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Preface

Streptococci are Gram-positive bacteria capable of causing a wide spectrum of
diseases in humans and animals. Group A streptococci (Streptococcus pyogenes)
are exclusively human pathogenic bacteria. Group C and group G streptococci,
which were traditionally considered as animal pathogenic bacteria, are emerging
as causative organisms of human diseases. The diseases caused by streptococci
range from self-limiting manifestations such as pharyngitis or impetigo to life-
threatening diseases such as necrotizing fasciitis and streptococcal toxic shock
syndrome. The disease burden of streptococcal infections is extremely high
worldwide. More than 600 million persons, mostly children, suffer from strepto-
coccal pharyngitis every year. There are 600 thousand cases of invasive disease
with high mortality. Another problem is the sequelae of streptococcal infections in
the form of acute rheumatic fever and rheumatic heart disease. About 15 million
children are suffering from rheumatic heart disease, and approximately one million
new cases are registered every year. Streptococcal diseases are considered as one
of the most important groups of neglected communicable diseases.

Antibiotics alone have not been able to reduce the disease burden and in spite of
many efforts no effective vaccine is available. One reason for unsuccessful
attempts to develop a vaccine is the complexity of pathogenic mechanisms of
streptococci. To establish and maintain an infection, streptococci evade host-
immune defenses through their heterogeneity, bind and exploit host proteins for
their own advantage, trigger their own internalization by host cell in order to
persist and evade action of antibiotics, express surface proteins with similarity to
host proteins to cause autoimmune diseases. The list of perplexing properties is far
from complete so that streptococci remain a major health hazard and a real
challenge for scientists, clinicians, and public health workers.

A prerequisite to develop and design novel combat strategies is a complete
understanding of the pathogenic mechanisms. In recent years, the host–pathogen
interactions have been shown to play a key role in streptococcal diseases. These
interactions therefore represent promising intervention targets. This volume
is completely devoted to understand streptococcal diseases. The volume has
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10 chapters starting with streptococcal diseases and burden and going on to
epidemiology, adaptation and transmission, molecular mechanisms of different
diseases as well as sequelae, and ending with vaccine development and clinical
management. All the authors are well-known in this field and have contributed
enormously to the knowledge beyond the state-of-the-art. This volume will be a
useful reference work for clinicians, microbiologists, public health workers, stu-
dents of medicine and microbiology as well as a large number of scientists working
in this field. The volume would provide new avenues for the scientists to meet the
challenge of streptococcal diseases and would contribute to developing novel
control strategies. The volume will be dedicated to millions of patients who have
experienced the streptococcal infections and their sequelae.

I am grateful to Prof. Dr. Klaus Aktories from University of Freiburg for
encouraging me to edit this volume. A short while ago, I visited his institute to
give a talk after which he thought that it would be an interesting volume for CTMI.
I am also thankful to all the contributors to find time from their tight schedules and
deliver excellent chapters. All chapters provide state-of-the-art information and
there is hardly any overlap among the different chapters. I am grateful to Springer
staff, especially Ms. Schlitzberger for their help and to Prof. Manfred Rohde, Dr.
Patric Nitsche-Schmitz, and Helga Brink from the Department of Medical
Microbiology of our center.

G. S. Chhatwal
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Group A Streptococcal Diseases and Their
Global Burden

Anna P. Ralph and Jonathan R. Carapetis

Abstract Group A streptococcus (GAS) or Streptococcus pyogenes has been
recognised as an important human pathogen since early days of modern micro-
biology, and it remains among the top ten causes of mortality from an infectious
disease. Clinical manifestations attributable to this organism are perhaps the most
diverse of any single human pathogen. These encompass invasive GAS infections,
with high mortality rates despite effective antimicrobials, toxin-mediated diseases
including scarlet fever and streptococcal toxic shock syndrome, the autoimmune
sequelae of rheumatic fever and glomerulonephritis with potential for long-term
disability, and nuisance manifestations of superficial skin and pharyngeal infec-
tion, which continue to consume a sizable proportion of healthcare resources.
Although an historical perspective indicates major overall reductions in GAS
infection rates in the modern era, chiefly as a result of widespread improvements in
socioeconomic circumstances, this pathogen remains as a leading infectious cause
of global morbidity and mortality. More than 18 million people globally are
estimated to suffer from serious GAS disease. This burden disproportionally
affects least affluent populations, and is a major cause of illness and death among
children and young adults, including pregnant women, in low-resource settings.
We review GAS transmission characteristics and prevention strategies, historical
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and geographical trends and report on the estimated global burden disease
attributable to GAS. The lack of systematic reporting makes accurate estimation of
rates difficult. This highlights the need to support improved surveillance and
epidemiological research in low-resource settings, in order to enable better
assessment of national and global disease burdens, target control strategies
appropriately and assess the success of control interventions.
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1 Introduction

In the twenty-first century, Group A streptococcus (GAS) retains major importance
as a global cause of morbidity and mortality. This Gram-positive bacterium was
initially recognised as the causative agent of erysipelas and puerperal sepsis in the
late nineteenth century (Bisno and Stevens 2000). Lacking any natural host apart
from humans, it is well adapted to transmission within populations characterised
by crowding, limited access to hygiene and inadequate medical care. Thus, in the
current age, it is chiefly a disease of poverty. Although the name ‘pyogenes’ (pus-
forming) describes the suppurative manifestations of infection, an astonishing
range of clinical syndromes is attributable to GAS (Fig. 1).

In addition to illness resulting from direct infection, immunologically and
toxin-mediated pathology, the global burden of disease attributable to GAS
includes the downstream complications of these conditions, such as stroke and
infective endocarditis complicating rheumatic heart disease (RHD) and renal
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failure complicating post-streptococcal glomerulonephritis. The young age at
which people are often affected by GAS infections leads to a high-disease burden
in terms of disability adjusted life years. In 2005, the estimated number of people
suffering from a serious GAS disease was approximately 18.1 million, with a
further 1.78 million new cases occurring each year, accounting for 517,000 deaths
annually (Carapetis et al. 2005a, b; World Health Organization 2005). By way of
comparison with another pathogen of major human importance, the combined
manifestations of S. pyogenes thus outnumber cases of tuberculosis (of which 8.8
million cases were reported globally in 2010) (World Health Organisation 2011).
Unlike tuberculosis, GAS-related infections are not universally notifiable and there
are few active surveillance systems in developing countries, where the burden is
greatest, hence the figures quoted here underestimate the real burden of GAS
(World Health Organization 2005).

It is estimated that the various manifestations of GAS infection cause a similar
number of deaths as do rotavirus, measles, Haemophilus influenza type B and
Hepatitis B each (Carapetis et al. 2005a, b). The majority of deaths are attributable
to RHD and its complications, followed by invasive group A streptococcal dis-
eases (iGAS), then acute post-streptococcal glomerulonephritis (APSGN).

Also contributing to morbidity and healthcare expenditure is the highly pre-
valent condition of pharyngitis (a minimum of 616 million incident cases

Pyoderma

Streptococcus pyogenes
(Group A streptococcus) Immune-mediated 

disease

Direct infection

Toxin-mediated 
disease

Bone and joint infection

Skin and soft 
tissue infection

Acute rheumatic fever

Acute post-streptococcal 
glomerulonephritis

Streptococcal toxic shock 
syndrome

Necrotising fasciitis

Pharyngitis/tonsillitis

Scarlet fever

Bacteraemia, other
invasive infection

Impetigo

Cellulitis

Erysipelas

Rheumatic 
heart disease

Fig. 1 The Spectrum of GAS Infections. Major manifestations are shown; the list is not
intended to be exhaustive, and listed syndromes can co-exist
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estimated in 2005) and pyoderma (111 million prevalent cases) (World Health
Organization 2005) As these are among the commonest causes of doctor consul-
tations in high-income settings, illness burden and healthcare expenditure related
to S. pyogenes infections in these settings evidently persists.

The incidence rates of GAS-related diseases have fallen in high- and middle-
income countries as nations have undergone epidemiological transition from
communicable to non-communicable diseases as their predominant causes of
morbidity and mortality. However, the relative contribution of S. pyogenes to
sepsis-related morbidity and mortality remains disproportionately high in such
countries which have undergone epidemiological transition, emphasising the
ongoing relevance of this organism globally. Factors other than changes in societal
socioeconomic status which account for historical trends in diseases arising from
GAS include: evolving knowledge of the mode of transmission; implementation of
preventative measures; improved access to medical care including antimicrobial
therapy and shifts in strain virulence and transmissibility over time. Although rates
of serious GAS diseases during the mid twentieth century were mostly low in
industrialised countries, the re-emergence of streptococcal toxic shock syndrome
(STSS) in the mid-1980s re-focussed attention on the importance of human GAS
infections, and fostered research into the molecular epidemiology (Katz and
Morens 1992).

S. pyogenes retains robust susceptibility to the most basic of antibiotics, peni-
cillin. There is good understanding of GAS epidemiology and preventive strate-
gies. Despite these facts, controlling GAS transmission in high-burden areas
remains challenging. In this chapter, we explore the diversity of manifestations of
streptococcal infection, transmission characteristics and prevention strategies rel-
evant to the understanding of disease epidemiology, attributable morbidity and
mortality, and overall global burden including temporal and geographical trends.

2 Transmission and Prevention of GAS Infections

An exploration of transmission properties and prevention strategies for GAS
infection and carriage provides insight into reasons for the ongoing high GAS
disease burden, and for geographical variation in rates.

2.1 Transmission

S. pyogenes is transmitted human to human via direct contact, droplet spread from
people with pharyngeal colonisation or carriage and contaminated fomites (Health
Protection Agency Group A Streptococcus Working Group 2004; Milne et al.
2011; New South Wales Health 2012; Coburn and Young 1949) in addition to
being reportedly food borne (Bisno and Stevens 2000; Williams et al. 1932). The
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importance of crowding to facilitate transmission has been well documented
among personnel residing in military camps with close living arrangements, and
this sector is often serviced by high-quality epidemiological units which are able to
readily detect and report outbreaks (Coburn and Young 1949; Centers for Disease
Control 2002; Wasserzug et al. 2009). Household crowding as a risk factor for
acute rheumatic fever (ARF) has been recently confirmed in a large ecological
study of over 1,000 rheumatic fever cases in New Zealand (Lennon et al. 2009).
Transmission likelihood was mapped clearly in the ‘‘barracks studies’’ of World
War II outbreaks among American Navy personnel. Risk of GAS pharyngeal
infection in an individual was shown to be inversely proportional to the distance
between their bed and that of a colonised or infected case (Wannamaker 1954;
Kaplan 2009). The extent of the problem of GAS infections for the US military is
indicated by the existence of a specific United States (US) Army Air Force
Rheumatic Fever Control Programme during the twentieth century, (Coburn and
Young 1949) and routine use of monthly benzathine penicillin prophylaxis among
US military recruits (Heggie et al. 1992).

Despite transmission being person to person, S. pyogenes has not generally
become established as an endemic hospital-acquired organism and rather remains
predominantly community acquired.

2.2 Pharyngeal Carriage of S. pyogenes

A major challenge in treating GAS pharyngitis is the existence of the carrier state.
A study now four decades old was undertaken by Kaplan and colleagues, enroling
624 children \15 years old with symptomatic pharyngitis, to investigate carriage
(Kaplan et al. 1971). The investigators found that S. pyogenes was culturable from
a throat swab in 35 % of children, yet of these, only 57 % showed a rise in
antistreptolysin O or anti-DNAse B titre at follow up at 3 and 6 weeks. The main
reason for failure to mount an antibody response was interpreted as S. pyogenes
carriage rather than infection (Kaplan et al. 1971). A number of more recent
studies continue to document high rates of pharyngeal S. pyogenes carriage; for
instance, carriage was found in 17.8 % of asymptomatic toddlers attending a day
care centre in Israel during winter (Yagupsky et al. 1995).

Carriage is thought to be a benign state for the host, contributing neither to
infection nor autoimmune sequelae, but to be an important potential source of
infection for contacts (Centers for Disease Control, Prevention 1999). This is the
basis for the United Kingdom (UK) recommendation to swab staff during noso-
comial GAS outbreaks (Milne et al. 2011). Misattribution of colonisation as
infection complicates estimates of the likelihood of ARF or APSGN following
GAS pharyngitis. Asymptomatic carriers might be important drivers of GAS
transmission. Hence, improved diagnostics to distinguish these states would be
readily welcomed.

Group A Streptococcal Diseases and Their Global Burden 5



2.3 Prevention

The example of ARF best illustrates the different levels of preventative strategies
which can be employed in the control of GAS infection and its consequences.
Prevention can be conceptualised at levels described as primordial (improved
social health determinants), primary (vaccination or treatment of GAS pharyngi-
tis), secondary (antimicrobial prophylaxis after ARF e.g., monthly benzathine
penicillin) and tertiary (medical and surgical management of RHD) (RHD
Australia (ARF/RHD writing group) 2012; Seckeler and Hoke 2011).

The success of primordial prevention is evident in overall global trends in GAS
rates over the long term as housing and hygiene improved in high- and middle-
income countries, prior to antibiotic availability (see Sect. 3.1) (RHD Australia
(ARF/RHD writing group) 2012; Quinn 1989). Unfortunately, there are few suc-
cessful contemporary examples of primordial-level strategies to reduce GAS
infection rates in disadvantaged populations, for example through social, economic
or environmental initiatives. One possible exception is provided by a before-and-
after study undertaken in remote Australian Aboriginal communities, in which the
introduction of a community swimming pool was associated with significant
reductions in pyoderma rates (pyoderma being chiefly attributable to S. pyogenes
in this setting) (Lehmann et al. 2003). While increasing affluence is associated with
lower ARF rates overall (with notable exceptions) (Pastore et al. 2011; Veasy et al.
1987), it remains largely unknown which specific components of affluence are the
most important: housing quantity and quality, healthcare access and quality,
education or economic advantage per se (RHD Australia (ARF/RHD writing
group) 2012). Some answers are provided by a recent study in New Zealand,
which found that the number of people per house was more important than
household income in predicting ARF risk (Lennon et al. 2009). Overall, few
evidence based and cost-effective prevention strategies at the primordial level have
been identified.

Concepts of primary prevention are to pre-empt colonisation or infection (using
vaccination or prophylactic antibiotics), or avert the development of adverse
immune responses leading to ARF (using antibiotic treatment for established GAS
infection). While vaccine developments offer the most important promise for
prevention, this is not yet an established option (Steer et al. 2009a, b). Penicillin
appears relatively ineffective in achieving sustained eradication of carriage in
some studies (Heggie et al. 1992). Other antimicrobials, or combinations thereof,
may be more successful in eradicating carriage: in a small study of children with
persistent throat carriage of GAS after receiving intramuscular benzathine peni-
cillin, the combination of rifampicin with penicillin eradicated carriage in 93 %
versus 23 % in the placebo group and 30 % in the group which received further
penicillin alone (Tanz et al. 1985). Another larger study found that azithromycin
for 5 days eradicated oropharyngeal GAS in 95 % of school students (Morita et al.
2000). Overall, however, the cost-benefit ratio does not favour generalised
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screening and treatment for GAS carriage, except in selected settings of high GAS
transmission (RHD Australia (ARF/RHD writing group) 2012).

Treatment of GAS pharyngitis (in contrast to carriage) to avert ARF does work,
(Del Mar et al. 2006) but is also challenging because of the high proportion of
infections which are unrecognised, and the difficulty in distinguishing GAS
pharyngitis from other more common, predominantly viral and aetiologies. Among
ARF patients, a recent history of symptomatic pharyngitis is absent in two-thirds
of cases in some studies, (Veasy et al. 1987) and may be perceived as too trivial to
warrant medical attention in others. Even when detection and treatment of GAS
pharyngitis is diligent, ARF cases are not completely prevented: a randomised trial
of primary prevention in a high-incidence ARF setting (around 60 cases per
100,000 school children) unfortunately failed to show major benefits from assid-
uous treatment of GAS pharyngitis versus standard care (Lennon et al. 2009).
Schools were randomised to receive optimised diagnosis and free treatment of
GAS pharyngitis via a school-based ‘sore throat’ clinic versus standard care;
although the ensuing incidence of ARF was around 20 % lower in the intervention
schools, this did not reach statistical significance (Lennon et al. 2009).

Observations from Australian Aboriginal communities also implicate GAS-
associated skin infection as the precursor for ARF, (McDonald et al. 2004) indi-
cating that treatment of skin infection could offer another primary prevention
strategy.

Secondary prevention is the key focus of most control strategies, due to its proven
efficacy, cost-effectiveness and the difficulty with above-mentioned approaches.
Secondary prophylaxis with four weekly depot intramuscular injections of benza-
thine penicillin significantly reduces ARF recurrence rates when compared with
placebo (Padmavati et al. 1973) or with oral penicillin (Manyemba and Mayosi
2002). In Australia’s Northern Territory, surveillance during 2002–2008 of
Aboriginal people with ARF showed that none who received 100 % of their
scheduled benzathine penicillin injections experienced a recurrent episode of ARF
(Parnaby and Carapetis 2010). Secondary prophylaxis using this regimen can also
reduce the severity of rheumatic valvular lesions, or can be associated with the
regression of valve lesions, over time (Carapetis et al. 2005a, b; RHD Australia
(ARF/RHD writing group) 2012; Lue et al. 1979). This strategy thus forms the basis
of the World Health Organisation’s recommendations on ARF management (WHO
2001). Guidelines on doses and durations are detailed elsewhere (RHD Australia
(ARF/RHD writing group) 2012).

2.4 Contact Management

An outbreak of invasive GAS infection is currently defined as two or more cases of
culture-confirmed symptomatic iGAS linked in time and place (Health Protection
Agency Group A Streptococcus Working Group 2004; New South Wales Health
2015). Different approaches to the management of contacts have been advocated.

Group A Streptococcal Diseases and Their Global Burden 7



Key UK recommendations on contact management include education about
symptoms of GAS infection, and antibiotic chemoprophylaxis with oral penicillin
(or azithromycin in cases of penicillin allergy) for: (a) mothers and infants if either
develops iGAS disease in the neonatal period; (b) close contacts if they have
symptoms suggestive of localised GAS infection and (c) entire households if there
are two or more cases of iGAS within a 30-day time period (Health Protection
Agency Group A Streptococcus Working Group 2004). If two or more cases of
invasive S. pyogenes occur in a residential facility, some argue that targeted or
mass antibiotic chemoprophylaxis for residents and staff should be considered, in
addition to ensuring monitoring, screening for infection and carriage and review of
infection control practices (Milne et al. 2011).

Smith and colleagues in a 2005 review concluded that currently available
evidence does not justify the routine administration of chemoprophylaxis to close
contacts, arguing that the number needed to treat to avert one infection would be
excessive, based on the secondary attack rate (Smith et al. 2005). Few studies have
quantified the risk of iGAS (let alone other manifestations of GAS infection)
among close contacts, making it difficult to determine the risk–benefit ratio of
chemoprophylaxis. However, the secondary attack rate of iGAS has been the
subject of ongoing surveillance in Ontario, Canada, where the population inci-
dence of iGAS was found to be 1.5/100,000, but among close household contacts
was 320/100,000 (95 % confidence interval 39–1,200/100,000), based on the
occurrence of two secondary cases (Davies et al. 1996). Subsequent surveillance
found a similar attack rate over ensuing years [see review, (Smith et al. 2005)].
These rates are comparable to or somewhat less than secondary attack rates among
household contacts for Neisseria meningitides, (Purcell et al. 2004) an organism
for which contact prophylaxis is routinely employed. Given the high mortality of
iGAS of around 15 %, (Davies et al. 1996) the Ontario recommendations are
therefore to administer antibiotic prophylaxis to close household contacts of iGAS
cases (Ontario Ministry of Health 2005).

The diverse approaches to contact management, with lack of consensus on this
question, (Health Protection Agency Group A Streptococcus Working Group
2004; Smith et al. 2005; Ontario Ministry of Health 2005; Prevention of Invasive
Group ASIWP 2002) may reflect the fact that diverse GAS strains with differing
potential for transmission, and propensity to result in invasive disease, provide for
a range of experiences, and hence differing recommendations have arisen.

3 Trends in the Burden of Disease due to GAS

Here, we provide an historical perspective of the global burden of GAS infections,
including important fluctuations during the last 30 years, and the changing drug
susceptibility profile of S. pyogenes.

8 A. P. Ralph and J. R. Carapetis



3.1 Long-Term Temporal Trends

As with tuberculosis and other communicable diseases associated with poverty,
GAS incidence rates began to decline during the late nineteenth–early twentieth
centuries in industrialised nations as living conditions improved, then continued to
fall with the advent of the antibiotic era (Quinn 1989; Kaplan 1993). Historical
trends in GAS rates, using scarlet fever (‘scarlatina’) as a proxy because of its
distinctive clinical features, have been studied in attempts to shed light on modern
day changes in GAS epidemiology (Katz and Morens 1992). As noted by Quinn in
his comprehensive 1989 review on rheumatic and scarlet fevers: ‘‘the incidence
and prevalence of these diseases have declined steadily as has mortality in the past
150–200 years. The decline predated by at least 100 years the availability of
penicillin in 1943 as an effective preventive and therapeutic agent. Undoubtedly,
penicillin has accelerated their general decline, but it certainly did not initiate it’’
(Quinn 1989). It should be noted, however, that there were very few data in
Quinn’s review from low- and middle-income countries, where the benefits of
economic and social development have not been as great, and hence where high
rates of GAS diseases appear to continue unabated. The lack of surveillance and
notification processes in low-resource settings means that the bulk of the available
literature on longitudinal trends in GAS disease, described in this section, relate to
higher resource settings.

In a further parallel with tuberculosis rates, during the post-modern era
S. pyogenes again began attracting attention in the 1980s when new as well as
classical manifestations of GAS infection began to be reported in increasing rates
from northern Europe and the USA (Veasy et al. 1987; Stevens 1995; Martin and
Hoiby 1990; Stromberg et al. 1991). While the rise in tuberculosis rates at this time
was attributed to public health service delivery issues and the onset of the HIV
pandemic, (Bloom and Murray 1992) the mid-1980s rise in GAS rates appears
more likely to have been related to organism factors, with the emergence of
different GAS strains distinguishable on emm genotyping (Lamagni et al. 2005).

Trends in puerperal sepsis over time provide important insights into GAS trans-
mission dynamics. Puerperal sepsis, largely attributable to group A (but also group
B) streptococci became highly prevalent when ‘lying in hospitals’ first started to
replace homebirths in Europe in the 1600s (Adriaanse et al. 2000). Deaths attributed
to this cause reportedly occurred in up to 20 % of parturient women in some facilities,
[see review, (Adriaanse et al. 2000)]. Although Semmelweis’s evidence on the role
of hand hygiene in reducing rates of puerperal sepsis from 11.4 in 1846 to 3.1 % in
1847 (Adriaanse et al. 2000) was infamously rejected by his contemporaries, later
appreciation of germ theory and hygiene requirements, promulgated by Pasteur
among others in the later 1800s, contributed to a decline in rates of (presumed GAS)
puerperal sepsis. Rates fell to low enough levels in high-resource settings in the
twentieth century to be worthy of publication when they did still sporadically occur,
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as demonstrated by a 1993 case report (Nathan et al. 1993). Unfortunately, since that
time, a resurgence has again occurred, mirroring rates of other GAS manifestations in
high-income countries (while in low-income countries, rates have remained far more
constant, and high, over time). In the UK, there has been a recent increase in deaths
due to maternal sepsis, particularly from S. pyogenes. The mortality rate from sepsis
increased from 0.85 deaths per 100,000 maternities in 2003–2005 to 1.13 deaths in
2006–2008, and sepsis is now the most common cause of direct maternal death
(Harper 2011). In the most recent UK surveillance report, of 29 maternal deaths from
genital sepsis in 2006–2008, 13 were due to GAS; this compares with eight maternal
GAS deaths in 2003–2005 and three total maternal deaths from sepsis in 2000–2002
(Harper 2011). A further complication of S. pyogenes puerperal sepsis is bacteraemia
in the neonate, discussed in Sect. 4.3.

3.2 Epidemics

On the background of overall downward trends over time, well-recognised epi-
demics of GAS infections occur [see reviews, (Stevens 1995; Stevens et al. 1989)],
likely to be related to shifts in the expression of virulence factors, and/or com-
munity acquisition, then waning, of immunity to given circulating strains (Katz
and Morens 1992). While scarlet fever outbreaks typify GAS epidemics in the
older literature, all GAS manifestations can occur in epidemic form.

Military barracks outbreaks, of various sizes and severity, occur not infre-
quently as mentioned above (Coburn and Young 1949; Centers for Disease
Control 2002; Wasserzug et al. 2009; Wannamaker 1954; Kaplan 2009). Out-
breaks of scarlet fever were observed to occur in 5 or 6-year cycles in Germany
between 1972 and 1987, with outbreak strains shown to produce different quan-
tities of erythrogenic toxin type A; this was thought to explain the severity dif-
ferential observed between outbreaks (Kohler et al. 1987). Five and six-year cycles
have also been observed recently in outbreaks of APSGN in northern Australia
(Marshall et al. 2011). In this study, specific emm types (e.g. emm55) appeared
rapidly in communities, became the dominant circulating GAS type, then disap-
peared after approximately 3 months; this pattern, and the ensuing periodicity of
APSGN outbreaks, was hypothesised to be due to the development of type-specific
immunity in the population (Marshall et al. 2011). Of note, regular cyclical out-
breaks of rheumatic fever by contrast have not been observed. No such patterns are
evident in the observed trends in longitudinal incidence rates from registers of
ARF in Australia (Parnaby and Carapetis 2010; Brown et al. 2003) or New Zea-
land, (Jaine et al. 2008) and there is an absence of publications suggesting any
cyclical patterns in ARF epidemiology. One-off ARF outbreaks do occur, such as
the widely reported Utah outbreak of 75 cases of ARF in 1985–1986, thought to be
associated with the emergence of a rheumatogenic mucoid M type 18 GAS (Veasy
et al. 1987). Nevertheless, regular 5–6 yearly outbreaks, in environments of either
high or low ARF incidence, are not observed as far as we are aware. A plausible
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hypothesis to explain the different epidemiologies of these GAS manifestations is
the difference in underlying immunological pathogenesis. ARF develops after
multiple exposures to rheumatogenic GAS strains, with resultant immune ‘prim-
ing’ that eventually leads to a clinically apparent episode of rheumatic fever,
which can sometimes (especially in the case of Sydenham’s chorea) occur months
to years after the infective insult; thus host determinants play a contributory role,
and resulting rates of ARF are relatively steady over time. APSGN, on the other
hand, occurs soon after infection with a single nephritogenic GAS strain which can
suddenly appear in a population, (Marshall et al. 2011) and spread with high
transmissibility. Accordingly, this disease has greater outbreak potential.

The ‘new’ manifestations of GAS infection reported from Europe and North
America in the 1980–1990s comprised toxin-mediated disease (Lamagni et al.
2005; Cone et al. 1987; Hoge et al. 1993). Toxic shock syndrome due to GAS was
first described in the USA in 1987 (Cone et al. 1987); rather than being a genuinely
new disease, however, this is probably the same disease as what had previously
been termed ‘septic scarlet fever’. Similarly, ‘Streptococcal gangrene’ was not a
new concept (Bisno and Stevens 1996), but the occurrence of a cluster of necro-
tising fasciitis cases in the US Rocky Mountain region, as well as STSS, with high
case fatality of 30 % (Stevens et al. 1989), led to fears of a new epidemic of ‘flesh
eating bacteria’ (Stevens 1995). Clinical case definitions for STSS and necrotising
fasciitis were then developed (Stevens 1995; The Working Group on Severe
Streptococcal Infections 1993). STTS requires identification of GAS with features
of shock plus C 2 specific laboratory or clinical abnormalities; necrotising fasciitis
comprises necrosis of soft tissues and fascia plus serious systemic disease (e.g.
shock, disseminated intravascular coagulation or organ failure). Concerns about
these outbreaks of virulent GAS strains prompted many European countries from
this time onwards to make invasive S. pyogenes infections notifiable (Lamagni
et al. 2005). The lack of reportable status in many other nations poses difficulties
for accurate ascertainment of disease burden.

3.3 Trends in GAS Drug Resistance

Fortunately, S. pyogenes remains fully susceptible to penicillin, despite over five
decades of exposure to this antibiotic. Hypothesised explanations, as summarised
by Horn et al., include that GAS do not have the capacity to express b-lactamase or
low-affinity penicillin-binding proteins, or that expression of either is toxic to the
organism (Horn et al. 1998). Resistance does, however, readily develop to non-
b-lactam antibiotics. The distribution and burden of resistance to other antibiotics is
important to monitor, since alternative agents are required in the context of adverse
reactions to b-lactam antibiotics, with erythromycin the recommended second-line
agent for rheumatic fever prophylaxis, for instance (RHD Australia (ARF/RHD
writing group) 2012). Alternative agents are also required for the treatment of
mixed infections where an agent broader than penicillin is required. Furthermore,
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there is increasing popularity in using the lincosamide class of antibiotic for GAS
treatment. Agents from this class (clindamycin or lincomycin) are utilised either as
monotherapy or as an adjunct to b-lactams in the treatment of invasive GAS
infections, due to their in vitro antitoxin effect (Stevens et al. 1987), their ability to
improve S. pyogenes phagocytosis by impairing expression of surface M protein
(Gemmell et al. 1981), and their good tissue penetration and long post-antibiotic
effect; thus resistance to this antibiotic class is of particular interest.

Cross-resistance between lincosamides and the macrolide antibiotic class occurs
if the macrolide resistance is attributable to the expression of erm genes, which
generates the ‘MLSB’ phenotype (resistant to macrolides, lincosamides and strep-
togramin B). Macrolide resistance in GAS isolates is now well established. Surveys
of Korean school children identified rising rates of resistance among GAS isolates to
erythromycin and clindamycin, from 29–10 %, respectively in 1995, to 51–34 % in
2000 (Kim and Lee 2004). Monitoring of macrolide resistance in European coun-
tries shows substantial variation, ranging from 11 % of isolates in Russia and
Portugal in the 1990–2000s, to 32 % of isolates in Italy (Lamagni et al. 2005).

Erythromycin resistance appears, not unexpectedly, to track erythromycin
prescribing habits, with the rise and fall in prescriptions for this antibiotic in
Finland corresponding to changes in GAS resistance rates over time (Seppala et al.
1997). High utilisation of the macrolide antibiotic class, thus potentially driving
macrolide ± lincosamide resistance in Streptococci, is often required in geo-
graphical locations where concurrent high GAS rates occur. In Central Australian
Aboriginal populations for instance (where erythromycin remains the second-line
agent for ARF secondary prophylaxis, and clindamycin is used as adjunctive
treatment for toxin-mediated manifestations of iGAS), mass community azithro-
mycin treatments for chlamydial infections (trachoma and sexually transmitted
infection) are periodically instituted (Ewald et al. 2003). Indeed, rapid appearance
of macrolide-resistant Streptococcus pneumoniae in Aboriginal children after a
single mass administration of azithromycin for a community trachoma program
has been documented (Leach et al. 2008). This highlights the importance of
ongoing surveillance of antibiotic resistance among GAS, despite the reassuring
susceptibility to penicillin.

4 The Global Burden of GAS Disease

It is estimated that C95 % of global cases of ARF, APSGN and iGAS occur in low-
resource settings (World Health Organization 2005). An in-depth evaluation of the
global burden of GAS disease, published as a WHO discussion paper (World Health
Organization 2005) and review (Carapetis et al. 2005a, b) in 2005, provides the most
comprehensive estimates to date of morbidity and mortality attributable to GAS.
A subsequent review in 2008 provides updated data from Asia (Carapetis 2008).
A major recommendation from these papers was for reporting systems for GAS
infections, especially bacteraemia surveillance, to be established in Sub-Saharan
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Africa, Pacific Island nations and Asia (World Health Organization 2005). As
evident in the following section, improved capacity for case detection and notifi-
cation is associated with increases in reported rates of GAS-related diseases in low-
resource settings.

4.1 Acute Rheumatic Fever

ARF and consequent RHD remain as significant causes of cardiovascular disease,
having particularly devastating impacts on children and young adults. There is no
diagnostic test for ARF, clinical presentations can be subtle and hence overlooked,
and few jurisdictions routinely notify ARF cases; therefore, accurate estimations of
case numbers are difficult. Overall, ARF incidence estimates vary widely, from a low
of 0.7 per 100,000 children per year in Slovenia in 1990–1991 (Cernay et al. 1993) to
21.2/100,000 in Malaysian children in 1981–1990 (Omar 1995), to 374–508/
100,000 in selected Australian Aboriginal populations in the 1980–1990s (Carapetis
et al. 2000; Richmond and Harris 1998).

A systematic review in 2008 aimed to summarise worldwide population-based
studies of ARF incidence, but restricted the analysis to first ARF episode only
(excluding recurrences) (Tibazarwa et al. 2008). Studies from 10 countries on all
continents except Africa were available for review. The mean incidence rate of
first attack of ARF was 19 per 100,000 per population per year (95 % confidence
interval 9–30/100 000), lowest rates (B10/100,000) being in America and Western
Europe, and higher incidences ([10/100,000) documented in Eastern Europe,
Middle East, Asia and Australasia (Omar 1995).

ARF incidence rates reported from each country would be expected to correlate
with that country’s RHD prevalence, but such correlation is not always evident; in
particular, although South Africa has the highest global prevalence of RHD
[estimated to harbour 50 % of the world’s childhood RHD cases (Carapetis et al.
2005a, b)], ARF incidence is only reported there at 13.4/100,000, suggesting
substantial underdiagnosis of ARF.

‘‘High risk’’ groups have been defined as those living in communities with ARF
incidence [30/100,000 per year in 5–14 year olds, or RHD all-age prevalence
[2/1,000 (RHD Australia (ARF/RHD writing group) 2012). In Northern Australia,
such rates continue to be reported in Indigenous populations, but register-based
programs have been shown to improve case detection and management in these
settings. In North Queensland, where the annual incidence of ARF is 155 per
100,000 Indigenous children aged 5–14 years, ARF reporting increased 41 % in
2004–2009 compared with the previous 5 years, attributed to better case detection
and notification, achieved through the establishment of a register and appointment
of a program co-ordinator (Hanna and Clark 2010). The proportion of ARF cases
which were recurrences (a marker of success of secondary prophylaxis) decreased
significantly during programme implementation (Hanna and Clark 2010). In the
neighbouring Northern Territory of Australia, register-derived data indicate that
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since 2002, ARF incidence in Aboriginal children of the peak age group
(5–14 years) was 150–380/100,000, and remained high in the next age bracket of
15–24 year olds at approximately 70–230/100,000 (Parnaby and Carapetis 2010).
Unfortunately, the proportion of cases which are recurrences has remained high
there at 12–40 %, indicating further scope for the bolstering of secondary pro-
phylaxis programmes (Parnaby and Carapetis 2010).

A small resurgence of cases in North-eastern Italy in 2007–2008 indicates that
ARF can continue to reappear in apparently low-risk (high-resource) settings;
incidence among 5–15 year olds rose from the usual background rate of 2–4 to 23–27
per 100,000 (Pastore et al. 2011). The authors commented that declining antibiotic
treatment of pharyngitis might have contributed (only 2/13 children with ARF had
received antibiotic treatment of an antecedent pharyngitis), but the focal nature of the
outbreak more likely favoured the emergence of a specific rheumatogenic strain
(Pastore et al. 2011).

Consequences of ARF include temporary but potentially recurring morbidity
from arthralgia/arthritis; chorea which can last up to 2–3 years; the need for
10 years or longer of secondary prophylaxis; and the most devastating outcome,
established RHD. The latter occurs in 42–60 % of people with a history of prior
ARF, (Carapetis et al. 2000; Rheumatic fever working party 1960) but it is
unfortunately not predictable on the basis of clinical features of a given ARF
episode, mandating secondary prophylaxis for each child or adolescent diagnosed
with ARF. Attendant complications of RHD include the need for valve repair or
replacement, anticoagulation, infective endocarditis and stroke.

4.2 Rheumatic Heart Disease

RHD rates are the best documented of GAS-related diseases, allowing for relatively
confident global estimates. In keeping with the recognised socioeconomic deter-
minants of GAS infection likelihood, highest RHD rates are reported in slum
dwellers, followed by rural then urban populations (World Health Organization
2005). It is generally acknowledged that the highest national rates occur in South
Africa, where RHD prevalence is around 5.7 per 1,000 in the 5–14 year population.
This rate has been derived from 14 studies using clinical or echocardiographic
confirmation of RHD, reviewed elsewhere (Carapetis et al. 2005a, b; World Health
Organization 2005). This is followed by the rates in Pacific Island nations and
Indigenous Australians and New Zealanders (Carapetis et al. 2005a, b; World
Health Organization 2005; Carapetis et al. 2000). Data from the Australian
Northern Territory RHD register in fact show a current RHD prevalence in
Indigenous children (5–14 years) of 8.5/1,000, higher than the South African
reports, although case ascertainment is likely to be greater in this than in the African
setting (Parnaby and Carapetis 2010). While the peak incidence of first ARF
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episode is usually at around age 12, RHD develops and worsens with recurrent ARF
episodes, hence peak RHD prevalence is generally reported in older age groups.
The peak RHD prevalence in Indigenous people occurs in those aged 35–44 years
(at a rate of 31.9/1,000 in the most recent register report), with an overall RHD
prevalence of 19.4 per 1,000 (almost 2 %) (Parnaby and Carapetis 2010).

In Asia, fewer reliable estimates are available. A study from Myanmar utilising
echocardiographic surveillance revealed an overall RHD prevalence of 13.2/1,000
adults, and a peak prevalence of 52.9 RHD cases per 1,000 in a subgroup of rural
women aged 26–35 years (Myo Thet et al. 1992). More recently in Pakistan,
population screening for RHD using physical examination and echocardiographic
confirmation of the diagnosis identified 54 RHD cases among 9,430 people
screened (prevalence: 5.7 per 1,000) (Rizvi et al. 2004). Over 80 % of the people
identified as having RHD in this study were previously unaware of their diagnosis
and were not taking secondary prophylaxis, revealing the magnitude of the
problem of underdiagnosis. A 2007 study similarly found that RHD was diagnosed
clinically in 8 of 3,677 Cambodian children (2.2 cases per 1,000) but notably, the
case detection rate rose to 79 (21.5 cases per 1,000) when echocardiography was
used (Marijon et al. 2007).

These studies show that careful research methodologies uncover many more
RHD cases than would otherwise have been detected (Carapetis 2008). They also
raise the issue of the role of echocardiography in RHD screening. Data using
echocardiography to screen for RHD have led to a marked increase in reported
RHD prevalences [see Ref. (Seckeler and Hoke 2011) and Fig. 2a and 2b].
Concerns about potential overdiagnosis of ARF/RHD with this modality exist,
since it is unclear how much valvular regurgitation can be considered physio-
logical, (Ferrieri 2002) but these specificity concerns in classifying mild cases are
generally outweighed by the major apparent improvements in sensitivity (ability to
detect clinically inapparent valvular disease) which echocardiography offers (RHD
Australia (ARF/RHD writing group) 2012). A major difficulty is the lack of an
established ‘gold standard’ for RHD diagnosis, which in the past was a clinical
diagnosis based on cardiovascular examination including auscultation. Ausculta-
tion even by experienced clinicians can, however, miss valvular lesions in as many
as 90 % of children subsequently shown to have valve pathology consistent with
RHD on echocardiogram (Marijon et al. 2007). A number of studies have shown
that echocardiogram increases the RHD detection rate in children by around 10
fold (Marijon et al. 2012). Wider use of echocardiography may thus impact greatly
on future reported rates of RHD prevalence, with the global burden of this disease
likely appear substantially elevated compared with figures derived from clinical
diagnoses.

