed.  100ng of recombinant 

IL-8 was incubated with 10µl of 10X concentrated GAS supernatant.  Complete 

degradation of IL-8 was seen within 1 hour of incubation at 37˚C (Fig. 3.2).  

Neither polyclonal nor monoclonal antibodies were able to detect the degraded IL-

8, suggesting complete degradation, since polyclonal antibodies should be able to 

recognize fragments of IL-8. 

 

Aminopeptidase N/CD13 

A comprehensive literature search regarding a possible mechanism of IL-8 

degradation revealed a leukocyte surface protein involved in abrogating the IL-8 

response in the human host.  Human CD13 is the major human IL-8 degrading 

enzyme found on the cell membranes of neutrophils, monocytes, and other 

leukocytes (24).  GAS encode a gene with 39% consensus and 25% identity to 

CD13 known as aminopeptidase N (PepN).  Studies in E. coli suggest the protease 

has both aminopeptidase and endopeptidase activities, which may explain the 

complete disappearance of the IL-8 band in western blots (3).  To investigate the 

possible role of this protein in IL-8 degradation, I created a PepN mutant strain of 

GAS and a heterologous expression strain of Lactococcus lactis.  In addition, 

bestatin, an inhibitor of aminopeptidases, bestatin, was utilized to explore the role 

of PepN in GAS IL-8 degradation.
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Figure 3.1  Effect of GAS on IL-8 mRNA synthesis and release by infected 
A549 lung epithelial cells.  Amount of IL-8 mRNA produced by the A549 cells 
and detected by RT-PCR increased proportionally with the bacterial dose used, 
whereas amount of β-actin mRNA (control) remained constant (upper).  Amount of 
IL-8 in supernatants of the infected culture decreased as the dose of the infecting 
bacteria increased (lower). 
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Figure 3.2  Western blot analysis of IL-8 degradation.  Concentrated bacterial 
supernatant was incubated with either 200ng (Lanes 1-4) or 500ng (Lanes 5-8) of 
IL-8 at 37˚C for 1, 2, or 4 hours.  Lanes 1 and 5: control IL-8; Lanes 2, 3, 4 and 6, 
7, 8: Incubation for 1hr, 2hrs, and 4hrs, respectively. 

 



67 

Characterization of M1∆PepN mutant and Lactococcus lactis strains 

expressing PepN 

PCR analysis revealed that a PepN gene was present in all GAS strains 

tested including M1 5448.  M1 5448 was mutated in PepN by interruption 

mutagenesis.  Briefly, a central region of PepN was expressed in pVE6007, a 

temperature-sensitive plasmid with chloramphenicol acetyl transferase resistance 

(30).  Upon shift in temperature from  30˚C to 37˚C, the plasmid can no longer 

replicate, so only those bacteria which have the plasmid incorporated into its 

chromosome can maintain chloramphenicol resistance.  PCR analysis confirmed 

the interruption of the PepN gene by the pVE6007 plasmid.  Growth curves were 

similar to WT M1 GAS. 

 

Deletion of the PepN gene did not prevent IL-8 degradation, but did affect 

pathogenic mechanisms  

M1∆PepN strains degraded IL-8 to the same level as WT (data not shown).  

In addition, bestatin, an inhibitor of aminopeptidases, did not reduce IL-8 

degradation as assayed by Western blot.  Despite this, further investigation was 

performed to assay a role for PepN in virulence.  M1∆PepN bacteria were less 

adherent and significantly decreased survival in whole blood (Fig. 3.3). 

 

Additionally, expression of GAS PepN in the non-pathogenic bacteria Lactococcus 

lactis lead to an increase in virulence.  After 2 hours, L. lactis expressing PepN 
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exhibited levels of survival in human whole blood 4-log-fold greater that than of 

WT L. lactis.  Similarly, where L. lactis  is normally non-adherent and non-

invasive, L. lactis expressing PepN showed 60% adherence and 1% invasion, 

which were both significant (Fig. 3.4).  Additionally, when supernatant of an 

overnight culture of L. lactis expressing PepN was added to a WT L. lactis strain, a 

significant increase in invasion was observed (data not shown).  

 

Further developments 

At the same time as our lab performed these experiments, Emanuel 

Hanski’s lab at the Hebrew University in Jerusalem, Israel observed a lack of 

neutrophil recruitment to the site of infection in several cases of necrotizing 

fasciitis (18).  Similarly, a paucity of neutrophils had been previously observed in 

several animals in a baboon model of necrotizing fasciitis (47).   

 

Working together, we found that IL-8 was being destroyed in these GAS 

infections, and that was the cause of this lack of neutrophil recruitment.  Hanski’s 

group found that a small GAS peptide pheromone called called silCR could reverse 

the degradation phenotype both in vitro and in vivo in mouse models of skin 

infection (18).  SilCR is a pheromone-like peptide hypothesized to play a role in 

GAS quorum-sensing and gene regulation that is absent from the genomes of the 

typically invasive M1 and M3 GAS strains (20).   
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Figure 3.3 Deletion of Aminopeptidase N renders GAS less adherent and more 
readily killed in whole blood.  Upper graph shows the adherence of M1∆PepN 
mutant bacteria to be 40% less adherent than WT bacteria (P =.0006).  Lower graph 
shows a timecourse of bacterial survival in whole blood.  While WT bacteria are 
able to grow over 5 hours, M1∆PepN mutant bacteria cannot proliferate (P <.002 
for all).
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Figure 3.4 L. lactis expression GAS PepN are more adherent, more invasive, 
and can grow in human whole blood.  Upper graph shows 3-log fold more L. 
lactis expressing PepN than WT are recovered from whole blood after 5 hours 
(P=.003).  Lower graphs show L. lactis expressing PepN are more adherent and 
more invasive (P= .001 and .0006, respectively).
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The identity of the IL-8 protease was first described by Edwards, et al. in 

2005 (10).  They too had identified several cases of GAS necrotizing fasciitis 

which showed little neutrophil recruitment to the site of infection.  Using strains 

isolated from these patients, the identity of the IL-8 protease of GAS was revealed 

to be a secreted protein which they named SPyCEP, for S. pyogenes cell envelope 

proteinase.  Degradation of IL-8 was localized to the glutamine-59 and arginine-60 

found in its C-terminal α helix region (10). 