Accurate mortality estimates are more difficult than ARF/RDH incidence and
prevalence estimates. In low-resource settings, where secondary prophylaxis
programmes are not delivered and medical and surgical management of RHD is
limited, an average of 1.5 % of RHD patients are estimated to die annually (World
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Health Organization 2005). In high-resource settings, where ARF rates are high in
Indigenous people, access to secondary and tertiary level care may result in lower
mortality rates. Conservative estimates of annual mortality attributable to RHD are
between 233,000 and 300,000 deaths per year (Carapetis et al. 2005a, b; World
Health Organization 2005). The mean age at death from ARF or RHD in
Aboriginal Australians was previously found to be 35.7 years in a 1999 report,
(Carapetis and Currie 1999) and 44 years in the same region in a 2010 study
(Parnaby and Carapetis 2010). A recent study from New Zealand shows a high
burden of RHD mortality, and health-care expenditure, in middle-aged people
(Milne et al. 2012a, b). The mean age at RHD death was 56.4 and 58.4 years in

Fig. 2 a Map of global RHD prevalence, 1970–1990. b Map of global rheumatic heart disease
prevalence, 1999–2011. (Reproduced from Ref. Seckeler and Hoke 2011). These maps illustrate:
1 the difficulty in accurate RHD rate ascertainment, with changes over time often reflecting
different screening methods rather than real epidemiological changes; 2 the problem in assigning
a single national RHD rate when large within country discrepancies exist; 3 the absence of data
on RHD rates from many countries.
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Māori men and women, respectively, 50.9 and 59.8 years for Pacific and con-
siderably older at 78.2 and 80.6 years for non-Māori, non-Pacific men and women.
Greatest heathcare expenditures in this study were found to be related to valve
surgery (Milne et al. 2012a, b).

RHD during pregnancy can have a grave prognosis, being an important cause of
maternal mortality in low-resource settings, (Sawhney et al. 2003) and of mor-
bidity in high-resource settings (Sartain et al. 2012).

Additional complications of RHD include infective endocarditis and stroke. In a
systematic review of 11 studies, RHD was the underlying cause of valve disease in
63 % of cases of infective endocarditis, and the endocarditis mortality rate in low-
resource countries was 25 % (Carapetis et al. 2005a, b). Further review of eight
studies of stroke from less-developed countries concluded that between 3 and
7.5 % of all strokes are directly attributable to RHD (Carapetis et al. 2005a, b).

The burden of RHD is thus of great magnitude, affecting children and young
adults including pregnant women, resulting in potential lifelong morbidity and
premature death, and thereby accounting for millions of disability adjusted life
years (World Health Organization 2005). The World Health Organisation’s
forthcoming update to the Global Burden of Disease study (World Health Orga-
nisation 1990), which aims to provide complete systematic assessments of the data
on all diseases and injuries, will include a review of the global burden RHD,
including years of life lost (YLL) and years of life lived with disability (YLD)
statistics. These data will be available soon and should provide more robust
estimates of the RHD burden.

4.3 Acute Post-streptococcal Glomerulonephritis

Although APSGN is often considered as a relatively benign disease, in some
populations it is associated with a 5–6-fold increased risk of chronic renal disease
(White et al. 2001). The existence of multidimensional concurrent risk factors for
renal disease in certain disadvantaged populations may compound the likelihood
of adverse outcomes of APSGN (Hoy et al. 1998).

The median APSGN incidence in children in low-resource settings is estimated
at 24.3/100,000 per year, (World Health Organization 2005) compared with
approximately 6/100,000 per year in affluent settings (Lennon et al. 1988; Carapetis
1998). Similarly for other GAS manifestations, 97 % of deaths (complicating about
1 % of cases) occur in low-resource countries (World Health Organization 2005).

In Australia’s Northern Territory, annual incidence rates of APSGN during the
period 1992–2007 were found to be exceedingly high at 94.3 and 7.3 per 1,000 in
the 0–14 and[14 year age groups, respectively (Marshall et al. 2011). High year-
to-year variation in rates was noted, with three outbreaks occurring at 5–6 yearly
intervals during the 16 year study period (also noted above, Sect. 3.2). Different
GAS emm types were recovered from cases ± their contacts during each of the
three outbreak years: emm 19.7 in 1995, emm 3.22 in 2000, and emm 55 in the 2005
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outbreak. In this environment, the vast majority of APSGN cases are secondary to
pyoderma rather than pharyngitis. This was reflected in APSGN cases showing
seasonal variation in the northern monsoonal climate, with peaks occurring in the
dry season, (Marshall et al. 2011) when pyoderma rates have also been noted to
peak (McDonald et al. 2006) (see Sect. 4.1).

4.4 Invasive GAS Disease

Different definitions of ‘invasive GAS disease’ are in use, being either the isolation
of GAS from blood and other sterile sites, or from blood alone (Lamagni et al.
2005). Invasive GAS rates again illustrate the communicable disease burden
gradient between low- and high-income settings. Reported incidences of iGAS
infections are 1.5–3.9 cases per 100,000 population per year in high-income
countries [Canada, USA, Northern Europe; see review (World Health Organization
2005)], 6.4–10.2 per 100,000 in Australian non-Indigenous population, (Carapetis
et al. 1999; Norton et al. 2004) 13.0 per 100,000 in Kenyan children (Berkley et al.
2005) and up to 82.5 per 100,000 in Australian Indigenous populations (Norton
et al. 2004) (discussed in Sect. 5). In Fiji, incidence of GAS bacteraemia, in all-
ages over 5 years was found to be 11.6/100,000, over 5 years was found to be 11.6/
100,000, with Indigenous Fijians disproportionately affected (Steer et al. 2008).
Moreover, emm genotyping of GAS isolates revealed that a wide diversity of emm
types occurred, differing from types commonly identified in industrialised coun-
tries, with important implications for vaccine development (Steer et al. 2008).

The proportion of blood culture isolates which are S. pyogenes is highest in
infants, progressively falling during the first years of life. A study drawing on data
from four low-resource countries found GAS to be the third leading cause of
bacteraemia in infants, accounting for 29 % (WHO Young Infants Study Group
1999). In Kenya, it is the fifth commonest cause of community bacteraemia in
children\5 years, with a case fatality among all children of 25 % (Berkley et al.
2005). As GAS in neonates in low-resource countries is likely to have been
acquired during birth, GAS puerperal sepsis is also likely to be occurring in these
settings, but with poor documentation of rates.

Mortality rates from iGAS also remain high in adults and in affluent settings at
around 15 % (Davies et al. 1996) among Swedish adults, iGAS was identified in 556
patients during 1994–1995, in whom the mortality rate was 16 %, rising to 37 % in
those with STSS (Svensson et al. 2000). During the 1980–1990s period of iGAS
resurgence in the USA, high mortality despite appropriate antibiotic and supportive
care prompted renewed vigour in GAS research (Stevens 1995). Factors identified
at this time as being associated with increased mortality were, not unexpectedly,
extremes of age, hypotension or multi-organ failure (Hoge et al. 1993).
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4.5 Superficial GAS Disease

The superficial GAS infections pyoderma and pharyngitis cause morbidity of their
own, but more importantly, are the precursors to the autoimmune consequences
of ARF and APSGN. They may also be the portal of entry for iGAS or toxin-
mediated disease.

Variations in pyoderma prevalence are chiefly related to accessibility to
appropriate housing and hygiene, but also show seasonal variation as noted in
Sect. 4.2, being more common in dry than wet seasons in monsoonal climates
(McDonald et al. 2006). Communities with high scabies rates also have elevated
pyoderma prevalence (Andrews et al. 2009). In previous extensive literature
reviews, (Carapetis et al. 2005a, b) pyoderma prevalence was found to range from
1 to 20 % among children in less-developed countries, but was as high as 40–90 %
in surveys of Pacific (Steer et al. 1999) and Indigenous Australian children
(Shelby-James et al. 2002).

Cellulitis and erysipelas are universally common causes of healthcare utilisa-
tion. Unlike many other manifestations of GAS infection, the occurrence of these
conditions increases with age. The incidence of cellulitis and erysipelas reported
from Minnesota in 2007 was 200 cases per 100,000 patient-years (McNamara et al.
2007). At San Francisco General Hospital, skin and soft tissue infections,
including cellulitis, were the leading cause of admission for medical or surgical
treatment in one study (Centers for Disease Control and Prevention (CDC) 2001).
Almost all erysipelas, and approximately 85 % of cellulitis episodes, are attrib-
utable to S. pyogenes, the remainder being mostly due to Staphylococcus aureus;
microbiological confirmation, however, is uncommon unless there is associated
bacteraemia (Bisno and Stevens 1996; Hook et al. 1986). Long-term morbidity
from these conditions is rare, but can include skin discolouration or scarring and
damage to underlying vascular and lymphatic structures, increasing the risk of
subsequent recurrences which can become a major burden for affected patients.
Recurrent cellulitis occasionally necessitates long-term penicillin prophylaxis,
although the benefit of this, as demonstrated in a randomised trial, is only slight
(Sjoblom et al. 1993). Recurrent episodes of streptococcal lower limb cellulitis as
a complication of saphenous vein harvest for coronary artery bypass grafting were
first described by Baddour and Bisno in 1982 (Baddour and Bisno 1982). This
problematic complication is an important reason that such surgery is no longer
advocated where alternatives, such as minimally invasive vein harvest or radial
artery harvest, can be used instead (Mahmood 2006).

GAS pharyngitis remains a nuisance and a common cause of presentation to
general practitioners in high-income settings. Infection rates are best determined
from studies using serological testing, to avoid the aforementioned problem of
misclassification of pharyngeal carriage as infection. Previously it has been esti-
mated, based on a number of population studies, that in high-resource settings,
around 15 % of school children and 4–10 % of adults suffer an episode of symp-
tomatic GAS pharyngitis annually, and in low-resource settings, rates may be 5–10
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times higher (World Health Organization 2005; Danchin et al. 2004; Nandi et al.
2001; Majeed 1993).

5 Within-Country Variation: Disparities Between
Different Populations

Between country variations described above overlook important within-country
inequities in GAS rates, reflecting socioeconomic differences between populations
within a given nation. These particularly affect Indigenous versus non-Indigenous
and migrant versus non-migrant populations.

In Australia, nationwide GAS infection rates are generally low, while rates in
rural and remote-dwelling Australian Aboriginal people are among the world’s
highest. The burden of superficial GAS infection in children in these communities,
predominantly skin rather than pharynx, is phenomenally high (McDonald et al.
2006). Pyoderma is so common as to be considered as a normal fact of life by many
affected individuals and healthcare staff, which greatly impairs treatment-seeking
behaviour and prescribing habits. As noted above, a stark differential is evident in
iGAS incidence in Australian Indigenous versus non-Indigenous populations with
rates in these groups of 32.2–82.5 and 6.4–10.2/100,000, respectively (Carapetis
et al. 1999; Norton et al. 2004). A hospital-based study in northern Australia during
the years 1993–1995 found APSGN rates of 239/100,000 in Aboriginal children
\15 years, compared with 6/100,000 in non-Aboriginal children (Carapetis 1998).
More recently, the gap unfortunately remains, with comparative APSGN rates in
children aged 0–14 years reported as 94.3 and 2.3/1,000 in Aboriginal and
non-Aboriginal children, respectively (Marshall et al. 2011). Data from rheumatic
fever/RHD registers in Australia indicate ARF rates persisting at levels of 186–375
cases per 100,000 per year in Aboriginal school age children, and a RHD preva-
lence of over 2 % (Carapetis 2009). A report from a Central Australian Aboriginal
community in 1990 noted extremely worrying ARF rates of 815 per 100,000
school-aged children (Brennan and Patel 1990). By contrast, ARF is now almost
unheard of in Australian-born, non-Indigenous children (Noonan et al. 2012).
In the Northern Territory, Indigenous people account for 93 % of those with RHD
(Parnaby and Carapetis 2010).

In New Zealand, current ARF incidence rates in Indigenous Māori and Pacific
Islander children are comparable to rate estimates for non-Māori in the 1920s
(Milne et al. 2012a, b). In a recent hospital-based ARF study, incidence rates for
5–14 year-old Māori children were 40.2 per 100,000, Pacific Islanders 81.2 per
100,00 and non-Māori/non-Pacific 2.1 per 100,000 (Milne et al. 2012a, b). Another
New Zealand study reported rate ratios for ARF risk of 10.0 for Māori and 20.7 for
Pacific peoples, compared with other New Zealand ethnic groups (Jaine et al. 2008).

In the USA, Native Americans also experience higher GAS infection rates than
non-Native peoples. In a retrospective survey in Arizona, USA, 1985–1990, the
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annual age-adjusted incidence of iGAS was calculated to be 4.3 per 100,000
overall, but 46.0 per 100,000 among Native Americans (Hoge et al. 1993).

In societies which are affluent overall, migrant groups often experience lower
socioeconomic status than non-migrants, and may travel more frequently to
environments where GAS infection pressures are greater. People of Polynesian
(Pacific Islander) ethnicity appear to have especially notable rates of ARF and
other GAS-related disease, when surveyed in their countries of origin (Steer et al.
1999) and after migration to high-income countries (Jaine et al. 2008; Milne et al.
2012a, b; Kurahara et al. 2006; Smith et al. 2011). Polynesians living in Hawaii
were found to be at higher risk of developing ARF (odds ratio 4.8), after con-
trolling for socioeconomic factors (Kurahara et al. 2006). In a small study from
Western Sydney, Australia, 36 % of ARF cases occurred among Pacific Islander
children (Smith et al. 2011). Similarly, in a new urban Australian multi-centre
study of 151 children with ARF, the children’s ethnicity was noted to be Indig-
enous Australian (131), non-Indigenous Australian (10), Pacific Islanders (8),
African (1) or unknown (1) (Noonan et al. 2012). While the Indigenous or Pacific
Islander overrepresentation was thus again noted, ongoing cases in the affluent
white population still occur, and the low level of diagnostic suspicion in this group
can contribute to diagnostic delay (Noonan et al. 2012). A specific identifiable
genetic predisposition to the development of ARF after GAS infection in the
Pacific Islander ethnic group remains unproven (Carapetis et al. 2000; 2005a, b;
Bryant et al. 2009). These poor health statistics for a communicable disease
affecting disadvantaged populations pose important challenges to the healthcare
systems of these nations.

6 Conclusions

The global burden of GAS infections is predominantly borne by least affluent
people in resource-poor nations, with children and young people disproportionally
affected. Arguably the most important but perhaps most challenging control
strategy, therefore comprises improvements in societal socioeconomic status. The
difficulty in reducing GAS infection rates without major gains in the social
determinants of health is illustrated by the failure to achieve the goal of GAS
infection reductions among Aboriginal Australians, even though concerted efforts
in secondary and tertiary care have been made over decades, and good medical
resources are available. Improvements in GAS control could be gained through the
implementation of recognised evidence-based prevention and control strategies,
such as secondary prophylaxis for ARF, but to be successful, this strategy requires
major commitment of resources and personnel. This lack of progress makes a
strong argument to accelerate development and availability of an effective GAS
vaccine (Steer et al. 2009a, b). Better epidemiological reporting methods are
required for GAS-related diseases globally, to enable the appropriate targeting of
control strategies and assess the success of interventions. Comprehensive reporting
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systems would require both laboratory notification of GAS isolated from sterile
sites, and clinician notification of ARF and APSGN, which lack specific diagnostic
tests (except where renal biopsy is diagnostic of APSGN).

Continued improvements in the understanding of host and organism factors
accounting for regional differences in the rates and manifestation of GAS infection
will be able to improve the focus of control strategies, including better recognition
and targeting of populations and individuals at risk. Greater knowledge of disease
pathogenesis will help guide treatment approaches, especially in the field of
adjunctive therapies. The long sought-after possibility of a GAS vaccine remains a
key research focus. There is important scope for further antimicrobial treatment
trials to address optimal clinical management. These issues will each be addressed
in subsequent chapters. The major over-representation of socioeconomically dis-
advantaged people means that prevention and treatment strategies need to be
feasible, accessible and affordable in low-resource settings.
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Molecular Markers for the Study
of Streptococcal Epidemiology

David J. McMillan, Martina L. Sanderson-Smith,
Pierre Robert Smeesters and Kadaba S. Sriprakash

Abstract Diseases caused by Streptococcus pyogenes (Group A streptococcus,
GAS) range from superficial infections such as pharyngitis and impetigo to
potentially fatal rheumatic heart disease and invasive disease. Studies spanning
emm-typing surveillance to population genomics are providing new insights into
the epidemiology, pathogenesis, and biology of this organism. Such studies have
demonstrated the differences that exist in the epidemiology of streptococcal disease
between developing and developed nations. In developing nations, where strepto-
coccal disease is endemic, the diversity of GAS emm-types circulating is much
greater than that found in developed nations. An association between emm-type and
disease, as observed in developed countries is also lacking. Intriguingly, compar-
ative genetic studies suggest that emm-type is not always a good predictor of the
evolutionary relatedness of geographically distant isolates. A view of GAS as a
highly dynamic organism, in possession of a core set of virulence genes that con-
tribute to host niche specialization and common pathogenic processes, augmented
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by accessory genes that change the relative virulence of specific lineages is
emerging. Our inability to definitively identify genetic factors that contribute to
specific disease outcome underscores the complex nature of streptococcal diseases.
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1 Introduction

Diseases associated with infection by Streptococcus pyogenes (group A strepto-
coccus, GAS) have been so prevalent in history that many have been given easily
recognizable common names (e.g., strep throat, scarlet fever, school sores,
childbed fever). While the incidence of most diseases has declined markedly in
countries with high per capita income, countries and regions of low income
continue to suffer a high burden of these and other GAS associated diseases.
Infection by GAS has been estimated to result in half a million deaths each year
(Carapetis et al. 2005), and thereby position GAS as one of the top ten bacterial
killers of humans. The majority of these deaths follow the development of rheu-
matic heart disease (RHD) and occur in developing nations. In more affluent
countries, with better access to healthcare and antibiotic treatment, the prevalence
of RHD is much lower, the majority of deaths attributed to the clinical manifes-
tations associated with streptococcal invasive disease.

The burden of GAS-related diseases, differences in the geographic occurrences
of these diseases, environment and the preferred body sites colonized by the
organism, and accompanying changes in disease outcomes have all impelled
continuing molecular and epidemiological studies of this organism. The aims of
these studies have been to develop a greater understanding of molecular differ-
ences that underpin relative differences in virulence of discrete GAS lineages,
identify plausible microbiological based rationale for differences in the epidemi-
ology of GAS in different geographic locations, and predict the effectiveness of
putative vaccine candidates (Smeesters et al. 2009; Steer et al. 2009d). Almost all
GAS epidemiological studies use the M-protein or its genetic counterpart, the
emm-gene as the basis for discriminating between GAS lineages. Here, we
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describe how these studies, the analysis of other genetic markers and genomics has
changed our view of the epidemiology and biology of this organism.

2 emm-Gene-Based Molecular Epidemiology

Rebecca Lancefield first reported serotypic diversity in GAS more than 80 years ago.
Unlike other bacterial species in which diversity was based on variation in capsular
antigens, the serotypic variation that Lancefield observed was based on variation in
the N-terminal region of the surface exposed M-protein (Cunningham 2000;
Fischetti 1989). Subsequent work in the 1950s showed that the presence of type
specific antibodies in animal and human serum was responsible for immunity against
the homologous emm-type but did not protect against heterologous emm-types
(Lancefield 1962). Thus, M-protein-based serotype diversity was given a functional
credence, and became the basis of the GAS typing scheme (Lancefield 1962).

Serotype-based M-typing has given way to nucleotide-based procedures
(emm-typing) that targets the nucleotide sequence corresponding to the hyper-
variable amino terminal region of the M-protein. More than 200 different emm-
sequence types have now been reported (Beall et al. 1996; Facklam et al. 2002).
Although undergoing several minor revision since it’s introduction, the basic
premise of emm-typing remains the same (http://www.cdc.gov/ncidod/biotech/
strep/strepblast.htm). In both its serological and nucleotide-based incarnations,
emm-typing has been extensively used to examine both geographic strain distri-
bution and disease association. With the large number of emm-type-based sur-
veillance studies carried out in developing countries over the past two decades it
has become clear that the epidemiology of GAS differs between developing and
developed regions. Excellent systematic reviews summarizing the global molec-
ular epidemiology of GAS have been published separately by Smeesters and Steer
in 2009 (Smeesters et al. 2009; Steer et al. 2009d). In low-income regions where
streptococcal infections and disease are endemic, the diversity of circulating
emm-types is high. This has been demonstrated globally in distinct area such as
India, Fiji, Ethiopia, and Brazil (Abdissa et al. 2006; Dey et al. 2005; Smeesters
et al. 2006, 2008, 2010a; Steer et al. 2009e; Tewodros and Kronvall 2005). These
studies also demonstrate that no one emm-type is dominant in these regions. Steers
review reported the greatest diversity of emm-types to be found in Pacific Regions
and Africa. Figure 1, depicting the emm-type diversity as determined using
Simpson Reciprocal Index, clearly demonstrates the differences in diversity
between countries. The pool of emm-types recovered in separate studies in low-
income regions also differs (Smeesters et al. 2009; Steer et al. 2009d). For
example, only one third of the emm-types recovered in two Ethiopian studies
(Abdissa et al. 2006; Tewodros and Kronvall 2005) were described in a separate
Fijian study (Steer et al. 2009e). Taken together the data appear to fit a model
where the number of circulating emm-types is high, and subject to temporal flux.
Few longitudinal studies, examining the rate of emm-type replacement have been
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carried out in endemic regions (Steer et al. 2009b). There is also lack of sur-
veillance and prospective surveys in some areas of the world where the burden of
streptococcal disease is high (Carapetis et al. 2005). This is particularly true for
Africa, South America, and some locations in Asia (Smeesters et al. 2009; Steer
et al. 2009d).

In developed countries, fewer emm-types appear to circulate, with even fewer
dominant. Steer et al. (Steer et al. 2009d) reported that 25 emm-types accounted
for more 90 % of all isolates recovered in developed nations, with 146 different
emm-types accounting for the remaining 10 %. Recovery of these predominant
emm-types in multiple studies also suggests that are consistently present in the
wider population (McNeil et al. 2005; Shulman et al. 2009; Smeesters et al. 2006).
Longitudinal studies carried out in smaller geographic region show that different
emm-types are recovered at different time points (Shulman et al. 2009), demon-
strating that local temporal flux in circulating emm-types occurs.

Molecular techniques, such as vir-typing (Gardiner et al. 1995) and emm pat-
tern-typing (Hollingshead et al. 1993) represent alternate methods to categorize
GAS based on variation in the emm-gene and surrounding DNA. Emm pattern
typing categorizes emm-types into three distinct patterns based on chromosomal
architecture (pattern types A-C, D, and E). The patterns are determined by the
presence and arrangement of emm and emm-like genes, as determined by specific
PCR reactions (Hollingshead et al. 1993). emm-type correlates well with specific
emm pattern type (McGregor et al. 2004b). In general emm pattern-type correlates
with host colonization site. Pattern A-C strains are usually associated with throat
colonization, pattern D strains mainly recovered from superficial skin infection,
while pattern E represents a ‘‘generalist’’ group associated with both tissue sites
(Bessen and Lizano 2010). Similar to emm-typing, exceptions to the emm pattern
type/tissue tropism have been reported, especially in low-income populations

Ja
pa

n
C

an
ad

a
U

S
A

P
ol

an
d

M
ex

ic
o

K
or

ea
C

hi
na

S
er

bi
a

W
es

te
rn

 E
ur

op
e

B
ra

zi
l

N
ep

al F
iji

Is
ra

el
A

us
tr

al
ia

In
di

a
E

th
io

pi
a

0

20

40

60

S
im

ps
on

s 
R

ec
ip

ro
ca

l I
nd

ex

Fig. 1 Diversity of
circulating emm-types in 15
countries and Western
Europe. Diversity was
calculated and presented as
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intervals. (Adapted from
Expert Review of Vaccines,
December 2009, Vol. 8,
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(Bessen and Lizano 2010). Only about 20 % of the 223 known emm-types belong
to pattern A-C type. These emm-types predominantly circulate in high-income
countries. The remaining 80 % of emm-types are equally distributed between the
pattern D and E groups, and are mostly found in developing countries. Of note,
emm-types belonging to emm pattern A-C, which contain the so-called ‘rheu-
matogenic’ and ‘invasive’ M-types have been most extensively studied in relation
to disease outcome (Erdem et al. 2005; Fischetti 1989; Smeesters et al. 2010b).

Certain emm-types, belonging to pattern A-C, are predominantly recovered
from the throat rather than skin in developing countries (Shulman et al. 2004). As
rheumatic fever (RF) is considered to follow an episode of pharyngitis, these types
have also come to be known as ‘rheumatogenic’ emm-types (Bisno et al. 2003;
Martin and Barbadora 2006; Stollerman 2001). Other emm-types are more com-
monly associated with skin infection and glomerulonephritis, and have come to be
known as ‘nephritogenic’ emm-types. A third group of emm-types (e.g., emm1,
emm12, emm3, and emm18) associated with the outbreak of severe invasive
disease in the USA and Europe over the past two decades are known as ‘invasive’
emm-types (O’Loughlin et al. 2007; Vlaminckx et al. 2007). Interestingly recent
epidemiological studies carried out in geographic regions where RHD and strep-
tococcal infections are endemic have failed to recover significant numbers of these
rheumatogenic emm-types (Bessen et al. 2000; Steer et al. 2009c). In fact, epi-
demiological studies in tropical regions, where the incidence of RF, but the
incidence of pharyngitis is low is challenging the dogma that there is an associ-
ation between GAS, throat infection, and RF (Bessen et al. 2000; Parks et al.
2012). Unique emm-types have also been implicated in RF in Hawaii (Erdem et al.
2007). Similarly, ‘invasive’ emm-types while present are not common in low
income countries (Steer et al. 2009a).

Emm-typing has served the scientific community well for several decades, and
is still relevant to tracking disease outbreaks. However, the differences in emm-
type diversity and disease associations have created challenges for the strepto-
coccal community when attempting to extrapolate data and interpretation of results
from developed nations to developing nations. It should be acknowledged that
comparisons of emm-type prevalence in different locations can be complicated by
the different methods used to acquire isolates. Some studies represent single
timepoint surveillance, whereas others analyses isolates collected over time
(Shulman et al. 2009). Isolates recovered during epidemic outbreaks are also likely
to differ from those recovered during non-disease related surveillance in the same
location. Nevertheless, the data from different studies conducted in endemic and
non-endemic regions collectively suggest differences in diversity observed
between these groups are real.

Emm-type is also assumed to be marker for evolutionary relatedness, and by
extension, similarity in pathogenic potential of isolates. While this is undoubtedly
true for isoaltes collected during clonal outbreaks, it is less so for geographically or
temporally unrelated strains. As described in more detail below, evidence for
lateral gene transfer (LGT) and recombination of DNA, including the emm-gene is
strong. The section of the emm-gene used for emm-typing encodes the region of

Molecular Markers for the Study of Streptococcal Epidemiology 33



the corresponding protein that may be targeted by the host immune system, and is
therefore likely to be under strong immune selection pressure. Replacement of this
region, through recombination involving part or all of the emm-gene is an efficient
method for escaping the host immune response (Panchaud et al. 2009; Whatmore
and Kehoe 1994). In countries where streptococcal disease is endemic, and emm-
type diversity is high, the conditions for LGT of the emm-gene is much greater
than non-endemic countries.

3 Non-emm-Gene Virulence Factors and GAS Epidemiology

GAS pathogenesis depends on the coordinated regulation of a complex repertoire
of virulence factors. While host factors undoubtedly contribute to variation in
susceptibility to GAS, the frequent association of specific emm-types with disease
in developed countries lends itself strongly to the argument that specific bacterial
characteristics are associated with defined epidemiologies. The most comprehen-
sive body of work examining association between non-emm genetic factors and
GAS disease has occurred in the area of serious invasive disease. However, despite
many years of research, the identification of a defined subset of invasive disease
related virulence factors remains elusive.

There is increasing evidence that in populations where GAS is endemic, despite
the diversity of emm-types, there is conservation of certain virulence factors linked
to tissue tropism. While emm pattern typing has been useful for classification of
GAS into these three patterns, several elegant epidemiological studies have led to
the identification of a specific subset of genes which may confer GAS with a tissue
specific phenotype (Fig. 2) (Bessen et al. 2005; Kalia and Bessen 2004; Kratovac
et al. 2007). Linkages to tissue-specificity are particularly strong for genes
encoding the colonization factors serum opacity factor (sof), collagen-binding
protein (cpa), and fibronectin binding proteins (prtF1) and (fbaA), which have a
defined pattern of presence or absence in strains associated with distinct tissue sites
(Kratovac et al. 2007). There is also significant historical evidence to implicate
these colonization factors in tissue tropism, and most recently, comparative
genomic hybridization analysis of 96 GAS isolates revealed that a major defining
factor of tissue tropism in skin versus throat isolates is the presence or absence of
genes encoding fibronectin binding proteins (Bessen et al. 2011).

Historically, SOF has provided the basis for an alternative GAS typing scheme.
Streptococci of differing emm-types produce distinct variants of SOF, and type
specific antibodies can be used to inhibit serum opacification by SOF variants
(Maxted et al. 1973). There is a strong correlation between emm-type and SOF
phenotype, and SOF antisera has been used as a method of GAS typing in the past.
A comprehensive study of GAS isolates in 2000 showed that SOF is a useful
predictor of emm-type, and that discordance between sof and emm is rare. How-
ever, GAS strains of the same emm-type do not always contain the same sof allele,
and strains with diverse emm-types can have highly similar SOF genes (Beall et al.
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2000; Johnson et al. 2006; Sakota et al. 2006). No correlation has been found
between various sof alleles and different disease states, or geographical locations.
A comparison of published studies from around the world shows that most
reported sof/emm combinations are distributed globally (Dhanda et al. 2011;
Goodfellow et al. 2000; Johnson et al. 2006; Sakota et al. 2006).

This lack of geographical segregation may, in part, be explained by the linkage
between sof and the ‘‘generalist’’ tissue phenotype, that is, isolates which are
equally associated with skin and pharyngeal infection, which represent approxi-
mately 50 % of GAS isolates globally (Bessen and Lizano 2010). Typically,
pharyngeal specialists are opacity factor negative, and harbor a prtF1 allele
(Courtney and Pownall 2010; Cunningham 2000; Kratovac et al. 2007). In con-
trast, skin specialists are more likely to be endowed with fbaA. In a study of GAS
isolates from the Northern territory of Australia, where skin infection predomi-
nates, 92 % of isolates were found to be fbA positive (Ramachandran et al. 2004).
Similarly, cpa is more frequently associated with skin trophic isolates than strains
which would be regarded as throat specialists (Kratovac et al. 2007). The differ-
ential distribution of these genes between skin versus throat versus generalist
strains largely parallels the architecture of the overall mga regulon.

Additionally, a number of genes appear to have evolved into discrete phylo-
genetic lineages associated with tissue site preference. The regulatory gene mga is
present in the GAS genome in one of two allelic forms, mga1, which is pre-
dominantly associated with throat specialist strains, and mga2, which appears to be
found in all emm pattern D and E strains. These allelic forms are mutually
exclusive (Bessen et al. 2005). Similarly, rofA/nra encodes as transcriptional
regulator which regulates expression of pillus structural genes (Kreikemeyer et al.
2003). rofA is associated with emm pattern A-C and E strains (throat specialists
and generalists), skin specialists typically harbor nra (Bessen et al. 2005).

The plasminogen activator, streptokinase, has been found in all GAS strains
screened to date. Streptokinase is comprised of three distinct domains, a, b, and c.
There is significant variability within the b domain of ska, and 3 distinct ska alleles
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Fig. 2 Typical virulence gene repertoires of throat (pattern A-C), skin (pattern D) and generalist
(pattern E) GAS isolates. Allelic variants of genes located in the streptokinase (ska), mga, serum
opacity factor (sof) and FCT loci are shown. SF indicates emm gene subfamily as defined by
Hollingshead et al. (1994)

Molecular Markers for the Study of Streptococcal Epidemiology 35



have been described—type 1, type 2a, and 2b (Kalia and Bessen 2004). There is
strong genetic linkage between the gene encoding the plasminogen binding
M protein (PAM) and type 2b ska alleles, which appear to be almost exclusively
coinherited (Kalia and Bessen 2004; McArthur et al. 2008). Isolates harboring this
allele are typically regarded as ‘‘skin trophic’’. In contrast, cluster 2a alleles are
almost exclusively associated with isolates that would be regarded as throat-
trophic based on emm pattern A-C, while type 1 ska alleles are found in both emm
pattern A-C and E backgrounds (Kalia and Bessen 2004).

These preferences for tissue site, and distribution of virulence factors, are not
absolute. In geographical regions where GAS infection is endemic, the demarca-
tion line between emm-type and tissue site preference is less well defined. Pop-
ulation surveillance of GAS isolates in Nepal found that 19 % of isolates
associated with skin infection display a genetic architecture usually associated
with pharyngeal specialists (Sakota et al. 2006), while in an Ethiopian study, 28 %
of isolates associated with tonsillitis harbored an emm pattern D, or skin specialist
genomic arrangement (Tewodros and Kronvall 2005). Similarly, GAS with an
emm pattern D, or skin trophic chromosomal arrangement harboring ska type 1
alleles have been reported (Kalia and Bessen 2004). This underscores the high
degree of genetic diversity among GAS isolates. In areas where GAS is endemic,
recombination between skin and throat specialists appears to be common (Bessen
et al. 2011; Kalia et al. 2002). Given these findings, it will remain important to
monitor the relationships between virulence factor distribution and tissue tropism
in epidemiological studies.

Significant intra-emm-type genetic variation, particularly with respect to reg-
ulatory gene profile, phage content, and toxin profile have been observed in the
dominant emm-types associated with invasive disease in developed countries.
Perhaps the most striking example of this is the reported difference in transcription
profile between invasive and colonizing GAS strains of the same emm-type in
outbreaks of GAS infection (Johnson et al. 1992; Marcon et al. 1988; Sumby et al.
2006). Expression microarray analysis of M1 isolates from the United States,
Canada, and Finland revealed the existence of distinct non-invasive and invasive
transcriptome profiles within a group of clinical M1 strains (Sumby et al. 2006).
These transcriptome profiles have since been linked to mutations in the control of
virulence regulatory sensor kinase (covRS; alternatively designated csrRS), which
is responsible for the regulation of approximately 10 % of the GAS genome
(Graham et al. 2002; Sumby et al. 2006). Acquisition of mutations in covRS which
inactivate the ability of this system to negatively regulate the GAS genome during
infection results in upregulation of capsule, loss of SpeB expression and increased
disease severity in animal models of infection (Walker et al. 2007). Acquisition of
these mutations appears to be dependent on the expression of specific virulence
factor genes, including emm, hasA, and the phage encoded sda1 (Cole et al. 2011).
The presence of mutations in covRS associated with clinical invasive GAS isolates
have been extensively reported in studies of isolates from developed nations, and
these mutations are not restricted to emm1 GAS. A recent study of isolates from
Canada that compared the genome sequences of GAS serotype M3 isolates from
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human pharyngitis cases and from human invasive disease reported that covS
mutations occur with a higher frequency in invasive-disease isolates than in
pharyngeal isolates (Shea et al. 2011). Several studies report covS mutations in
GAS isolates recovered from patients with severe STSS (Ato et al. 2008; Ikebe
et al. 2010). Similarly, a Hawaiian emm81.0 GAS isolate from the throat that had
spread to the bloodstream was shown to have acquired a mutation in covS (Garcia
et al. 2010).

While these mutations can be linked to ‘‘hypervirulence’’, the association is not
absolute. In a retrospective study of GAS clinical isolates from Chile, 77/110
isolates were found to have SNPs in the covRS regulon, irrespective of their site of
isolation. However, only two of these isolates were found to express the high
levels of capsule associated with hypervirulence as a result of mutations in covS
(Wozniak et al. 2012). In contrast, screening of isolates from the Northern Ter-
ritory of Australia, where skin infection predominates, found a much lower fre-
quency of covRS mutation. Of the invasive (n = 12) and superficial (n = 13)
Northern Territory isolates screened, only one was found to contain a covS
mutation (Maamary et al. 2010). Whether this lower frequency of mutation is
common in regions such as the Northern Territory, where emm-types are diverse,
and skin infection is endemic, is unclear due to a lack of data on the covS status of
clinical isolates from these and other similar regions.

Studies of other virulence markers have been used to track the origins of
outbreak strains, and may prove useful in characterizing newly emergent strains of
GAS. Exotoxin profile has been used as a means of differentiating GAS isolates in
a number of studies. To date, 11 distinct superantigens have been identified. Three
of these are chromosomally encoded (SpeG, SpeJ, and SMEZ), while the
remaining eight (SpeA, SpeC, SpeH, SpeI, SpeJ, SpeK, SpeL, SpeM, and SSA) are
located on temperate phage. Exchange of mobile genetic elements (MGE) such as
phage contributes significantly to the genetic diversity seen within the GAS spe-
cies, and is thought to be involved in the emergence of highly successful virulent
clones (Lintges et al. 2010; Maamary et al. 2012; Maripuu et al. 2008). Super-
antigen profiling may therefore prove useful as a marker for the presence and
transfer of prophages that encode additional genes playing a role in GAS patho-
genesis or tissue tropism.

A high level of allelic variation within certain superantigen genes has been
reported (Bianco et al. 2006; Talkington et al. 1993), and this, combined with the
fact that studies of superantigen distribution from different groups often use dif-
ferent primer sets, confounds the comparison of superantigen profiling by different
groups. However, a 2012 study of the distribution of superantigens amongst 480
diverse GAS isolates from Portugal has reported the use, for the first time, of a
defined primer set enabling amplification of all reported superantigen alleles to
date (Friaes et al. 2012). Using this technique, 11 different superantigen profiles
were identified. Interestingly, this study found that none of the individual super-
antigen genes could be linked with a specific emm-type, but rather, superantigen
profile shows a strong association with emm-type. Superantigen profile could not
be accurately predicated using alternative typing methods (other than PFGE
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subtyping), leading to the conclusion that superantigen profile may be a useful
predictor of emm-type, but that superantigen profile cannot be inferred from
emm-type (Friaz et al. 2012). This assertion is supported by previous findings from
numerous studies undertaken in various countries suggesting a link between emm-
type and superantigen profile (Commons et al. 2008; Le Hello et al. 2010; Schmitz
et al. 2003; Vlaminckx et al. 2003).

The reported circulation of superantigens within the streptococcal population
varies temporally. Screening of GAS isolates associated with a reemergence of
invasive disease in Denmark between 1999 and 2002 found that the frequency of
emm1 isolates harboring speA decreased from 94 % in 1999 to 71 % in 2002,
while the emm1-specific prevalence of speC increased from 25 to 53 % over the
same period (Ekelund et al. 2005). Similarly, a comprehensive study of GAS
isolates from Melbourne, Australia indicates that strains before the mid-1980s do
not typically harbor speK, which is found in the genome of a high proportion of
contemporary emm3 isolates (Commons et al. 2008). This highlights the potential
usefulness of superantigen profiling to monitor the emergence of highly successful
GAS clones during epidemics. There is evidence to suggest that superantigen
prevalence in the GAS population differs geographically (Commons et al. 2008;
Proft et al. 2003). However, cross-study comparison is, as stated previously,
confounded by the use of different primer sets between studies.

4 Multilocus Sequence Typing

As virulence factors may be under strong selection pressure, and as is the case with
superantigens, be present on mobile genetic elements (MGEs), they are not an
ideal target for determination of evolutionary relationships between GAS strains.
Multilocus Sequence Typing (MLST) is nucleotide-based method for investigating
relationships among bacteria of the same species that targets seven selection
neutral house-keeping genes. The genes used in the GAS MLST scheme (http://
spyogenes.mlst.net/) are glucose kinase (gki), glutamine transport ATP-binding
protein (gtr), glutamate racemase (murI), DNA mismatch repair (mutS), transke-
tolase (recP), xanthine phosphoribosyltransferase (xpt), and acetoacetyl-CoA thi-
olase (yql). The combination of seven allelic variants is used to denote a specific
multilocus sequence type (ST). More than 600 STs are listed on the S. pyogenes
MLST website, indicating that ST is more discriminatory than emm-type.

A strong linkage between emm-type and ST has been reported for isolates from
endemic countries (Enright et al. 2001). However a subsequent study by McGregor
et al. (McGregor et al. 2004a) examining STs of isolates recovered from the
Indigenous population of a remote Australian island (representing a low income
region) reported a weaker relationship between emm-type and ST combinations
present in isolates from the island and emm-type/ST combinations from other
populations. The data can be interpreted as providing strong circumstantial evi-
dence for LGT of the emm-gene in regions where GAS diversity is high. Further
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complicating interpretation of MLST data was the observation of LGT involving
housekeeping present on the ‘core’ genome (McGregor et al. 2004b). The pro-
portion of emm-types associated with distant genetic backgrounds, as determined
by MLST, were found to be much high for skin specialists (pattern D strains) and
generalists (pattern E strains) than throat specialists (pattern A-C), suggesting that
recombination events in latter occur at a lower frequency (Bessen et al. 2008).

5 Genomic Studies of Group A Streptococcus

It is becoming clear that emm-typing provides limited value when attempting to
identify genetic factors linked to niche specialization of specific disease outcomes.
Other approaches, examining the presence or absence of multiple genetic factors
has been one pathway taken in attempt to provide a more thorough analysis of
streptococcal diseases (Bessen et al. 2011; McMillan et al. 2006). Genomic studies
are also proving to be pivotal in understanding the level of diversity that exists in
the streptococcal population. The first M1 GAS genome was published in 2001
(Ferretti et al. 2001), with genome from other emm-types following soon after
(Beres et al. 2002; Green et al. 2005; Smoot et al. 2002). Comparative analyses of
these genomes clearly demonstrated the importance of MGEs, LGT, and recom-
bination in generating diversity between emm-types. The majority of GAS gen-
omes possess multiple bacteriophage, which in turn often carry virulence genes
predicted to change the virulence of a lineage. Integrative conjugative elements
(ICE) and remnant MGEs are also common (Green et al. 2005; Maamary et al.
2012; Smoot et al. 2002; Sumby et al. 2005).

However, it has been the intra-emm-type genomic studies utilizing multiple
isolates with defined clinical histories that are providing the greatest insight into
how strains with altered capacity to cause disease may evolve (Ben Zakour et al.
2012; Fittipaldi et al. 2012; Maamary et al. 2012; Sumby et al. 2005; Tse et al.
2012). These studies suggest that the acquisition of new MGEs, resulting in the
elaboration of novel virulence gene repertoire is an important facet underlying the
changes in virulence (Maamary et al. 2012; Sumby et al. 2005). Genomic analysis of
the recent invasive disease outbreak associated with GAS emm59 provides an
illustrative example of the value of population-based genomics. Prior to 2005,
emm59 was not considered to be an emm-type associated with major outbreaks of
invasive disease. However, in the second half of the decade, more than 500 invasive
disease cases associated with this emm-type were reported in Canada (Tyrrell et al.
2010). Comparison of the core genome of outbreak isolates with historical and
temporally distinct clones found the outbreak isolates to form a genetically distinct
group (Fittipaldi et al. 2012). However, differences in the core genome between
outbreak and non-outbreak isolates were remarkably small. While differences in
MGE content between the outbreak strains and non-outbreak strain were apparent,
as were difference in biological properties, the identity of putative genes within the
MGEs that contribute to the relative differences in virulence could not be identified.
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The first genomic analysis of GAS emm12 isolates involved in a scarlet fever
outbreak were also recently reported (Tse et al. 2012). Unlike the emm59 outbreak,
this outbreak appeared to be multiclonal. A novel ICE and bacteriophage were
found to be distributed throughout the different clonal lineages involved in the
outbreak. The latter contains genes encoding superantigens, and were hypothesized
to be one of the reason for the observed increase in virulence.

6 The Role of Other b-Hemolytic Bacteria
in ‘GAS-Associated Diseases

Streptococcus dysgalactiae subsp. equisimilis (SDSE) is generally considered as a
commensal organism with occasional potential to cause diseases in humans. Over
the past few decades there have been several reports of SDSE causing diseases that
are normally attributed to GAS. The list of diseases includes tonsillitis, skin
infections, post streptococcus arthritis, pleuropneumonia, meningitis, endocarditis,
puerperal septicaemia, necrotizing fasciitis, toxic shock syndrome (Jensen and
Kilian 2012).

However, a possible link between SDSE and RF/RHD is still deemed as cir-
cumstantial, and controversial, with a general recalcitrance among the medical
community against the view that b-hemolytic streptococci other than GAS (for
example SDSE) could also be associated with RF/RHD. A major problem in
definitively demonstrating a link between SDSE and RF in clinical settings is the
long lag between infection and RF, and possible requirement for multiple episodes
of infection, both of which call for well-controlled follow up studies. Such studies
are near impossible as SDSE and GAS do cocolonize at the same tissue sites.
Animal models of RHD are also in their infancy (Lymbury et al. 2003).

Despite the resistance to the accommodation of alternative views, several
observations have strongly supported possible involvement of SDSE in the path-
ogenesis of RF/RHD. We and others (Bramhachari et al. 2010; McDonald et al.
2007) have observed that the GAS throat isolation rate in some communities is not
commensurate with the RF/RHD burden. However, in these same population SDSE
isolation rates from the throats are high. Indeed SDSE, but not GAS, has been
recovered from an Indigenous Australian child after recurrent severe pharyngitis
which was followed by RF in this patient (Davies et al. 2005) suggesting a role for
SDSE in the pathogenesis of RF. All SDSE strains also express the M protein which
may elicit heart-tissue cross-reactive autoantibodies (Haidan et al. 2000). In this
study purified F(ab’)2 fragments from the Indigenous Australians reacted with
surface protein extracts of SDSE, but not with those of GAS skin isolates (Haidan
et al. 2000). RF/RHD associated GAS M types are also reported to possess collagen
binding motifs in their M proteins suggesting a possible role for this interaction in
the pathogenesis of RF/RHD (Dinkla et al. 2003) Interestingly, similar motifs were
also seen in some SDSE M proteins (Dinkla et al. 2007). Collectively, these above
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observations strongly suggest SDSE possessed many of the same characteristics as
GAS that is linked to the pathogenesis of RF/RHD.

Phylogenically SDSE and GAS are closely related to each other (Lefebure et al.
2012). While there are conspicuous absences of some virulence genes in SDSE, up
to half of GAS genes encoding virulence factors or surface associated proteins
could be present in SDSE (Davies et al. 2007). Intra and Interspecies LGTs in GAS
and SDSE have been long recognized (Sriprakash and Hartas 1996; Towers et al.
2004) with phages and ICEs contributing significantly to the population structure
of these streptococci. Clonal relationships revealed that recombination far out-
weigh mutation in generating clonal variants. While both replacement and additive
changes occur through LGT, characteristics that influence host-pathogen interac-
tions are likely to be due to additive LGT (Choi et al. 2012).

Interestingly, cross-species LGTs between GAS and SDSE seem to be pre-
dominantly unidirectional; from the former to the latter (Choi et al. 2012). This
seems to be true even for selective-neutral housekeeping genes (McMillan et al.
2010). However, although the same emmSTs were found in different clonal
complexes of GAS and SDSE suggesting occurrence of LGT of the emm-gene
within the species, cross-species replacement of this gene was rarely observed.
Likewise, SDSE with group A carbohydrate was found rarely. All SDSE isolates
are speB-negative (Bramhachari et al. 2010) and no instance of additive LGT for
this locus was ever reported to our knowledge. These observations, and mecha-
nisms such as general resistance to phage mediated changes in SDSE due to
clustered regularly interspaced short palindromic repeats (Shimomura et al. 2011)
suggest that despite extensive ongoing LGTs, species demarcation between SDSE
and GAS is unlikely to blur. However, with extensive additive LGTs into SDSE
and sharing of many virulence characteristics the epidemiology of GAS diseases
may be blurred in regions of high endemicity.

7 Conclusion

In a relatively short time, studies of the molecular epidemiology of GAS have
progressed from the study of single genes, to population-based genomic com-
parisons. These more comprehensive studies have led to a view of GAS as highly
dynamic organism. In endemic regions, where the number of circulating emm-
types is high, no one lineage is associated with disease. SDSE is also abundant in
these regions. In non-endemic countries, a small pool of emm-types that fluctuates
at the local level is present. Ongoing LGT and recombination occasionally give
rise to new lineages whose novel genetic repertoire may increase their virulence
and disease causing potential. Mutation of core genes is a second mechanism that
can also change the virulence properties of streptococci. Our inability to identify or
validate the role of genes is specific disease outcomes, highlights the complex
nature of streptococcal virulence, and suggests that different genetic repertoires
may be responsible for the same disease in different lineages. Changes in
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accessory virulence gene repertoire occur against a background of core virulence
genes that are associated with niche specialization and core pathogenic processes.
For a complete understanding of streptococcal functional genomics of large global
collections of streptococci will be essential.
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Epidemiology and Pathogenicity
of Zoonotic Streptococci

Marcus Fulde and Peter Valentin-Weigand

Abstract Zoonotic infections caused by Streptococcus spp. have been neglected
in spite of the fact that frequency and severity of outbreaks increased dramatically
in recent years. This may be due to non-identification since respective species are
often not considered in human medical diagnostic procedures. On the other hand,
an expanding human population concomitant with an increasing demand for food
and the increased number of companion animals favour conditions for host species
adaptation of animal streptococci. This review aims to give an overview on
streptococcal zoonoses with focus on epidemiology and pathogenicity of four
major zoonotic species, Streptococcus canis, Streptococcus equi sub. zooepidem-
icus, Streptococcus iniae and Streptococcus suis.
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1 Introduction

Infections caused by Streptococcus spp. have received little attention in zoonosis
research. Some zoonotic species, e.g. S. suis, are considered to be neglected due to
non-identification during routine diagnostic procedures in human medicine. On the
other hand, since streptococci per se are classified as facultative pathogens, almost
all endothermic and many poikilothermic animal species as well as humans har-
bour at least one streptococcal species as commensal on skin and/or mucosal
surfaces (Facklam 2002). Poor hygiene, secondary infections or underlying
immunodeficiency, often results in streptococcosis of the natural host, whereas
true host–species jumps seem to be rather rare events. Usually, zoonotic infections
caused by streptococci do not result in notified epidemics or pandemics, but they
can lead to severe and life-threatening diseases of individuals (Abbott et al. 2010;
Baiano and Barnes 2009; Galperine et al. 2007; Lam et al. 2007; Lun et al. 2007;
Wertheim et al. 2009). On the other hand, outbreaks have been reported which
were related to highly virulent zoonotic strains, as exemplified by the S. suis
outbreak in China 2005 or the S. zooepidemicus outbreak in Brazil 1997/98 (see
below). Fortunately, such outbreaks have not been caused by human-to-human
transmission, but are limited to infections from contaminated food or close contact
with infected animals (Balter et al. 2000; Chen et al. 2007; Tang et al. 2006). This
suggests that these zoonotic streptococci are not well adapted to the human host.

The wide distribution of streptococcal species and the incomplete character-
isation of clinical isolates to species-level render a predication about the zoonotic
potential of certain species difficult (Facklam 2002). Furthermore, Lancefield
typing is not sufficient to discriminate zoonotic streptococci. For example, S.
agalactiae (GBS) isolates leading to neonatal sepsis and meningitis harbour a
different geno- and phenotype than GBS strains causing mastitis in cattle or
infections in fish (Dogan et al. 2005; Martinez et al. 2000; Oliveira et al. 2006;
Pereira et al. 2010; Sukhnanand et al. 2005). Similarly, a different genotype is
discussed for S. pneumoniae serotype 3 strains causing pneumonia in race horses
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as compared to those from humans and strains isolated from a variety of rodents
(Blunden et al. 1994; Van der Linden 2009).

Considering the complexity of zoonotic and potentially zoonotic streptococcal
infections, we will focus in this review on the proven zoonotic species S. canis, S.
equi sub. zooepidemicus (S. zooepidemicus), S. iniae and S. suis with emphasis on

S. canis
S. zooepidemicus

S. iniae

S. canis
S. zooepidemicus

S. zooepidemicus

S. suis
S. zooepidemicus

S. canis
S. zooepidemicus

Fig. 1 Schematic figure representing host–pathogen relations of zoonotic streptococci. Black
arrows indicate the transmission to one individual, whereas red arrows illustrate the origin of
outbreaks. An identification of zoonotic species in animals without a proven transmission to
humans is coloured blue

Epidemiology and Pathogenicity of Zoonotic Streptococci 51



epidemiology and pathogenicity. A scheme illustrating the natural hosts of these
species and their transmission to humans is depicted in Fig. 1.

2 Streptococcus canis

2.1 General Features

S. canis was first described taxonomically by Devriese and co-workers in 1986, but
was known as a causative agent of mastitis in cows and a variety of different
clinical pictures in dogs and cats much earlier (Devriese et al. 1986). Phenotypi-
cally, S. canis is characterised as large-colony-forming, ß-haemolytic group G
streptococcus (GGS) of animal origin distinguishable from other GGS, such as S.
dysgalactiae subsp. equisimilis (S. equisimilis, large-colony-forming, ß-haemolytic
GGS derived from human) and members of the S. anginosus group (minute
ß-haemolytic colonies derived from humans) (Efstratiou et al. 1994; Devriese et al.
1986). Biochemical identification of human GGS is based on positive a- and
b- galactosidase activity, negative hyaluronidase- and b- glucoronidase activity as
well as on negative acid production from trehalose catabolism (Efstratiou et al.
1994; Devriese et al. 1986). The composition of the cell wall peptidoglycan rep-
resents a remarkable rare phenotype with its main constituents being lysine,
threonine and glycine (Devriese et al. 1986). Interestingly, the inability of S. canis
to lyse human fibrin represents another factor for distinguishing human and animal
GGS, as already shown by Butaye (1956). However, this feature might be also
important for pathogenesis of S. canis infections (as described in Sect. 2.3).

In addition to the phenotypic properties, early genetic studies based on DNA
hybridisation and 16S rRNA sequencing revealed that S. canis is a member of the
large group of pyogenic streptococci (Kawamura et al. 1995; Devriese et al. 1986).
This was confirmed in detailed phylogenetic studies by Jensen and Kilian (2012)
and Lefebure et al. (2012). Both groups found that human specific S. pyogenes
(GAS) and S. dysgalactiae, comprising GGS from human origin (S. equisimilis)
and bovine group C streptococcus (GCS, S. dysgalactiae sub. dysgalactiae), rep-
resent the closest relatives of S. canis.

Several groups identified genetic markers for species-specific detection of S.
canis, such as specific sequences of genes coding for the superoxide dismutase
sodA (Poyart et al. 1998; Whatmore et al. 2001), the DNA mismatch repair protein
mutS (Whatmore et al. 2001), the CAMP factor (cfg) (Hassan et al. 2003) and the
RNase P (rnpB) (Tapp et al. 2003). Hassan et al. (2003) developed a PCR based on
species-specific sequences of the 16S rRNA gene and the 16S-23S rRNA gene
intergenic spacer region. Nevertheless, routine diagnostic of streptococci is usually
limited to determination of the Lancefield group which might result in an under-
representation of S. canis in data banks (Lam et al. 2007).
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2.2 Epidemiology and Zoonotic Relevance

S. canis represents a constituent of the resident microflora of domestic carnivores
colonising skin and mucosae of urinary, gastrointestinal and reproductive tract
mainly in dogs and cats (Devriese et al. 1986). Lyskova et al. (2007) reported a
carrier rate of 18 % for dogs and 12.7 % for cats, respectively, in an epidemiological
study of 926 samples from 324 animals. The importance of S. canis as an infectious
agent in dogs was clearly demonstrated by Lamm et al. (2010) who showed in a
retrospective study of 393 samples from streptococcal infections in dogs that 22.4 %
were caused by S. canis. In addition to domestic carnivores as primary host species,
Hamilton and Stark (1970) reported cases of bovine mastitis with animal GGS as the
causative agent, suggesting that the bovine udder might be a further niche of this
facultative pathogen. In a few cases, S. canis was isolated from rats, minks, mice,
rabbit, foxes and horses (Corning et al. 1991; Iglauer et al. 1991).

Severe and life-threatening diseases in dogs with b-haemolytic streptococci as
the causative agent were reported since the 1930s of the last century (Hare and
Frye 1938). Today, it is known that the spectrum of clinical symptoms resulting
from S. canis infections in dogs is highly divers. It ranges from mild and super-
ficial pyogenic infections of the skin and mucosae of the respiratory and urogenital
tract to more severe clinical pictures such as pneumonia, mastitis, abortion, cel-
lulitis and septicaemia of newborns (Biberstein et al. 1980; DeWinter and Prescott
1999; Kruger et al. 2010). In addition, in the mid-1990s, several reports were
published describing identification of S. canis as the causative agent of strepto-
coccal toxic shock-like syndrome (STSS) and Necrotising Fasciitis (NF) in dogs in
Southern Canada and USA (Miller et al. 1996, Prescott et al. 1995). In addition to
the clinical pictures described in dogs, there are some reports on sporadic cases of
S. canis associated contagious lymphadenitis, arthritis and myositis in cats (Iglauer
et al. 1991; Swindle et al. 1980; Tillman et al. 1982). Nevertheless, S. canis
infections in cats seem to be more often associated with severe outbreaks pre-
senting as STSS, NF, sepsis and meningitis reaching mortality rates of up to 30 %.
It is very likely that this phenomenon is due to the limited space in catteries and
shelters resulting in close contact of the animals and easier transmission. Inter-
estingly, a recent study by Kruger et al. (2010) proposed a clonal origin of S. canis
strains causing STSS and NF in cats, which seems to be contradictory to the
scenario described in dogs (DeWinter et al. 1999).

In contrast to the broad spectrum of clinical pictures and tissue sites involved in
S. canis infections of domestic carnivores, in cattle infection may lead to sub-
clinical mastitis characterised by elevated somatic cell counts (SCCs) (Chaffer
et al. 2005; Hassan et al. 2005). Although the carrier rate of S. canis in the udder of
cows is low (*1 %, Hamilton and Stark 1970; McDonald and McDonald 1976),
and outbreaks of mastitis are rare events, morbidity might reach[30 %. Tikofsky
and Zadoks (2005) described a scenario for an outbreak of S. canis mastitis in a
dairy herd. A cat suffering from chronic sinusitis caused by S. canis was the most
likely source as evaluated by bacterial culture and ribotyping. The authors stated
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that dissemination of the bacterium from cow to cow was a result of an insufficient
hygiene management including contaminated udder and insufficient post-milking
teat disinfection. Nevertheless, this example shows the ability of S. canis to spread
across species barriers.

Cases of human infections caused by S. canis are rare, but may be underesti-
mated due to insufficient diagnostic practice limited to Lancefield typing (Lam
et al. 2007). It is believed that transmission to humans occurs mainly via direct
contact or as a result of animal bites. However, in most cases, aetiology of S. canis
infection is unknown (Galperine et al. 2007). Two cases of septicaemia due to dog
bite and close vicinity to pet dogs were reported by Takeda et al. (2001) and Bert
and Lambert-Zechovsky (1997), respectively. Interestingly, detection of S. canis
as the causative agent of ulcers in dog owners increased during the last years (Lam
et al. 2007), suggesting a possible emerging role of this zoonosis in the near future.

2.3 Virulence and Pathogenesis

Despite its role as an emerging infective agent in animals and humans, knowledge
on pathogenesis and virulence factors of S. canis remains elusive. However,
similarities in disease establishment and progression, clinical pictures, pathology
and outcome of infections with S. pyogenes infections suggest the existence of
comparable virulence mechanisms, although data from animal infections are
lacking. An initial attempt to prove this hypothesis was reported by DeWinter et al.
(1999). Using Southern Blot analyses, the genomes of 15 S. canis isolates from
cases of STSS and NF in dogs were screened for GAS-associated virulence factor
genes, such as emm, ska, speA, speB, speC, mf, ssa, scp, hasA and slo. Interest-
ingly, only two respective genes were detected, slo and emm (DeWinter et al.
1999). In another study, Igwe et al. (2003) identified a new allele of the GAS
superantigen (SAg) smeZ. SAgs are phage-encoded virulence factors extensively
studied in GAS. Their toxoid nature is based on high affinities for major histo-
compatibility complex II (MHC class II) molecules and T cell receptors on pro-
fessional antigen presenting cells. Upon activation, a cytokine ‘‘storm’’ comprising
pro-inflammatory cytokines (TNF-a and IL-1b) as well as T cell mediators (IL-2)
are induced leading to severe clinical and pathological changes, such as fever,
hypotension, shock and multi-organ failure (Igwe et al. 2003; Proft and Fraser
2007) which resembles the clinical symptoms of STSS in S. canis infected dogs.
The identification of putative emm genes in S. canis genomes was surprising, since
S. canis, like other animal specific and zoonotic pathogens, is characterised as emm
negative according to the established PCR test for emm typing described by the
Center for Disease Control (CDC, Atlanta, USA). Probably, due to poor genome
information, it took 12 years until a second publication verified the existence of an
M-like protein in S. canis SCM (Fulde et al. 2011a). Detailed biochemical studies
characterised SCM as an alpha-helical protein with a high probability to form
dimers on the bacterial surface. SCM specifically binds to plasminogen (PLG) with
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high specificity and affinity. Accordingly, numerous other M proteins identified in
human-specific GAS and S. equisimilis, as well as M-like proteins of animal
specific (e.g. S. equi sub equi) and zoonotic species, e.g. S. zooepidemicus and S.
iniae (Baiano et al. 2008, 2009; Bergmann et al. 2011; Meehan et al. 2001;
Nitsche-Schmitz et al. 2007; Nitsche et al. 2006; Smeesters et al. 2008; Timoney
et al. 1997, 2010), bind extracellular matrix (ECM) and serum proteins. However,
in contrast the well-known PLG-binding M Protein PAM on the surface of GAS
(Wistedt et al. 1995), SCM interacts with the C-terminal part of PLG, named mini-
PLG (mPLG). Only few studies have been published on the interaction of
pathogens with mPLG (Ljungh 2000; Rojas et al. 2008; Ullberg et al. 1992) and
SCM displays the first receptor proven so far. The role of mPLG in pathogenesis is
unclear but an involvement in endothelial cell migration during wound repair is
discussed (Hayashi et al. 2009). Since wounds display the main entry site for
S. canis, it may be speculated that interaction with mPLG in wound fluids rep-
resents a yet unknown pathogenicity mechanism.

The immobilisation of the zymogen plasminogen on the surface of different
streptococcal species and its subsequent activation to the broad spectrum serine
protease plasmin by the main streptococcal PLG-activator (PA) streptokinase (SKA)
is a common and well-known mechanism for tissue destruction and dissemination of
invasive isolates within the host (Sun et al. 2004). However, as already described by
Butaye (1956), S. canis does not possess any fibrinolytic activity in human serum.
This inability is not restricted to a certain host as described for S. zooepidemicus
(Fulde et al. 2011a; Schroeder et al. 1999) and supports results by DeWinter et al.
(1999) who postulated that the genomes of 15 different S. canis strains lack a gene
coding for streptokinase. Nevertheless, surface-bound plasminogen could be acti-
vated by host-derived PA, such as urokinase (uPA) which enables S. canis to degrade
fibrin matrices and disseminate through semi-synthetic thrombi. An illustration of
fibrin degradation by S. canis is shown in Fig. 2.

In addition to the interaction of S. canis with plasminogen, an association with
albumin, IgG and fibrinogen was reported by Laemmler and co-workers (Lammler
et al. 1988). Although the authors did not comment on the responsible bacterial
binding proteins or possible virulence mechanisms, it is conceivable that in
analogy to pyogenic streptococci, binding to ECM and serum proteins is a pre-
requisite for establishing S. canis infections. For example, since M protein-med-
iated binding to fibrinogen confers anti-phagocytic properties, immobilisation of
albumin leads to an inactivation of the antibacterial peptide MIG/CXCL9 (Egesten
et al. 2011). Furthermore, the interaction of streptococci with IgG occurs mainly in
a ‘‘non-immunogenic’’ way by binding to the conserved Fc-fragment (Lewis et al.
2008) which seems to be similar in zoonotic S. canis (own unpublished data).

Surface exposed metabolic enzymes with a secondary function (moonlighting
enzymes) are well-known players in streptococcal disease progression (Pancholi
and Chhatwal 2003). Hitzmann et al. (2012) recently reported the existence of the
Arginine Deiminase System (ADS), an energy providing pathway catabolising
arginine, on the surface of zoonotic S. canis. Its possible role in pathogenesis was
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described earlier for the zoonotic pathogen S. suis by Gruening et al. (2006), and
therefore is described in Sect. 5.3.

3 Streptococcus equi sub. zooepidemicus (Streptococcus
zooepidemicus)

3.1 General Features

S. zooepidemicus belongs to the large group of pyogenic streptococci with a ß-
haemolytic, large-colony-forming phenotype comparable to other members such
as GAS, S. equisimilis and S. canis, respectively (Facklam 2002; Efstratiou et al.
1994; Barnham et al. 1987a). S. zooepidemicus harbours the Lancefield group C
antigen, and is, therefore, serologically closely related to S. equi and S. equisimilis,

Fig. 2 Fibrin degradation by zoonotic S. canis a Fibrin bundles form a dense network in semi-
synthetic thrombi. b PLG-coated S. canis strains strongly attach to fibrin bundles. c, d
Immobilisation of proteolytic plasmin activity on the bacterial surface leads to fibrinolytic
phenotype of S. canis. (EM pictures provided by Manfred Rohde, HZI Braunschweig, Germany).
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respectively. Differentiation of these species is done biochemically based on
species-specific fermentation patterns of carbon sources. For example, S. equi-
similis is able to utilize trehalose, whereas S. equi and S. zooepidemicus lack this
ability. Instead, S. zooepidemicus ferments lactose and sorbitol in contrast to S.
equisimilis and S. equi, respectively (Bannister et al. 1985).

Recent phylogenetic studies shed more light on the inter-species relationships
in the pyogenic group of streptococci. These studies revealed that S. equisimilis is
closely related to human pathogenic GAS forming a common clade together with
the zoonotic GGS S. canis (Jensen and Kilian 2012), whereas S. equi and S.
zooepidemicus share a genome identity of more than 98 % (Timoney 2004).
Moreover, it is widely accepted that S. equi has evolved from an ancestral strain of
S. zooepidemicus (Webb et al. 2008). Holden et al. (2009) compared the genomes
of a highly virulent S. equi isolate with a S. zooepidemicus strain from a healthy
thoroughbred racehorse. As expected, both genomes were highly identical com-
prising approximately 2,000 open reading frames (ORFs). However, the authors
conclude from their studies that gain and loss of genes or their functions,
respectively, might have forced S. equi to evolve from a mucosal colonizer of
different animals (S. zooepidemicus) to a highly specialised pathogen of horses as
sole host (Holden et al. 2009).

The close relationship between S. equi and S. zooepidemicus complicates the
development of a discrimination scheme other than time-consuming biochemical
analysis (Webb et al. 2012). However, discrimination of both species is important
since strangles, the main disease caused by S. equi, is a highly contagious infection
of the upper respiratory tract constituting a major infectious disease threat in
horses (Waller and Jolley 2007). The availability of the genome sequences will
hopefully allow to identify new genetic markers for differentiation of both sub-
species. Very recently, Webb et al. (2012) presented a quantitative triplex PCR
with improved discrimination, a promising step towards eradication of strangles.

3.2 Epidemiology and Zoonotic Relevance

Although S. zooepidemicus is considered as an opportunistic pathogen in a large
variety of mammalian species including cats, rodents, minks, monkeys and seals
(Ryu et al. 2011; Akineden et al. 2005, 2007; Matz-Rensing et al. 2009; Blum et al.
2010; Britton and Davies 2010; Literak and Mraz 1991), the majority of cases
were reported from domestic animals such as horses, dogs, pigs and ruminants,
respectively. In horses, S. zooepidemicus represents a commensal of mucosae of
the upper respiratory and the lower genital tract (Barquero et al. 2010; Priestnall
and Erles 2011). As an opportunistic pathogen it can cause secondary infections
after primary virus infection, as well as after predisposition by stress or tissue
injuries (Timoney 2004; Ryu et al. 2011). Nevertheless, in several epidemiological
studies S. zooepidemicus was found to constitute a major causative agent of
purulent infections in horses and foals (Ryu et al. 2011; Panchaud et al. 2010; Erol
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et al. 2012; Gaede et al. 2010; Clark et al. 2008). Typically, such infections lead to
severe respiratory diseases with sudden onset dyspnoea and haemorrhagic nasal
discharge accompanied by pyrexia, coughing, leucocytosis and neutrophilia
(Priestnall and Erles 2011; Oikawa et al. 1994, 1995). Furthermore, dissemination
of S. zooepidemicus in inner organs, such as liver, lung, brain and kidney as well
were joints (Timoney 2004) often results in clinical pictures constituting as neo-
natal septicaemia, pyogenic abscesses, ulcerative keratitis and endometritis con-
comitant with reproductive failures (Timoney 2004; Priestnall and Erles 2011;
Wada 2012).

Notably, S. zooepidemicus is emerging as cause of severe and life-threatening
diseases in dogs (Priestnall and Erles 2011; Pesavento et al. 2008; Byun et al.
2009). In contrast to infections in horses, emerging dog infections frequently occur
as outbreaks (Priestnall and Erles 2011). Clinical pictures are similar to those
obtained in horses. Several studies reported that fatal outbreaks exhibit as haem-
orrhagic pneumonia and septicaemia, respectively, with a rapid disease progres-
sion (Priestnall and Erles 2011; Pesavento et al. 2008; Byun et al. 2009; Kim et al.
2007a; Sundberg et al. 1981; Garnett et al. 1982) often ending fatal within 24–
48 h. In milder cases, typical symptoms are pyrexia, coughing, anorexia and
tachypnoea (see also an excellent review by Priestnall and Erles (2011)).

In addition to S. suis, S. zooepidemicus is a major pathogen in swine in Asia.
Outbreaks were reported from Sichuan, China (1975) and Indonesia (1994) with
fatal cases of more than 300,000 pigs in 2 weeks. Typical clinical symptoms
include arthritis, diarrhoea, bronchopneumonia, endocarditis and meningitis (Fan
et al. 2008; Feng et al. 2010; Soedarmanto et al. 1996). Interestingly, during the
large outbreak in Indonesia, a single, highly virulent S. zooepidemicus clone
spread to a monkey population and led to severe disease similar as described for
pigs (Soedarmanto et al. 1996).

S. zooepidemicus-induced severe and deep tissue infections have been observed
in ruminants, such as goat, sheep, cattle, lama, camels and alpaca (Aubry et al.
2000; Barnham et al. 1987a; Hewson and Cebra 2001; Jones et al. 2009; Las et al.
2002; Younan et al. 2005; Pisoni et al. 2009). However, the majority of reports
focussed on its role as a causative agent of mastitis.

Human outbreaks have been associated with unpasteurised milk and its prod-
ucts. For example, two outbreaks occurred in 2003 in Gran Canaria and Finland,
respectively (Kuusi et al. 2006; Bordes-Benitez et al. 2006). In both cases, cheese
produced from raw milk was the source of infection. People suffered septicaemia,
aortic aneurism, pneumonia, meningitis and septic arthritis with partially fatal
outcome. A special complication with regard to S. zooepidemicus infections is the
development of post-streptococcal glomerulonephritis (PSGN) (Francis et al.
1993; Barnham et al. 1983, 1987b). One unusual large outbreak occurred from
1997 to 1998 in Nova Serrana, a rural province in Brazil (Balter et al. 2000). Again
cheese from contaminated milk was the source of infection. In total, 253 cases of
acute nephritis were reported of which three had a fatal progression and seven
required dialysis. Extensive epidemiological studies including whole genome
sequencing of the respective outbreak strain were applied. However, bacterial
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factors promoting the establishment of PSGN remains unknown (Beres et al. 2008;
Sesso and Pinto 2005; Nicholson et al. 2000). The transmission of S. zooepi-
demicus from livestock products other than milk or cheese, respectively, is dis-
cussed but not yet clearly proven. For example, Yuen et al. (1990) characterised S.
zooepidemicus strains from Hong Kong isolated from infected human and pig
individuals and found major genotypical and phenotypical similarities. The fact
that S. zooepidemicus represents one of the major pathogens in swine in Asia and
that Asian people frequently consume undercooked pork strongly suggests that
transmission from pigs to human occurs (Yuen et al. 1990).

Transmission of S. zooepidemicus from companion animals to humans is fre-
quently described in the literature. Most of the cases originated in horses, probably
due to the wide distribution of S. zooepidemicus as a commensal in this species
(Minces et al. 2011). Nevertheless, one case of transmission from dog to human
was described (Abbott et al. 2010). In this case, the likely mode of transmission
was via wound infection or aerosols rather than ingestion. Typical clinical
symptoms in humans range from purulent abscesses of skin and mucosae to severe
illnesses, such as endocarditis, endophthalmitis, septic arthritis, pneumonia and
meningitis. Clinical outcome depends on the mode of transmission, the immune-
competence of the patient and the repertoire of virulence factors of the pathogen.

3.3 Virulence and Pathogenesis

S. zooepidemicus is believed to be the evolutionary ancestor of S. equi and both
species share an overall genome identity of more than 98 %. But there is much less
known about virulence factors in S. zooepidemicus as compared to S. equi.
Comparative genome analysis by Holden et al. (2009) identified phage-associated
genes, such as sAGs, a phospholipase A2 toxin and an integrative conjugative
element harbouring an iron acquisition system with similarities to a pathogenicity
island of Yersinia pestis (Holden et al. 2009). Furthermore, the identification of
genes possibly encoding pili in the genome of S. zooepidemicus, which could
facilitate adherence and colonisation in horses, might reflect the evolution from a
generalist to a specialist.

S. zooepidemicus possesses a hyaluronic capsule synthesised by genome
products of the has operon (Blank et al. 2008; Paillot et al. 2010). Hyaluronic
capsule is one of the most important virulence factors of streptococci facilitating
anti-phagocytic properties. Furthermore, Wibawan et al. (1999) demonstrated that
capsule positively correlates with the ability to adhere to HeLa cells. Whether or
not this mechanism resembles the interaction between GAS and CD44 remains to
be proven (Schrager et al. 1998). Similar to S. canis, S. zooepidemicus is also
characterised as emm-negative according to the guidelines of the CDC. Never-
theless, Timoney et al. (1995) were able to identify a M-like protein (SZP) which
protects mice against a lethal infectious dose of S. zooepidemicus but not against
S. equi (Timoney et al. 1995). Similar to SCM, SZP is assumed to form an alpha–
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helical structure but it does not possess A, B and C repeats characteristic for M
proteins of human pathogenic GAS and S. equisimilis (Smeesters et al. 2008). SZP
harbours variable- and hyper-variable regions in the N-terminal part of the mature
protein (Walker and Timoney 1998). In accordance to other M and M-like pro-
teins, SZP binds to fibrinogen (Timoney et al. 1997). Thus, an anti-phagocytic
activity is plausible. However, to the best of our knowledge, a direct correlation
was not yet reported. Recently, Hong-Jie et al. (2009) found that szp-deficient
S. zooepidemicus mutant strains were[1,000-fold less virulent in an intramuscular
mouse model (Hong-Jie et al. 2009). An interesting explanation was given by Ma
et al. (2012). They found that S. zooepidemicus recruits thioredoxin (TRX) via SZP
to the bacterial surface which, in turn, inhibits inter alia the deposition of com-
plement factor 3, and thereby protects against phagocytic killing.

Binding to ECM- and plasma proteins is a crucial step in streptococcal path-
ogenesis. For example, as extensively studied for GAS, the interaction with
fibronectin (FN) leads to a significant increase in adherence and invasion in epi-
thelial and endothelial cells (Schwarz-Linek et al. 2006), and thus might represent
a prerequisite for colonisation of and dissemination in the host. FN binding and
subsequent attachment to host cells is well-known for S. zooepidemicus isolates
(Valentin-Weigand et al. 1988). During the years, two proteins (FNZ and SFS)
were identified with affinities to FN (Lindmark and Guss 1999; Lindmark et al.
1996). Although at least FNZ seems to induce a protective immunity in a mouse
infection model, its role in pathogenesis remains elusive (Flock et al. 2006). ZAG
is a surface-associated proteinous receptor for IgG, albumin and the plasma pro-
teinase inhibitor a2-macroglobulin (a2M) (Jonsson et al. 1995). Potential benefits
resulting from a recruitment of IgG and albumin, respectively, are already dis-
cussed in the S. canis section. Interestingly, Valentin-Weigand et al. (1990)
showed an anti-phagocytic effect of surface bound a2M on equine group C
streptococci in vitro. The in vivo relevance, however, has not yet been demon-
strated. In addition to the ability to bind (and inactivate) immunoglobulins, S.
zooepidemicus possess two endopeptidases (IdeZ and IdeZ2) in its proteome which
specifically cleave IgG from a variety of different species (Hulting et al. 2009;
Lannergard and Guss 2006). Homologues in GAS constitute important virulence
factors essential for circumventing antimicrobial properties (Pawel-Rammingen
2012; Akesson et al. 2006; Pawel-Rammingen et al. 2002). Furthermore, factors
known to be important for establishing streptococcal infections were also reported
in S. zooepidemicus. For example, the cytolysin streptolysin S (SLS), responsible
for the b-haemolytic phenotype of pyogenic streptococci, was identified in the
genome of S. zooepidemicus (Flanagan et al. 1998). SLS has been extensively
studied and characterised as a virulence factor in GAS and human GGS. Thus, it
may also be important for disseminating infections of other streptococci. Very
recently, Paillot et al. (2010) identified the genetic determinants of three novel
sAG- encoding genes in the genome of a S. zooepidemicus strain (Paillot et al.
2010). This was an interesting finding since S. zooepidemicus, in contrast to its
closest relative S. equi, was classified as sAG negative, a likely prerequisite for its
commensal lifestyle (Paillot et al. 2010).