 

The same protein, ScpC, was also discovered by Hidalgo-Grass and 

colleagues through an RT-PCR analysis of those genes which were preferentially 

downregulated by SilCR (19).  Mutants were studied and shown to have a role in 

virulence.  Specifically, mouse models of necrotizing soft tissue infections 

revealsed that WT but not ScpC mutants were lethal to mice after subcutaneous 

injection.  Lesion size was also significantly greater in WT mice.  The ∆scpC 

mutant strain could not degrade IL-8, but this defect was rescued upon expression 

of WT ScpC in the mutant.  In the mouse, MIP-2 and KC, chemokines related to 

neutrophil recruitment in the mouse, were each efficiently degraded as well, and in 

mouse models of infection, this degradation led to a lack of recruitment of 

leukocytes to the site of infection.  Myeloperoxidase activitiy, a marker of 

leukocyte activation, was also lower in wound histology in mice infected by ∆scpC 

mutant GAS as compared to those with WT infections (19). 
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Interference with neutrophil activation and chemotaxis as a 

mechanism of immune evasion in other bacteria  

 

P. gingivalis downregulates IL-8 expression  

Periodontal disease is marked by the migration of neutrophils into the 

sulcular space stimulated by the induction of IL-8 by several periodontal microbes 

(48).  Unlike these microbes, the Gram-negative pathogen Porphyromonas 

gingivalis was found to inhibit this transepithelial migration by downregulating IL-

8 and ICAM-1 expression during oral infection (22).  Recently, it was discovered 

that this downregulation is due to the specific cleavage of CD14 on the surface of 

immune cells by the secreted arginine-specific gingipains (46).  CD14 is a GPI-

anchored membrane protein which functions as a co-receptor for LPS by 

interacting with TLR4 and MD2 (13).  Cleavage of this protein prevents the 

recognition of P. gingivalis LPS and subsequent signaling mechanisms which 

stimulate production of IL-8.  Further study is necessary since gingipains seem to 

only be a component of the mechanism of IL-8 P. gingivalis—adherence of the 

bacteria to epithelial cell layers was required for full downregulation, and mutants 

in arginine-specific gingipains reduced but did not abrogate down-regulation of IL-

8 in epithelial cells (22). 
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S. aureus produces several proteins with immunomodulatory affects toward 

neutrophil recruitment 

Staphylococcus aureus is a Gram-positive bacterium which also colonizes 

the skin and mucus membranes and is responsible for a variety of non-invasive and 

invasive infections.  It is the most common cause of surgical site infections and is 

associated with impaired wound healing (9).  The extracellular adherence protein 

(Eap) was recently found in 97.9% of clinical isolates and studies have shown its 

great involvement with the host leukocyte response to infection and direct effects 

on wound healing (1, 23).  Originally identified as an adhesin which enhances 

internalization into host cells, Eap was found to inhibit recruitment of host 

leukocytes by preventing the binding of neutrophils to the vascular endothelium (5, 

16, 17).  This blockage was not seen in an Eap-negative mutant (5).  Eap directly 

interacts with ICAM-1, fibronectin, and vitronectin, thus interrupting B2-integrin 

receptor-mediated leukocyte adhesion in vitro (5).  However, this is not the only 

mechanism by which Eap acts to prevent leukocyte migration.  Most recently, Eap 

has been shown to be a potent angiostatic factor by inhibiting ERK1/2 

phosphorylation at the level of Ras activation (43).  As previously discussed, the 

ERK1/2 signaling molecules are involved in the classical mitogenic kinase pathway 

leading to expression of IL-8, which can also act as an angiogenic factor (12, 42).  

Interestingly, the sum of these effects of Eap has recently been discovered to 

directly affect wound healing, from the recruitment of host immune cells to the 

neovascularization and closure of the wound (1). 

 



74 

 

Another protein isolated from S. aureus was recently described as an 

inhibitor of neutrophil chemotaxis and activation (51).  First described through the 

ability of S. aureus supernatant to downregulate expression of the C5a and fMLP 

receptors on the surface of neutrophils and prevent Ca influx when triggered with 

these factors, the chemotaxis inhibitory protein of S. aureus (CHIPS) was found to 

prevent chemotaxis of leukocytes toward a source of C5a or fMLP (6, 51).   

This 14.1 kD protein found in  over 60% of clinical isolates was later revealed to 

bind directly to the C5a and fMLP receptors on the surface of neutrophils and 

monocytes (6, 15).  While CHIPS does not interact with the IL-8 receptor (51), it 

does block crucial steps in the early inflammatory response of the host to S. aureus.  

CHIPS efficiently prevented phagocytosis of S. aureus and the elucidation of the 

oxidative burst by neutrophils in a human whole blood model of inflammation (41).  

Taken together, data regarding CHIPS and Eap highlight the variety of ways 

bacteria can evade killing by host leukocytes and the extraordinary ways in which 

this interference stimulates global defects in the host. 