60 M. Fulde and P. Valentin-Weigand



4 Streptococcus iniae

4.1 General Features

S. iniae is a major fish pathogen first isolated in 1976 from a freshwater dolphin. It
is widely spread geographically, mainly in North America, Middle East and the
Asia–Pacific region. S. iniae infections lead to meningoencephalitis and other
pathologies which result in high economic losses in aquaculture due to high rates
of morbidity and mortality (Locke et al. 2007a). Death might occur without
accompanying signs or specific clinical symptoms related to central nervous
system (CNS) dysfunction, including loss of orientation and erratic swimming
(Agnew and Barnes 2007).

S. iniae is also considered as an emerging agent of zoonotic infections, most of
which are associated with processing of fresh fish (Baiano and Barnes 2009). In
humans, infection often leads to bacteraemic cellulitis which may be followed by
other invasive forms of diseases, such as endocarditis, meningitis, arthritis or
sepsis.

S. iniae is genetically closely related to group B streptococci as revealed from
16S rRNA sequencing. It is not assigned to any Lancefield group and shows ß-
haemolysis on blood agar (noteably, highest expression was observed with blood
from freshwater dolphin (Pier et al. 1978)). Isolates show some variation in colony
morphology, e. g. isolates from Asian patients are more mucoid (Lau et al. 2006).
Virulent strains express an exopolysaccharide capsule. The capsule operon genes
show homology to those of other streptococci, including S. agalactiae, S. suis and
S. thermophilus (Lowe et al. 2007). S. iniae isolates from diseased fish and humans
showed less genetic diversity than isolates from healthy fish in Canada (Facklam
et al. 2005; Fuller et al. 2001). Two distinct serotypes of S. iniae have been
identified based on their reaction with rainbow trout antisera. Serotypes also differ
in their biochemical properties. Serotype 1 strains are positive for reaction with
arginine dihydrolase and ribose, whereas serotype 2 strains are negative for both
(as reviewed by Agnew and Barnes (2007)). Serotype 2 emerged after a vacci-
nation program in Israel and includes strains producing and releasing large
amounts of extracellular polysaccharide (Eyngor et al. 2008). Importantly, sero-
type 2, but not serotype I strains have been reported to survive in piscine
phagocytes and induce their apoptosis (Zlotkin et al. 2003), probably due to the
differences in the extent of capsule coverage of the bacterial surface.

4.2 Epidemiology and Zoonotic Relevance

S. iniae is an emerging invasive fish pathogen responsible for major economic
losses in warm water finfish aquaculture worldwide (Agnew and Barnes 2007;
Shoemaker et al. 2001). Diseases caused by S. iniae infection have been described
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in at least 27 fish species, including trout (Eldar and Ghittino 1999), tilapia
(Shoemaker et al. 2001), barramundi (Bromage et al. 1999) and hybrind striped
bass (Shoemaker et al. 2001) (see also an excellent recent review by Agnew and
Barnes (2007)). Carrier fish are considered to play an important role in fish-to-fish
transmission. Currently, it is not known whether S. iniae has its origin in wild fish
and has been distributed by ocean current and movement of fish, or whether its
amplification in aquaculture has led to distribution into neighbouring fish popu-
lations (Agnew and Barnes 2007).

S. iniae is considered as an emerging zoonotic agent as noted at the Interna-
tional Conference on Emerging Infectious Diseases in 2000. In humans, it mainly
causes bacterial cellulitis as a consequence of soft tissue injuries during prepara-
tion of fresh fish. However, severe complications have been described, including
arthritis, meningitis, endocarditis and osteomyelitis (Sun et al. 2007; Weinstein
et al. 1997). Notably, human infections by ingestion of contaminated fish have not
been reported. Human cases are rare and sporadic, but continue to be reported and
are likely to increase in the future due to enhanced surveillance. Epidemiological
data showed that mainly elderly people with Asian origin are affected. The racial
predominance may be related to a cultural preference for fresh whole fish in
cooking, as suggested by Finkelstein and Oren (2011).

Importantly, it has to be mentioned that S. iniae is not included in commercial
and clinical databases and diagnostic kits. Thus, it is very likely that S. iniae
infections in humans are underreported due to non-identification.

4.3 Virulence and Pathogenesis

S. iniae harbours a number of virulence factors with high homology to respective
factors of S. pyogenes. Important examples include the M-like protein SiM (Locke
et al. 2008), the b-haemolysin S (Locke et al. 2007b) and an a-enolase (Kim et al.
2007b). For some of these factors, the interaction with the host has been described.
As expected from the homology, these functions are reminiscent of the patho-
genesis of S. pyogenes. Nevertheless, the mechanisms underlying the adaptation of
S. iniae to fish as preferred host are not known. This preference is very prominent,
as S. iniae is, for example, able to multiply in naive trout blood but hardly survives
in naive human blood (Zlotkin et al. 2003). Furthermore, S. iniae rapidly trans-
locates through trout skin epithelial cell monolayers covered with mucus (Eyngor
et al. 2008).

A number of virulence factors of S. iniae have been confirmed in experimental
infections of white striped bass (recently reviewed by Baiano and Barnes (2009)).
The capsule and the M-like protein SiM (genes: simA and simB) protect S. iniae
against opsonophagocytosis (Locke et al. 2007a, 2008). The phosphoglucomutase
(gene: pgm) is also crucial for virulence since it is involved in cell wall mor-
phology, surface capsule expression and resistance to cationic antimicrobial
peptides (Buchanan et al. 2005). Furthermore, S. iniae expresses a cytolysin
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homologous to SLS from S. pyogenes. The sag operon is involved in SLS for-
mation and a sagA mutant is highly attenuated in virulence (Locke et al. 2007b).

In general, S. iniae resembles a typical blood pathogen that disseminates to
different organs similar to some other invasive streptococcal species, such as group
A and B streptococci. However, the pathogenesis of diseases caused by S. iniae is
only partially understood. Most likely, the first step is adherence and colonisation
of tissues followed by translocation into the blood circulation, similar to other
invasive streptococci. The mechanism(s) of invasion into deeper tissue are not
known. However, studies using epithelial cells of rainbow trout epithelial cells
showed that S. iniae invaded the cells and persisted intracellular for short time
periods. Invasion was followed by rapid translocation and dissemination in the fish
(Eyngor et al. 2007). Evasion of defense mechanisms in the blood then allows a
generalised bacteraemia, which is required to establish disease. A hallmark of S.
iniae pathogenicity is its ability to survive phagocytic killing, as reflected by its
rapid dissemination to systemic sites in the blood circulation system. Therefore,
the interaction between S. iniae and phagocytes is considered to be crucial for the
pathogenesis. A virulent S. iniae strain survived within pronephros macrophages in
vitro (Zlotkin et al. 2003). Furthermore, monocytes carried approximately 70 % of
the bacteria present in the blood of diseased fish. Based on these results, Zlotkin
et al. (2003) postulated in a Trojan horse theory that S. iniae might enter the CNS
by ‘‘hijacking’’ migrating monocytes/macrophages. Induction of apoptosis in
macrophages was also suggested as an effective mechanism of S. iniae to prevent
priming of the immune system (Zlotkin et al. 2003).

The virulence properties of S. iniae and its invasive nature as a pathogen make
it an excellent model pathogen to study pathogenicity mechanisms of human
streptococci, such as group A and B streptococci and pneumococci. Experimental
infections have been reported in a number of different species, e. g. zebrafish
(Miller and Neely 2004). Recently, we described an intraperitoneal S. iniae
infection model for tilapia. This infection model includes for the first time
pathohistological screening of brains and eyes as read out parameter and a novel
multiplex PCR for confirmation of the virulence genotype of the challenge strain
(Baums et al. 2012). In the future such models shall allow comparative analyses of
different streptococci with respect to host–pathogen-interactions at different
infection stages.

5 Streptococcus suis

5.1 General Features

S. suis is a major porcine and zoonotic pathogen occurring worldwide. It can cause
severe diseases in pigs, e.g., sepsis, meningitis, arthritis and pneumonia resulting
in enormous economical losses in the swine industry (Staats et al. 1997). In
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humans, meningitis is the most common presentation, though S. suis can also be
associated with other systemic complications such as sepsis, pneumonia and, as
observed for the first time in two outbreaks in China, STSS (Gottschalk et al. 2007;
Tang et al. 2006).

S. suis shares antigenic features with group D streptococci, but it is genetically
distinct and serogrouping is not used for its identification. It produces a- or b-
haemolysis on sheep and horse blood agar, respectively. Based on its capsular
polysaccharides, 35 serotypes have been described to date. However, strains of
serotypes 32 and 34 have been suggested to be more closely related to S. orisratti
(Hill et al. 2005). Distribution of serotypes differs between geographical regions.
Most European strains associated with disease belong to serotypes 1, 2, 7, 9 and 14
(Allgaier et al. 2001; Silva et al. 2006; Wisselink et al. 2000). Worldwide, serotype
2 is most prevalent. In recent years, serotype 9 has emerged as common pig isolate
in Germany and The Netherlands, serotype 7 is highly prevalent in Scandinavia
and serotypes 1 and 14 in the United Kingdom (Baums and Valentin-Weigand
2009; Perch et al. 1983; Tian et al. 2004; Wisselink et al. 2000). In contrast, in
Canada and the USA serotypes 2, 1/2, and 3 are most frequently associated with
disease (Messier et al. 2008). A specific sequence type (ST), ST7, which appeared
to have evolved from the highly pathogenic ST1 type of a serotype 2 strain, was
found to be responsible for human outbreaks in China and directly associated with
the STSS (Feng et al. 2010; Ye et al. 2006, 2009). The ST7 carries a putative
pathogenicity island (designated 89 K), possibly involved in development of STSS
(Chen et al. 2007; Zhao et al. 2011).

5.2 Epidemiology and Zoonotic Relevance

Pigs and wild boars are considered as natural reservoirs of S. suis (Baums et al.
2007; Clifton-Hadley and Alexander 1980). Different mucosal surfaces might be
colonised by S. suis. In weaning piglets, S. suis is an abundant coloniser of the
upper respiratory and alimentary tract (Baele et al. 2001; Lowe et al. 2011;
O’Sullivan et al. 2011; Su et al. 2008a, b). Tonsillar carrier rates up to 100 % have
been reported (Arends et al. 1984; Clifton-Hadley 1983; Mwaniki et al. 1994a, b),
persisting even after treatment with penicillin (Staats et al. 1997). The sow may
harbour S. suis also in the genital tract. Healthy carriers of virulent S. suis strains
are the main source of infection, and thus play an important role in the epide-
miology of S. suis diseases in pigs and humans (Arends et al. 1984; Ngo et al.
2011). Faeces, dust, water and feed may be secondary sources of infection (Staats
et al. 1997). Vectors such as flies (Enright et al. 1987) and mice (Williams et al.
1988) can play a role in disease transmission.

Pigs of any age can be infected with S. suis, but susceptibility generally
decreases with age following weaning. Outbreaks are usually due to the intro-
duction of a carrier into the herd. Within a carrier herd, outbreaks occur especially
in young animals disposed to stress conditions. As S. suis is a facultative pathogen,
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different biotic and abiotic factors such as virus infections, corrosive gases and
crowding are thought to promote S. suis diseases in modern swine production.

Several modes of transmission between animals in a herd have been suggested.
Piglets born to sows with genital infection may acquire the infection vertically
(Amass et al. 1997). Transmission can also occur by nose-to-nose contact (Berth-
elot-Herault et al. 2001), or by infection through the navel, genital or alimentary tract
(Staats et al. 1997). After infection, colonised pigs will usually harbour the bacteria
in their tonsils. Some animals will remain healthy carriers, whilst other will sooner
or later develop clinical signs (Gottschalk and Segura 2000). Morbidity rarely
exceeds 5 %, although it can reach more than 50 % in cases of poor hygiene and
concurrent disease (Staats et al. 1997). With appropriate treatment mortality is
usually low (ca. 5 %), but can be up to 20 % in untreated herds.

The infection is recognised as a zoonosis associated with meningitis, septicemia
and endocarditis in humans for a long time (Arends and Zanen 1988). Occupa-
tional exposure to pigs and pork is worldwide the most important risk factor for S.
suis infections (Fittipaldi et al. 2012). Mostly, human infections appear as sporadic
cases in persons exposed to pigs or pig products, with an incidence of 3/100,000
(almost 1,500 times higher than among persons not involved in pig industry)
(Arends and Zanen 1988). It seems that contamination is through direct contact
with infected pigs or meat products and infection via conjunctiva or skin lesions
(Arends and Zanen 1988). In addition, human infections have been associated with
contact with wild pigs (Rosenkranz et al 2003).

Zoonotic infections have been reported mainly in countries with intensive
swine production. In a study by Smith et al. (2008), 73 swine-exposed and 67 non-
swine-exposed US adults were tested for antibodies to S. suis serotype 2. Results
suggested that human infection with S. suis occurs more frequently than currently
documented. Furthermore, S. suis pathotypes isolated from human infections were
frequently detected in pigs, and recent outbreaks of porcine infections paralleled
those in humans. Even though reported numbers of human infections are relatively
low, there is a potential risk that S. suis may constitute a more important public
health problem than currently recognised. This is underlined by the outbreak in
China (in 2005), in which totally unexpected severe clinical presentations of
streptococcal toxic shock-like syndrome due to S. suis infection was observed in
infected individuals (Yu et al. 2006). The S. suis-induced toxic shock was asso-
ciated with high mortality rates. This new outcome of S. suis infection in humans
might reflect the evolutionary emergence of more virulent strains. Accordingly, the
outbreak in China was due to the emergence of a serotype 2 strain that contained a
pathogenicity island designated 98 K. Thus, the potential that S. suis may suddenly
emerge as disease threat by acquiring new capacities for establishing infection, e.g.
by altering the human immune response, should not be underestimated (Yu et al.
2006; Gottschalk et al. 2010; Holden et al. 2009).

Outbreaks of human infections such as described mainly occur in low-income
countries with intensive pig production, which is largely due to very close contact
of humans to pigs and little awareness of the disease within the population at risk.
In countries with increasingly intensive pig farming, like China, Thailand or

Epidemiology and Pathogenicity of Zoonotic Streptococci 65



Vietnam, the risk for humans of acquiring S. suis infection is unknown, since it is
not a notifiable disease and has been largely neglected by routine laboratory
diagnostics. On the other hand, the two largest published case series of human S.
suis infections are from these regions and account for more than 50 % of all
reported cases (Takeuchi et al. 2012; Wertheim et al. 2009). Notably, in Vietnam,
S. suis is the most important cause of bacterial meningitis in adults (Mai et al.
2008). This is related to eating ‘‘high risk’’ dishes, such as undercooked blood and
intestine (Nghia et al. 2008) suggesting that oral infection is an additional infection
route to be considered. Therefore, zoonotic infections by S. suis are considered a
significant, yet unrecognised burden in large parts of Southeast Asia. The urgent
need for research on this neglected zoonotic pathogen is underlined by the
emergence of strains which are highly virulent for humans and by the spread of
antibiotic resistance within the S. suis population (Palmieri et al. 2011).

5.3 Virulence and Pathogenesis

Various virulence or virulence-associated factors of S. suis serotype 2 have been
identified in the last years, among which the capsule is the only proven essential
virulence factor protecting the pathogen against phagocytosis (Smith et al. 1999).
Some other factors have been shown to contribute to survival in the host and
virulence in experimental infections of mice and piglets, respectively. Recently,
several reviews have been published on this topic, e.g. by Baums and Valentin-
Weigand (2009) and Fittipaldi et al. (2012).

A number of surface associated and secreted proteins of S. suis serotype 2
exhibit the same or very similar functions as homologous factors of other patho-
genic streptococci. Important examples are peptidoglycan polysaccharide deace-
tylase, opacity factor of S. suis, fibronectin- and fibrinogen-binding protein of S.
suis, enolase and suilysin (Baums et al. 2006; de Greeff et al. 2002; Esgleas et al.
2008; Fittipaldi et al. 2008a; Jacobs et al. 1994). On the other hand, surface
associated or secreted factor with unique functions for S. suis have not yet been
described. Furthermore, though many functional assays were carried out with cells
of porcine origin, clear evidence for functional adaptation to pigs as the main host
is lacking for S. suis. Most recently, we have identified a porcine IGM specific
protease of S. suis which might well represent such a functional adaptation
mechanism (Seele et al., manuscript in revision).

The molecular mechanisms of pathogenesis of S. suis infections are only par-
tially understood. Most studies have addressed S. suis meningitis in mouse and pig
models. Major steps in pathogenesis resemble those of other invasive streptococcal
infections, such as adherence to and colonisation of mucosal surface(s), invasion
into deeper tissue and translocation in the bloodstream. A hallmark of S. suis
pathogenicity is its ability to disseminate in the blood circulation and to maintain a
bacteraemia for certain time. This is considered to be crucial to cause meningitis.
Thus, major mechanisms in pathogenesis of S. suis infections are those involved in
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(i) invasion of S. suis through the epithelial cell barriers, (ii) evasion of killing by
complement and phagocytosis and (iii) invasion into the cerebrospinal fluid (CSF)
or other target sites.

Bacterial factors, such as the FN and fibrinogen binding protein (FBPS) (de
Greeff et al. 2002) or the cell wall component lipoteichonic acid (LTA) mediate
adherence of bacteria to target cells for initial colonisation (Fittipaldi et al. 2008b;
Vanier et al. 2007). Another bacterial mechanism involved in colonisation might
be the formation of a biofilm which probably enhances bacterial resistance to
innate and adaptive host defence mechanisms and treatment with antibiotics
(Bonifait et al. 2008). To get access into deeper tissues bacteria might invade the
respiratory epithelium either intra- or intercellularly. Suilysin, the haemolysin of S.
suis, is discussed to play a role in interaction of S. suis with epithelial cells and
disruption of these cells due to its cytolytic function (reviewed by Fittipaldi et al.
(2012). Furthermore, the capsule is assumed to be involved in host-epithelial cell
interaction. Since its main function is protection against phagocytosis after
entering the bloodstream (Benga et al. 2008; Fittipaldi et al. 2012; Chabot-Roy
et al. 2006; Charland et al. 1998; Segura and Gottschalk 2002), it has been pro-
posed that the capsule is downregulated during colonisation of the mucosal epi-
thelium to allow adherence and invasion of the bacterium to overcome this first
barrier (Gottschalk and Segura 2000; Okamoto et al. 2004; Willenborg et al.
2011). Accordingly, unencapsulated S. suis strains showed higher adhesion and
invasion rates, indicating a negative correlation between encapsulation and
interaction with host cells (Benga et al. 2004; Gottschalk et al. 1991). A possible
explanation for this phenotype is the masking effect of the capsule (Vanier et al.
2007; Lalonde et al. 2000; Tenenbaum et al. 2009).

A topic which has not yet received much attention in research on S. suis
pathogenicity is the metabolic adaptation of the pathogen and its relation to vir-
ulence gene regulation in different host niches. During infection, S. suis encounters
various (stress) conditions, e. g. low pH or low availability of nutrients and
oxygen. At present very little is known about the mechanisms of streptococcal
survival in the host under such conditions. A recently identified catabolic enzyme
system, the Arginine Deiminase System (ADS), may play an important role in
adaptation to low pH, such as in host cell phagolysosomes (Benga et al. 2004;
Fulde et al. 2011; Gruening et al. 2006; Winterhoff et al. 2002). The ADS per se is
a secondary enzymatic system catabolising arginine, and concomitantly produces
citrulline, ATP, CO2 and ammonia. The system is strictly regulated by a variety of
different environmental stimuli, e.g. carbon starvation, oxygen content and sub-
strate availability. It is plausible to assume that S. suis is able to alkalize its
environment by synthesis of ammonia during arginine catabolism, and thereby
protects itself against acidic damage. This mechanism may allow S. suis to reside
in acidified phagolysosomes, thus representing an advantage in establishing
invasive infections as proposed recently (Benga et al. 2004; Fulde et al. 2011;
Gruening et al. 2006). Further hints towards a link between metabolic adaptation
and regulation of virulence traits have been found in a recent paper on the role of
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glucose and the regulator catabolite control protein A (CcpA) in capsule expres-
sion and virulence of S. suis (Willenborg et al. 2011).

A major first line of host defense against S. suis is phagocytic killing by neu-
trophils. Accordingly, infiltrations with large number of neutrophils are typically
found in respective lesions, such as in meningitis. In the absence of opsonising
antibodies virulent S. suis serotype 2 strains are not efficiently killed by porcine
neutrophils, suggesting that the pathogen has evolved strategies to evade intra- and
extracellular antimicrobial activity of neutrophils. Several virulence-associated
factors have been identified, among which the most intensively studies is the
bacterial capsule (see above). Other factors possibly involved include D-alanyla-
tion of lipoteichoic acid and suilysin, as reviewed recently by Baums and Valentin-
Weigand (2009) and Fittipaldi et al. (2012). Future studies will have to dissect the
yet unknown molecular steps involved in S. suis interactions with neutrophils.

For induction of meningitis S. suis has to reach the CSF. It has been shown that S.
suis adheres to and invades into brain microvascular endothelial cells (BMEC) and
porcine choroid plexus epithelial cells (PCPEC), the main components of the blood–
brain barrier (BBB) (Tenenbaum et al. 2005, 2009; Benga et al. 2005; Charland et al.
2000; Vanier et al. 2004). An increased tight junction permeability and loss of
barrier function was proposed to be associated with cytotoxic effects of suilysin
(Charland et al. 2000; Vanier et al. 2004). Furthermore, S. suis can stimulate the
production of pro-inflammatory cytokines, such as interleukin-6 (IL-6), IL-8 and
monocyte chemotactic protein-1 (MCP-1) by BMEC, which in turn may alter the
BBB permeability (Vadeboncoeur et al. 2003). However, Tenenbaum et al. (2009)
described the entry of S. suis into the CNS as a transcellular translocation without
destruction of CPEC lining of the BBB (Tenenbaum et al. 2009).

A hallmark of pathogenicity (and immune control) of S. suis is its ability to
induce inflammation, which is characterised by massive infiltrations of neutrophils
into lesions (see above). A number of S. suis components, both cell-wall associated
and secreted factors, have been shown to induce release of pro-inflammatory
cytokines which in turn may either help to control acute infection or contribute to
immunopathology (Segura et al. 1999, 2002, 2006). The interaction of S. suis with
innate and adaptive immune mechanisms of the host is crucial for both patho-
genesis and immune control of S. suis infections. Nevertheless, this topic is out of
the scope of this article, and thus will not be addressed in further detail here.

Taken together, at present, we still have only a very scattered picture of the
molecular host–pathogen interactions that contribute to pathogenesis of S. suis
infections. Furthermore, it is unclear which of the virulence-associated factors and
mechanisms identified in mouse and pig play similar roles in zoonotic infections.
The experience during the Chinese outbreak 2005 (see above) has shown that
highly virulent strains/clones can evolve that are equally pathogenic for pigs and
humans. This emphasizes the urgent need for future studies on the evolution,
epidemiology and pathogenicity of such highly virulent strains.
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6 Conclusions

For a long time, streptococcal species other than GAS and S. pneumoniae were
considered solely as animal specific pathogens. Zoonotic infections were neglec-
ted, since they were assumed to occur only very rarely and accidentally in human
individuals. The emergence of two large severe outbreaks in human population
caused by S. suis and S. zooepidemicus, respectively, increased awareness of
public health authorities. A rapidly growing human population concomitant with
an increased demand for food as well as the increase in companion animals with
very close daily contact within families will most likely foster evolution of zoo-
notic streptococci. Thus, the future task will be to develop strategies against
zoonotic streptococcosis by improving diagnosis and control of infections in pets,
livestock and humans. The poor current knowledge of the evolution of human
pathogenic strains and of the mechanisms of host-specific adaptation urgently
demands in-depth information about the possible modes of transmission, emer-
gence of antibiotic resistance and prevalence of zoonotic streptococci. This
requires that experts from different geographical regions and scientific back-
grounds combine their efforts in a synergistic matter to follow the one medicine
concept also in research on zoonotic streptococci.
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Adherence and Invasion of Streptococci
to Eukaryotic Cells and Their Role
in Disease Pathogenesis

Manfred Rohde and G. Singh Chhatwal

Abstract Streptococcal adhesion, invasion, intracellular trafficking, dissemina-
tion, and persistence in eukaryotic cells have a variety of implications in the
infection pathogenesis. While cell adhesion establishes the initial host contact,
adhering bacteria exploit the host cell for their own benefit. Internalization into the
host cell is an essential step for bacterial survival and subsequent dissemination
and persistence, thus playing a key role in the course of infection. This chapter
summarizes the current knowledge about the diverse mechanisms of streptococcal
adhesion to and invasion into different eukaryotic cells and the impact on dis-
semination and persistence which is reflected by consequences for the pathogen-
esis of streptococcal infections.
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1 Introduction

Streptococci play an important role as clinically relevant pathogens worldwide.
Streptococci cause approximately 700 million human infections each year, with
estimated 500,000 deaths (Carapetis 2005). This clinical importance of strepto-
cocci was recognized as early as 1879 by Louis Pasteur when studying puerperal
fever causing high mortality rates in pregnant women. Thus, streptococci have
been recognized as one of the first microorganisms causing contagious disease.
Historically, the classification of streptococci was based on Rebecca Lancefield’s
scheme grouping streptococcal strains according to the different carbohydrate
compositions of the cell wall. Nowadays, M- and T- typing is performed or the 5’-
end variability of genes for the M protein, emm genes, are used for molecular
typing. Streptococci consist of a heterogeneous genus that comprises important
human pathogens like Streptococcus pyogenes, also referred to as Group A
Streptococci (GAS), Streptococcus dysgalactiae subsp. equisimilis as a member of
Group C Streptococci (GCS) and Group G Streptococci (GGS), S. agalactiae also
known as Group B Streptococci (GBS), as well as S. pneumoniae (pneumococci).
Today, streptococci are also often organized into six groupings (pyogenic, angi-
nosus, mitis, mutans, salivarius, and bovis) based on their 16S rRNA gene
sequence. Members of the pyogenic group, S. pyogenes and S. dysgalactiae subsp.
equisimilis, are often associated with a range of diseases including pharyngitis,
tonsillitis, impetigo, mastitis, and resulting sequelae like rheumatic fever or glo-
merulonephritis (Henningham et al. 2012a). Streptococci are also able to cause
recurrent infections such as erysipel and tonsillitis. This phenomenon has been
described as the carrier stage of streptococcal infection and it is believed that
streptococci have a safe ecological niche within the human body, most properly
residing intracellularly in eucaryotic cells, which allow them not only to persist but
also to resist antibiotic treatment. Moreover, they can lead to severe invasive
infections like bacteraemia, cellulites, and necrotizing fasciitis with high mortality
due to streptococcal toxic shock syndrome (STSS). This demonstrates that strep-
tococci are able to infect otherwise sterile deep tissue in the human host. For this
purpose streptococci express a highly variable and extensive repertoire of viru-
lence determinants that are differentially regulated and expressed in response to
signals from the environment within the human host. In the past 15 years more and
more evidence has become available which suggests that the long time considered
extracellular pathogenic bacteria of the genus Streptococcus adhere to host cells,
and subsequently invade these cells for their own benefit, namely escaping anti-
biotic treatment and the host immune system (for reviews see Cunningham 2000;
Nitsche-Schmitz et al. 2007; Nobbs et al. 2009; Courtney et al. 2002). This chapter
will mainly focus on Group A streptococci highlighting the repertoire of adhesins
and invasins of streptococci, and their impact on the colonization and invasion of
the human host the persistence of streptococci within the host.
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2 Adhesion of GAS

The initial and essential step of streptococcal infectious colonization of the host
depends on adhesion of the pathogen to the host tissue. To allow colonization of
the site of infection, streptococci express an arsenal of surface bound components,
named adhesins, which establish the contact to the host’s extracellular matrix
(ECM) or directly to host cells. Since streptococci possess multiple adhesins, they
are able to colonize various sites in the human body. Adhesion connects the
bacteria firmly to the host cells and allows the pathogen to withstand host
cleansing mechanisms like mechanical forces by excretion or peristalsis. Never-
theless, in some instances it might be an advantage for the bacteria to detach from
a surface in case the growth conditions become unfavorable. Thus, adhesion can
sometimes also be considered as being a dynamic process. Most host surfaces are
covered by a protective epithelial or endothelial cell layer which is covered with
extracellular matrix proteins like collagen, fibrinogen, laminin, vitronectin, or
fibronectin (Cremer et al. 1998; Debelle and Tamburro 1999; Schvartz et al. 1999;
Pankov and Yamada 2002; Dempfle and Mosesson 2003). Many streptococcal
adhesins function by specifically binding to various compounds of the extracellular
matrix. Since streptococci express multiple adhesins, it is most likely that different
adhesins are expressed under the different environmental conditions encountered
throughout an infection. Once adhesion has been established, streptococci can
multiply extracellularly, establish colonization of the infection side, internalize
into host cells, traffic intracellularly in the host cell and multiply within the cell, or
escape from the host cell, or use the host cell as a Trojan horse for systemic spread
of the infection.

2.1 Cell Wall-Anchored Adhesins

Adhesins can be attached in four different ways to the streptococcal surface (i)
covalently linked through the C-terminus to the cell wall peptidoglycan through an
LPxTz motif, (ii) tethered to the cell membrane through N-terminal modifications
with lipid, (iii) retained on the surface by a yet unknown mechanism, or (iv) bound
back to the cell surface through noncovalent interactions with cell surface com-
pounds like polysaccharides or other proteins. Most adhesins belong to the family
of cell wall-anchored proteins. A prerequisite for those proteins is a functioning
membrane-associated transpeptidase, sortase A (Maraffini et al. 2006). Many
streptococcal adhesins function by specifically recognizing and binding to the
various components found in the ECM of the host. The ECM is the major support
of cells and tissue and it is responsible for maintaining strength and elasticity of
the body. Thus, it is ubiquitously present and frequently exposed under conditions
such as trauma and injury, making the then exposed components an ideal prime
target for streptococcal adhesion. In addition to the adhesins, other surface
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structures of streptococci like fimbriae, pili, lipoteichoic acid, and polysaccharides
may also play an important role during the first steps of adhesion to the host cell.

2.1.1 Hyaluronic Acid Capsule and Lipoteichoic Acid

Many of the b-hemolytic streptococci are producing a polysaccharide capsule,
consisting of hyaluronic acid (HA), a glycosaminoglycan that is a linear polymer
of alternating monosaccharide units of N-acetylglucosamine and glucuronic acid.
Streptococci show differently expressed HA capsules. While some strains are
barely encapsulated when grown ex vivo on agar plates, others produce high
amounts of the HA capsule that confers a mucoid appearance to the bacterial
colonies that were grown on solid media (Wilson 1959). When compared to the
host HA, the streptococcal HA is chemically very similar. The host HA is a widely
distributed and abundant component of the host’s ECM. The chemical similarity
might be the reason for the low immunogenicity of the streptococcal HA capsule
in the infected patients. It is assumed that the HA capsule masks the bacteria and
therefore provides protection against the host immune system. An epidemiological
investigation demonstrated that encapsulated strains can often be isolated from
severe invasive infections, whereas isolates from uncomplicated pharyngitis were
only rarely of mucoid character. A total of 42 % of isolates from patients with
acute rheumatic fever were found to be of the mucoid type (Johnson et al. 1992).
In addition, the HA capsule can act as a nonprotein adhesin by binding to the
hyaluronic acid receptor CD44 on keratinocytes (Schrager et al. 1998), and the HA
capsule serves as a ligand for collagen IV (Dinkla et al. 2003a). These studies
highlight that the HA capsule is not only a nonprotein adhesin, but can also be
described as a virulence factor associated with invasive infections and their severe
sequelae like acute rheumatic heart disease. Studies in the US concluded that
outbreaks of acute rheumatic fever were associated with the spread of mainly M-
type 18 highly encapsulated strains (Veasy et al. 2004; Kaplan et al. 1989). In
addition, the contribution of the HA capsule for pharyngeal colonization was also
demonstrated (Wessels et al. 1991). Most noteworthy, mucoid strains seem to help
to breach epithelial cell layers for entering underlying sterile tissue in the process
of dissemination in the host. Binding of the HA capsule to CD44 leads to cyto-
skeletal rearrangements in human epithelial cells (Schrager et al. 1998; Cywes
et al. 2000) that cause disruption of intracellular junctions and allow the passage
into deeper tissue. Streptococci therefore travel paracellularly through an epithelial
cell barrier, such as keratinocytes, instead of an intracellular passage after inter-
nalization into the epithelial host cells (Cywes and Wessels 2001).

Evidence has been acquired demonstrating that the HA capsule is not always
representing a nonprotein adhesin, since it was demonstrated that the HA capsule
can also counteract internalization into human epithelial cells and keratinocytes
(Jadoun et al. 2002; Darmstadt et al. 2000; Schrager et al. 1996). The observed
decreased internalization is accompanied by an increase in tissue damage as
observed in a mouse model (Schrager et al. 1996). The increased virulence was
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also attributed to an antiphagocytic effect of the HA capsule (Wessels et al. 1991,
1994; Wessels and Bronze 1994). The HA capsule was reported to decrease the
association with PMNs, thereby counteracting phagocytosis (Dale et al. 1996).

Lipoteichoic acid (LTA) is composed of chain-like glycerol phosphate poly-
mers that are covalently coupled to glycolipids of the plasma membrane and
represent a component of the cell wall. LTA is thought to allow streptococci to
come into first contact with the ECM or directly with the host cell. A two-step
adhesion mechanism has been postulated. LTA has the role of a first-step adhesive
component with low cell type selectivity (Beachey and Ofek 1976; Leon and
Panos 1990; Courtney and Hasty 1991; Courtney et al. 1992), whereas the highly
abundant extracellular ECM protein fibronectin functions as a ligand or ‘‘bridging-
molecule’’ for LTA mediating the initial streptococcal cell adhesion (Simpson and
Beachey 1983). For establishing a firm adhesion to host cells, a second step with
high avidity and cell specificity is required (Courtney et al. 1992; Hasty et al.
1992). This second step has a crucial influence on the observed tissue tropism of
streptococcal infection and the pathway of dissemination in the host. More
importantly, interactions of the proposed second step were shown to promote
internalization of the bacteria into eukaryotic cells (LaPenta et al. 1994, Greco
et al. 1995). The involvement of LTA in adhesion and invasion during strepto-
coccal pathogenesis was recently demonstrated. In a cell culture model consisting
of human brain microvascular endothelial cells, Group B streptococci (GBS), the
leading pathogen in neonatal meningitis, with an impaired anchoring of LTA in the
cell wall due to an inactivated glycosyltransferase gene showed a decreased
invasion capability. The mutant strain exhibited less virulence in the meningitis
mouse model of infection (Doran et al. 2005). Although LTA promotes adhesion
in a nonselective way, LTA adhesion might contribute to the onset of the sub-
sequent infection pathway.

2.1.2 Fimbrious Structures Like Pili

Examination of negatively stained streptococci reveals in some groups filamentous
structures like fibrils and pili or fimbriae. Fibrils have been detected especially in
oral streptococci with a peritrich or specifically localized structure on the cell wall.
These structures have been related to growth and survival of oral streptococci since
all fresh isolates express fibrils (Handley et al. 1984, 1987).

For many years, bacteriologists had evidence that Gram-negative bacteria
adhere to host cells and pili, also sometimes referred to as fimbriae, serving as the
primary colonization factor in the adhesion process. Pili are long hair-like
extensions of the cell surface and can best be made visible by negative-staining of
the bacteria and by electron microscopic observation. Although pili in Gram-
positive bacteria were described first in 1968 in Corynebacteria and in the 1990s in
streptococci (Yanagawa et al. 1968; Yanagawa and Honda 1976; Wu and Fives-
Taylor 1999), they were more or less neglected in research in the years to follow.
Just recently, pili in all three pathogenic streptococcal species causing invasive
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disease, S. pyogenes, S. agalactiae, and S. pneumonia, have been described (Mora
et al. 2005; Lauer et al. 2005; Rosini et al. 2006; Barocchi et al. 2006). Since then,
pili have come into the research focus and the newly detected pili in streptococci
have been considered as most promising candidates for vaccine development
against streptococci (Gianfoldoni et al. 2007).

In Gram-negative pathogens, pili consist of multiple subunits which are non-
covalently attached to each other and the adhesin molecule is located exclusively
at the tip of the pili. There are remarkable differences in the pili assembly in Gram-
negative and Gram-positive bacteria. Whereas in Gram-negative bacteria the Sec-
dependent secretion and chaperones are involved in the formation of the pili
subunits (backbone) and the tip adhesin subunit (the most common assembly way
is the chaperone/usher pathway) (Saulino et al. 2000), in Gram-positive bacteria
pili subunits are covalently linked to each other and pili are covalently attached to
the peptidoglycan. As in Gram-negative bacteria, the Sec-dependent machinery is
also involved, but the polymerization of the subunit is controlled by an enzyme
with homologies to sortases, called sortase A, which sorts and attaches proteins
covalently to the peptidoglycan. For covalent linkage to the peptidoglycan, pro-
teins exhibit a specific motif, the cell wall sorting signal (CWSS), in the C-
terminus of the protein. The main characteristic is the LPxTG motif, a sequence
that is conserved in all surface proteins anchored by sortase A. The LPxTG motive
is followed by a hydrophobic membrane-spanning domain and a positively
charged tail which is needed for the sortase A catalyzed anchoring with the
peptidoglycan. For anchoring a surface protein to the cell wall, sortase A cleaves
the LPxTG motif between threonine (T) and glycine (G), and the threonine residue
of the cleaved peptide is covalently linked to the amino group of the cross-bridge
within the peptidoglycan (Schneewind et al. 1993; Ton-That et al. 2004; Telford
et al. 2006; Scott and Zähner 2006; Mandlik et al. 2007a). During the polymeri-
zation process, self-generated intramolecular isopeptide bonds are formed which
give additional stabilization to the thin pilus structure and allow to withstand the
tensile forces during the first steps in adhesion to the host cells. Remarkably,
similar isopeptide bonds have been found in other surface displayed adhesins
(Kang et al. 2007). In addition, genes encoding transpeptidases of the sortase C
subfamily have been found functioning in polymerization of the subunits (Proft
and Baker 2009).

For all streptococci it was found that the genes encoding for pilus proteins are
located on pathogenicity islands (PI) and clustered at the same genetic locus in an
operon. Sortase genes are in close proximity to the pili genes, implying that they
might also belong to the operon. Up to now, nine PIs have been identified in GAS.
Remarkably, the genes in GAS occur in the fibronectin binding, collagen binding,
T-antigen region of the chromosome (FCT-region). Interestingly, this locus
actually encodes the Lancefield T-antigen which has been used for serotype typing
(Falugi et al. 2008). Mora et al. (2005) first identified that the T-antigen of sero-
typing actually represents the shaft of the pilus in a set of four GAS strains of
different serotypes. Immune negative-staining with an antibody against the T-
antigen revealed staining alongside the entire shaft of the pilus, but no labeling was
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detected at the pilus tip. The tip region was only stained by an antibody against the
presumed adhesin. Thus, the pilus shaft represents the T-antigen used by R.
Lancefield for serotyping. Additionally, a third component was identified in Gram-
positive pili which is added at intervals into the shaft region of the pilus, the AP1
(ancillary protein 1) component, representing a collagen binding protein moiety
(Podbielski et al. 1999). This observation confirms that pili are involved in the
adhesion process especially with components of the ECM. Since pili were detected
in streptococci, more evidence has been accumulating that pili are involved in the
adhesion process, and in fact pili might actually mediate the first contact with the
host cell. Subsequently, it was demonstrated that pili are involved in the adhesion
process to a broad range of host epithelial cells including cells from the naso-
pharynx, tonsils, lung, cervix, and intestine (Abbot et al. 2007; Crotty et al. 2010).
Remarkably, for GBS it was found that despite being involved in the adhesion
process, pili in GBS are responsible for a paracellular passage through an epithelial
cell barrier as well as for promoting invasion into brain microvascular endothelial
cells (Maisey et al. 2007; Pezzicoli et al. 2008). Recent pili research has high-
lighted that pilus protein components of invasive streptococci have amino acid
sequences similar to those of the members of the microbial surface components
recognizing adhesive matrix molecules (MSCRAMMs) which have been shown to
interact with the ECM proteins like fibronectin, fibrinogen, collagen, laminin, and
vitronectin (Patti and Höök 1994). Pili have also been shown to be responsible for
tissue tropism during infections. Besides the long stretched extended pili, the so-
called minor pilins have been identified in Corynebacterium by mutation analyses
of pili. For these minor pilins, it has been demonstrated that they are displayed on
the cell surface. Recombinant protein, when coated onto inert latex beads, clearly
exhibited binding only to pharyngeal cells, but no binding resulted to cells of lung
or laryngeal origin when tested in a cell culturing model (Mandlik et al. 2007b). In
addition, the role of minor pilins in streptococcal tissue tropism has also been
elucidated. These minor pilins mediate adhesion of GAS to human tonsil epithe-
lium and primary keratinocytes, the prime colonization targets of GAS (Abbott
et al. 2007).

From these observations, a putative model of cell adhesion through pili has
been deduced (Telford et al. 2006). The first contact with the ECM of the host or
directly with the host cell surface is mediated by the extended pili with the pre-
sumed adhesin (AC2-protein) on the tips of the pili. This interaction might be
reversible to allow streptococci to find the specific tissue (cell tropism). Once the
first contact has been established, the Ap1-protein can interact with collagen to
attach the bacterium more firmly to the host cell. Due to this interaction, the
bacterium comes closer to the host cell surface (in Gram-negative bacteria it has
been shown that after the first attachment pili are retracted to get the bacteria
closer to the cell surface) and cell surface-anchored adhesins can establish the
intimate contact with the host cell and subsequently colonize the cell or tissue. The
intimate contact favors three different functions which are needed to progress with
the infection: (i) the proximity of the bacterial cell wall with the host cell mem-
brane allows further ligand–receptor interactions, (ii) the close contact favors the
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efficient delivery of virulence factors as for example for the type three secretion
system, TTSS, in Gram-negative bacteria, and (iii) the intimate adherence between
streptococci and host cell membrane is the prerequisite for an successful invasion
of the host.

2.1.3 M Proteins

M proteins were the first reported adhesins of GAS (Ellen and Gibbons 1972,
1974) and represent multifunctional virulence factors and adhesins of the strep-
tococcal surface. Although structurally closely related, M proteins represent a
heterogeneous group of adhesins with respect to their ligand molecules or target
cells (Berkower et al. 1999). Some M proteins exhibit very distinct binding
properties, whereas the interaction with glycosaminoglycanes represents a more
common adherence mechanism displayed by several M protein serotypes. These
interactions are mediated via the conserved C-terminal part of M protein (Frick
et al. 2003). M proteins are hypervariable in the N-terminal region of the protein
and today more than 200 emm-serotypes can be distinguished which differ in their
adhesion capabilities (Beall et al. 1996). M proteins consist of four repeat regions
with the A repeats region being hypervariable and the B repeat regions being
semivariable. Structural-based studies revealed that M proteins are entirely a-
helical coiled-coil dimers and can be detected on the bacterial surface as hair-like
projections in ultra-thin sections. The N-terminal region is further stabilized by
antiparallel interactions, which is thought to result in bacterial aggregation (Frick
et al. 2000; Oemcke et al. 2010). The hypervariable regions of M proteins bind to a
wide range of different human proteins including plasminogen, IgA, IgG, factor H,
and C4b-binding protein (C4BP) which inhibit complement activation (Andre
et al. 2006, McArthur and Walker 2006). The B repeats can bind to fibrinogen,
human serum albumin, and IgG. For the ability to bind fibrinogen, it was shown
that structural irregularities and instabilities in the coiled-coil structure of M1
protein facilitate binding to fibrinogen (McNamara et al. 2008). In addition,
serotype M6 protein can bind to the membrane-bound cofactor protein CD46 on
keratinocytes. The C-terminal region of M6 protein as well as the short consensus
domains 3 and 4 of CD46 was shown to be crucial for M6/CD46-mediated
keratinocyte attachment (Okada et al. 1995; Giannakis et al. 2002). The direct
involvement of M proteins in cellular adhesion has been demonstrated for several
M protein serotypes. For example, for M1 protein, it was shown that the ECM
protein fibronectin is necessary for efficient adhesion to epithelial HeLa cells. As
the cellular receptor for fibronectin a5b1 integrins have been identified. An M1
protein mutant showed significant reduced adhesion which could be blocked by
specific M1 protein antibodies (Cue et al. 2000, 2001). Similar results were
observed for the M24 serotype protein in which the serotype M24 protein mediated
adhesion to HEp-2 cells, whereas the M24 protein deficient mutant was unable to
bind to HEp-2 cells but was able to adhere to buccal cells demonstrating the cell
type specificity (cell tropism) of the M24 protein. The mutant studies also revealed
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that another adhesin or adhesins other than M24 protein must be displayed on the
bacterial surface (Courtney et al. 1994). Using the cell culture approach, other M
proteins have been tested for their involvement in adhesion to epithelial cells. For
example, for the M6 protein it was shown that M6 protein does not contribute to
the adhesion to buccal and tonsillar epithelial cells. In these studies, again the
involvement of fibronectin in the adhesion process was demonstrated (Caparon
et al. 1991). The M3 protein serves as an important adhesin for soluble type I and
type IV collagen as well as to native collagen matrices in the host. The N-terminal
variable region, though specific for the M3 protein, was identified as the collagen
binding region. This explains why all other M proteins lack the collagen binding
properties of the M3 protein. Besides direct collagen binding, M3 protein is
responsible for aggregation of soluble collagen, resulting in large aggregates of
streptococci that are involved in the colonization process. Due to this aggregate
formation streptococci can better resist phagocytosis and antibiotic treatment
(Dinkla et al. 2003b). S. pyogenes expresses only one collagen binding protein,
Cpa, which was identified in a serotype M49 isolate and was shown to mediate
attachment to immobilized type I collagen (Podbielski et al. 1999). Nevertheless,
the potential role of collagen binding by serotype M3 protein in the adhesion to
host tissue has to be demonstrated. That collagen can play a role in cell adhesion
can be deduced from investigations on GGS. In strains of this group, the M-like
protein FOG is expressed which has a high affinity for collagen I and allows GGS
to bind to human foreskin fibroblasts (Nitsche et al. 2006). Since it is known that
two distinct collagen-like proteins, termed SclA/Scl1 and SclB/Scl2, can bind to
pharyngeal and fibroblast cells reacting with the a2-domain of a2b1-integrin, and
thereby triggering cellular signaling in lung fibroblasts, the conclusion could be
draw that GAS employs collagen binding integrins to adhere to host cells
(Humtsoe et al. 2005).

Taken together, the role of M protein-mediated adhesion varies obviously with
the M-serotype and represents a concerted action of the different ligand binding
properties and sites within the M protein. We are just beginning to understand
parts of the complex cell adhesion interactions mediated by the M proteins with
respect to ligand–receptor binding. Once this process is fully understood, one
might gain an insight into the so far mostly unknown interactions in streptococcal
cell tropism and the onset of the cell tropism on the development of the disease.

2.1.4 Fibronectin-Binding Proteins

Fibronectin is a large glycoprotein which exists both as a soluble protein in plasma
and as a fibrillar polymer in the ECM. Fibronectin is composed as a dimer of two
250 kDa subunits which are C-terminal linked via disulfide bonds. Each subunit
exhibits three distinct modules, the type I, II, and III modules. Fibronectin interacts
with host cell surface exposed integrins of which the a5b1 integrin is the classical
fibronectin-binding integrin. Integrin binding is mediated through the RGD
sequence within the fibronectin subunits (Pankov and Yamada 2002). Fibronectin
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can be seen as one of the prime targets in streptococcal adhesion and subsequent
internalization when exploring the ECM during first steps of adhesion. Fibronectin
acts as a bridging molecule, connecting bacterial adhesins with integrins on the
surface of eukaryotic cells. All streptococci express fibronectin-binding proteins, but
the proteins show differences in the fibronectin-binding capacities. Some serotype
strains bind soluble fibronectin with high affinities (in the nanomolar range),
whereas other strains can only adhere to immobilized fibronectin for a successful
adherence. S. pyogenes possesses at least 11 distinct fibronectin-binding adhesins
including SfbI/F1, protein F2, serum opacity factor (SOF), FbaA, and several M
proteins. Some of these are present in a large number of serotypes, such as SfbI
protein or FBP54, whereas others like the M1 or M3 proteins are exclusively
expressed by M1 or M3 serotype streptococci (Talay et al. 1992, 1994; Hanski and
Caparon 1992; Sela et al. 1993; Natanson et al. 1995; Ozeri et al. 1996; Cue et al.
2000; Kreikemeyer et al. 2004a). The expression of these fibronectin-binding pro-
teins is highly regulated in response to environmental signals. For example, SfbI
expression is regulated by a superoxide signal. At high partial pressures of O2,
expression of SfbI is increased while expression of M protein is upregulated in a
CO2-rich environment, which suggests that SfbI protein is expressed at the prime
target sites of S. pyogenes adhesion, namely in the O2-rich environment of the
respiratory tract and skin, where it is required for host adhesion and colonization.
Whereas in deeper infections protection against the immune system becomes more
important, the increased partial pressure of CO2 upregulates M protein (Gibson et al.
1995; Gibson and Caparon 1996; Kreikemeyer et al. 2003, 2004b).

Among all fibronectin-binding adhesins of S. pyogenes, SfbI protein and its
allelic variant F1 are studied most extensively. Identified in 1992, SfbI/F1 was
shown to act as an adhesin on epithelial cells (Talay et al. 1992; Hanski and
Caparon 1992). SfbI protein exhibits a modular architecture with an aromatic
domain, rich in aromatic amino acids, ARO, at the N-terminus, a proline-rich
repeat region (PRR) in the middle of the molecule and a fibronectin-binding repeat
region (FnBR) at the C-terminus as major modules (Talay et al. 1994). SfbI protein
is very variable in the number of repeats in the PRR and FnBR regions. One study
revealed that 34 distinct alleles of SfbI were found in 54 S. pyogenes strains as a
result of horizontal gene transfer (Towers et al. 2003). The ARO region showed a
high degree of sequence variability, whereas deletion or duplication of repeat units
in PRR and FnBR resulted in variable numbers of PRR (1–11 repeats) and FnBR
(1–5 repeats). Thus, SfbI protein exhibits a high antigenic variation, which might
also reflect possible variable functional capabilities.

Binding to fibronectin is mediated by two distinct domains (Sela et al. 1993;
Ozeri et al. 1996) and proceeds in the following way: the C-terminal fibronectin-
binding repeat region and the adjacent nonrepetitive domain termed spacer 2 or
UR synergistically bind to two distinct regions on the fibronectin molecule: the N-
terminal fibrin-binding fragment harboring fibronectin F1 modules 1–5, and the
gelatine/collagen-binding fragment harboring F1 modules 6–9 and the two F2
modules. Due to this cooperative binding, the RGD region in fibronectin gets
exposed and can bind to integrins (Talay et al. 2000).
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The molecular interaction between SfbI and fibronectin is based on three-dimensional
structural data. Three-dimensional structure data are available describing a bacterial
fibronectin-binding fragment of S. dysgalactiae bound to its target (Schwarz-Linek et al.
2003, 2004a, b). Since SfbI shows high similarity in respect to structural composition,
conclusion can be drawn on the binding mechanism for SfbI and fibronectin. That this can
indeed be observed was recently shown by Marjenberg et al. (2011) by applying mic-
rocalorimetry to reveal cooperative binding offibronectin fragments to arrays of binding in
SfbI (Marjenberg et al. 2011). The so far existing structural model for fibronectin-binding
proteins is comprehensively reviewed by Schwarz-Linek et al. (2004a, b). Briefly, SfbI
and fibronectin bind to each other in an antiparallel fashion. The C-terminal FnBR in SfbI
recognizes the N-terminal domain offibronectin with high specificity and high affinity (in
the nanomolar range) by forming a novel protein–protein interaction mechanism, termed
tandem ß-zipper. According to the tandem ß-zipper model, FnBRs can bind multiple
copies offibronectin. For SfbI from a S. pyogenes strain, it was demonstrated that a single
SfbI molecule can bind up to five fibronectin molecules. The observed high affinity is
considerably important since high-affinity binding is a prerequisite for firm bacterial
attachment, because adherent streptococci have to withstand shear forces occurring on the
mucosal surfaces or during the internalization process itself.

The C-terminal fibronectin-binding repeat region of SfbI was demonstrated to
be sufficient to mediate adherence to epithelial cells (Talay et al. 2000). Several
studies revealed that SfbI mediates attachment to epithelial cells of the oral
mucosa and the lung, but also to endothelial cells (Rohde et al. 2003). Besides its
potential to bind to cell exposed integrins, SfbI has the ability to recruit collagen
via prebound fibronectin. This allows S. pyogenes to form aggregates and renders
the organism capable of colonizing collagen matrices within the body (Dinkla
et al. 2003a) as depicted in Fig. 1.

Protein F2 or PFBP are homologous but distinct fibronectin-binding proteins,
found in most isolates of S. pyogenes lacking the sfbI/prtF1 gene (Jaffe et al. 1996;
Rocha and Fischetti 1999; Kreikemeyer et al. 2004a). Protein F2 possesses two
binding domains that interact with fibronectin. The most abundant fibronectin-
binding protein found in all S. pyogenes isolates is FBP54. Although lacking a
classical membrane anchor motif of Gram-positive surface proteins, it seems to be
localized on the streptococcal surface by a distinct mechanism, thereby acting as an
adhesin for buccal epithelial cells but not HEp2 cells (Courtney et al. 1996;
Chhatwal 2002). In summary, this data suggests that distinct fibronectin-binding
proteins target different cell types, and therefore might contribute to streptococcal
cell tropism.

Streptococci can express two other fibronectin-binding proteins, Fba and FbaB.
The fba gene was found only in five serotypes of S. pyogenes including serotype
M1 and M49. An Fba mutant showed reduced adhesion to HEp2 cells, suggesting
that this protein has adhesive properties. Interestingly, FbaB protein was only
found in serotype M3/M18 S. pyogenes isolates and appears to be genetically most
closely related to protein F2 (Terao et al. 2001, 2002). FbaB protein from serotype
M3 S. pyogenes exhibits cell tropism since it mediates adhesion only to endothelial
and not to epithelial cells (Amelung et al. 2011).
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Another fibronectin-binding protein exposed on the bacterial surface is Protein
H, a member of the M protein family. Protein H binds to the type III modules of
fibronectin, unlike the so far described proteins that mainly interact with the type I
or type II module containing domains of fibronectin. In addition, Protein H was
shown to mediate streptococcal aggregation through a so called AHP sequence that
also promoted adhesion to epithelial cells (Frick et al. 1995, 2000). M1 protein,
another member of the M protein family, also binds to fibronectin and as in the
case with SfbI, a5b1 integrins are the terminal receptor proteins on the cellular
surface. M1 specific antibodies efficiently blocked adherence to epithelial HeLa
cells. Moreover, an M1-deficient mutant showed reduced adherence indicating that
M1 protein acts as an adhesin in serotype M1 S. pyogenes strains (Cue et al. 1998,
2000; Dombek et al. 1999).

2.2 Anchorless Adhesins

Most streptococcal surface proteins are attached through the C-termini via an
LPxTz motif to the peptidoglycan of the cell wall. In recent years, a few proteins
have been identified that bind to the cell surface without the LPxTz motif- the so
called anchorless proteins. Noteworthy, these proteins also lack the N-terminal
signal sequence. How these proteins are exported from the cytoplasm to the cell
surface is not understood and remains an enigma as well as the attachment
mechanism to the cell wall. Since the anchorless adhesins do not contain choline-
binding repeats and can be removed from the bacterial surface with chaotropic
agents, the interaction seems to be of hydrophobic nature, van der Waals forces, or
of less-defined charges (Derbise et al. 2004). Anchorless adhesins are structurally

Fig. 1 Field emission scanning electron microscopic (FESEM) image of direct binding of
serotype M3-type Streptococcus pyogenes to mouse collagen I
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and functionally very diverse and bind to different ligands. Most important is the
fact that many anchorless adhesins display an enzymatic function mostly in the
cytoplasm of the bacterium, especially in the glycolytic cycle. Triosephosphate
isomerase, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), 3-phospho-
glycerate kinase, 3-phosphoglycerate mutase, and a-enolase are the last five
enzymes in the glycolytic cycle and all have been found to be associated with the
cell wall surface. Up to date, from these GAPDH and a-enolase are the best studied
examples (Pancholi and Fischetti 1992, 1998; Kinnby et al. 2008). GAPDH can be
detected in several species of streptococcus and targets multiple matrix proteins
like fibronectin, fibrinogen, plasmin, and plasminogen. It is discussed that GAPDH
contributes significantly to the colonization capabilities of GAS. Surprisingly,
GAPDH seems also to be involved in interactions with the cytoskeletal proteins
actin and myosin and with urokinase plasminogen activator receptor (Pancholi and
Fischetti, 1992; Seifert et al. 2003; Jin et al. 2005). The above described anchorless
adhesins have another feature in common when they function as a complex in the
glycolytic cycle namely generation of ATP. Thus, the anchorless adhesins allow
streptococci to produce extracellular ATP on the surface. It can be speculated that
streptococci might use this ATP for host modulatory effects, since it is known that
ATP is able to bind to P2X7 receptors on immune cells and can inhibit apoptosis.
Streptococci seem to have evolved a system to manipulate the host immune cells
for the benefit of a better progression of the infection after the first steps of
adhesion to the host tissue (Yilmaz et al. 2008).

a-enolase serves as the major plasmin and plasminogen-binding protein of
streptococci. After binding plasminogen, it can be converted into plasmin by
plasminogen activators. Plasmin represents a very potent serine protease which
degrades ECM matrix proteins to allow streptococci to gain access into deeper
tissue. It is also discussed if plasmin is involved in facilitating bacterial dissem-
ination through epithelial or endothelial barriers. Other members of anchorless
adhesins are GtfG, SpeB, HtrA, Sib35, and FBP54. GtfG, SpeB, and Sib35 are
secreted proteins which bind back to the cell wall surface (Hytonen et al. 2001;
Kawabat et al. 2002). Other anchorless proteins like ADI, TF, and FBA were
found by a post-proteomic approach. For ADI and TF, it was shown that both
proteins elicited a protective immune response against intraperitoneal challenge
with a serotype M1 isolate (Henningham et al. 2012b).

In summary, anchorless adhesins allow streptococci more flexibility compared
to cell wall-linked adhesins since the anchorless proteins can be released and then
bound back to the cell wall surface for better exploiting the environment by
interacting with host molecules in a certain distance away from the bacterium. The
question whether the glycolytic enzymes produce extracellular ATP or not and the
function of extracellular ATP in the infection process has to be answered in further
studies.

Adherence and Invasion of Streptococci to Eukaryotic Cells 95



3 Invasion of Streptococci into Eukaryotic Cells

As outlined above, receptor recognition via ECM proteins as bridging molecules
for adhesins is essential for a successful adherence to host tissue or cells. During
the last two decades, it has become clear that after adhesion a subsequent process
is triggered by the firmly attached streptococci, namely internalization into host
cells. As mentioned, integrins play an important role in adhesion to the ECM
proteins bound by streptococci and the integrin signaling pathways are then
exploited by the bacteria to promote their own uptake by an outside–inside signal.

In 1994, LaPenta and colleagues first demonstrated in cell culture infection
models that GAS can invade into nonphagocytic human epithelial cells at fre-
quencies equal or greater than the classical intracellular pathogens such as Listeria
or Salmonella (LaPenta et al. 1994). These experiments revealed that the long
standing view of streptococci as being only extracellular human pathogenic bac-
teria has to be changed. These cell culture model studies were followed by the
observation that excised tonsils from patients with recurrent tonsillitis contained
viable streptococci (Oesterlund and Engstrand 1997; Oesterlund et al. 1997).
Furthermore, it was demonstrated that besides GAS, other streptococci also invade
nonphagocytic epithelial host cells such as Group B, Group C, and Group G
streptococci, S. suis as well as S. pneumoniae and oral streptococci of the viridans
group (Rubens et al. 1992; Talbot et al. 1996; Norton et al. 1999; Molinari and
Chhatwal 1999; Haidan et al. 2000; Stinson et al. 2003).

Scanning electron microscopy (SEM) imaging revealed that streptococci use
multiple morphological ways of invasion. This became evident when different
serotypes with most probably different adhesins were tested for invasion. All
invasion mechanism known so far of the classical intracellular bacteria could be
detected. Some isolates exhibited the classical membrane-ruffling pattern (trig-
gering mechanism) as described for Salmonella, whereas other isolates showed a
well-defined zipper-like mechanism found in invading Listeria. Remarkably, a
high number of streptococcal isolates expressing SfbI protein induced a third, so
far unknown invasion pathway, with an easily detectable morphological feature,
namely the formation of large invaginations during the internalization process,
sometimes looking like a ‘‘hole’’ in the host cell membrane (Molinari et al. 2000).
Interestingly, these different invasion patterns were also detected for Group C and
Group G streptococci (Haidan et al. 2000) as well as for nonencapsulated strains of
S. suis (Benga et al. 2004) and for S. aureus which also invades via a5ß1 integrins
(Agerer et al. 2005).

These studies revealed that streptococci also possess invasins, like the classical
intracellular pathogens Shigella, Listeria, or Salmonella. As for the classical
intracellular bacteria, streptococcal invasins aid bacteria in their internalization
process into nonphagocytic host cells like fibroblasts, keratinocytes, endothelial,
and epithelial cells. Invasins are surface exposed and/or diffusible proteins that can
promote (i) actin rearrangement of the host cytoskeleton that stimulates engulf-
ment of the bacteria by membrane ruffles (Dombek et al. 1999), or (ii) interact with
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specific host cell receptors triggering signaling events which result in uptake of
streptococci (Rezcallah et al. 2005; Ozeri et al. 1998), or (iii) co-opt host cell
endocytotic pathways, caveolae, for their own internalization (Rohde et al. 2003).

The two streptococcal invasins are the streptococcal fibronectin-binding protein
SfbI protein or F1 and the M proteins which are widely distributed in clinical
isolates. Despite being only adhesins, these two proteins act also as invasins. SfbI/
F1 protein, for example, is detectable in nearly 70–85 % of all clinical isolates and
the M protein provides the basis of the Lancefield’s method of emm gene sero-
typing. As mentioned before, both proteins bind to fibronectin which acts as a
bridging molecule for mediating adhesion to the host cell receptor. Another
member of the invasin group of proteins is the surface exposed streptococcal
dehydrogenase (SDH) which is involved in the invasion of M6 serotype strepto-
cocci. SDH triggers signaling events resulting in phosphorylation of several
eukaryotic proteins (Pancholi and Fischetti 1997).

3.1 SfbI/F1 Invasion of Epithelial Cells

The work of Talay et al. (2000) explained the molecular mechanism of the binding
properties of the distinct domains of SfbI protein with regard to fibronectin and
dissected the adherence from the invasion process. The cooperative interaction,
further explained by the tandem ß-zipper mechanism (Schwarz-Linek et al. 2003),
subsequently resulted in exposure of the RGD region of the fibronectin molecule
allowing to bind to a5ß1 integrins on the host cell surface. The interaction between
the RGD region of fibronectin and integrins could be blocked by antibodies against
the ß-subunit or with RGD peptides (Jadoun et al. 1998; Ozeri et al. 1998; Molinari
et al. 2000). Ozeri et al. also demonstrated that the amount of bound fibronectin on
the bacterial surface is responsible for the uptake efficiency into the host cell. Most
properly, a certain threshold of bound fibronectin to integrins is needed to start the
integrin signaling. According to the tandem ß-zipper mechanism, a single SfbI
molecule is able to bind up to five fibronectin molecules. This means that the
surface of SfbI-expressing streptococci is most properly covered by a high density
of fibronectin. This allows streptococci to bind many integrins on the cell. A
clustering of integrins underneath attached streptococci could be demonstrated by
staining the ß-subunits of integrins or by a microscopic approach applying high-
resolution field emission scanning electron microscopy (FESEM) to visualize
integrin clustering directly on the host cell surface. Recombinant SfbI protein was
coated onto 15 nm colloidal gold particles and the fate of the SfbI-gold particles
on endothelial cells was observed. After 1 h, aggregates of SfbI-gold particles
could be detected, meaning integrin clustering, and after 2 h SfbI-gold particle
aggregates were taken up by invaginations into the cell comparable to the inter-
nalization of the SfbI-expressing S. pyogenes isolate (Rohde et al. 2003). This
observation is in accordance with findings for other pathogens which also enter
cells via integrins like Neisseria gonorrhoeae (van Putten et al. 1998), S. aureus
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(Fowler et al. 2000), and Yersiniae species (Isberg and Barnes 2001). Engagement
and clustering of integrin receptors is the prerequisite for sufficient uptake and
subsequent integrin signaling (Isberg and Leong 1990; Isberg 1991) (Fig. 2).

In further studies, it was shown that formation of large invaginations is trig-
gered by the SfbI-fibronectin-integrin signaling complex which is responsible for
the aggregation of caveolae around adherent bacteria. Caveolae fuse with each
other to form the invagination. Once inside the host cell, SfbI-expressing strep-
tococci traffic in a new compartment called ‘‘caveosome’’. The intriguing aspect of
this type of streptococcal invasion is the fact that caveosomes do not fuse with
lysosomes. By co-opting this caveolae-mediated cellular pathway, SfbI-carrying
streptococci bypass the degradation machinery of the host cell, since no fusion
with lysosomes is detectable (Rohde et al. 2003).

GGS exhibit GfbA, another adhesin and invasin, on their surface which binds
equal amounts of fibronectin as SfbI and interacts with a5ß1 integrins. But GfbA-
mediated invasion leads to the formation of membrane ruffles, i.e. rearrangement
of the host cell cytoskeleton. Immunofluorescence studies demonstrated that
GfbA-expressing streptococci follow the classical endocytic pathway with sub-
sequent fusion with lysosomes to form phagolysosomes. By heterologous surface
expression of GfbA in the nonpathogenic S. gordonii, it was demonstrated that
GfbA alone is responsible for the morphologically distinct invasion mechanism
compared to the SfbI-mediated caveolae dependent invasion mechanism.
Sequencing of the GfbA gene demonstrated that the FnBR repeat region in the C-
terminal part is very similar to SfbI. Only the N-terminal part, including the
aromatic domain of GfbA (ARO) and SfbI, shows significant differences. There-
fore, it was assumed that the ARO region might be responsible for the observed
morphological differences in the invasion mechanism. To test this hypothesis, a

Fig. 2 FESEM image of invading Group A streptococci via SfbI-mediated fibronectin binding,
integrin clustering, and formation of invaginations in the host epithelial cell (left image). In a
mutant strain lacking SfbI protein, streptococci invade via induction of cytoskeletal rearrange-
ments, membrane ruffles (right image) giving evidence that a single strain has the potential to
invade via two morphological distinct pathways depending on the protein repertoire expressed on
the surface
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GfbA protein was constructed without the aromatic domain, and the aromatic
domain in SfbI was replaced by the aromatic domain of GfbA. FESEM studies
revealed that GfbA with a deleted ARO region invades like SfbI-expressing
strains, whereas the SfbI strain containing the ARO region of GfbA now induced
membrane ruffles. By repeating the FESEM studies for integrin clustering, it was
shown that only GfbA without the aromatic domain induced integrin clustering
and signaling, whereas SfbI with the ARO region of GfbA was impaired in integrin
clustering and signaling. Thus, for the first time a biological function for the ARO
region in a fibronectin-binding protein was demonstrated (Rohde et al. 2011).

3.2 M Protein Invasion of Epithelial Cells

For M protein-mediated invasion, fibronectin, laminin, or plaminogen/plasmin
(Colognato and Yurchenco 2000; Siemens et al. 2011) binding on the bacterial
surface are the prerequisites. Serotypes M1, M3, M5, M6, M12, M18, and M49
(Berkower et al. 1999; Dombeck et al. 1999; Molinari et al. 2000; Nerlich et al.
2009) have been studied with respect to HEp-2 cell invasion and all serotypes were
found to be invasive. Only the highly capsulated M18 serotype was found to be
less invasive because of interference of the capsule with the initial adherence
process to the cells (Hagman et al. 1999).

After binding to fibronectin and a5ß1-integrins, the serotype M1 promotes
invasion of human lung epithelial cells. A M1 negative mutant had a significant
reduced invasion capability. M1 protein can also bind to laminin with subsequent
internalization in host cells (Cue et al. 1998). The mechanism of entrance was
accompanied by cytoskeletal rearrangements and represented a zipper-like
mechanism in HeLa cells as shown by scanning EM (Dombek et al. 1999). This
observation is in contrast to the caveolae-mediated internalization of SfbI/F1
carrying strains, despite the fact that also M1 serotype strains bind fibronectin and
subsequently a5ß1 integrins.

The zipper-like invasion was mediated by an early intimate contact of strep-
tococci with host cell microvilli and invading streptococci were associated with
polymerized actin at their site of entry. Identical observations of actin polymeri-
zation underneath the entry port were observed for a M5 serotype/A8 strain
(Molinari et al. 2000) which does not express SfbI. M1 protein-mediated invasion
subsequently leads to the fusion with lysosomes to form a phagolysosome.

4 Dissemination and Persistence

After a first episode of infection with streptococci, a small percentage of patients
will experience recurrent tonsillitis or erysipelas episodes. These recurrent infec-
tions may be attributed to a bacterial subpopulation surviving beyond the first
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episode. There are two plausible reasons why the streptococci might persist: (i) by
hiding in the matrix proteins of the human mucosa, especially serotype M3 and
M18 by binding to collagen, (ii) or intracellularly by residing in an intracellular
compartment or in the cytoplasm (Fig. 3).

For dissemination in the host, two possible ways are conceivable. Firstly,
streptococci might invade certain cells and travel unrecognized in these cells
through the body until reaching a safe niche in the body—Trojan horse theory.
Secondly, after bacteraemia streptococci might be able to passage through the
dense endothelial cell layer of the blood vessels to gain access into deeper tissue.
For both ways, first experimental evidence has been obtained during recent years.
Nevertheless, we are far away from understanding the entire multiple strategies of
streptococci during dissemination in the body. For example, it was shown that
GAS, which are resistant to killing in PMNs, may exploit the ability of the neu-
trophils to transmigrate through endothelial cell barrier of the vascular system for
spread via the blood stream (Medina et al. 2003a, b). Surprisingly, streptococci
were also found residing in macrophages when biopsies of patients with soft tissue
infections were examined, supporting the Trojan horse theory (Thulin et al. 2006).
These studies conclusively showed that host phagocytic cells, especially macro-
phages, were the reservoir for intracellular GAS during infection. Remarkably, the
authors found evidence that localization of GAS varied and depended on the
severity of tissue infection. Intracellular streptococci were predominantly found in
noninflamed tissue with a low bacterial load, whereas in inflamed tissue, even after
prolonged intravenous treatment with antibiotics, high loads of GAS were detec-
ted. It has been suggested that internalization could indeed promote the spread of
GAS within the tissue. Macrophages might then play the role of the Trojan horse

Fig. 3 FESEM image of dissemination of Group A streptococci. Streptococci were adminis-
tered intravenously. From the blood stream, streptococci passed through the endothelial layer of
the blood vessels into deeper tissue (streptococci in pink, red blood cells in red)
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in the infected tissue. On the other hand, work by Cywes et al. (2000) described
another type of streptococcal invasion. They demonstrated that binding to CD44
on a confluent layer of human keratinocytes via HA (capsule) of encapsulated
strains induced cytoskeletal changes, membrane ruffling, and a disruption of cel-
lular junctions after binding to the host cell lamellipodia. In contrast, nonencap-
sulated strains attached to host membrane regions devoid of lamellipodia. This
type of invasion opens up the way for streptococci to gain access into deeper tissue
layers. For Group B streptococci (GBS), an identical paracellular translocation
through the epithelial barrier during onset of infection has been reported. Soriani
et al. (2008) applied differentiated epithelial cells grown in cell culture transwell
inserts for their studies. Translocation of bacteria occurred without measurable
decrease in the transepithelial resistance and analysis of ultra-thin sections
revealed an intimate association of GBS with the intercellular junctions (Soriani
et al. 2008). Recently, a third mechanism has been found demonstrating that
streptococci mediate an exocytosis process in which streptococci residing in a
phagolysosome can trigger their own exocytosis process, with Rab27 being
involved, to transmigrate through an endothelial barrier (Talay et al. personal
communication).

For persistence in the host, only scant data are available. For example, S.
dysgalactiae subsp. equisimilis (Group C or Group D) are relatively common in
invasive infections, especially in older patients (Sylvetsky et al. 2002). This spe-
cies (type stG485.0) was involved in several recurrent bacteremic sepsis episodes
despite prolonged antibiotic treatment over years and using opsonizing antibodies
against the isolate. The isolate was suspected to reside in an aortic aneurysm of the
patient. With a cell culturing model, it was shown that the isolate possesses a very
high invasiveness in endothelial HUVEC cells (Rohde et al. 2012) (Fig. 4).

Fig. 4 FESEM image of a highly invasive Group G isolate, Streptococcus dysgalactiae subspec.
equisimilis, from an aneurysm of a patient. Despite antibiotic treatment, this strain was persistent
for several years
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That streptococci actually can survive for a long period of time was shown in
batch cultures using sugar-limited Todd-Hewitt broth. Bacteria were still viable
and culturable after 1 year (Wood et al. 2005). Other experiments extended the
survival time to over 45 months. An overnight culture with an inoculation with
5 ll of the sedimented bacteria, grown in TBS, was sufficient to obtain fully viable
streptococci. Even more surprising was the fact that FESEM imaging of the
bacteria revealed no visible difference of 45-month-old streptococci to the over-
night regrown bacteria; only the interior morphology of the bacteria was
remarkably different (Rohde, unpublished). It is speculated that during persistence
S. pyogenes might enter a kind of a quiescent state, due to conditions which do not
support rapid bacterial growth, such as nutrition limitations. If a trauma from
outside destroys areas of intracellular streptococci containing tissue bacteria,
allowing access to new nutrition due to infiltration of immune cells etc., to the
damaged tissue side, then bacteria can respond with a fulminant growth thereby
causing a recurrent infection.

5 Conclusions

Adhesion of streptococci through the multiple adhesins and internalization into
human epithelial and endothelial cells by invasins creates a safe sanctuary for
streptococci protecting them against the host immune system and antibiotic
treatment. Together, with the capability to penetrate cellular barrier for dissemi-
nation and hijacking immune cells like PMNs for their own spread in the body
makes streptococci a very versatile and not easy to eradicate human pathogen.
Since the work of Österlund and colleagues (Oesterlund and Engstrand 1997;
Oesterlund et al. 1997), who provided first evidence for the existence of persisting
intracellular streptococci, evidence has accumulated that streptococcal invasion
into host cells is a severe therapeutic problem (Thulin et al. 2006; Rohde et al.
2012). The routinely used b-lactam antibiotics, penicillins, are not efficiently
permeating into eukaryotic cells and fail to completely eradicate intracellular
GAS. Recently, macrolides like erythromycin or derivatives thereof or an azalide,
azithromycin were found to be more efficient in eradicating intercellular strepto-
cocci in vitro and may present an attractive therapeutic alternative for eradication
of streptococci (Kaplan et al. 2006). Nevertheless, the use of macrolides faces
another drawback since streptococci have developed a strong resistance against
macrolides in some countries. The mostly in vitro obtained observations of
streptococcal adhesion, internalization, trafficking inside the cell, dissemination,
and persistence, taken together with in vivo studies on persistence of streptococci,
should allow for a more effective approach for clinical management of Group A S.
pyogenes carriers with the aim to eradicate bacteria at the onset of the infection.
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Common Regulators of Virulence
in Streptococci

Nadja Patenge, Tomas Fiedler and Bernd Kreikemeyer

Abstract Streptococcal species are a diverse group of bacteria which can be
found in animals and humans. Their interactions with host organisms can vary
from commensal to pathogenic. Many of the pathogenic species are causative
agents of severe, invasive infections in their hosts, accounting for a high burden of
morbidity and mortality, associated with high economic costs in industry and
health care. Among them, Streptococcus pyogenes, Streptococcus agalactiae,
Streptococcus pneumoniae, and Streptococcus suis are discussed here. An envi-
ronmentally stimulated and tightly controlled expression of their virulence factors
is of utmost importance for their pathogenic potential. Thus, the most universal
and widespread regulators from the classes of stand-alone transcriptional regula-
tors, two-component signal transduction systems (TCS), eukaryotic-like serine/
threonine kinases, and small noncoding RNAs are the topic of this chapter. The
regulatory levels are reviewed with respect to function, activity, and their role in
pathogenesis. Understanding of and interfering with transcriptional regulation
mechanisms and networks is a promising basis for the development of novel anti-
infective therapies.
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1 Introduction

Streptococcal species can colonize and live in animals and humans and are present in
almost all body compartments. They mostly live in benign and commensal rela-
tionship with their hosts. However, several pathogenic species are known, which act
as zoonosis pathogens or represent exclusive human pathogens. Infections are
multifaceted and occur in all age groups ranging from newborns to adults and the
elderly. The pathogenic streptococcal species reviewed in this chapter can cause
severe and live-threatening invasive diseases in humans. They are responsible for
substantial mortality and morbidity. In the era of spreading antibiotic resistance,
these species are studied intensively to understand their pathogenesis mechanisms,
including the regulatory machinery in control of virulence factor expression. This
knowledge will help to discover novel targets for innovative therapies.

Streptococcus pyogenes is an exclusive human pathogen, which is transmitted
from person to person and causes diseases ranging from mild superficial and self-
healing to severe invasive diseases. Sepsis, toxic shock like syndrome and nec-
rotizing fasciitis are the most frightening disease characteristics (Cunningham
2000; Carapetis et al. 2005). Antibiotic treatment is still the therapy of choice and
is mandatory to prevent post-streptococcal autoimmune sequelae.