 

Conclusions 

GAS secrete a virulence factor, ScpC, which degrades IL-8, thus blocking 

an important pathway in the human immune response to bacterial infection.  The 

global effect of this virulence mechanism can be important in the progress of 

disease.  As the first responders to infection, neutrophils receive signals from 
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affected tissue through the cells of the vascular endothelium.  If GAS is present and 

producing the IL-8 protease, the “alarm” signal will never reach the vasculature and 

neutrophil migration will be prevented.  Through the progression of necrotizing 

fasciitis, the growing number of bacteria can invade deeper into the tissues, 

eventually breaching the vascular wall and spreading into the bloodstream.  At this 

point, thrombosis often occurs, further preventing immune cells from reaching their 

destination and compounding the effects of a lack of immune response on the 

progression of disease.  Understanding the mechanisms by which ScpC is regulated 

and produced may lead to advances in chemotherapy for suspected necrotizing 

fasciitis cases, which currently are most effectively treated by débridement of 

affected tissues (54). 
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 Chapter IV 

 

Genetic Characterization and Virulence Role of the RALP3/LSAP 

Locus Upstream of the Streptolysin S Operon in Invasive M1T1 

Group A Streptococcus 
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Abstract 

  Group A Streptococcus (GAS) is a leading human pathogen associated with a 

wide spectrum of mucosal and invasive infections.  GAS express a large number of 

virulence determinants whose expression under control of several transcriptional 

regulatory networks.  Here we perform the first mutational analysis of a genetic 

locus immediately upstream of the streptolysin S biosynthetic operon in several 

GAS genome sequences including that of the M1T1 serotype, the leading isolates 

associated with serious invasive disease. The locus consisting of a predicted RofA-

like stand-alone transcriptional regulator (RALP3) and the largest open reading 

frame in the GAS genome, encoding a predicted LPXSG-motif cell wall anchored 

protein we have named LSAP (for large-surface anchored protein).  Comparative 

RT-PCR analysis of WT M1T1 GAS and an isogenic RALP3-deficient mutant 

identifies RALP3 as a global transcriptional regulator affecting expression of 

numerous virulence factor genes, including strong repression of hyaluronic acid 

capsule and cysteine protease production.  RALP3 contributed to GAS epithelial 

cell invasion and bloodstream survival.  LSAP was found to be under negative 

regulation by RALP3 and influence GAS epithelial cell interactions and 

antimicrobial peptide sensitivity.  Isogenic M1T1 GAS mutants lacking either 

RALP3 or LSAP were attenuated in a murine model of systemic infection, 

indicating this locus plays a role in the virulence potential of the organism.  
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Introduction 

Group A Streptococcus (GAS, S. pyogenes) is the causative agent for a 

wide array of human infections ranging from simple pharyngitis to life-threatening 

necrotizing fasciitis (NF) and toxic shock syndrome (TSS). GAS is also the trigger 

for the post-infectious, immunologically-mediated syndromes of rheumatic fever 

and glomerulonephritis.  The prominence of GAS as a human pathogen and its 

diversity of its disease manifestations reflects a large array of genetically encoded 

virulence factors that promote attachment and invasion of host epithelium, 

resistance to host immune clearance mechanisms, and direct or inflammatory-

mediated injury to host cells and tissues (6, 14, 44).  The expression of GAS 

virulence factors is controlled at the transcriptional level by an array of two-

component signal transduction systems and “stand-alone” response regulators (38), 

and further modulated post-translationally by the actions of the broad-spectrum 

GAS cysteine protease, SpeB (2, 13). 

 

One well-studied virulence factor of GAS is the cytolytic toxin streptolysin 

S (SLS), which is responsible for producing the hallmark zone of β-hemolysis 

surrounding colonies of the organism grown on blood agar media.  The 9-gene 

GAS sag operon has been found to be necessary and sufficient for production of 

the small SLS toxin, which exhibits characteristics of a bacteriocin-like peptide (48, 

49). Targeted mutagenesis of SLS production yields non-hemolytic mutants with 
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reduced capacity to injury eukaryotic cells, resist phagocytic clearance, or establish 

infection in a murine model of GAS NF (4, 18, 21, 32, 45). 

 

While GAS strains of many genotypes are capable of producing serious 

infections, strains representing one globally disseminated M1T1 clone have 

persisted for over two decades as the single most prevalent invasive isolates (8, 11, 

12, 46), including those collected at the nine surveillance centers of the United 

States Centers for Disease Control Emerging Infections Program Network each 

year from 1997 though 2005 (http://www.cdc.gov/ncidod/dbmd/abcs).  

Immediately upstream of the sagA-I operon for SLS biosynthesis in the published 

M1 GAS genome (23) lies a locus containing two open reading frames (ORFs) with 

interesting sequence features yet whose potential role in GAS biology and 

pathogenesis has been unexplored.  The first ORF (Spy0737) encodes over 2,000 

amino acids, by far largest putative protein in the M1 GAS genome, including a 

C-terminal LPASG cell wall anchor motif leading us to name the candidate gene 

product LSAP (for “large-surface anchored protein”).   The second gene 

(Spy0735), divergently transcribed, is predicted to encode a protein resembling the 

stand-alone global transcriptional regulator RofA (3, 24), and has recently been 

named RALP3 for inclusion in the RofA-like protein family (26).  

 

In this study, we performed a targeted allelic replacement mutagenesis of 

ralp3 in an invasive M1T1 GAS isolate, initially to ascertain whether this gene 
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affected expression of the nearby sag operon for SLS biosynthesis.  We discovered 

that RALP3 impacts sagA expression and indeed functions in global control of 

several other GAS virulence phenotypes, including down-regulation of the 

streptococcal inhibitor of complement (sic), hyaluronic acid capsule (hasA) and 

cysteine protease (speB) expression.  RALP3 also negatively regulates expression 

of the adjacent LSAP, which through additional mutagenesis studies was found to 

influence GAS-epithelial cell interactions.  Isogenic GAS ∆RALP3 and ∆LSAP 

mutants show significant loss of virulence potential in vivo, indicating this locus 

plays a role in the pathogenesis of invasive M1T1 GAS infection.     