Streptococcus pneumoniae, commonly referred to as the pneumococcus, is
known to cause a high burden of human disease and death. S. pneumoniae can
switch from commensal and asymptomatic stage to infectious stage, thereby
infecting the lung, blood, and brain. Otitis media and pneumonia are the most
frequent infections caused by these bacteria (Mitchell and Mitchell 2010; Gamez
and Hammerschmidt 2012).
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Like the other streptococci mentioned above, Streptococcus agalactiae is also a
common asymptomatic colonizer of healthy adults. As an opportunistic pathogen,
it is able to defend itself against all host immune system functions, and to cause
severe invasive diseases and tissue damage in unborn and newborn children as
well as adults (Rajagopal 2009).

For a long time, Streptococcus suis was considered a classical swine pathogen
responsible for high economic losses in the swine industry worldwide. S. suis
associated diseases include meningitis, septicemia and endocarditis (Fittipaldi
et al. 2012). Late in the 1960s first cases of human infections were reported and
since then S. suis gained increasing importance as zoonosis pathogen also affecting
humans.

Common to all these severe and invasive disease causing pathogens is envi-
ronmentally driven, coordinated, and fine-tuned regulation of expression of their
armament of virulence factor genes. The activity of the most prevalent stand-alone
transcriptional regulators, two-component regulatory systems (TCS), eukaryotic-
like serine/threonine kinases and, a rather just recently appreciated level, small
noncoding RNAs (sRNAs) is the topic of this review.

Numerous so-called stand-alone transcriptional regulators influence the coor-
dinated expression of virulence factors in all streptococci discussed here. Some of
them have been extensively studied, especially in S. pyogenes (Kreikemeyer et al.
2003; McIver 2009; Fiedler et al. 2010a). In this review, we will focus on those
stand-alone regulators that can be found and are involved in virulence regulation in
more than one of the pathogenic streptococcal species, such as the members of the
RofA-like protein (RALP) family of regulators, Mga and orthologous proteins, as
well as several regulators primarily responsible for controlling metabolism.

A common way for bacteria to adapt to environmental conditions is mediated
by two-component signal TCS (Hoch 2000; Stock et al. 2000), which are encoded
in varying numbers on the chromosomes of these species. In S. pyogenes, the
genome sequencing era allowed identification of 11 up to 13 such systems
(Kreikemeyer et al. 2003; Fiedler et al. 2010a), in S. pneumoniae 13 systems are
present (Paterson et al. 2006), in S. agalactiae up to 20 TCS have been reported,
depending on the strain investigated (Glaser et al. 2002; Tettelin et al. 2002), and
in S. suis 15 TCS were predicted from comparative genomics analyses (Chen et al.
2007). Common to almost all TCS is the basic composition of two proteins.
A membrane-associated sensor histidine kinase (HK) is responsible for receiving
external signals and autophosphorylates a conserved histidine residue. The phos-
phate group is subsequently transferred by the HK to a conserved aspartate residue
in the cognate response regulator (RR). The RR undergoes a conformational
change enabling DNA binding and regulation of gene expression (Stock et al.
2000; Hoch 2000). There are variations of this common activation theme. In
several studies, response regulators were found which are independent of their
cognate histidine kinases for phosphorylation. Eukaryotic-like serine/threonine
kinase/phosphatase systems have been discovered and studied, which either
independently regulate pathogen physiology and virulence, or which are net-
working with TCS systems (Burnside and Rajagopal 2011). For all stand-alone
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regulators and TCS discussed in this review, designations and known or putative
functions are summarized in Table 1.

In addition to the known protein based transcriptional regulation, the role of
sRNAs in the control of bacterial gene expression became increasingly evident.
The high number of regulatory RNAs identified in different bacterial species was
unexpected (Brantl 2009; Narberhaus and Vogel 2009; Waters and Storz 2009)
and the variability in length, structure, and mode of action of the different RNAs is
very striking (Gottesman and Storz 2011). Bacterial regulatory RNAs influence the
expression of genes involved in processes as diverse as stress response, sugar
metabolism, and surface composition (Vanderpool and Gottesman 2005;
Gottesman et al. 2006; Heidrich et al. 2006; Gorke and Vogel 2008; Gogol et al.
2011; Sharma et al. 2011). Thus, it is not surprising that pathogens employ reg-
ulatory RNAs for the tightly controlled expression of virulence factor genes and in
some cases for the fine tuning of conventional, protein-mediated gene regulation
(Livny et al. 2006; Papenfort and Vogel 2010). Although the regulatory character
is shared by this class of RNAs, the basic properties between subtypes vary
immensely. There is an intriguing diversity of regulatory mechanisms. Some cis-
regulatory RNAs are located on untranslated regions (UTRs) of a coding transcript
and act as RNA-thermometers or riboswitches (Klinkert and Narberhaus 2009;
Bastet et al. 2011). Another group consists of small sRNAs, which are transcribed
independently and function via cis- and trans-antisense base pairing. Of those, cis-
acting sRNAs are encoded on the opposite strand of their respective target gene.
Consequently, they show a high sequence complementarity to their target RNA,
which guarantees very specific binding. Recently, differential sequencing analysis
revealed a high antisense transcriptional activity in several model organisms,
including Helicobacter pylori and S. pyogenes, which points to the importance of
cis-regulatory elements in bacteria in general with implications for specific
involvement in bacterial virulence regulation (Sharma et al. 2010; Deltcheva et al.
2011). Compared to their cis-acting counterparts, trans-acting sRNAs exhibit only
a short and imperfect complementarity to their target RNAs, allowing them to
control several different target genes. These sRNAs are usually regulated in
response to environmental stimuli. Some trans-acting sRNA molecules act as
repressors of translation and destabilize mRNA transcripts but others activate and
stabilize the target mRNAs (Thomason and Storz 2010; Storz et al. 2011).
Although the conventional point of view regarded trans-acting sRNAs as inhibi-
tory antisense regulators, to date a significant number of sRNAs activating bac-
terial gene expression is known (Frohlich and Vogel 2009). Furthermore,
regulatory mechanisms include the stabilization as well as the destabilization of
target transcripts (Podkaminski and Vogel 2010). Later in this chapter, we will
focus on the structure and function of regulatory RNAs in streptococci. We will
give an overview of already characterized sRNAs known to mediate virulence
factor regulation in streptococcal diseases, but we will also summarize recent
whole-genome screens for sRNAs in pathogenic streptococci.

Common Regulators of Virulence in Streptococci 117



2 Streptococcal Stand-Alone Transcriptional Regulators

2.1 Multiple Gene Regulator of Group A Streptococci—Mga
and Orthologous Regulators

One of the best characterized and probably most important stand-alone virulence
regulators in S. pyogenes is Mga. Initially, Mga was identified as positive regulator
of the expression of the M-protein encoding emm gene (Caparon and Scott 1987;
Okada et al. 1993; Podbielski et al. 1995). Nowadays, it is known that Mga is a
global transcriptional activator in the exponential growth phase (Kreikemeyer
et al. 2003). The Mga regulon of S. pyogenes comprises multiple genes encoding
for virulence factors involved in host cell adhesion (e.g., M- and M-like proteins,
fibronectin- and collagen-binding proteins) and immune evasion (e.g., C5a pep-
tidase and other complement inhibitors) (Hondorp and McIver 2007; Fiedler et al.
2010a). Genomic analysis revealed the serotype-dependent presence of two allelic
variants of the mga gene in S. pyogenes, mga-1 and mga-2 (Haanes et al. 1992;
Hollingshead et al. 1993). The genomic presence of either version is correlated to
the S. pyogenes strain’s M-protein class, serum opacity factor production, and
especially to the structure of the adjacent emm gene region, i.e., the absence or
presence of emm-related genes upstream and downstream of the respective emm
gene (Bessen and Hollingshead 1994; Hollingshead and Bessen 1995; Bessen and
Lizano 2010). It has been proposed that the allelic mga variants are indicative of
tissue tropism of S. pyogenes strains, with mga-1 primarily associated with throat
infecting strains and mga-2 associated with skin infecting or ‘‘generalist’’ strains
(Bessen et al. 2005; Bessen and Lizano 2010).

Genes directly activated by Mga are referred to as the Mga core regulon and
comprise the virulence genes emm, scpA (C5a peptidase), sclA (collagen-like pro-
tein), sic (secreted inhibitor of complement), fba (fibronectin binding protein), and
sof (serum opacity factor) as well as the mga gene itself (Ribardo and McIver 2006).
Furthermore, there are several virulence genes that can be regulated by Mga indi-
rectly, such as the capsule biosynthesis (has-) operon or the cysteine protease gene
speB (Ribardo and McIver 2006; Hondorp and McIver 2007). It was also shown that
Mga acts as a transcriptional repressor of genes related to sugar metabolism such as
the mannose/fructose phosphotransferase system component IIA (Ribardo and
McIver 2006; Hondorp and McIver 2007).

For activation of the core regulon genes, a direct binding of Mga in the pro-
moter region of the respective genes is necessary (McIver et al. 1995, 1999;
Podbielski et al. 1995; Almengor and McIver 2004). The mechanism of tran-
scriptional activation by Mga binding seems to vary for different genes, depending
on the position of the binding sites in relation to the transcriptional start site.
Usually, the Mga binding site overlaps at least in part with the -35 region and is
thus located in close proximity to the transcriptional start site of the respective
genes. Mga bound to these proximal sites probably stabilizes the binding of the
RNA polymerase by direct interaction. For some genes (sof-sfbX, sclA), the Mga
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binding site is located further upstream, indicating that binding of Mga to these
distal sites rather activates transcription via DNA binding than via direct inter-
action of Mga with the RNA polymerase. Finally, upstream of the mga gene there
is both, a distal and a proximal Mga binding site combining both activation
mechanisms (McIver et al. 1995, 1999; Almengor and McIver 2004; Almengor
et al. 2006). Mga activity displays growth phase association with a maximum in
the exponential phase (McIver and Scott 1997; Ribardo and McIver 2003).
The transcription of the mga gene is not entirely depending on autoregulation but
is influenced and fine-tuned by numerous other transcriptional regulators of
S. pyogenes, such as the regulators of the RALP-family, the sugar metabolism
regulator CcpA, the CovR repressed response regulator TrxR and the sugar
metabolism regulator MsmR (Podbielski et al. 1999; Beckert et al. 2001;
Almengor et al. 2007; Kreikemeyer et al. 2007; Kratovac et al. 2007; Leday et al.
2008; Fiedler et al. 2010a).

Since Mga is involved in the activation of many of the major S. pyogenes
virulence factors, the deletion of the mga gene leads to a dramatic loss of virulence
of S. pyogenes in vitro and in animal models. Mga-defective mutants are more
sensitive to phagocytosis, exhibit a decreased adherence to human skin tissue
sections, an attenuated virulence in intraperitoneal and skin infection mouse
models, and show a reduced ability to bind human serum and matrix proteins
(Perez-Casal et al. 1993; Kihlberg et al. 1995; Luo et al. 2008; Fiedler et al.
2010b).

Mga orthologous regulators were found in S. pneumoniae (Hemsley et al. 2003;
Solano-Collado et al. 2012) and other streptococci, such as S. dysgalactiae, S. equi,
S. gordonii, and S. mitis (Vahling and McIver 2006). No Mga-like regulators have
been described in S. agalactiae and S. suis. In S. pneumoniae the Mga-like reg-
ulator is designated MgrA (TIGR4 strain) or MgaSpn (R6 strain) (Hemsley et al.
2003; Solano-Collado et al. 2012). It has been shown that MgrA is involved in
virulence, i.e., by repression of the genes of the pilus-encoding rlrA pathogenicity
islet (Hava and Camilli 2002; Hemsley et al. 2003). Since MgrA/MgaSpn can be
found in all currently sequenced pneumococcal strains while the rlrA pathoge-
nicity islet is only present in some of them, it is improbable that the rlrA patho-
genicity islet genes are the major target of MgrA/MgaSpn regulation (Hoskins et al.
2001; Tettelin et al. 2001; Lanie et al. 2007). Transcriptional activation of the
operon downstream of the mgaSpn gene in S. pneumoniae R6 by MgaSpn binding to
two binding sites in the promoter region of this operon has been shown. The
function of the respective operon is not known to date (Solano-Collado et al.
2012). Although the regulatory mechanisms and the role of the S. pneumoniae
Mga-like regulators in pathogenesis are not very well understood, it is apparent
that they can function as transcriptional activator and repressor as it has also been
shown for Mga of S. pyogenes. It is likely that the Mga orthologous regulator(s)
play a crucial role in development of full virulence in S. pneumoniae, as it has been
shown that the presence of MgrA is required for development of pneumonia in a
mouse model (Hava and Camilli 2002; Hemsley et al. 2003).
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2.2 LuxS and AI-2 Dependent Quorum Sensing

LuxS is an enzyme of the activated methyl cycle (AMC) and catalyzes the reaction
from S-ribosylhomocysteine to homocysteine and 4,5-dihydroxy-2,3-pentanedione
which can spontaneously convert into an active furanosyl borate diester designated
autoinducer 2 (AI-2) (Schauder et al. 2001; Zhu et al. 2004). AI-2 has originally
been described to be involved in cell density dependent gene regulation in Vibrio
harveyi (Surette et al. 1999). Nowadays, it is known that AI-2 is produced by
numerous gram-negative and gram-positive species and serves the intra- and
interspecies quorum sensing (Schauder et al. 2001; Federle and Bassler 2003;
Federle 2009). In many pathogenic bacteria, LuxS/AI-2 has been associated with
regulatory processes in virulence (Vendeville et al. 2005; Antunes et al. 2010). In
S. pyogenes, S. pneumoniae, and S. suis the impact of LuxS/AI-2 on virulence
regulation has been investigated to some extent. Also in S. agalactiae the presence
of luxS/AI-2 has been described but a detailed analysis is still lacking (Ou et al.
2005; Ouyang et al. 2006).

In S. pyogenes, there is evidence that LuxS/AI-2 is influencing virulence factor
expression in a growth phase dependent manner (Lyon et al. 2001). S. pyogenes
luxS deletion mutants exhibit, in addition to growth deficiencies, an increased
transcription of the streptolysin S precursor gene sagA accompanied by enhanced
hemolytic activity (Lyon et al. 2001). Furthermore, a decreased secretion of the
immunoglobulin degrading cysteine protease SpeB can be observed. Transcription
of speB or secretion of SpeB might depend on LuxS and seems to be S. pyogenes
strain specific (Lyon et al. 2001; Marouni and Sela 2003). It has been shown that
capsule biosynthesis as well as the transcription of the sRNA gene fasX, the emm3
gene and the immunoglobulin-binding protein-encoding sib gene can be influenced
by LuxS in S. pyogenes in a serotype or strain dependent manner (Marouni and
Sela 2003; Siller et al. 2008). LuxS deficient mutants are more efficiently inter-
nalized into epithelial cells and show better growth in acidic environments or in
the presence of human serum (Siller et al. 2008).

LuxS has been proposed to be the key regulator for early biofilm formation in
S. pneumoniae (Joyce et al. 2004; Romao et al. 2006; Vidal et al. 2011; Trappetti
et al. 2011). Biofilm formation in LuxS deficient mutants is drastically hampered
and autolysin and pneumolysin production is decreased. While LuxS activates the
transcription of the pneumolysin (ply) and autolysin (lytA) genes (Joyce et al.
2004; Vidal et al. 2011), the com-operon genes involved in the regulation of the
genetic competence of S. pneumoniae are repressed by LuxS (Romao et al. 2006;
Trappetti et al. 2011). Consequently, LuxS deficient mutants proved to be less
virulent in nasopharyngeal mouse models and were outcompeted by the wild-type
strain when co-administered in an intraperitoneal mouse model (Stroeher et al.
2003; Joyce et al. 2004).

In S. suis, the deletion of luxS was shown to lead to decreased biofilm formation,
capsule biosynthesis, adherence to epithelial cells, hemolytic activity and hydrogen
peroxide tolerance (Cao et al. 2011; Wang et al. 2011). In a luxS deficient mutant of
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a S. suis serotype 2 strain, the transcription of several virulence-associated genes
(e.g. genes for fibronectin/fibrinogen-binding protein FbpS, muraminidase released
protein Mrp, or extracellular factor EF) was decreased compared to the parental
strain (Wang et al. 2011). In zebra fish or piglet models, luxS deficient S. suis
mutants were described to be severely attenuated in virulence (Wang et al. 2011;
Cao et al. 2011).

In S. pyogenes, S. suis, and S. pneumoniae luxS is transcribed as a monocis-
tronic mRNA. In batch cultures, the highest luxS expression level can be observed
during early exponential growth while maximum AI-2 secretion is reached in the
transition phase. Hence, the luxS gene expression is apparently not depending on
(or correlating with) AI-2 levels (Siller et al. 2008; Han and Lu 2009; Vidal et al.
2011). Although it has been shown that luxS transcription is induced by iron in
S. pneumoniae or repressed by the CovR (CsrR) response regulator in S. pyogenes,
the regulatory mechanisms controlling luxS expression and AI-2 production in
streptococci are not well understood (Marouni and Sela 2003; Trappetti et al.
2011). Anyway, phenotypes caused by the deletion of luxS might not necessarily
be associated with the lack of AI-2 production but could be caused by the accu-
mulation of toxic intermediates of the AMC such as S-adenosylhomocystein, as
recently described for Streptococcus sanguinis (Redanz et al. 2012). Here, tran-
scriptome analysis revealed that in a luxS deficient mutant 216 genes were dif-
ferentially expressed in comparison to the wild-type strain. When this strain was
complemented with an alternative route of the AMC, preventing the accumulation
of S-adenosylhomocystein, only nine genes showed altered transcription in com-
parison to the wild type (Redanz et al. 2012). This experimental approach dissects
the AI-2 effects and the AMC effects and clearly demonstrates that biofilm for-
mation of S. sanguinis is not depending on AI-2 quorum sensing but on an intact
AMC. This demonstrates the importance of distinguishing between the quorum
sensing and metabolic or toxic effects of luxS deletions. Especially in terms of
biofilm formation, an impact of AI-2/LuxS has been described not only for
S. pyogenes, S. pneumoniae, and S. suis but also for several streptococci residing
in the human oral cavity such as S. mutans, S. anginosus, S. gordonii, or
S. intermedius (Blehert et al. 2003; Yoshida et al. 2005; Petersen et al. 2006;
Ahmed et al. 2008). Doubtlessly, LuxS is crucial for biofilm formation in strep-
tococci, but it is necessary to reconsider the role of AI-2 dependent quorum
sensing in the above-mentioned context.

2.3 Regulators in Control of Metabolism

Streptococcaceae have a relatively small genome but need to be able to quickly
adapt to changing nutritional conditions in the course of infection. Consequently,
complex regulatory mechanisms are applied to allow efficient use of the nutrients
available at the respective site of infection. Transcriptional changes as a conse-
quence of varying nutritional conditions not only affect metabolism but also
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virulence-related genes. One global regulator responsible for regulation of
metabolism and virulence in streptococci CcpA is the central sugar metabolism
regulator. CcpA is primarily responsible for C-catabolite repression (CCR), which
means repression of genes involved in catabolism of sugars less favorable than
glucose. This is achieved by binding of CcpA to C-responsive elements (cre) in the
promoter of the respective genes (Price et al. 2011). In S. pyogenes, apart from
sugar utilization associated genes also numerous virulence-related genes are
repressed by CcpA either directly or indirectly (Kinkel and McIver 2008; Shelburne
et al. 2008; Kietzman and Caparon 2011). The impact of CcpA on virulence gene
regulation is more pronounced under nutrient limitation (Shelburne et al. 2008).
One of the major interfaces between CcpA and virulence in S. pyogenes is the
control of mga expression by direct binding of CcpA to at least one cre element in
the promoter of the mga gene (Pmga). Binding of CcpA to this cre element
increases mga transcription and therefore indirectly induces the expression of Mga-
regulated genes (Almengor et al. 2007). Furthermore, CcpA apparently represses
the streptolysin S (sag operon) genes (Shelburne et al. 2008; Kinkel and McIver
2008; Kietzman and Caparon 2010). Whether this is due to direct binding to the
promoter upstream of the sagA gene or to an indirect regulatory effect is contro-
versially discussed (Shelburne et al. 2008; Kinkel and McIver 2008; Kietzman and
Caparon 2010). Furthermore, direct regulation of speB expression by CcpA has
been demonstrated (Kietzman and Caparon 2010). Interestingly, data on the con-
tribution of CcpA to virulence in vivo are contradictory. Two studies have been
published on the effect of a ccpA deletion in the S. pyogenes M1 strain MGAS5005
on virulence in a CD-1 mouse model. While one of the studies found the mutant to
be less virulent (Shelburne et al. 2008) the other group observed a hypervirulent
phenotype (Kinkel and McIver 2008).

Much less is known about the contribution of CcpA on virulence gene regu-
lation in other streptococci. In S. suis and S. pneumoniae as well as in S. pyogenes
CcpA was shown to be involved in regulation of the capsule biosynthesis
(Giammarinaro and Paton 2002; Shelburne et al. 2008; Willenborg et al. 2011).
Furthermore, CcpA regulates the transcription of the plasminogen-binding surface
enolase (eno) gene and the b-galactosidase gene which is crucial for the coloni-
zation of the nasopharynx by S. pneumoniae (Iyer et al. 2005; Kaufman and Yother
2007; Carvalho et al. 2011). A comprehensive transcriptome study on S. pneu-
moniae wild-type and CcpA deletion strains under several nutritional conditions
additionally revealed a CcpA mediated repression of the expression of neur-
aminidase encoding genes nanA/B, the superoxide dismutase gene sodA and the
choline-binding protein gene pcpA (Carvalho et al. 2011). In S. suis, a recent
publication described CcpA to be involved in capsule biosynthesis, expression of
surface enolase and transcriptional activation of virulence factor encoding genes
ofs and cpsA2 (Willenborg et al. 2011). Generally, the role of CcpA in virulence
regulation is extremely complex, since CcpA activity is strongly influenced by the
availability of sugars in the environment of the bacteria. Hence, the impact of a
ccpA deletion on virulence gene expression might be different in the presence of
glucose than in the presence of less-favorable sugars in the growth medium.
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Another metabolic regulator commonly involved in virulence gene regulation is
the branched chain amino acid (BCAA) activated CodY, which is induced under
nutritional deprivation conditions and can exclusively be found among the Fir-
micutes (Sonenshein 2005; Stenz et al. 2011). With a helix-turn-helix motif the
dimeric CodY with one BCAA bound to each monomer can bind to conserved
palindromic DNA sequences called CodY boxes. Common targets of CodY reg-
ulation in streptococci and other bacteria are i.e., oligopeptide permeases (opp)
(Malke et al. 2006; Malke and Ferretti 2007; Hendriksen et al. 2008; Stenz et al.
2011) and the codY gene itself (Guedon et al. 2005). Additionally, several viru-
lence factors are directly or indirectly regulated by CodY in streptococci. In
S. pyogenes, CodY has been shown to activate the expression of mga, fasX, rofA,
and rivR and to repress the expression of covRS and sptRS (Malke et al. 2006;
Malke and Ferretti 2007; Kreth et al. 2011). Since all these genes are encoding for
important S. pyogenes virulence regulators, the effect of CodY on virulence gene
expression, although indirect, is very comprehensive. A deletion of codY in
S. pyogenes consequently leads to decreased expression of the genes encoding for
M-protein, streptokinase, streptolysin O, NAD-glycohydrolase, C5a peptidase,
SpeH and others while an increased transcription of e.g., capsule biosynthesis
genes can be observed (Malke et al. 2006; Malke and Ferretti 2007; Kreth et al.
2011). Although CodY binds in the promoter region of its own gene, neither in the
promoter regions of the regulator nor of the virulence factor genes, CodY binding
motifs have been detected (Malke and Ferretti 2007; Kreth et al. 2011). Hence, the
mechanism by which CodY influences the expression of the regulator genes is not
known to date. It has been speculated that at least the regulation of CovRS (see
Sect. 3.1) could depend on the intracellular potassium level, which is influenced by
the impact of CodY on the expression of potassium uptake system genes (Malke
and Ferretti 2007). Especially, the interplay between CodY and CovRS has been
investigated in more detail by analysis of codY, covR, and codY-covR deletion
mutants (Kreth et al. 2011). It has been postulated that the expression of the above-
mentioned virulence genes in S. pyogenes are well balanced by the actions of
CcpA (integrating information on sugar availability via PTS), CodY (integrating
amino acid nutrition information), and CovRS directly acting at the promoter of
many virulence factors to adapt to either invasive or noninvasive phenotypes
depending on the nutritional conditions. CodY is postulated to counteract the
activity of CovRS by stimulating expression of those genes repressed by CovRS
(Kreth et al. 2011), leading to a rather invasive phenotype when nutritional con-
ditions are unfavorable.

In S. pneumoniae, the investigation of CodY regulatory effects is complicated
by the fact that a deletion of codY is fatal unless an ectopic copy of the gene is
present (Caymaris et al. 2010). Originally, it had been published that CodY is
activating the expression of pcpA, a choline-binding protein necessary for suc-
cessful adherence of the bacteria to nasopharyngeal cells (Hendriksen et al. 2008).
The S. pneumoniae D39 codY deletion strain used in the study of Hendriksen et al.
(2008) has later been sequenced and it has been postulated that mutations in genes
for the ferric uptake iron permease (fatC) and an oligopeptide permease (amiC)
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allowed for tolerance of the codY deletion in that strain (Caymaris et al. 2010). The
data indicate that in S. pneumoniae CodY action to certain extent controls the
ability of the bacteria to adhere to host cells.

To the best of our knowledge, the role of CodY in S. suis and S. agalactiae has
not been investigated yet. For an overview on the involvement of CodY in viru-
lence gene regulation in S. mutans and other gram-positive bacteria, we refer to a
recent review published by Stenz et al. (2011).

Next to CcpA and CodY, there are many other metabolic regulators involved in
virulence gene regulation in streptococci, such as the regulatory tagatose-1,6-
bisphosphate aldolase LacD.1 in S. pyogenes (Loughman and Caparon 2006,
2007), the methionine transport regulator MtaR in S. agalactiae (Shelver et al.
2003; Bryan et al. 2008) or the stringent response amino acid metabolism regulator
RelA in S. pyogenes and S. pneumoniae (Malke et al. 2006; Kazmierczak et al.
2009), to name only a few. Apart from the direct or indirect effects of metabolic
regulators on virulence gene expression, tight regulation of metabolic processes in
response to the changing nutritional conditions encountered by streptococci in the
course of infection is crucial for the general fitness of the bacteria and therefore
essential for successful infection of the host.

2.4 Transcriptional Regulators of Streptococcal Pilus
Genome Regions

Two classes of transcriptional regulators, which are encoded on the chromosomes of
several streptococcal species, gained special attention during the last couple of years.
The RALP-family of RofA/Nra regulators is present and active in S. pyogenes,
S. agalactiae, S. pneumoniae whereas no information is available in S. suis. The
second family is the MsmR-like stand-alone transcriptional regulator family, which
belongs to the large group of AraC/XylS-type regulators. This family is present and
active in S. pyogenes and S. agalactiae. No orthologous genes have been reported in
S. pneumoniae and S. suis yet.

As the most intriguing and unique feature of these regulators, presence of the
genes of both regulator families in so-called pathogenicity island-like chromosomal
regions can be noted. Such regions encode all necessary proteins enabling strep-
tococci to form long pilus-appendages on their surface. Pili are now recognized to
play important and pivotal roles in infections caused by streptococci. The genetic
makeup of these discrete genomic regions, their size, their composition, aspects of
expression, assembly, and function in virulence have recently been reviewed on a
comparative basis (Kreikemeyer et al. 2011). Briefly, in S. pyogenes nine different
pilus region variants can be found among clinical isolates (FCT1–FCT9),
S. pneumoniae isolates encode two pilus variant regions (PI-1 and PI-2), in
S. agalactiae, the pilus proteins are encoded in three related genomic regions
(island-1, island-2a, and island-2b), and recently S. suis was shown to encode four
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distinct genomic regions encoding pilus proteins (srtBCD, srtE, srtF, and srtG)
(Telford et al. 2006; Takamatsu et al. 2009; Kreikemeyer et al. 2011). However,
these important virulence factors are not limited to S. pyogenes, S. agalactiae,
S. pneumoniae, and S. suis. There is a growing list of streptococcal species for
which pilus genome islands and gene clusters have been identified and surface-
localized pilus expression was proven. Recently, Streptococcus gallolyticus, a
causative agent of infective endocarditis also associated with colon cancer, was
shown to encode three separate pilus loci, named pil1-pil3 (Danne et al. 2011). Also
S. oralis, S. mitis, and S. sanguinis, all members of the Mitis group of streptococci,
harbor a pilus-encoding genomic region and express variable pili on their surface
(Zahner et al. 2011), resembling the genetic organization of the PI-2 islet of
S. pneumoniae.

From the virulence point of view, all pili play a similar role in the respective
species during the infection process. In case of S. pyogenes, numerous studies have
shown their importance for attachment to pharyngeal cells, human tonsillar epi-
thelium, and keratinocytes and suggested a role in autoaggregation and biofilm
formation. In S. agalactiae, pili are important for adherence to human brain
microvascular endothelial cells and cervical epithelial cells, and have important
functions in biofilm formation and resistance against cationic antimicrobial pep-
tides as well as for survival in phagocytes. Mutational analyses revealed a function
for S. pneumoniae pili in many pathogenic processes, including adhesion to
respiratory cells. Interestingly, mutants in the S. suis srtF pili cluster were not
attenuated in host cell adherence and a murine model of S. suis sepsis, suggesting
that pili structures are dispensable for critical steps of S. suis pathogenesis and
infection (Fittipaldi et al. 2010). The role of pili in the Mitis group of streptococci
needs to be elucidated, whereas in S. gallolyticus pili are critical for collagen
binding, biofilm formation, and virulence in experimental endocarditis (Zahner
et al. 2011; Danne et al. 2011).

Since pilus proteins of many streptococcal species are apparently immuno-
genic—they might even represent excellent candidates for vaccine development—
it is critical for streptococcal pathogens to tightly control expression of the pilus-
encoding genes. Within the pilus gene clusters, this is achieved by aforementioned
stand-alone transcriptional regulators of the RALP- and XylS/AraC-families.
However, also stand-alone regulators and two-component signal TCS encoded
outside of the core pilus genomic regions are implicated in pilus gene regulation,
but are discussed in other sections of this review.

In S. pyogenes pilus islands, the RALP-family regulator RofA/Nra and the
XylS/AraC-family regulator MsmR, both encoded within the FCT regions,
adversely control pilus gene transcription (Nakata et al. 2005; Kreikemeyer et al.
2007). Of note, S. pyogenes serotype-dependent regulatory circuits have been
reported (Luo et al. 2008), further complicating the attribution of common func-
tions of these regulators. External signals to which pilus expression is responsive
include temperature, anaerobic atmosphere, and pH (Granok et al. 2000; Nakata
et al. 2009; Manetti et al. 2010). In S. agalactiae, three RALP-family regulators
have been described and investigated: (I) RogB, which is present 284 bp upstream
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of island-2a but is absent from island-2b, has been described to positively control
transcription of fbsA, encoding a S. agalactiae fibrinogen-binding protein, nega-
tively regulates capsular polysaccharide gene cluster expression (Gutekunst et al.
2003), and acts as a positive transcriptional regulator of the PI-2a encoded genes
(Dramsi et al. 2006), (II) Rga which is located outside of the pilus region and is
involved in transcriptional control of the secA2 locus (Mistou et al. 2009) and was
recently identified as the major transcriptional activator of the PI-2a island in
S. agalactiae (Samen et al. 2011; Dramsi et al. 2012), (III) Gbs1426, which is
more distantly related to RogB and Rga. In S. agalactiae, the sag0644 gene,
present 380 bp upstream of the island 1, is the respective pilus region AraC/XylS-
type regulator with 72 % identity toward the S. pyogenes MsmR regulators present
in S. pyogenes FCT regions 3, 4, 7, and 8 (Nakata et al. 2005). Deletion of this
gene in S. agalactiae decreased production of pili, suggesting a positive role in
pilus expression. Of note, S. agalactiae pilus region PI-2b does not encode any
RALP- or AraC/XylS-type regulator.

In S. pneumoniae, almost nothing is known on regulation of genes encoded in
PI-1, and PI-2 regulation is only partially studied. Both pilus genomic islands are
flanked by regulator-encoding genes (Scott and Zahner 2006; Telford et al. 2006).
One gene encodes the transcriptional regulator RlrA, which belongs to the RALP-
family, and which was shown to be required for colonization, lung infection, and
systemic infection. RlrA is positively autoregulated, and controls expression of six
genes within the PI-2 island, acting on four different promoters (Hava et al. 2003;
Kreikemeyer et al. 2011). Downstream of both S. pneumoniae pilus islands MgrA
is encoded. This transcriptional regulator belongs to the Mga family, best
described in S. pyogenes. MgrA activity is also important for development of
pneumonia and this regulator acts as transcriptional repressor of the same four
promoters controlled by RlrA (Hemsley et al. 2003). MgrA is discussed into more
detail elsewhere in this review. It should be noted that S. pneumoniae is the only
species, in which MgrA is encoded so close to the pilus genomic regions. In
S. pyogenes, the Mga gene is more distantly located to the FCT regions, although
there is a clear regulatory circuit connection of Mga and RALP regulators in
S. pyogenes, which is absent in S. pneumoniae. Moreover, also metal-dependent
regulators were implicated in pilus gene control. For example, the PsaR (Mn2+-
dependent) and MerR (metal-dependent) regulator activities converge in the pilus
island control (Rosch et al. 2008).

In the S. suis pilus genome islands no transcriptional regulators have been
characterized into detail. Only a MerR metal-responsive regulator with homology
to S. agalactiae MerR-type regulators has been annotated in the SrtE-S. suis pilus
island (Takamatsu et al. 2009).

Two common aspects regulating pilus gene expression need to be mentioned.
First, during investigation of clinical isolates many point mutations in pilus genes
were identified leading to either altered pilus protein composition or nonpiliated
variants. In S. agalactiae, variability in the expression of pili 1 and 2a among
isolates are due to frameshift mutations in the aforementioned regulatory genes.
One-base-pair deletions inactivating the rogB gene, or in-frame-stop codon
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mutations inactivating the sag0644 gene were reported. In a S. suis strain carrying
a srtF pilus cluster, a nonsense mutation at the 50 end of the gene encoding the
minor pilin subunit was detected (Fittipaldi et al. 2010).

Second, in S. pyogenes and S. pneumoniae, a rather bistable expression mode
was found. Nakata and colleagues reported higher expression levels of the
S. pyogenes pilus backbone protein FctA at 30 �C compared to 37 �C (Nakata
et al. 2009). Moreover, at 37 �C only 20 % of all S. pyogenes cells expressed pili
on their surface. This number increases to 47 % at 30 �C, which is a clear indi-
cation of a bistable expression mode. In S. pneumoniae, the bistable expression of
type I pili is dependent on the native rlrA promoter, as a nonexpressing population
reverts to the previous bimodal distribution, whereas the expressing population
retains the same high level expression (Basset et al. 2011). Other studies also
reported the positive feedback loop being under control of the transcriptional
regulator RlrA expression (De Angelis et al. 2011; Basset et al. 2012).

Together, there are many common themes among transcriptional regulators,
their action on pilus gene transcription and their regulatory circuits among dif-
ferent streptococcal species.

3 Streptococcal Two-Component Signal
Transduction Systems

3.1 The CovRS/CsrRSS system

The CovRS/CsrRS TCS is the best characterized in S. pyogenes and S. agalactiae.
In S. pyogenes, it was first discovered by several groups as a major regulator of
capsule gene expression, streptolysin S production, and cysteine protease SpeB
expression (Levin and Wessels 1998; Heath et al. 1999; Bernish and van de Rijn
1999). This system is functionally connected to S. pyogenes general stress
response, including growth in heat, acid environments, and under salt stress.
CovRS is also important for growth under iron starvation, in the presence of
antimicrobial peptides, and plays a role in the serotype-dependent S. pyogenes
biofilm formation and keratinocyte adherence (Dalton et al. 2006; Froehlich et al.
2009; Sugareva et al. 2010). Moreover, it is apparently the major sensor of
S. pyogenes for Mg2+ (Gryllos et al. 2007).

Apart from the above-mentioned S. pyogenes virulence factors and functions,
many more are directly or indirectly under control of this important TCS. A total of
15 % of all genes encoded on the S. pyogenes chromosome are repressed by CovR,
including its own gene. The activity of CovR on most promoters is direct and
involves the consensus binding sequence ATTARA, mutation of which relieved
CovR repression. Promoter occlusion is the primary mechanism of repression by
CovR (Gusa and Scott 2005). Phosphorylation of CovR is critical to its functional
activity and leads to dimerization (Gao et al. 2005; Gusa et al. 2006). However, a
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subcutaneous mouse infection model revealed that CovR is independent of its
cognate sensor kinase CovS to get phosphorylated and exert its control functions,
suggesting other sources for phosphotransfer (Dalton et al. 2006). Eukaryotic-type
serine/threonine kinases, discussed in the next section, are donors for phospho-
transfer. Of note, the HK CovS itself was found to inactivate the RR CovR, thereby
allowing S. pyogenes to grow under the above-mentioned stress conditions. Thus,
the CovRS system has a Janus-like behavior. CovS acts as a kinase to activate the
CovR response regulator, which subsequently acts as gene repressor. However,
CovS, upon environmental stimulation, can act as a phosphatase inactivating CovR
to permit gene transcription from respective promoters. The importance, functional
activity and the Janus-like behavior of this system in S. pyogenes have recently been
reviewed (Churchward 2007).

Although CovRS is among the most important TCS in S. pyogenes, it is not a
master regulator per se, but is rather integrated into existing regulatory networks
and is connected and linked to other S. pyogenes stand-alone regulators and sRNAs
(Kreikemeyer et al. 2003; Fiedler et al. 2010a). Roberts and Scott investigated the
link between CovRS and the Mga regulon (described elsewhere in this review) and
found CovRS to repress RivR, a RALP-family regulator (Ralp4). Adjacent to rivR
these authors identified rivX, encoding a small regulatory RNA. RivR enhanced
transcription by Mga in vivo and in vitro and the rivRX locus was involved in
pathogenesis in a mouse soft tissue infection model (Roberts and Scott 2007).
Another S. pyogenes TCS, termed TrxSR, which is homologous to the S. pneu-
moniae HK07/RR07 system, was found as another CovR repressed system (Leday
et al. 2008). TrxR activates transcription of Mga-regulated virulence genes, and
thus, TrxR defines a new pathway by which CovR affected virulence via control
over Mga. A study conducted by Shelburne and colleagues established partially
overlapping transcriptomes of Cov and CcpA mutants, proved that both regulator
proteins bound to promoters of co-regulated genes, and identified attenuated
phenotypes of the mutants in a myositis model (Shelburne et al. 2010). Moreover,
CovRS activity was critical for S. pyogenes growth in human blood, during
pharyngitis in cynomolgus macaques and mouse soft tissue infection. Pioneering
work of Sumby and colleagues linked CovRS function, observed in vitro and from
animal studies, to the real situation in clinical isolates (Sumby et al. 2006). Two
fundamentally different transcriptome profiles could be detected during compari-
son of nine clinical isolates. The pharyngeal transcriptome differed by 10 % from
the invasive transcriptome. Complete genome sequencing of an invasive tran-
scriptome isolate uncovered a 7-bp frameshift mutation in the CovS encoding
gene. Based on these initial observations, further studies revealed that different in
vivo-induced covR mutations led to different transcriptomes and that the CovS-
mediated regulation of CovR activity is critical for S. pyogenes cycling between
pharyngeal and invasive phenotypes (Trevino et al. 2009). Although also wild-type
bacteria undergo extensive transcriptional reprogramming under in vitro and in
vivo infection conditions, this rapid host adaptation is not sufficient to survive in
the host. Rather the hypervirulent cov mutant strains are able to outcompete the
wild type, and thus it can be concluded that mutations and rapid reprogramming
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are critical steps allowing S. pyogenes to switch infectious phenotypes and to move
between niches. This puts sociomicrobiological aspects into the focus of infection
research (Aziz et al. 2010).