 

Materials and Methods 

Bacteria and growth conditions   

M1T1 GAS wild-type (WT) strain 5448 is an isolate from a patient with NF 

and toxic shock syndrome TSS that is genetically representative of a globally 

disseminated clone associated with invasive GAS infections (8).  GAS was grown 

in Todd-Hewitt broth (THB), pH 7.5, or on THB agar plates (THA).  For antibiotic 

selection, 2 µg/ml erythromycin (Em) or 2 µg/ml chloramphenicol (Cm) was used. 

Escherichia coli strains were grown in Luria-Bertani broth (LB); antibiotic 

selection employed 500 µg/ml Em.  For functional assays, unless otherwise noted, 

bacteria were grown to early log phase, i.e. OD600 = 0.4 = ~ 1 x 108 colony forming 

units (CFU) per ml in THB, resuspended in appropriate buffers, and concentrations 

confirmed by plating dilutions and enumerating CFU. 
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Allelic exchange mutagenesis of the GAS ralp3 and lsap genes   

Targeting vectors for precise, in-frame allelic replacement of the ralp3 and 

lsap genes with the chloramphenicol acetyltransferase gene (cat) were constructed 

using our published method (39) along with sequence information from the GAS 

M1 serotype SF370 genome (23).  Briefly, ~500 bp of chromosomal DNA 

immediately upstream of each gene was amplified with primer sets ralp3-upF 

(5’-acacccagactgactgatga-3’) + ralp3-upR  (5’-aactgaactcctttcatttttata-3’) and lsap-

upF (5’-atgaagtcgtgtaggctcag-3’) + lsap-upR  (5’-tctgtattcccccttattttttca-3’), where 

the two reverse primers were designed to possess a 25-bp 5’ extension 

corresponding to the negative strand of the 5’ end of cat.  Likewise, ~500 bp of 

chromosomal DNA immediately downstream of each gene was amplified with 

primer sets ralp3-downF (5’-gcatccctgcgtccactactag-3’) + ralp3-downR  

(5’-caggtattgcctatctgcga-3’) and lsap-downF (5’-gaacctggctttatccaaattgct-3’) + 

lsap-downR  (5’-gtagcacgaaaattcgctc-3’), where the two forward primers were 

engineered to possess a 25-bp 5’ extension corresponding to the positive strand of 

the 3’ end of cat.  Fusion PCR reactions were performed with the ralp3 upstream 

amplicon + a 658-bp amplicon of cat (from pACYC) + the ralp3 downstream 

amplicon, or the corresponding series of DNA fragments for lsap. The resulting 

PCR products, containing and in-frame substitution of either ralp3 or lsap with cat 

in genomic context, were subcloned into the temperature-sensitive vector pHY304.  

Subsequent steps in transformation of GAS strain 5448, procedures for antibiotic 
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and temperature selection for single and double crossover events, and final PCR 

confirmation of the allelic replacement mutants were performed as previously 

described (33). 

 

Reverse transcription and real-time quantitative PCR   

WT and mutant GAS were grown to logarithmic phase (OD600 = 0.4) or 

stationary phase (18 h culture) and RNA isolated using Qiagen’s RNEasy Mini kit 

with in-column DNase digestion according to the manufacturer’s protocol. First-

strand synthesis and real-time polymerase chain reaction (PCR) were performed as 

described (52) in a TaqMan-Universal MasterMix SYBR Green (Applied 

Biosytems, Foster City, CA) using primer sets for the individual GAS genes, each 

time normalizing rates to the expression level of gyrase A.  The specific primer sets 

utilized for RT-PCR detection of mRNA for the GAS ralp3, lsap, speB, hasA, 

sda1, mga, covR, sagA, spn, sic, grab, emm1, eno, scpC, ska, cpa, scpA, cfa, mac, 

endoS, smeZ, pulA and gyrA genes are available on request. 

 

Hyaluronic acid and cysteine protease quantifications   

Levels of hyaluronic acid on the GAS cell surface and released into the 

culture supernatant were measured using a hyaluronic acid ELISA kit (Corgenix) 

per manufacturer’s instructions.  GAS grown to mid-log (OD600 = 0.4), late log 

(OD600 = 0.8), or stationary phase  (18 h culture) for collection of supernatants with 

the corresponding cell pellets equilibrated in PBS before detection. The mature 
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cysteine functional proteolytic activity of SpeB was measured using the EnzCheck 

protease assay kit (Molecular Probes) as described (34).  Two-dimensional gel 

analysis of secreted GAS proteins was performed using published methods (2). 

 

Epithelial cell adherence and invasion   

GAS adherence and invasion assays with human A549 lung epithelial cells 

were performed as previously described (19), with some modifications. Briefly, 

newly confluent monolayers of 2 x 105 A549 cells/well in 24-well plates were 

washed three times with RPMI 1640. Early log phase GAS was  pelleted, washed 

with PBS, resuspended in RPMI 1640 + 10% FBS, and added to the wells at a 

multiplicity of infection (MOI) of 1:1 (bacteria:cell).  Plates were centrifuged at 200 

x g for 5 min to place GAS cells on the monolayer surface and incubated at 37°C 

under 5% CO2.  For adherence assays, the plates were incubated for 30 min, after 

which time the wells were washed six times with PBS to remove non-adherent 

bacteria.  Monolayers were disrupted with 100µl of trypsin-EDTA and 400µl of 

0.025% Triton X-100, and dilutions plated to enumerate total cell-associated CFU.  

For cellular invasion assays, after 2 h incubation under the above protocol, 

monolayers were washed 3 times with PBS, and RPMI 1640 + 10% FBS + 100 

µg/ml gentamicin + 5µg/ml penicillin added to kill surface-associated, non-

internalized bacteria.  After subsequent incubation for 2 h, monolayers were 

washed three times with PBS and lysed as above for enumeration of intracellular 

CFU.  Assays were performed in quadruplicate and repeated four times. 
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Whole blood and antimicrobial peptide killing assays   

Human venous blood was collected from healthy individuals and 

heparinized.  200 CFU of GAS in 100 µl PBS were added to 300 µl of blood and 

incubated at 37oC with rotation.  At the indicated time intervals, 50 µl aliquots were 

removed and plated for quantification.  The murine cathelicidin mCRAMP was 

synthesized and purified (> 99%) by the Louisiana State University Protein Facility.  

In sterile 96-well microtiter plates, logarithmic-phase GAS cells were adjusted to 

105 CFU/ml in 100 µl THB containing 28 µM mCRAMP and incubated at 37°C for 

1 h prior to plating for enumeration of surviving CFU.  

 

In vivo mouse infection model   

A murine model of GAS systemic infection was used to compare the 

virulence potential of WT and mutant strains (57). GAS was grown to mid-log 

phase in THB, washed, resuspended, and diluted to an appropriate concentration in 

PBS.  An equal volume of gastric mucin was added for a final concentration of 5%. 

2 x 106 cfu were injected intraperitoneally in 10-12 week old female CD1 mice.  

Blood samples were taken at 6 h from tail vein for quantification of bacterial CFU 

and mice were monitored for mortality over a 13 d period. 
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Statistical analysis  

Data were analyzed in Excel using the Student’s T test, P < 0.05 was 

considered significant.  The Kaplan-Meyer survival plot was analyzed using the log 

rank test in GraphPad Prism (GraphPad Software, San Diego, CA). 

 

Results 

Real-time RT-PCR analysis of specific transcripts in WT vs. ∆RALP3 mutant 

GAS identifies RALP3 as a global transcriptional regulator 

Isogenic ∆RALP3 and ∆LSAP mutants were generated in WT M1T1 strain 

5448 by precise, in-frame allelic replacement (Fig. 4.1).  Each mutant exhibited 

identical growth characteristics to the parent GAS strain in THB media (not 

shown).  Due to its homology to the RofA-like family of stand-alone response 

regulators, we predicted that RALP3 could be involved in transcriptional regulation 

of GAS genes relevant to disease pathogenesis.  Quantitative real-time RT-PCR 

analysis of 23 proven or virulence factors of M1 was performed to compare 

transcriptional profiling of the WT GAS M1 strain and the isogenic ∆RALP3 

mutant at logarithmic and stationary phases of growth. We collected RNA samples 

from logarithmic (OD600 = 0.4) and stationary phase (18 h growth) cultures of each 

strain and performed real-time RT-PCR analysis of selected virulence factor genes 

using specific primer sets with transcript amounts normalized to an internal gyrA  
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control.  Transcription of mRNA for the ralp3 gene was evident in all phases of 

growth (Fig. 4.2), with greatest level at the mid-logarithmic phase. 

 

The results of the RT-PCR studies are reported in Table 4.1 as a primary 

data set of expression levels of each transcript normalized to the gyrA housekeeping 

gene control, and in Fig. 4.3 as the ratio of specific transcript expression level in 

the ∆RALP3 mutant vs. the WT parent strain. Using two-fold change as a cutoff, 

RALP3 was identified to have either negative or positive regulatory effects on 

several genes.  Five genes were upregulated in the ∆RALP3 mutant strain during 

both mid-log and stationary phases including mga, sdaI, speB, hasA, and lsap.  

Expression of the multigene regulator Mga, itself involved in transcriptional control 

of multiple GAS genes important in colonization and immune evasion was 

increased 2.9-fold at logarithmic and 6.4-fold at stationary phase (43).  The mRNA 

levels for phage-encoded DNAse Sda1, a proven virulence factor promoting M1 

GAS escape from neutrophil extracellular traps (NETs) (7, 55), were also increased 

(4.2 to 5.1-fold) in the ∆RALP3 mutant.  The transcript levels for hyaluronan 

synthase gene hasA were increased in the ∆RALP3 mutant in both logarithmic (6.4-

fold) and stationary (3.8-fold) phases.  GAS hyaluronic acid capsule expression is 

known to play important roles in virulence by promoting phagocyte resistance and 

CD44-mediated epithelial cell invasion (15, 58, 59) .  The cysteine protease speB 

showed a 3.9-fold increase at both phases which is notable, since normally 

significant SpeB expression by the WT M1T1 parent strain is appreciated only in  
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Figure 4.2 Real-time RT-PCR analysis of the ralp3  gene.  Real-time RT-PCR 
(Taqman) analysis of expression of the ralp3 gene at various phases of growth.   
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Figure 4.3 Comparison of transcript levels in ∆RALP3 mutant vs. WT M1 
GAS.  Graphic depiction of RT-PCR data derived from Figure 4.2B. Bars to the 
left indicate transcript levels higher in the ∆RALP3 mutant, bars to the right 
indicate transcript levels more highly expressed in the WT strain.  Dotted lines 
demarcate a cutoff ratio of 2.0. 
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late logarithmic and stationary phases (35).  Finally, the lsap gene, adjacent to and 

divergently transcribed directly upstream of ralp3 appeared to be under negative 

control of the candidate regulator, with 4.2-fold greater logarithmic phase and 3.0-

fold greater stationary phase transcript levels found in the ∆RALP3 mutant. 