What are the functions of the CovRS system in S. agalactiae? The genes for the
CovRS orthologous system in S. agalactiae are part of a seven-gene operon and
mutation led to dramatic phenotypic changes (Lamy et al. 2004). Although the
mutant adhered much better to epithelial cells, the survival in human serum was
attenuated. Moreover, as also reported for S. pyogenes, the S. agalactiae CovRS
system is critical for virulence, as proven by neonate rat sepsis and mouse infection
models (Lamy et al. 2004; Jiang et al. 2005). A total of 76 genes are repressed
whereas 63 were positively regulated. Transcriptome comparison of several strains
uncovered a conserved 39 gene core regulon (Jiang et al. 2008). Moreover, there
was a significant overlap of the acid stress transcriptome in S. agalactiae with the
CovRS regulon (Santi et al. 2009), and CovRS as well as pH-regulated S. agalactiae
adherence to host cells of vaginal, cervical and respiratory origin (Park et al. 2012).

In contrast to CovRS in S. pyogenes, the S. agalactiae system can act bidi-
rectional and is not an exclusive repressor system (Jiang et al. 2008). Direct
binding of phosphorylated CovR to many of the target gene promoters has been
reported (Lamy et al. 2004; Jiang et al. 2008). However, the binding site differs
from the consensus sequence reported for S. pyogenes CovR, although both share a
high AT content. It can be concluded that the general classes of genes under
control of both systems are identical in S. pyogenes and S. agalactiae. It is cur-
rently unknown, whether S. agalactiae CovR is dependent on CovS activity, but
there is clear evidence linking CovRS and serine/threonine kinase systems also in
S. agalactiae (discussed in Sect. 4).

It is obvious that the CovRS system is central to the virulence of both strep-
tococcal species. Many similar functions have been elucidated, but depending on
the pathogens primary niche in the host, both systems also underwent a pathogen-
specific evolution and adaptation. It remains to be established if point mutations in
the CovRS system in S. agalactiae also occur in a disease specific manner in
clinical isolates and if such mutants would be as hypervirulent as their S. pyogenes
counterparts.

No CovRS orthologs were found in S. pneumoniae. In S. suis exclusively CovR
was identified as an orphan response regulator, lacking the adjacent CovS histidine
kinase. Virulence studies characterized the S. suis CovR as a globally acting
negative modulator of virulence, as in a mutant most phenotypes changed in the
direction of higher virulence potential (Pan et al. 2009).

3.2 The CiaHR System

The CiaHR TCS is widespread among streptococci. Genes encoding this TCS are
found on the chromosomes of S. pyogenes, S. agalactiae, S. pneumoniae, and also
S. suis. The amino acid sequence identity of CiaH and CiaR from different species
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ranges between 48–71 and 77–85 %, respectively (Riani et al. 2007). Most data on
Cia function have been compiled from studies in S. pneumoniae. An increased
cefotaxime resistance and impaired natural competence was noted in a S. pneu-
moniae CiaH mutant (Guenzi et al. 1994). The influence on competence involves
sensing of Ca2+ and oxidative stress (Zahner et al. 2002). A key connection
between the S. pneumoniae CiaHR regulon, which has been defined in at least
three different strains, and competence is the CiaHR control of HtrA expression.
This surface expressed serine protease is down-regulated in CiaHR mutants
(Paterson et al. 2006). A restoration of htrA expression in the Cia mutant back-
ground alone restored natural competence (Sebert et al. 2005). S. pneumoniae Cia
regulons comprise roughly 20 genes and apart from competence genes also stress
response genes and operons were identified (Paterson et al. 2006), suggesting
natural competence as S. pneumoniae stress factor, which is balanced by Cia
activity. Of note, many other virulence genes are found in the Cia regulon, which
makes it difficult to clearly define its role in virulence. Further studies have
revealed that the CiaH acts as kinase/phosphatase, that CiaR needs to be phos-
phorylated, that CiaR can obtain phosphates independent from CiaH, and that
CiaR acts directly on 15 promoters identified by transcriptional mapping
(Halfmann et al. 2007, 2011). Those promoters belong to genes involved in tei-
choic acid biosynthesis, sugar metabolism, chromosome segregation, and protease
maturation. Five of those promoters were identified upstream of small noncoding
RNAs (Marx et al. 2010). Matching the observation made in the CovRS TCS in
S. pyogenes, clinical S. pneumoniae isolates, particularly those with spontaneous
b-lactame resistance, apparently acquired mutations in the CiaH encoding gene.
This suggested that ciaH alleles, which overstimulate the CiaR regulon expression,
are present in clinical isolates (Muller et al. 2011). Although not studied into such
a detail as in S. pneumoniae, it is apparent that the S. pyogenes Cia system has
different functions. As S. pyogenes is not naturally competent and lacks large parts
of the com operon genes, regulation of competence, and as a consequence, also
major regulation of stress response is not attributed to S. pyogenes CiaHR. The
CiaH sensor mutants in two S. pyogenes serotype M49 strains allowed identifi-
cation of up to 120 genes as Cia-controlled, with equal numbers up- and down-
regulated (Riani et al. 2007). Among those, genes encoding proteins for divalent
cation transport, PTS systems, hemolysins, hyaluronidase, matrix-protein-binding
factors, and DNAses were identified. Divergent to observations in S. pneumoniae,
metal ions did not affect Cia expression significantly, antibiotic resistance was not
affected, and only a small number of six stress response genes were differentially
transcribed in the S. pyogenes ciaH mutant (Riani et al. 2007). In S. suis, ciaHR
mutants revealed a decreased adherence toward HEp-2 and PIEC cells, a higher
susceptibility toward killing by RAW2647 macrophages, and were attenuated in
mice and pig animal models of infection (Li et al. 2011). Not unexpected, CiaR
was found to promote intracellular survival and resistance to innate immune
defences in S. agalactiae. A ciaR mutant had a reduced survival in neutrophils,
human macrophages and brain microvascular endothelial cells (BMCE) (Quach
et al. 2009). In mouse infection models, the mutant was attenuated and showed
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decreased survival in blood and brain compared to the wild type (Quach et al.
2009). In summary, particularly in S. pneumoniae CiaHR is crucial for natural
competence and general virulence, whereas in the other species virulence control
is the major function of Cia.

3.3 The IhK/Irr System

The Ihk/Irr TCS of S. pyogenes is highly important for the pathogenesis of these
bacteria and is thus reported to be active during S. pyogenes growth in many body
fluids and host niches. As human saliva is one of the first liquids encountered after
S. pyogenes droplet-mediated entry into the host oral cavity, growth, and persistence
in saliva was tested. The most important TCS in hierarchy in saliva is the SptRS TCS.
Among many others, also the genes encoding the Ihk/Irr TCS were up-regulated
during S. pyogenes growth in saliva (Shelburne, III et al. 2005). Moreover, a role for
Ihk/Irr could be established during S. pyogenes growth in human blood, conditions
under which up to 75 % of the genes were differentially transcribed, and during
phagocytosis by neutrophils, under which varying sets of genes are time-dependently
and differentially transcribed (Voyich et al. 2003; Graham et al. 2005). A more recent
study discovered 145 differentially transcribed genes during a 2-h S. pyogenes per-
sistence in macrophages, of which many belong to metabolic and energy dependent
processes. Ihk/Irr was again established as a key regulator important for the early
processes in S. pyogenes-macrophage interaction (Hertzen et al. 2012). A major shift
of response regulator activity from time point 2–6 h during persistence was noted, in
which Ihk/Irr was down-regulated and the CovRS system was up-regulated. This
hinted toward a TCS driven and fine-tuned temporal expression shift in S. pyogenes
intracellular life cycle (Hertzen et al. 2012). In S. suis serotype 2, an Ihk/Irr ortholog
was recently characterized (Han et al. 2012). Deletion of this system notably
attenuated virulence in mice. Mutants showed reduced adherence to host cells, an
increased susceptibility to macrophages killing, and a decreased survival under
oxidative stress conditions. Of note, the important S. suis virulence factors suilysin,
autolysin, and muraminidase-released protein encoding genes were not under Ihk/Irr
control. Rather cell metabolism and superoxide dismutase were repressed in the
mutant (Han et al. 2012). It is conceivable, that in the other streptococcal species
discussed here, other TCS have similar functions although they cannot be classified
as Ihk/Irr orthologs based on sequence homology.

3.4 The VicRK System

The VicRK system is noteworthy as it is present and conserved in many Firmicutes
and for a long time was considered essential for growth in all organisms after many
failed mutation attempts. In the literature, there are a couple of synonymous names,
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like YycFG, MicAB, and WalRK. An unconditional vicR insertional mutant
generated in S. pyogenes allowed insight into functional aspects of this system (Liu
et al. 2006). The mutant grew well in rich lab media, but was severely attenuated in
growth in nonimmune human blood and serum, had attenuated virulence, and was
unstable in mice. However, as phagocytosis and killing was normal, a general
influence on evasion of host defences was excluded. Among Vic-controlled genes,
those involved in cell-wall hydrolysis (pcsB), phosphotransferase systems, osmo-
protectant transporters, and nutrient uptake were identified by transcriptomics (Liu
et al. 2006). A view across the species barriers linked the essentiality in some
organisms to VicRK exerted control over functions like murein biosynthesis, cell
division, lipid integrity, exopolysaccharide synthesis, biofilm formation, and also
virulence factor expression. However, the signals stimulating the Vic-system are
largely unknown (Winkler and Hoch 2008). In S. pneumoniae, the essentiality of
the Vic-system could only be bypassed by a constitutive PcsB cell-wall hydrolase
expression, suggesting that control over cell-wall biosynthesis and osmosis is the
critical function (Winkler and Hoch 2008). Recently, also in S. suis in vivo swine
infection the VikRK system was found up-regulated together with its target gene
pcsB (Li et al. 2010). Since not many virulence factor encoding genes were found to
be directly controlled by the VicRK TCS, it cannot be designated a general viru-
lence regulator. However, considering that central cell-wall turnover and metabolic
functions are also directly linked to fitness of the pathogens in vivo there is a clear
link of VicRK to virulence. Apparently, homologs and orthologs were also found in
Actinobacteria like Streptomyces, Mycobacterium, and Corynebacterium species,
which places the Vic-system in the focus as excellent target for novel antimicrobial
therapy strategy developments (Winkler and Hoch 2008). First structure-based
virtual screenings of potential inhibiting compounds from the SPECS library have
been done in S. pneumoniae, and interesting target compounds with activity against
S. pneumoniae were identified in vitro and also in a mouse sepsis infection model.
These compounds decreased mortality in mice and had no general cytotoxic effect
(Li et al. 2009).

4 Eukaryotic-Type Serine/Threonine Kinases
in Streptococci

Results discussed in the paragraphs above have already indicated that some
response regulators can be phosphorylated independently of their cognate kinases,
suggesting a potential link to other TCS within the same organism. Just recently, a
whole new level of signal recognition and signal processing has been discovered in
prokaryotes thanks to advances in genetic strategies and genome sequencing
approaches. This includes eukaryotic-like serine/threonine kinases (STKs) which
were found to be linked to adjacent phosphatases (STPs). An in-depth review
focussing on discovery and functional analysis of these systems in various species
has been published (Burnside and Rajagopal 2011). What places these signaling
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and response systems into the research focus is the fact that their eukaryotic
counterparts are excellent targets for therapy. Many STK inhibitors are approved
by the United States Food and Drug Administration (USFDA) or at various stages
in clinical trials. Thus, the prospect that such inhibitors also work for the bacterial
STK/STP systems is promising. The STKs in S. pyogenes, S. pneumoniae, and
S. agalactiae have been identified at nearly the same time (Rajagopal et al. 2003;
Echenique et al. 2004; Jin and Pancholi 2006). The S. pyogenes STK and STP
(SP-STK and SP-STP) were characterized as functional manganese-dependent
kinase and phosphatase enzymes (Jin and Pancholi 2006). An altered cell-shape,
incomplete cell separation, a loosely associated electron-dense layer, and a ten-
dency to settle during growth in laboratory media were the initial phenotypes after
mutation of SP-STK. Increases in doubling time and hemolysis activity were
noted. For the virulence of S. pyogenes, the SP-STK was found to be critical for
host cell adherence and resistance to phagocytic killing. As a mediator of SP-STK
activity on gene regulation, phosphorylation of a 10 kDa histone-like protein was
suggested (Jin and Pancholi 2006). The SP-STP was subsequently shown to be
involved in phosphorylation of the S. pyogenes VicRK and CovRS TCS (Agarwal
et al. 2011). In S. agalactiae, mutants defective in STK and STP were attenuated in
a neonatal rat sepsis model (Rajagopal et al. 2003). STK expression is vital for
resistance to human blood, neutrophils, and oxidative stress. Transcription of the
S. agalactiae ß-hemolysin is mediated via threonine phosphorylation of the CovR
response regulator, which improved CovR repression (Rajagopal et al. 2006). This
verified a regulatory connection between TCS and STK/STP systems in these
pathogenic streptococcal species. STP mutation in S. agalactiae allowed identi-
fication of more phenotypes and up to 294 differentially transcribed genes were
found. Phosphopeptide enrichment methods allowed identification of 35 STK/STP
phosphorylated peptides as part of 27 different proteins (Burnside et al. 2011). In
S. pneumoniae, pleiotropic functions are under control of a single STK encoded on
the chromosome, including virulence, competence, antibiotic resistance, growth
and stress response (Echenique et al. 2004), and functional links to active TCS
systems were found (Agarwal et al. 2012). Direct STK phosphorylation of target
proteins involved in ion transport, cell division, and RNA-polymerization was
proven. Currently, the role of the phosphatase is not known. However, it is
tempting to speculate that the S. pneumoniae phosphatase functionally resembles
S. pyogenes and S. agalactiae phosphatases. Together, these streptococcal serine/
threonine kinase–phosphatase systems play an important role in the physiology
and virulence of the species discussed here. They apparently have rather conserved
functions in all streptococci. Currently, not much is known about the signals that
initiate their activity and where in the regulatory hierarchy in conjunction with
stand-alone transcriptional regulators and TCS they play their major role. The
success story using inhibitors in their eukaryotic counterparts to fight human
diseases raises hope that novel inhibitors counteracting bacterial STK/STP systems
will be developed and serve as innovative therapies in combating severe bacterial
infections.
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5 Noncoding Regulatory RNAs

5.1 Cis-Regulatory RNAs

Diverse cis-regulatory systems controlling virulence factor genes have been
described in gram-positive pathogens including RNAIII in Staphylococcus aureus
(Novick et al. 1993) and a thermosensor located in the 5’-UTR of the prfA mRNA
in Listeria monocytogenes (Johansson et al. 2002). One of the first examples for a
regulatory RNA discovered in S. pyogenes was the untranslated 500 bases RNA of
the streptococcal pleiotropic effect locus (pel). The region contains the structural
gene sagA coding for a precursor of the streptococcal hemolysin SLS. The locus
was initially detected following transposon mutagenesis of a S. pyogenes M49
serotype strain. It was found to positively regulate the genes of important strep-
tococcal secreted and surface virulence factors. Loss of the 500 bases transcript
decreased transcription of emm and speB genes and reduced secretion of strep-
tokinase. Whether a protein encoded by the locus or an untranslated RNA was
responsible for the regulatory effects was not clear at the time (Li et al. 1999). In a
later study, it could be shown that pel-dependent virulence factor regulation was
mediated by a 459-bases untranslated RNA molecule (Pel). It was demonstrated
that regulation by Pel occurs at both transcriptional (e.g. emm and sic) and post-
transcriptional (e.g. SpeB) levels (Mangold et al. 2004). Strain specificity of Pel
function is indicated by the fact that in a sagA-deficient mutant with an M6
background, emm transcription was not affected (Biswas et al. 2001). Similar
results have been obtained in S. pyogenes M1 and M18 Tn916 sagA mutant strains
(Betschel et al. 1998). Additionally, pel deletion mutant analysis of four M1T1
S. pyogenes isolates did not confirm any regulatory function of the Pel sRNA in
this serotype (Perez et al. 2009).

Expression of ribosomal protein genes (rplJ-rplL) in E. coli is regulated by an
autogenous control mechanism involving the 5’-untranslated region of the mRNA.
Ribosomal proteins L10 and L12 bind to the leader region of the L10 operon and
inhibit translation (Johnsen et al. 1982). The secondary structure of the leader
RNA is important for the formation of a stable complex (Christensen et al. 1984).
A family of putative ribosomal protein leader autoregulatory structures was also
found in B. subtilis and other Firmicutes. For the genus Streptococcus, 393
members of the L10-leader RNA family from 385 species are listed in Rfam
(Gardner et al. 2009). Recently, the expression of a L10-leader sRNA, was
demonstrated in different growth phases of S. mutans (Xia et al. 2012). Growth
phase and pH dependency of expression indicate a regulatory role for the L10-
leader in the acid adaptive response in this cariogenic bacterium. Expression of
L10-leader RNAs and other ribosomal leader RNAs, including L13-, L20-, and
L21-leader RNA, was also observed in S. pyogenes by tiling array analyses (Perez
et al. 2009; Patenge et al. 2012) and in S. pneumoniae by tiling array analysis and
RNAome sequencing (Kumar et al. 2010; Acebo et al. 2012; Mann et al. 2012).

134 N. Patenge et al.



5.2 FMN-Riboswitch

Riboswitches are regulatory elements found in 5’-untranslated regions of pro-
karyotic mRNAs. They are acting in cis by controlling expression of their
downstream genes through a metabolite-induced alteration of their secondary
structure. Doing so, riboswitches play a prominent role in bacterial metabolism
control (Nudler and Mironov 2004). The flavin mononucleotide (FMN) ribo-
switch is a metabolite-dependent riboswitch that directly binds FMN. The ele-
ment controls expression of genes that encode for FMN biosynthesis and
transport proteins (Vitreschak et al. 2002). A link to virulence-related gene
expression comes from L. monocytogenes, where the riboflavin analog roseoflavin
targets an FMN-riboswitch and blocks L. monocytogenes growth, but also stim-
ulates virulence gene expression and infection (Mansjo and Johansson 2011).
Furthermore, two riboswitches acting as noncoding RNAs in trans control
expression of the virulence regulator PrfA in L. monocytogenes (Loh et al. 2009).
Metabolite-driven trans-regulatory sRNAs form a new class of regulatory non-
coding RNAs in bacteria. Expression of FMN-riboswitches has also been detected
in streptococci in several recent sRNA expression screens (Perez et al. 2009;
Kumar et al. 2010; Patenge et al. 2012; Mann et al. 2012). To date, no
involvement of FMN-riboswitches in virulence gene expression has been docu-
mented in streptococci. Nevertheless, like other riboswitches, FMN-riboswitches
may represent interesting novel drug targets (Blount and Breaker 2006). The
natural antibacterial compound roseoflavin binds to FMN-riboswitches and has
been shown to inhibit bacterial growth and to regulate gene expression in
B. subtilis and L. monocytogenes (Lee et al. 2009; Mansjo and Johansson 2011).
The identification of compounds that trigger FMN-riboswitch function in strep-
tococci may be a promising alley for the development of novel antimicrobial
drugs.

5.3 Trans-Antisense sRNAs

sRNAs working by trans-antisense binding to their target mRNAs tend to interact
with conventional TCS in streptococci. Several examples of sRNA-TCS networks
will be described in this chapter.

The small regulatory RNA FasX was one of the first characterized sRNAs in
streptococci. It was initially identified during the analysis of the two-component
type regulator Fas (fibronectin/fibrinogen binding/hemolytic activity/streptokinase
regulator) in S. pyogenes (Kreikemeyer et al. 2001). The fasBCA operon in
S. pyogenes encodes two potential sensor kinases and one response regulator. It is
expressed in a growth phase-dependent manner and controls the production of
several secreted virulence factors such as streptokinase and streptolysin
S. Downstream of the fasBCA transcriptional unit, an independently transcribed
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gene, fasX, was found to encode a short RNA molecule. Expression of fasX
depends on the RR FasA. Gene replacement of fasX resulted in a phenotype similar
to fasBCA or fasA knock-out mutations with prolonged expression of extracellular
matrix-protein-binding adhesins and reduced expression of secreted virulence
factors. Complementation of the fasX deletion mutant, with fasX expressed in trans
from a plasmid, restored the wild-type fasBCA regulation pattern (Kreikemeyer
et al. 2001). From these data, it was concluded that FasX, a non-translated RNA, is
the main effector molecule of the Fas regulon. Accordingly, S. pyogenes carrying a
fasX deletion induced a reduced response of host epithelial cells in terms of
cytokine production, apoptosis, and cytotoxicity parameters (Klenk et al. 2005).
FasX enhances streptokinase activity in S. pyogenes. Stimulation of streptokinase
gene (ska) expression by FasX is achieved by binding to the 5’ end of the ska
mRNA and thereby increasing the stability of transcript (Ramirez-Pena et al.
2010). Lack of FasX-ska-mRNA interaction in fasX mutants led to decreased
transcript levels and consequently to a decreased streptokinase protein abundance
(Ramirez-Pena et al. 2010). Recently, it has been shown that FasX also controls
pilus gene expression by pairing to the extreme 5’ end of the pilus biosynthesis
operon transcript. In this case, the resulting RNA–RNA interaction reduces the
stability of the mRNA, while at the same time inhibiting translation of at least the
first gene in the pilus biosynthesis operon. As a consequence of down-regulated
pilus expression, adherence to host epithelial cells by S. pyogenes was reduced
(Liu et al. 2012). Virulence gene regulation by FasX works by classical antisense
binding to target mRNAs, but diverse mechanisms could be identified as depicted
in Fig. 1: in one example sRNA-mRNA interaction stabilizes the target (ska
expression, Fig. 1a), in the other it destabilizes the target (pilus biosynthesis
control, Fig. 1b). This is particularly striking, because up-regulation of Ska as well
as pilus down-regulation represent activities related to the transition of S. pyogenes
from the colonization stage of infection to the dissemination phase.

Another link between a two-component system and sRNAs became evident
recently in S. pneumoniae. The ciaRH regulatory network plays a major role in the
maintenance of cell-wall integrity. Penicillin-binding protein independent resis-
tance to beta-lactam antibiotics is conferred by the ciaRH regulatory system
(Zahner et al. 2002). Genes controlled by the ciaRH system are involved in cell-
wall biochemistry. Bacteria carrying mutations in ciaH failed to develop genetic
competence due to repression of the comCDE operon region (Mascher et al. 2003).
ciaRH mutants were hypersusceptible to a variety of lysis-inducing conditions
(Mascher et al. 2006). In two recent studies, a new level of regulation has been
introduced to the ciaRH network in S. pneumoniae. Among the genes regulated by
CiaR, five sRNA genes have been identified, designated cia-dependent small
RNAs (csRNAs). All csRNAs identified so far, show a high sequence similarity
and share the same mfold-predicted secondary structure presenting with two stem
loops, separated by a stretch of unpaired bases. Deletion mutants lacking csRNA4
and csRNA5, respectively, showed enhanced stationary phase autolysis (Halfmann
et al. 2007). The mechanism of csRNA4/5 function is not known yet, but it does
not seem to involve interference with LytA and LytC production. Genes for
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ska mRNA

default

degradation by unknown RNase, 
low streptokinase synthesis

(a)
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in ska mRNA abundance

FasX

ska mRNA
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double stranded RNA secondary structure inhibits mRNA degradation,
high streptokinase synthesis 

cpa mRNA

FasX

cpa mRNA

inhibition of inhibition of cpa translation, low pilus synthesis
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pilus expression

FasX intervention
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in pilus operon mRNA abundance

(b)

Fig. 1 Schematic of the differential outcome of FasX binding. The start codons of the respective
target mRNAs are indicated with bold letters. a Stabilization of ska transcripts by interaction with
FasX, pac man: unknown RNAse molecule. b Destabilization of pilus transcripts and inhibition
of cpa-mRNA translation following interaction with FasX, mushroom: ribosome
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csRNAs have been detected on the basis of CiaR binding site presence over a wide
range of streptococcal genomes, including S. mitis, S. oralis, S. sanguinis, and
S. pyogenes. Expression of csRNA genes has been demonstrated by Northern blot
analyses and suggests that genes for csRNAs belong to the regulon of the response
regulator CiaR in all streptococcal species (Marx et al. 2010).

Another excellent example of a regulatory cascade that involves the function of
an sRNA is the rivRX (RofA-like protein IV regulator R/X) operon in S. pyogenes.
The global transcriptional regulator CovR represses mga and rivRX. RivR activates
mga expression and its mechanism has been studied in a covR- background
(Roberts and Scott 2007). RivR belongs to the RofA family of transcriptional
regulators (described in Sect. 2.4) and contains a DNA-binding site. The protein
seems to interact with Mga in order to enhance mga expression. The genes rivR
and rivX are co-transcribed but mediate distinct pathways of Mga regulon acti-
vation. The rivX sequence contains two putative ORFs. Nonsense mutations in the
potential start sites revealed that the rivX transcript rather than peptides encoded
by rivX are responsible for the regulatory phenotype. From primer extension
analysis, it was concluded that RNA processing could lead to the production of
RivX following co-transcription of rivR and rivX explaining the independent
function of the two genes. RivX stimulation of mga expression and Mga-activated
gene expression depended on the presence of Mga protein. There was no stabil-
ization of mga transcript observed. The mechanism of RivX function seems to
involve a direct or indirect interaction with the mga transcript leading to
enhancement of Mga translation (Roberts and Scott 2007). The RivR/X system
works as integrator of the signals provided by the global CovR and Mga regulatory
networks. This cross-talk allows the pathogen to respond to a broad variety of
external stimuli with the fine-tuned expression of appropriate virulence factors.

5.4 sRNA Interaction with Proteins

Clustered, regularly interspaced, short palindromic repeat (CRISPR) loci are well-
known to provide an adaptive RNA-based immune system in bacteria and archaea.
CRISPR protects the cells from horizontal gene transfer originating from phage
and plasmid DNA (Marraffini and Sontheimer 2010). Differential RNA sequencing
identified a CRISPR/Cas locus in S. pyogenes SF370 (M1 serotype) (Deltcheva
et al. 2011) encoded by the system II (Nmeni/CASS4 subtype) (Haft et al. 2005).
This locus encodes the trans-activating CRISPR RNA (tracrRNA), which is, in
concert with RNAase III and the CRISPR-associated Csn1 protein, responsible for
the maturation of CRISPR RNA (crRNA) (Deltcheva et al. 2011). Following
crRNA maturation, the cleavage of substrate DNA needs to be initiated. Very
recently, it could be shown that the DNA endonuclease Cas9 from the type II
CRISPR system in S. pyogenes was guided by a dual RNA molecule to its target
DNA. The RNA–RNA complex consisted of the activating tracrRNA and the
targeting crRNA, which contained a sequence complementary to the DNA

138 N. Patenge et al.



substrate (Jinek et al. 2012). In an independent study, it could be shown that the
Cas9-crRNA complex of the S. thermophilus CRISPR/Cas system was able to
cleave in vitro an artificial DNA substrate containing a sequence complementary
to crRNA (Gasiunas et al. 2012). Bacterial CRISPR/Cas systems seem to be
functionally conserved over a wide range of phyla. It could be shown that the
S. thermophilus CRISPR/Cas system provided immunity in E. coli (Sapranauskas
et al. 2011). An excellent description of the function of the CRISPR system in
streptococci is included in a recent review about sRNAs by Le Rhun and
Charpentier (Le Rhun and Charpentier 2012).

Formerly regarded as a house keeping RNA, the 4.5S RNA, a component of the
bacterial signal recognition particle (SRP), represents another untranslated RNA
with influence on streptococcal virulence (Trevino et al. 2010). While the 4.5S
RNA gene is not essential for streptococcal growth under laboratory culture
conditions, it proved to be essential for S. pyogenes to cause lethal infections in a
murine bacteraemia model of infection. Mutation of the 4.5S RNA gene resulted in
an altered secretome, including a reduction in secretion of the hemolysin strep-
tolysin O and the SpeB protease. Moreover, remodeling of the S. pyogenes tran-
scriptome was observed following 4.5S RNA mutation. More detailed assessment
of gene expression upon loss of the 4.5S RNA gene revealed that differences in
abundance of grab, speB, spy0430, and slo were covS-dependent. A further link of
the 4.5S RNA gene to virulence was the strong reduction of growth in human
saliva of S. pyogenes mutants affected in the gene and decreased virulence of these
strains in a murine soft tissue infection model.

5.5 Bioinformatics Prediction Tools for sRNAs

Novel bioinformatics tools and whole-genome expression analyses employing
tiling arrays or next generation sequencing helped to study the function of sRNAs
in gram-positive pathogens (Mraheil et al. 2010). As knowledge about the role of
regulatory RNAs in gram-positive bacteria is rising, new tools are being developed
for the analysis of RNA structure and function, e.g., a database focusing on sRNA
data from gram-positive bacteria (Pischimarov et al. 2012).

One of the most prominent bioinformatics prediction tools invented for sRNAs
was the sRNA identification protocol using high throughput technology (SIPHT)
tool, which has been used for many bacterial species (Livny et al. 2005; Livny and
Waldor 2007). However, comparison of the prediction results with the actual in
vivo expression of sRNAs, often revealed a low overlap between the different
screening methods (Perez et al. 2009; Arnvig and Young 2009; Mraheil et al.
2011). This phenomenon is due to a combination of limitations of the prediction
programs and the fact that not all sRNAs are expressed under all conditions.
Today, the development of sRNA prediction software with improved properties is
still ongoing. Several recently published bioinformatics tools have been used for
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the identification of putative sRNAs in streptococci (Raasch et al. 2010; Sridhar
et al. 2010; Pichon et al. 2012).

5.6 Whole-Genome sRNA Expression Screens

In recent years, whole-genome sRNA screens in streptococci employing either
tiling array or next generation sequencing approaches, revealed an unexpected
number of potential sRNAs (Tsui et al. 2010; Kumar et al. 2010; Mraheil et al.
2011; Beaume et al. 2011; Chen et al. 2011). Based on a previous bioinformatic
prediction of putative sRNAs (Livny et al. 2006) expression of 40 putative sRNAs
was tested in S. pneumoniae strain D39 by Northern analysis (Tsui et al. 2010).
Nine new pneumococcal sRNAs were identified and the previously reported CcnA
sRNA (Halfmann et al. 2007) was confirmed. However, functional characteriza-
tion of deletion mutants and ectopic overexpression constructs of three of the
candidate sRNA genes did not reveal strong effects on the phenotypes tested in this
study. In a whole-genome approach, a total of 50 sRNAs from the intergenic
regions of S. pneumoniae TIGR4 were identified using high-resolution genome
tiling arrays (Kumar et al. 2010). In a deep sequencing approach, 88 regulatory
sRNAs were identified in the TIGR4 strain of S. pneumoniae (Acebo et al. 2012).
Of those, three housekeeping sRNAs were detected, several riboswitches and other
cis-regulatory RNAs and 68 novel sRNAs. One of the novel candidates seems to
be involved in the modulation of competence regulation in S. pneumoniae (Acebo
et al. 2012). In another recent RNAseq study in S. pneumoniae TIGR4, 89 sRNAs
were detected, 56 of which were novel. Tn-seq analysis testing relative fitness of
bacterial mutants during infection predicted a high number of sRNAs involved in
pneumococcal pathogenesis (Mann et al. 2012). Attenuated fitness was predicted
during infection of the nasopharynx for 26 sRNAs, in the lung for 28 sRNAs, and
in the bloodstream for 18 candidates. Fitness predictions were confirmed by
individual targeted deletions in a subset of sRNAs. The high number of sRNA
genes involved in pathogenesis underlines the overall importance of sRNAs in
streptococcal virulence.

A whole-genome intergenic tiling array screen of S. pyogenes M1T1 identified
approximately 40 sRNAs that were expressed during the exponential growth phase
in cells cultivated in THY complex medium (Perez et al. 2009). There was a high
conservation of sRNA genes among S. pyogenes strains, but the expression of the
individual genes was found to be strain dependent. A targeted deletion within the
pel region did not confirm the phenotype reported from other S. pyogenes strains.
Expression of 16 candidate genes was confirmed by Northern blot analyses.
Together with a former bioinformatics prediction (Livny et al. 2006), the number
of putative sRNAs in S. pyogenes amounts to 75. In a whole-genome intergenic
tiling array screen in S. pyogenes M49, 55 putative sRNAs were identified. A total
of 42 sRNAs were novel, whereas 13 RNAs had been described before. The
sequences of most of the candidates were conserved over streptococcal genomes.
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However, comparison of the sRNA expression data to the above-mentioned
analysis of the M1T1 strain and to two in silico screening methods revealed a low
overlap between the different approaches (Patenge et al. 2012). Thus, the inves-
tigation of several conditions and the combination of screening tools will be
necessary to gain a comprehensive understanding of the abundance of sRNAs in
S. pyogenes. It is to be expected that further analyses of S. pyogenes genomes by
RNAseq will lead to the identification of more sRNA genes.

6 Conclusions

The existing and still increasing richness of information on streptococcal tran-
scriptional regulators, two-component signal transduction systems, eukaryotic-like
serine/threonine kinase/phosphatase systems, and noncoding regulatory RNAs
summarized in this review underscores the importance to decipher the regulatory
networks acting in these pathogenic bacteria. A detailed understanding of viru-
lence and pathogenicity mechanisms is critical for the development of novel
antibacterial therapies. This review highlighted the presence of many orthologous/
homologous regulators and regulatory mechanisms across streptococcal species, of
which many have similar functions and are central for the pathogenesis of all the
species. In parallel, many have different functions or have undergone a pathogen-
specific alteration, including strain- or serotype-specific adaptation. This raises the
question whether developing interference strategies targeting regulators and reg-
ulatory networks is a promising goal that should be pursued further. In the opinion
of the authors, this question can be answered with ‘‘yes’’. What is required to
develop such interference strategies/therapies? (I) The complete operons/regulons
of interesting candidates need to be identified. (II) Knowledge needs to be trans-
ferred from in vitro to in vivo experiments. (III) Particularly the species-specific
regulators/regulatory mechanisms should be kept in focus, as they allow a selec-
tive targeting without harmful effects on related species or the residual bacterial
flora. In the opinion of the authors the goal of interference therapy should be
species-specific virulence/pathogen attenuation rather than killing, as such a
strategy allows the immune system of the host to cope with infections and develop
immunity. Such novel agents need to be accompanied by available antibiotic
approaches. Particular noncoding regulatory RNAs provide a wealth of potential
targets, which fulfill above criteria. What are possible means to interfere with their
function? In the author’s lab antisense-PNA (peptide nucleic acids) technology is
currently explored for specific sRNA-activity interference.
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Host–Pathogen Interactions
in Streptococcal Immune Sequelae

D. Patric Nitsche-Schmitz and Gursharan S. Chhatwal

Abstract Otherwise uncomplicated infections with Streptococcus pyogenes can
cause two insidious immune sequelae known as post-streptococcal glomerulone-
phritis (PSGN) and acute rheumatic fever (ARF). These diseases follow with a
latency of a few weeks or months after primary infection and are responsible for
high mortality and morbidity. PSGN has also been linked to infections with group
C streptococci of the species S. equi ssp. zooepidemicus (SESZ). Moreover, there
are some indications that infection with group C and G streptococci (GCGS) of the
subspecies Streptococcus dysgalactiae ssp. equisimilis (SDSE) leads to ARF.
Despite decades of research, the picture of the molecular pathogenesis of strep-
tococcal immune sequelae resembles a jigsaw puzzle. Herein we try to put some of
the puzzle bits together that have been collected till date.
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1 Introduction

More than 15 million people worldwide suffer from consequences of the severe
immune sequelae post-streptococcal glomerulonephritis (PSGN) and acute rheu-
matic fever (ARF). They are caused by mild but inadequately treated infections
with pyogenic streptococci. ARF and PSGN claim 350,000 human lives every year
(Carapetis et al. 2005a, b). Approaches to combat these immune sequelae include
the development of streptococcal vaccines for prevention of the causative infec-
tions and of diagnostic tests for early detection of these infections. For both
approaches, profound information on the causative streptococci is indispensable. A
wide-ranging knowledge of the factors and processes that trigger and drive the
pathogenesis of PSGN and ARF is a further support and may deliver novel ideas
for preventive and therapeutic approaches. This article is a summary of the current
knowledge of the etiology and pathogenesis of the aforementioned diseases.

2 Post-streptococcal Glomerulonephritis

2.1 Characteristics of PSGN

The immune sequela PSGN follows with a delay of 1–3 weeks after skin infec-
tions, pharyngitis, or scarlet fever caused by S. pyogenes (Dick and Dick 1983;
Futcher 1940; Lyttle et al. 1938). Infections with SESZ typically occur as out-
breaks. Such outbreaks can be followed by a wave of PSGN cases, which proves
the nephritogenic potential of this group C streptococcal species (Balter et al.
2000; Barnham et al. 1983; Duca et al. 1969; Francis et al. 1993). The molecular
pathogenesis of PSGN is still elusive. Deposition of immune complexes that
contain streptococcal components, aberrant complement reactions, autoimmunity,
and other injurious cellular immune responses are suspected causes of this severe
disease that affects the kidney (Chhatwal and Graham 2008).
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Examination of the diseased glomeruli by electron microscopy revealed char-
acteristic electron-dense structures on the luminal site of the glomerular capillary
basement membrane, called sub-epithelial ‘‘humps’’ (Cochrane 1971; Fish et al.
1966). Streptococcal antigens, complement factors, and immunoglobulin have
been localized in these humps. This indicates formation of immune complexes,
hence crucial contributions of the host immune system to PSGN pathogenesis
(Andres et al. 1966; Batsford et al. 2005). Potential causes for glomerular damage
comprise autoimmunity against components of the basement membrane of capil-
lary walls, deposition of immune complexes due to anti-IgG autoantibodies, and
antibodies that react against streptococcal proteins. Moreover, it has been sug-
gested that plasminogen binding and activating proteins may take part in the
pathogenesis of glomerulonephritis (Rodriguez-Iturbe and Batsford 2007).