 

Three additional genes, slo, spn, and cpa were upregulated in the ∆RALP3 

mutant strain as compared to WT expression levels only during logarithmic phase 

growth.  Streptolysin O (slo), which plays a role in GAS avoidance of lysosomal 

killing and animal virulence (29, 40) was upregulated 2.4-fold and SPN, a NAD-

glycohydrolase exerting toxic effects upon induction into host cells (41) was 

upregulated 5.5-fold. The collagen type I-binding surface protein, cpa, was also 

negatively regulated two-fold in the ∆RALP3 mutant during logarithmic growth. 

 

Four more genes were found to be upregulated only in the ∆RALP3 mutant 

in the 18h culture analysis, potentially reflecting transcript accumulated in late 

logarithmic and stationary phases. Strikingly, the structural gene for the SLS 

peptide, sagA, situated adjacent on the chromosome to the RALP3/LSAP locus was 

upregulated 15.6-fold in the ∆RALP3 mutant.  Stationary phase levels of transcript 

for the CovR response regulator, involved in global control of several GAS 

virulence genes (22), were increased 4.5-fold in the ∆RALP3 mutant.  Finally, 
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levels of transcript for GRAB and M protein (emm1) were upregulated in the 

∆RALP3 mutant 2.5- and 2.3-fold, respectively. 

 

Two genes in our analysis appeared to be differentially regulated by RALP3 

in logarithmic vs. stationary phase.  Of these, sic, the streptococcal inhibitor of 

complement was the most significantly changed, with a 25-fold increase compared 

to WT in stationary phase but a 5-fold decrease in logarithmic phase.  This data 

should be interpreted with caution due to the very low levels of transcript detected 

for sic; however similar results were found repeatedly and thus can be considered 

at least qualitatively.  An alpha-enolase gene situated immediately downstream of 

RALP3 in the GAS chromosome was down-regulated during logarithmic growth 

3.4-fold but upregulated 2.0-fold in stationary phase.   

 

Eight other genes that play important roles in GAS pathogenesis did not 

show marked (>2-fold) differences in expression levels detected by RT-PCR 

between the ∆RALP3 mutant and the WT parent strain in either logarithmic or 

stationary growth phases (Fig. 4.3).  These included the genes encoding the 

strongly immunoactive superantigen SmeZ, the pore-forming cytotoxin CAMP 

factor , streptokinase, pullulanase, EndoS, Mac, C5a peptidase and IL-8 protease 

(ScpC).  
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Hyaluronic acid capsule and cysteine protease expression are increased in the 

∆RALP3 mutant 

Real-time PCR analysis showed that transcription of the genes hasA, 

encoding hyaluronan synthase, and speB, encoding streptococcal cysteine protease, 

were increased in the ∆RALP3 mutant compared to the WT GAS parent strain in 

both logarithmic and stationary growth phases.  To corroborate these changes at the 

phenotypic level,  we characterized the levels of hyaluronic acid in the supernatant 

and on the surface of wild-type and ∆ralp3 mutant bacteria by ELISA method (Fig. 

4.4A).  Levels of hyaluronic acid released into the supernatant were 36, 47, and 36 

times higher in the ∆RALP3 mutant bacteria at mid-log, late log, and 18 h growth, 

respectively.  Levels of hyaluronic acid maintained on the cell surface was nearly 

equal to that released at mid-log and late-log phase growth, but reduced 50% by 18 

h of growth.  The ratios of cell surface vs. released hyaluronic acid remained the 

same, indicating that increased hyaluronic acid in the ∆RALP3 supernatant likely 

mirrored increased biosynthesis.  To compare the expression of cysteine proteinase 

SpeB protein, 2D gels were performed on the supernatants of WT GAS and 

∆RALP3 mutant cultures grown in the presence of E64, an inhibitor of cysteine 

protease activity.  At both early log phase (Fig. 4.4B) and stationary phase (data not 

shown), the ∆ralp3 mutant expressed much more SpeB protein than WT bacteria.  

Activity of SpeB in the culture supernatant was next assayed using a casein  
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Figure 4.4  RALP3 negatively regulates GAS hyaluronic acid capsule and 
cysteine protease.  A.  Hyaluronic acid levels found in the supernatant and on the 
surface of bacteria measured by ELISA.  B.  Two-dimensional gel electrphoresis of 
proteins in the supernatant of WT M1 GAS and the ∆RALP3 mutant.  C.  Cysteine 
protease activity in supernatants from the WT M1 GAS and the ∆RALP3 mutant as 
measured using a fluorescent casein substrate assay. 

1

10

100

1000

10000

100000

0.4 0.8 O/N

H
ya

lu
rn

ic
ac

id
(n

g/
m

l) WT SN

∆RALP3 SN

WT cells

∆RALP3 cells

OD600 of culture

A

1

10

100

1000

10000

100000

0.4 0.8 O/N

H
ya

lu
rn

ic
ac

id
(n

g/
m

l) WT SN

∆RALP3 SN

WT cells

∆RALP3 cells

OD600 of culture

A

B
WT

SpeB

∆RALP3

SpeB

0

2000

4000

WT ∆RALP3

Fl
uo

re
sc

en
t U

ni
ts

C
Cysteine Protease

Activity

B
WT

SpeB

∆RALP3

SpeB

WT

SpeB

∆RALP3

SpeB

0

2000

4000

WT ∆RALP3

Fl
uo

re
sc

en
t U

ni
ts

C
Cysteine Protease

Activity



 102 

 

substrate, showing the ∆RALP3 mutant had a 4-fold greater level of protease 

activity than WT GAS (Fig. 4.4C). 

 

Adherence and invasion of human epithelial cells is modulated by LSAP and 

RALP3 

GAS adherence to and invasion of host epithelial cells is considered an 

essential early event in the pathogenesis of invasive infection (14).  Because of its 

cell-wall anchor domain and large size suggesting it could reach far outward from 

the bacterial surface, we hypothesized the LSAP protein could influence GAS 

interactions with host epithelial cells.  The LSAP ORF possesses multiple repeat 

sequences in its N-terminal domain with sequence homology (22-26% identity) to 

those of emb, a 14-kilobase gene encoding the major extracellular matrix binding 

protein of Abiotrophia defectiva (42) and a 13% identity to ebh, the gene encoding 

a 1.1-megadalton fibronectin-binding protein of Staphylococcus aureus also 

hypothesized to play a role in cellular adhesion (10).   

 

The relative abilities of the isogenic GAS ∆LSAP mutant and the WT M1 

GAS parent strain to adhere to and invade human A549 lung epithelial cells were 

compared in tissue culture assays.  As shown in Fig. 4.5, the ∆LSAP mutant 

adhered equivalently to the epithelial cells as did the WT strain, but was recovered 

intracellularly in twice the numbers (P < .001).  No differences in susceptibility of 

the WT and ∆LSAP mutant to the antibiotics (penicillin or gentamicin) or detergent 
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Figure 4.5  LSAP and RALP3 modulate GAS-epithelial cell interactions.  The 
rate of (A) adherence and (B) intracellular uptake of WT M1 GAS and the isogenic 
∆LSAP and ∆RALP3 mutants to cultured monolayers of A549 human lung 
epithelial cells. 
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(Triton X-100) used in the invasion assay were identified (not shown).  The results 

indicate that LSAP does not play a role in promoting GAS lung epithelial cell 

adherence, but rather expression of LSAP decreased recovery of GAS from 

infected host cells. 

 

Because RALP3 was found to negatively regulate GAS lsap expression 

(Fig. 4.2), we hypothesized that the effects of eliminating RALP3 on GAS 

epithelial cell adherence and invasion might run opposite to those observed in the 

∆LSAP mutant.  Conversely, the GAS ∆RALP3 mutant demonstrated a 3-fold 

increase in adherence to A549 cells (P = 0.01), yet was 12-fold less invasive in the 

parallel in vitro invasion assay (P < 0.001) (Fig. 4.5).   

 

Mutation of RALP3 promotes GAS survival in human whole blood and serum 

The GAS phenotype most strongly up-regulated upon elimination of 

RALP3 was hyaluronic acid capsule expression, which has a known role in 

resistance to phagocytic clearance (59).  When compared to the WT strain in a 

fresh human blood killing assay, the ∆RALP3 mutant exhibited a ~100-fold 

increase in survival after 3.0 h of incubation (Fig. 4.6A).  Resistance to 

opsonization per se is not recognized as an attribute of the GAS hyaluronic acid 

capsule (16), and therefore the increased resistance to phagocytosis could also 

reflect in part increased expression of complement-impairing factors such as SIC 

(1, 5) in the ∆RALP3 mutant.  The isogenic ∆LSAP mutant did not differ  
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Figure 4.6 Effects of LSAP and RALP mutation on resistance to whole blood 
and antimicrobial peptide killing.  (A) Survival of WT M1 GAS and isogenic 
∆LSAP and ∆RALP3 mutants in fresh human whole blood; (B) Killing of WT M1 
GAS and isogenic ∆LSAP and ∆RALP3 mutants by the murine cathelicidin 
antimicrobial peptide CRAMP (28 µM). 
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significantly from the WT parent strain in the blood survival assays (Fig. 4.6A).   

Cathelicidin antimicrobial peptides are an important component of the innate 

immune killing capacity of phagocytic cells, and a mouse deficient in the sole 

murine cathelicidin CRAMP is highly susceptible to invasive GAS infection (50).  

We found both the ∆LSAP and ∆RALP3 mutants to demonstrate significantly 

increased sensitivity to CRAMP killing (Fig. 4.6B). 

 

RALP3 and LSAP contribute to GAS virulence in a mouse infection model 

A murine intraperitoneal challenge model (57) was used to test the 

virulence potential of the ∆RALP3 and ∆LSAP mutants compared to the WT 

M1T1 GAS strain.  Mice were injected with 2 x 106 CFU of logarithmic phase 

GAS and monitored for mortality over a 13 day period.  Mortality caused by the 

WT strain was 50% by day 2 and 90% by day 5 (Fig. 4.7A).  In contrast, the first 

mortality in the mice infected with the ∆RALP3 mutant occurred on day 3, and 

only 60% mortality was recorded by the end of the observation period (P < 

0.0125).  Attenuation of the ∆LSAP mutant was more pronounced, with no deaths 

until 7 d after challenge and only 20% total mortality during the monitoring period 

(P < 0.0001).  Thus both RALP3 and LSAP are required for the full virulence 

potential of M1T1 GAS in this in vivo model.  Although not reaching statistical 

significance, a tendency was observed for higher bacterial CFU on blood sampling  
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Figure 4.7  RALP3 and LSAP contribute to animal virulence. WT M1 GAS or 
the isogenic ∆LSAP and ∆RALP3 mutants were injected intraperitoneally in CD1 
mice (n = 10 per group).  A.  Kaplan-Meyer survival curve.  B.  Bacterial CFU in 
the blood 6 h after inoculation. 
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of the ∆RALP3 mutant compared to the WT strain 6 h after intraperitoneal 

challenge (Fig. 4.7B).  While this effect of RALP3 deletion could be seen to 

correspond to the observed increases in blood survival of the ∆RALP3 mutant (Fig. 

4.6A) and its upregulation of hyaluronic acid capsule expression (Fig. 4.4), it did 

not translate into increased mouse lethality during the ultimate infection process. 

 

Discussion 

Immediately upstream of the sagA-I operon for SLS biosynthesis in the 

M1T1 GAS genome lies the a gene locus containing the RofA-like protein gene 

ralp3 and lsap, the largest ORF in the GAS genome encoding a protein with a 

characteristic C-terminal LPXSG cell wall anchor motif.  In this study, we use 

targeted mutagenesis to demonstrate that RALP3 is involved in the global 

transcriptional regulation of multiple GAS virulence genes, including prominently 

the negative control of hyaluronic acid capsule and cysteine protease expression.  

Further we show that LSAP plays a role in impeding intracellular uptake of the 

bacterium into host cells. RALP3 and LSAP each contribute to the virulence 

potential of M1T1 GAS in an animal infection model. 

 

Several mechanisms of transcriptional regulation have been characterized in 

GAS including two-component signal transduction systems (22, 31, 37) and stand-

alone response activators and repressors (9, 25, 26, 47, 51).  RALP3 belongs to a 
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major family of stand-alone response regulators found with homology to RofA, 

originally discovered as a positive regulator of prtF gene encoding a fibronectin-

binding adhesin in an M6 serotype strain of GAS (25).  In an M49 serotype GAS 

strain, the negative regulator Nra was found to share 62% sequence identity with 

RofA and seen to suppress expression of prtF.2 and a collagen-binding protein cpa 

(53).  In related bacterial species, at least two additional RALP family members 

have been discovered and preliminarily characterized.  Group B Streptococcus 

express RogB, which is involved regulating the expression of surface pili (20, 28).  

The Streptococcus pneumoniae gene RlrA regulator is required for colonization of 

the nasopharynx but is dispensable during systemic infection processes (30).  

Overall, RALPs are similar in size and an average of 30% predicted amino acid 

sequence shared with RofA.  However, the helix-turn-helix predicted DNA-binding 

region of RofA is not well conserved among the group of RALP proteins, 

suggesting that the DNA targets of each stand alone regulator may vary 

significantly (26, 28). 

 

Among the 12 published complete GAS genomes, ralp3 homologues are 

found in seven genomes representing four serotypes (M1, M4, M12 and M28) in 

the published literature and one additional serotype (M49) available in the public 

databases.  In every case, the lsap gene is colocalized ralp3 and the ralp3/lsap locus 

is situated upstream of the sag operon for SLS biosynthesis.  However, each 
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sequenced strain of different serotype is characterized by an lsap gene of different 

length (e.g. 6180 bp in M1, 5040 bp in M12, etc.).  

 

Because of its large size, we speculate that the increased recovery of 

∆LSAP mutant bacteria vs. WT bacteria from infected host epithelial cells could 

reflect LSAP steric interference or cloaking of key domains in shorter surface 

anchored proteins (e.g. Sfb1, M protein) capable of mediating cellular uptake.  

Correspondingly, the significantly decreased intracellular uptake seen in the 

∆RALP3 mutant could reflect increased LSAP levels on the cell surface. 

 

Two of the most prominent phenotypes under transcriptional control by 

RALP3 appear to be hyaluronic acid capsule and cysteine protease expression, each 

of which is markedly increased in the ∆RALP3 mutant.  When invasive GAS 

strains are passaged in vivo, hyaluronic acid capsule expression is increased but 

cysteine protease expression is decreased (2, 27, 58).  These phase shifts are 

consistent with clinical data correlating mucoid strains of GAS with increased 

pathogenic potential and the inverse correlation of cysteine protease expression 

with severity of invasive GAS infection (34, 36).  The in vivo advantage associated 

with increased capsule expression likely reflects increased resistance to 

phagocytosis (59), while downregulation of cysteine protease expression preserves 

the expression of several known GAS virulence factors such as M protein, DNAse 

and streptokinase (2, 13, 54).  Recently, the in vivo phenotypic switch to upregulate 
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capsule gene expression and downregulate cysteine protease expression has been 

attributed to selection for specific mutations in the sequence of either component 

gene of global transcriptional regulator CovR/S (17, 56). 

 

In contrast to CovR, which negatively regulates hasA expression but 

positively regulates speB expression, we found RALP3 to negatively regulate both 

genes. As RALP3 downregulated covR transcription (Figs. 4.2B, 4.3), the effect of 

RALP3 to downregulate speB expression could in part be attributable to reduced 

covR transcription; in contrast, RALP3 downregulation of hasA expression could 

be mitigated by the same pathway.  The in vivo challenge with the ∆RALP3 mutant 

dissociates the observed in vivo selected phenotypes of enhanced capsule 

expression and decreased cysteine protease expression.  The finding of decreased 

virulence of the ∆RALP3 compared to WT suggests that overexpression of the 

SpeB cysteine protease and its attendant effects to degrade GAS virulence factors 

can effectively negate the expected survival advantage conferred by increased 

hyaluronic acid capsule expression.   

 

In sum, we have performed the first characterization of a two-gene locus 

situated upstream of the sag operon in invasive M1T1 GAS and found both genes 

to contribute to the virulence potential of the pathogen.  The RofA-family stand 

alone regulator, RALP3, functions in global transcriptional control of several 

phenotypes relevant to disease progression and can be added to the complex 
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network of virulence gene regulators described in this leading human pathogen 

(38).  The mechanism by which LSAP enhances GAS virulence in vivo remains to 

be elucidated, although a role in antimicrobial peptide resistance may be a 

contributing factor.  Because of its large size and predicted surface localization, 

LSAP may represent an attractive target to elicit protective immunity against M1T1 

GAS and other strains in which it is expressed. 
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