2.2 Role of Complement in PSGN

Concentrations of complement factors are strongly reduced in the blood of patients
with PSGN. This condition, called hypocomplementemia, indicates the activation
and consumption of the complement system during disease (Dedeoglu et al. 1996).
Mice that lack complement factor 1 subunit q (C1q) k.o.-mice develop glomeru-
lonephritis that resembles PSGN, pathohistologically. Proliferation of cells in the
Bowman’s space and electron-dense sub-endothelial and sub-epithelial depositions
occur in the affected glomeruli (Botto et al. 1998). Observation of sub-epithelial
depositions in the C1q-deficient mice suggests that deficiencies in the complement
system cause the sub-epithelial humps in PSGN and contribute to the pathogenesis
of this immune disease. This is contradictory to the localization of complement
factors in the humps, which indicates activity of the complement system in the
affected tissue rather than diminished response (Rodriguez-Iturbe and Batsford
2007). Similar to sub-epithelial humps in PSGN, glomerular depositions in the
C1q-deficient mice contained complement factor 3 (Botto et al. 1998), indicating
activity of the lectin or alternative pathway of complement. The precise role of
complement reactions in the pathogenesis of PSGN remains a matter of
investigation.

2.3 Factors Involved in PSGN

Immunohistochemistry has localized a variety of different streptococcal antigens
in the glomeruli of PSGN patients (Batsford et al. 2005; Michael et al. 1966;
Ohkuni et al. 1983; Seegal et al. 1965; Treser et al. 1970; Villarreal et al. 1979).
The foci of streptococcal infections that cause PSGN are distant from the kidney.
Therefore, glomerular deposition of streptococcal antigens is evidence for blood
borne bacteria or bacterial components. These foreign antigens are not efficiently
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cleared by the immune system and may be the triggers of PSGN pathogenesis.
Notably, intact bacteria have never been found in renal tissue affected by PSGN.

The glyceraldehyde-3-phosphate-dehydrogenase of S. pyogenes has been sug-
gested as a candidate nephritogenic protein, under the name nephritis-associated
plasminogen receptor (NAPlr). As a major glycolytic enzyme, it is present in all
strains and species of the genus Streptococcus. Although having an important
intracellular metabolic function, a fraction of NAPlr is released into the extra-
cellular space. There it binds back to the streptococcal surface and serves as a
receptor for plasmin(ogen) (Pancholi and Fischetti 1993). Although NAPlr is a
trigger of the alternative complement pathway (Yoshizawa et al. 2004) it does not
co-localize with complement and immunoglobulin deposits in glomeruli of PSGN
patients. Therefore, activation of plasmin(ogen) by NAPlr is a more likely mode of
action in PSGN pathogenesis than activation of the complement system by this
bacterial protein (Oda et al. 2005). Homologs of NAPlr are also present on the
surface of commensal oral streptococci, which also bind and activate plas-
min(ogen) (Itzek et al. 2010; Jones and Holt 2004). Transient bacteremia with oral
streptococci is frequent in humans (Daly et al. 1997; Roberts et al. 1997; Westling
et al. 2002), but not associated with PSGN. The features that distinguish NAPlr of
S. pyogenes from other streptococcal glyceraldehyde-3-phosphate-dehydrogenases
remain to be identified and may shed light on a possible role of NAPlr in PSGN.

Only a few S. pyogenes strains lack the streptococcal cysteine proteinase SpeB
(Darenberg et al. 2007; Schmitz et al. 2003; Vlaminckx et al. 2003), which is
another suspected nephritogenic factor. SpeB and its zymogen zSpeB interact with
plasminogen. Other than NAPlr, SpeB co-localizes with complement factor 3 and
IgG in the sub-epithelial humps of glomeruli that are affected by PSGN (Batsford
et al. 2005; Rodriguez-Iturbe and Batsford 2007). The cationic character of SpeB
and zSpeB is thought to allow the transmigration of these molecules from the
blood through the glomerular basement membrane, which is followed by depo-
sition of the proteins on the sub-epithelial side and development of nephritis (Vogt
et al. 1983). On one hand this hypothesis is supported by examinations on kidney
biopsies and anti-SpeB serum titers of PSGN patients (Cu et al. 1998; Parra et al.
1998). On the other hand a SESZ strain that caused an epidemic of PSGN in Nova
Serrana, Brazil (Balter et al. 2000; Beres et al. 2008), lacks SpeB. Hence, alter-
native pathogenicity factors exist that cause PSGN. The chain of evidence for
SpeB as a nephritogenic molecule is not yet closed.

2.4 Correlation of M Types with PSGN

The nephritogenic potential of S. pyogenes strains correlates with certain M-types
such as M1, 2, 4, 12, 18, 25, 49, 55, 57, and 60 (Stollerman 1969). As one of the
type-specific genes the M protein itself may be involved in the pathogenesis of
PSGN. Released from the bacterial surface by the actions of bacterial and host
proteases like SpeB or neutrophil elastase, M protein forms insoluble aggregates
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with the plasma protein fibrinogen (Berge and Björck 1995; Herwald et al. 2004).
When injected into mice, the M protein binds and precipitates in the glomeruli
(Kantor 1965; Kaplan 1958) and causes renal lesions that could be nephritogenic
(Humair et al. 1969). Notably, M-like proteins exist in SESZ, including the out-
break associated strain MGCS10565 (Beres et al. 2008) and may add to the
nephritogenic potential of this species.

Serological examinations on PSGN patients suggest protein SIC (streptococcal
inhibitor of complement-lysis) as a nephritogenic factor (Skattum et al. 2006;
Sriprakash et al. 2002). Presence of genes that code for protein SIC or its variant
DRS is limited to S. pyogenes strains of nephritogenic M-types like M1, 12, 55,
and 57 (Hartas and Sriprakash 1999), which supports the notion that they are
nephritogenic factors. SIC binds to complement factors that form the membrane
attack complex, preventing its assembly (Åkesson et al. 1996). However, it is not
yet known how this property or other host-interactions of SIC or DRS may cause
PSGN. SIC or similar proteins have not been found in SESZ.

Of the variety of potential nephritogenic factors that have been under investi-
gation, so far there is none that can be considered as the sole nephritogenic factor.
Despite the fact that many of the suspected nephritogens accumulate in the kidney
of laboratory animals, leading to glomerular injury, none of the factors alone were
capable to evoke a disorder that resembled PSGN, sufficiently. Moreover, some of
the factors do not occur in SESZ. The repertoire of host–pathogen interactions that
leads to PSGN is not yet uncovered.

3 Acute Rheumatic Fever and Rheumatic Heart Disease

3.1 Characterization of ARF

Autoimmune responses caused by an untreated or insufficiently treated S. pyogenes
pharyngitis cause acute rheumatic fever (ARF) with a latency period of 1–4 weeks.
The molecular and immunological processes that drive the pathogenesis of this
disorder and subsequent rheumatic heart disease (RHD) have been partially dis-
covered. (Carapetis et al. 2005a, b; Cunningham 2012; Dinkla et al. 2003; Guil-
herme et al. 2006; McCarty 1956; Stollerman 1969; Tontsch et al. 2000;
Wannamaker 1973). The diagnostic criteria for ARF are referred to as the major
Jones criteria and include arthritis, erythema, carditis, and neurological dysfunc-
tions (chorea) (Keitzer 2005). About a third of the patients develop RHD, leading
to irreversible damage to the heart valves that requires surgical intervention. Most
of the patients with ARF are children, adolescents, and young adults. Globally,
about 1 per 1,000 people is suffering from ARF or RHD with some geographic
regions and specific communities being particularly affected (Carapetis et al.
2005a, b; Chhatwal and Graham 2008; Cunningham 2000). Certain humans appear
particularly prone to contract ARF as indicated by associations with genetic
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markers such as major histocompatibility complex (MHC) antigen phenotypes (for
references see: Cunningham 2000). In addition to host susceptibility, differences in
medical care and the socioeconomic conditions are influencing the epidemiology
of ARF.

3.2 Role of Humoral and Cellular Immunity in ARF

Elevated titers of autoantibodies in the sera of ARF/RHD patients (Carapetis et al.
2005a, b; Dinkla et al. 2003, 2007; Guilherme et al. 2006) and deposition of
immunoglobulin and complement in the affected hearts (Kaplan et al. 1964)
indicate that humoral immunity is crucially involved in ARF pathogenesis.
Moreover, the early processes in rheumatic carditis involve cellular immune
responses. Elevated numbers of T-lymphocytes and macrophages occur in the
cellular infiltrates that are observed in myocardial lesions of affected hearts
(Cunningham 2003; Guilherme et al. 2006; Roberts et al. 2001). The inflammation
that takes place in those patients and is characterized by increased numbers of
mature circulating T helper cells (CD4 ? T cells), elevated levels of cytokines
such as IL-1 and IL-2, IFNc, TNF-a and higher amounts of receptors for these
cytokines (Guilherme et al. 2006). In summary, ARF is caused by destructive
immune responses and inflammation that are not sufficiently suppressed after
infection.

3.3 Streptococcal Factors in ARF

Several streptococcal factors such as superantigens, group A carbohydrate, hyal-
uronic acid capsule, and M proteins have been suspected to trigger the autoim-
munity in ARF. During acute infection superantigens act as toxins that contribute
to streptococcal toxic shock-like syndrome because they are triggers of exagger-
ated inflammation (Eriksson et al. 1999; Kotb 1995; Sriskandan et al. 1996;
Stevens et al. 1989; Yu and Ferretti 1989). Moreover, they exert mitogenic activity
on T-lymphocytes that may crucially influence the development of destructive
autoimmunity in response to streptococcal infection. By means of specific inter-
actions, superantigens bridge the MHC class II proteins of antigen presenting cells
with the variable Vb-region of the T-cell receptor independent of a presented
antigen. In response to that, a T-cell population that carries matching Vb-regions,
will be activated and release pro-inflammatory cytokines. Interaction of co-
receptors CD28 or LFA-1 on T-cells with the suiting ligands B7 or ICAM-1,
respectively, on antigen presenting cells stimulate a polyclonal expansion of the
activated T-cells. In the absence of these co-stimulating interactions, the activated
T-cells fall into anergy or apoptosis. As a consequence selection for a certain T-
cell population takes place. Depending on further co-stimulatory interactions,
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activated T-cells can stimulate B-cell maturation to plasma cells and ensuing
secretion of a set of polyclonal immunoglobulins. In summary, superantigens can
expand certain polyclonal populations of lymphocytes while driving others into
anergy or apoptosis. If this combines with a break of tolerance the patient may
produce defined populations of auto-reactive cells (for reference see (Kotb 1995;
Proft and Fraser 2003). If and how this is generating the autoimmunity against
articular, neural, and cardiac tissue that is seen in ARF/RHD is not yet studied in
depth.

As indicated by the deposition of immunoglobulin and complement factors in
the diseased heart, humoral immune reactions participate in ARF pathogenesis
(Kaplan et al. 1964). Autoimmune responses against several host proteins such as
cardiac myosin, heart valve glycoproteins, and antigens of the sarcolemma
membrane occur in ARF or RHD patients (Carapetis et al. 2005a, b; Goldstein
et al. 1968; Guilherme et al. 2006; Tontsch et al. 2000; Wannamaker 1973). Cross-
reactivity of the autoantibodies with streptococcal cell wall carbohydrates, the cell
membrane or the M protein was demonstrated (Kaplan and Suchy 1964; Zabriskie
and Freimer 1966). In 1968, Goldstein and colleagues isolated glycoproteins from
the heart valve that contained N-acetylglucosamine (GlcNAc) and shared epitopes
with the streptococcal group A carbohydrate that contains the same monosac-
charide unit (Goldstein et al. 1968). Antibodies that reacted with group A car-
bohydrate circulated in patients with rheumatic valvular disease implicating their
role in the pathogenesis of this disorder (Dudding and Ayoub 1968). Notably,
monoclonal antibodies against GlcNAc could be isolated from ARF that cross-
reacted between human and streptococcal peptide antigens (Adderson et al. 1998).
As a monosaccharide subunit in N-glycosylated proteins and glycosaminoglycans,
such as the hyaluronic acid, GlcNAc is ubiquitous in the host’s extracellular matrix
and part of the surrounding matrix (calix) of virtually all cells. It is also located on
the surface of erythrocytes. Thus, autoimmune responses against GlcNAc may be
causative for the early, less specific symptoms in ARF.

3.4 Role of M protein and Collagen in ARF

S. pyogenes isolates of M type 18, which were thickly encapsulated with hyalu-
ronic acid, caused an ARF outbreak in Utah (Veasy et al. 2004). Hyaluronic acid is
not only produced by the bacteria. It is abundant in the host’s extracellular matrix.
Therefore, the S. pyogenes capsule was suspected to cause autoimmunity. Some
polysaccharide antigens may activate specific B cells, because their repetitive
epitopes can cross-link B-cell receptors (Vos et al. 2000). Although it remains
speculative, hyaluronic acid may be one of those polymeric antigens. In connec-
tion with a break of tolerance, which could be caused by streptococcal triggers of
inflammation such as superantigens, the clonal expansion and maturation of the
B-lymphocytes may lead to prolonged autoimmune responses against this carbo-
hydrate and maybe disease. More recent work suggests that the hyaluronic acid
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capsule binds and aggregates collagen on the streptococcal surface, evoking the
production of collagen autoantibodies (Dinkla et al. 2003). Hyaluronic acid is also
produced in high quantities by SESZ (Chong et al. 2005; Woolcock 1974), but
there is no evidence for a rheumatogenic potential of this species. The isolated
hyaluronic acid alone, either from animal tissues or from SESZ, seems not suffi-
cient to trigger disease, since it is widely used as cosmetic filler with a low risk for
immune complications.

Some of the vaccines that are currently under development are designed to
exploit the immune responses against M protein that protect humans against
reinfection with streptococci of the same or a cross-reacting M-type (Bauer et al.
2012; Dale et al. 2011; Steer et al. 2009a, b). This is complicated by severe side
effects of this streptococcal surface antigen that seem to be caused by autoim-
munity. After a vaccination trial with M protein type 3 three out of 21 human
vaccinees developed ARF or ARF-like symptoms (Massell et al. 1969). M3 is a
collagen-binding M protein (Dinkla et al. 2003).

M proteins oligomerize via long a-helical coiled-coil regions to form extended
thread-like molecules on the streptococcal surface (Fischetti et al. 1990; Phillips
et al. 1981). This structural feature is also found in several host proteins such as
a-keratin, human heart myosin, and laminin and gives rise to immunological cross-
reactivity known as molecular mimicry (Anonymous 1979; Blank et al. 2007).
This mimicry is considered as one of the triggers for the destructive immune
responses in ARF (Cunningham 2012; Guilherme and Kalil 2010). As compared to
healthy individuals, the blood of ARF/RHD patients contains higher concentra-
tions of these cross-reactive antibodies (McCormack et al. 1993). Notably, the
autoantibodies from ARF patients differ in reactivity from anti-cardiac antibodies
in postcardiotomy or heart failure patients. This may reflect that the autoimmunity
in ARF is the cause for the cardiologic symptoms, while in the other two patient
groups autoantibodies are a sequel of cardiac damage (Zabriskie 1967). Mono-
clonal antibodies derived from ARF/RHD patients were poly-reactive, binding to
M-protein, aforementioned human coiled-coil proteins, as well as GlcNAc
(Cunningham 2000). Antibodies with a similar reactivity against those human and
bacterial antigens were raised in mice by injection of S. pyogenes (Cunningham
et al. 1984; Cunningham and Russell 1983). Human and murine poly-reactive
antibodies with myosin cross-reactivity, as suggested by their cytotoxicity and
tissue localization, appear to contribute to the pathogenesis of carditis in ARF
(Cunningham 2000). Myosin cross-reactive antibodies recognize epitopes in M
proteins M5, 6, and 19 (Bronze et al. 1988; Cunningham et al. 1989; Dale and
Beachey 1985a, b, 1986). Further support for a role of molecular mimicry of M
protein in ARF is the isolation of reactive T-cell clones that cross-react between
M5 protein and cardiac myosin from myocardial and valvular lesions of RHD
patients (Fae et al. 2006). Taken together there is a considerable body of evidence
for molecular mimicry as a cause for autoimmunity that leads to ARF (Cunn-
ingham 2012; Guilherme and Kalil 2010).
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3.5 Octapeptide PARF and Its Role in ARF

Alternatively, M proteins trigger autoimmune response by a mechanism that
requires binding of collagen (Barroso et al. 2009; Dinkla et al. 2003, 2007). The
rheumatogenic M protein of type 3 (Stollerman 1969) that caused ARF and ARF-
like symptoms in vaccinees (Massell et al. 1969), binds collagens to the strepto-
coccal surface and causes their aggregation (Dinkla et al. 2003). This interaction,
which occurs with collagen of types I–IV, has been observed in different types of M
proteins including M proteins of SDSE. It depends on an (A/T/E)XYLXX(L/F)N
octapeptide motif that is located in the N-terminal type-specific part of the M
protein (Fig. 1) (Barroso et al. 2009; Dinkla et al. 2007; Reißmann et al. 2012) and
contributes to acute infections by facilitating streptococcal colonization of the ECM
(Dinkla et al. 2003; Nitsche et al. 2006). When injected into mice, M3 protein and
other collagen-binding M proteins that carry the (A/T/E)XYLXX(L/F)N motif
trigger production of anti-collagen IV antibodies. Collagen IV, as a major com-
ponent of basement membranes, is localized underneath the endothelium that lines
the heart valves. Thus, it is a potential target of the autoimmune responses that lead
to or aggravate valvular damage. These collagen autoantibodies were also found in
increased levels in ARF and RHD patients as compared to healthy individuals
(Dinkla et al. 2003, 2007). Therefore, the collagen binding octapeptide motif was
named PARF, which is the acronym for peptide associated with rheumatic fever
(Dinkla et al. 2007). The increase in collagen autoimmunity occurs early during
acute pharyngitis before the onset of ARF, which indicates that the collagen
autoimmune response is causative for the sequela rather than a consequence of the
tissue destruction in ARF and RHD (Dinkla et al. 2003) (see Fig. 1).

Fig. 1 Schematic representation of an M protein with PARF motif. The dimeric thread-like M
protein is covalently bound to the peptidoglycan of the streptococcal surface and protrudes from
the bacterium. The PARF motif (box) located in the N-terminal end of all known M proteins
confers to the streptococci a high binding capacity for collagen IV (Reißmann et al. 2012)
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Collagen autoantibodies produced in response to PARF positive collagen
binding M proteins do not cross-react with the M protein. This indicates that the
immune reactions against collagen in ARF/RHD, other than myosin-directed
autoimmunity, are not caused by molecular mimicry. The collagen-binding M
protein alters the presentation of the autoantigen in a hitherto uncharacterized way,
leading to a break of tolerance (Dinkla et al. 2003, 2007). The altered presentation
of collagen to the immune system could be caused by the interaction with strep-
tococcal M protein; the underlying principle of PARF-dependent collagen auto-
immunity may be a ‘‘conformeropathy’’ such as the Goodpastuer’s syndrome, a
collagen IV autoimmune disease that affects the lungs and kidneys (Chan et al.
2011). In Goodpasture’s syndrome a conformational change in the non-collage-
nous domain NC1 of collagen IV leads to exposure of epitopes that evokes the
production autoantibodies against the glomerular basement membrane. This causes
an autoimmune glomerulonephritis with histological features that differ from
PSGN (Chan et al. 2011; Rodriguez-Iturbe and Batsford 2007).

Globally, streptococcal emm-types that possess collagen-binding M proteins
with PARF motif have a high epidemiological relevance. Based on a world-
spanning meta-analysis of emm-typing studies (Steer et al. 2009a, b) type 3 is of
particular relevance, amounting to 7 % of the S. pyogenes isolates (Reißmann et al.
2012). Only M proteins with the PARF motif are shown to endow streptococci
with a high binding capacity for a variety of collagens, including collagen IV.
However, high affinity interaction has also been observed between M1 protein and
collagens I and VI. This potential adhesin had only low affinity for the basement
membrane collagen IV (Bober et al. 2011) and binds collagen VI via the non-
collagenous region of this connective tissue protein. This suggests principal
mechanistic differences as compared to the interaction between collagen and
PARF. Thus, it remains unexamined whether M1 and other PARF-negative col-
lagen-binding M proteins are able to trigger a collagen autoimmune response. If
they do, the epidemiological relevance of collagen-binding M proteins and col-
lagen autoimmunity in the pathogenesis of ARF and RHD may be even higher than
indicated by the previous estimates (Reißmann et al. 2012).

M protein-based vaccines generate serotype-specific immune responses that
protect the vaccinee against streptococcal infection and in spite of the ARF-like
side effects that were observed in trials with M3 proteins (Massell et al. 1969),
such vaccines are still under development (Bauer et al. 2012; Dale et al. 2011;
Steer et al. 2009a, b). Available data give rise to concerns. Vaccine antigens that
contain a PARF motif may cause autoimmune disease (Dinkla et al. 2003, 2007).
This obstacle may be overcome by well-chosen point mutations that inactivate the
collagen binding motif, but do not affect the vaccine epitopes, which induce
protective immune responses against streptococcal infection.

Continued research on the various processes and factors that cause the
destructive immune responses will not only improve our understanding of ARF
pathogenesis but may also pave the way for a safe vaccine against the causative
streptococci.
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4 On the Role of S. dysgalactiae ssp. equisimilis in Acute
Rheumatic Fever

In most if not all of the studies that determined the streptococcal subspecies in
GCGS infections in humans, SDSE was the prevalent subspecies (Broyles et al.
2009; Reißmann et al. 2010). There are conceivable indications that infection with
SDSE can cause ARF. In contrast, S. equi ssp. zooepidemicus infections are clearly
associated with PSGN (Balter et al. 2000; Barnham et al. 1983; Duca et al. 1969;
Francis et al. 1993), but not with ARF.

Early epidemiological data from the U.S. linked ARF to S. pyogenes pharyn-
gitis only (McCarty 1956; Wannamaker 1973). In many regions of the world
S. pyogenes is the predominant streptococcus in sore throat. However, in certain
geographic regions with a high prevalence of ARF and RHD, b-hemolytic strep-
tococci have an unusual epidemiology. For instance, in a study from 2006 more
than 60 % of the throat isolates from Indigenous Australians in the Northern
Territory of Australia were SDSE, exceeding the isolation rate of S. pyogenes
(McDonald et al. 2006). In 1978 about 75 % of the pharyngitis cases that occurred
in Lagos, Nigeria were caused by GCGS (Ogunbi et al. 1978). Both, in Lagos and
in the Northern Territory S. pyogenes was predominant in skin infections. This is
challenging the previous picture of the etiology of ARF. Speculations about a
contribution of S. pyogenes skin infections in causing ARF have been raised
(McDonald et al. 2004). However, experimental evidence is missing that suppu-
rative skin infections can cause autoimmunity or ARF. Another possible expla-
nation for the high prevalence of ARF and RHD in the aforementioned high
incidence regions could be an unrecognized or underestimated rheumatogenic
potential of SDSE pharyngitis. The vast majority of SDSE strains that colonize or
infect humans have M proteins like S. pyogenes. This explains why pharyngeal
SDSE isolates from a community of Indigenous Australians, evoked anti-myosin
responses in mice. Most likely, this is reflecting a rheumatogenic potential of
SDSE strains that is responsible for the high prevalence of ARF in this community
(Haidan et al. 2000).

Regionally and temporarily, rates of isolates with collagen binding M proteins
with PARF motif that trigger collagen autoimmunity exceed 10 % in different
regions of the globe both, for SDSE or S. pyogenes (Reißmann et al. 2012). More
than 10 % of clinical SDSE isolates collected in Southern India bore such colla-
gen-binding M proteins. This region is also known to suffer from a high prevalence
of ARF (Reißmann et al. 2012) as well as high rates of SDSE throat carriage and
pharyngitis (Bramhachari et al. 2010).

Despite the fact that SDSE isolates carry the factors that trigger ARF-associated
autoimmunity, the relevance of this in ARF requires further epidemiological and
experimental examination. However, for the time being, these bacteria must not be
neglected as a cause for this severe immune sequela.
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5 Outlook

Pinpointing the factors that trigger the pathogenesis of streptococcal sequelae will
contribute to the identification of the streptococci that cause these immune dis-
eases. Such an ability to detect strains with a nephritogenic or rheumatogenic
potential facilitates identification of patients who are at high risk of contracting
these immune diseases and who benefit from an intensified preventive treatment.
Moreover, our growing knowledge of the spectrum of etiological bacteria may
have a substantial impact on the design of vaccines that aim at preventing ARF.
For instance, the successful vaccine may have to protect against a broader range of
streptococci that includes SDSE. The risk of side effects is another obstacle in the
development of streptococcal vaccines. This obstacle may be overcome by
excluding streptococcal factors that induce detrimental immune reactions such as
molecular mimicry motifs or PARF from vaccine formulations. However, we
should be aware that the current knowledge of the streptococcal inducers of
immune disease maybe is not yet complete.
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Immunopathogenesis of Streptococcal
Deep Tissue Infections

Linda Johansson and Anna Norrby-Teglund

Abstract Streptococcus pyogenes is an important human pathogen that can cause a
variety of diseases in immunocompetent individuals ranging from uncomplicated
superficial infections to severe life-threatening infections including rapidly pro-
gressing deep tissue infections, such as necrotizing fasciitis (NF) and severe cel-
lulitis. The pathogenesis of these infections is complex and multifactorial involving
numerous virulence factors expressed by the bacteria. Here, we review data from
epidemiologic, pathogenomic, and pathogenesis studies that have provided insight
into the host–pathogen interactions that contribute to S. pyogenes tissue infections.
The role of tissue-specific streptococcal types, intracellular bacterial persistence,
and other immune evasion strategies resulting in massive bacterial load at the tissue
site, as well as virulence factors contributing to a local hyperinflammatory response
are highlighted. A particular focus is on in vivo findings in patients that provide
insight into host and bacterial factors that are expressed at the infected tissue site,
and the mechanisms underlying tissue pathology.
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1 Streptococcus pyogenes Soft Tissue Infections

Streptococcus species, most frequently Streptococcus pyogenes but also group B, C,
and G streptococci, are common causes of skin and soft tissue infections (Tognetti
et al. 2012; Wong et al. 2003). The infections vary in their location and severity from
superficial uncomplicated infections, i.e., impetigo and erysipelas, to fulminant deep
tissue infections such as NF and pyomyositis. The former are frequent conditions that
typically respond well to antibiotic therapy whereas the latter are rare infections that
are associated with substantial morbidity and mortality (Bisno and Stevens 1996).

Several prospective population-based studies of invasive streptococcal infec-
tions have reported skin and soft tissue as the dominating foci of infection (Davies
et al. 1996; Lamagni et al. 2008; Moses et al. 2002). In a joint European sur-
veillance study, Strep-Euro, over 5,000 cases of invasive S. pyogenes were iden-
tified in 11 European countries (Lamagni et al. 2008). In this patient cohort, skin
lesions/wounds were the most common predisposing factor, reported in 25 % of
cases; and skin and soft tissue were the most common foci of infection, with 32 %
of patients having cellulitis and 8 % NF.

A prospective population-based surveillance of NF caused by S. pyogenes was
conducted in Canada during 1991–1997 (Kaul et al. 1997). Among the 77 NF
patients identified, 46 % were bacteremic and 47 % developed streptococcal toxic
shock syndrome. The overall case fatality rate was 36 % and outcome was associ-
ated with increasing age, presence of hypotension, and bacteremia. NF patients who
also developed streptococcal toxic shock syndrome had a mortality of 67 % as
compared to 4.9 % in patients who did not. Common risk factors of NF are blunt
trauma and varicella infections (Kaul et al. 1997; Stevens et al. 1989). A case-control
study confirmed that NF cases were sixfold more likely to have had a recent blunt
trauma as compared to controls (Nuwayhid et al. 2007). In a murine model of
myonecrosis, muscle injury was found to be associated with enhanced bacterial
colonization at the site of injury and more severe tissue pathology (Bryant et al.
2006). Also increased vimentin expression was evident on injured muscle cells, and
the authors proposed that vimentin may tether circulating bacteria from the circu-
lation thereby providing a molecular basis for the association with blunt trauma and
streptococcal severe tissue infections. This is an interesting model considering that
approximately half of all S. pyogenes NF or pyomyositis cases have no known portal
of entry; yet, for unknown reasons, infection becomes established at the site of a
prior, nonpenetrating minor trauma, such as a muscle strain.

Among children, the most significant risk factor is varicella, which was
reported to be associated with a 58-fold increased risk of acquisition of invasive
S. pyogenes infections (Laupland et al. 2000). This seems to be particularly
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relevant for NF, as several studies have shown higher NF rates in children with
preceding varicella infections (Imöhl et al. 2011; Laupland et al. 2000; Minodier
et al. 2009; Patel et al. 2004). The underlying mechanisms to this association
remains unknown, but it has been proposed that the full-thickness skin lesion of
chickenpox may serve as a portal of entry for the organism or that the viral
infections cause a transient immunologic derangement that predisposes to sec-
ondary bacterial infection (Stevens 1992).

2 Tissue-Specific S. pyogenes Strains

The throat and skin of the human host are the principal reservoirs for S. pyogenes,
and asymptomatic carriage is generally noted in 2–5 % of the population. It has
long been recognized that tissue-specific subpopulations of S. pyogenes exist
(Wannamaker 1970), and epidemiologic studies identified defined genetic markers
within the emm genes that distinguished between many isolates derived from the
throat or skin (Bessen et al. 1996). Five basic emm chromosomal patterns
(A through E) were identified, and whereas the isolates of emm pattern A–C were
disproportionately associated with the nasopharynx, emm pattern D isolates were
most often isolated from skin and impetigo lesions (Bessen et al. 1996). Organisms
of a third pattern group, emm pattern E, were found at both tissue sites.

Similarly, certain S. pyogenes emm types are over-represented in specific disease
manifestations. Since the late 1980s, there are numerous reports of the M1 and M3
strains causing large outbreaks of invasive S. pyogenes infections, including both
streptococcal toxic shock syndrome and NF (reviewed in (Aziz and Kotb 2008;
Cunningham 2000; Olsen and Musser 2010)). However, it is important to note that this
association is far from exclusive, and also other types are significant causes of these
severe invasive manifestations (Luca-Harari et al. 2009; Tyrrell et al. 2010). This was
clearly shown in a recent European wide surveillance study that identified 5,521 cases
with invasive S. pyogenes isolates (Strep-Euro), in which 50 % of the STSS cases and
55 % of the NF cases were caused by types other than emm1 or emm3 (Luca-Harari
et al. 2009). Another recent example is the report of emm59 that went from being an
extremely rare serotype to the most common type causing invasive infections in
Canada, with a predominance of severe tissue infections (Tyrrell et al. 2010).

Pathogenomic studies of streptococcal epidemics have revealed new insights in
the molecular pathogenesis of these infections, including basis for tissue-speci-
ficity and hypervirulence as reviewed in the literature (Musser and Shelbourne
2009). Of particular interest to this review, is the full genome dissection of the
Canadian emm59 epidemic clone (Fittipaldi et al. 2012). The analyses revealed
that it was genetically distinct from other emm59 S. pyogenes strains, either his-
toric strains or strains causing sporadic infections in other countries (Fittipaldi
et al. 2012). Furthermore, the epidemic emm59 strain was found to be significantly
more virulent in experimental models of invasive skin infection and NF as com-
pared to historic emm59 strains (Fittipaldi et al. 2012).

Immunopathogenesis of Streptococcal Deep Tissue Infections 175



Also highly relevant are findings in emm3 strains in which a naturally occurring
single-nucleotide mutation in the mtsR gene was epidemiologically associated
with significantly decreased number of human NF cases (Beres et al. 2006; Olsen
et al. 2010). The mutation results in a stop codon and premature termination of the
translation of MtsR, which alters a multiple gene virulence axis and results in
increased expression of PrsA. This in turn leads to reduced activity of the cysteine
protease SpeB and attenuated NF capacity. Isogenic mutant strains that overex-
press prsA or lack speB had decreased secreted protease activity in vivo and
recapitulated the NF-negative phenotype of the DeltamtsR mutant strain in mice
and monkeys. In addition, strains with this mtsR mutation caused normal levels of
other human invasive infection (Olsen et al. 2010).

3 Massive S. pyogenes Load and Intracellular Persistence
at the Tissue Site

NF is characterized by widespread host-tissue destruction arising from the action of
bacterial products as well as activated host immune cells. In fact, these infected areas
are burdened with bacteria. In an analysis based on snap-frozen biopsies from tissue
samples collected from patients with NF or severe cellulitis caused by S. pyogenes of
varying serotypes, Thulin et al. (2006) revealed that viable S. pyogenes were readily
detectable in tissue collected from the epicenter of infection as well as in distal,
seemingly unaffected, tissue. In situ imaging demonstrated that the bacterial load was
significantly associated with severity of soft tissue inflammation, with over 70 % of
the tissue from severely involved areas having high bacterial load whereas distal
tissue commonly had low bacterial load (Fig. 1a). Of clinical concern was the finding
that viable bacteria were detected even in biopsies collected as late as up to 20 days
after diagnosis of infection and initiation of intravenous antibiotic (i.e. a b-lactam in
combination with clindamycin) (Fig. 1a). Thus, indicating an antibiotic eradication
failure at the tissue site of infection.

Streptococcus pyogenes is classically known as an extracellular pathogen;
however, intracellular bacteria have been found in phagocytic cells in infected tissue
from patients with NF or severe cellulitis (Fig. 1b) (Thulin et al. 2006). Taken
together with the persistent bacterial source at the tissue site, it was proposed that
intracellular persistence may represent a mechanism by which the bacteria can avoid
antibiotic clearance in infected soft tissue. This has previously been suggested in
recurrent tonsillitis where intracellular cocci were identified in human tonsillar
epithelium (Osterlund et al. 1997). Several different cell types have been shown to
harbor intracellular S. pyogenes in in vitro cell cultures, including epithelial cells
(LaPenta et al. 1994; Rohde et al. 2003) and neutrophils (Medina et al. 2003; Staali
et al. 2003). Analyses of patient tissue biopsies implicated macrophages as the
predominant host cell in infected soft tissue, although some neutrophils that har-
bored S. pyogenes could also be detected (Thulin et al. 2006). Interestingly, while the
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extracellular streptococci dominated in biopsies collected from highly inflamed
epicenter areas with severe tissue pathology, the intracellular localization was most
established in the noninflamed parts of the infected tissue. Not only do the bacteria
persist within human macrophages but there is also evidence of an intracellular
replication (Hertzén et al. 2010). Moreover, after a prolonged time inside the
macrophage the bacteria egress from the cell and are now capable of reinfecting new
nearby located phagocytic cells, thereby creating a vicious cycle that results in a
massive bacterial reservoir at the tissue site that contributes to continued infection
and tissue injury (Fig. 1c) (Hertzén et al. 2010).

4 Host and Bacterial Factors Contributing
to Inflammation and Tissue Pathology

In studies of patients with S. pyogenes sepsis and toxic shock syndrome, there is
convincing evidence that the proinflammatory cytokine response in circulation is
strongly linked to systemic severity (Kotb et al. 2002; Norrby-Teglund et al.
2000). This is influenced by host immunogenetic variations in the HLA class II
locus that determines the cytokine response to streptococcal superantigens (Kotb
et al. 2002; Nooh et al. 2011). Presentation of superantigens by the risk HLA class
II haplotypes augmented T cell proliferation whereas the response was attenuated
with the protective HLA class II haplotype. In addition, the risk haplotype resulted
in a polarization toward a proinflammatory profile, whereas the protective HLA
types in higher ratios of anti- to proinflammatory cytokines (Kotb et al. 2002;
Nooh et al. 2011).

Fig. 1 Massive bacterial burden in tissue biopsies from patients with Streptococcus pyogenes
infection. a Bacteria were detected by immunohistochemical staining of cryosections of tissue
biopsies collected from patients with NF or cellulitis caused by S. pyogenes. Percentage of
biopsies with low or high bacterial load defined by their in situ imaging value, in groups of
noninflamed distal tissue or severely involved epicenter tissue. Original data have previously
been presented (Thulin et al. 2006). b and c show transmission electron microscopy images of
human monocyte derived macrophages infected with a clinical M1T1 isolate after one 1- and 6-h
postinfection (Images: Dr. Matthias Mörgelin, Sweden). The arrow indicates bacteria residing in
intracellular vacuoles
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A similar association between excessive inflammation and disease severity has
been reported at the tissue site of infection in patients with severe soft tissue
S. pyogenes infections (Johansson et al. 2009, 2008; Norrby-Teglund et al. 2001).
In these studies, direct assessment of inflammatory responses at the tissue site was
achieved by microscopical analyses of patient tissue biopsies, which revealed
massive cell infiltrates consisting of predominantly macrophages, neutrophils, and
T cells, as well as high levels of proinflammatory cytokines including IL-1, IL-6,
IL-8, TNFa, TNFb and IFNc (Fig. 2). The cytokine profile at the tissue site was
characterized by increasing levels of IL-1 and significantly higher frequencies of
TNFb and INFc, i.e., Th1 cytokines, producing cells in biopsies with more severe
tissue infection. As the Th1 cytokines are hallmark cytokines of a superantigen
response, the cytokine profile at the tissue site resembled that of a typical super-
antigen response (Andersson et al. 1992; Norrby-Teglund et al. 1997). This finding
together with the detection of the superantigen SpeF provided strong support for
the direct action of superantigens at the tissue site (Norrby-Teglund et al. 2001).

Also SpeB has been emphasized as a critical virulence factors in S. pyogenes
infections, particularly with tissue focus of infections. This protein has multiple
functions, mainly as a proteinase that modulates several host defense systems
including the cytokine, kallikrein-kinin, coagulation, and complement system.
Known substrates of SpeB include, among others, IL1b-precursor (IL1b conver-
tase) (Kapur et al. 1993a), metalloproteases (Burns et al. 1996), the extracellular

Fig. 2 Illustration of immunostainings for bacterial and host factors in cryosections of epicenter
tissue of infected patients. The large image shows a photo of the tissue lesion in a patient with
necrotizing fasciitis in the arm, note the extensive areas of necrosis (Photo: Dr. Pontus Thulin,
Sweden). The small images show immunostainings of indicated host and bacterial factors in
cryosections of severely involved tissue. Strep, Streptococcus pyogenes; Macro, macrophages;
PMN, neutrophils; HBP, heparin-binding protein
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matrix proteins vitronectin and fibronectin (Kapur et al. 1993b), and kininogens
(Herwald et al. 1996). This results in enhanced inflammation and increased
vascular permeability through generation of bioactive proinflammatory IL1b and
TNFa, as well as release of kinins. SpeB not only interacts with human proteins
but it also modulates a number of streptococcal virulence factors, such as degra-
dation of superantigens, streptokinase, and DNases, or by releasing cell wall-
attached factors such as M-protein, which results in attenuation of virulence,
reviewed in the literature (Nelson et al. 2011).

SpeB can thus affect bacterial virulence in opposing ways, and it has been
proposed that these proteolytic events differ temporally and spatially during distinct
stages of infections (Rasmussen and Bjorck 2002). The importance of SpeB to the
streptococcus is underscored by its tightly regulated expression involving many
different layers of control, reviewed in Ref. (Carroll and Musser 2011). The impact
on bacterial virulence is illustrated by the findings that loss of SpeB is strongly
associated with facilitated bacterial transmission and systemic infection due to
enhanced resistance to neutrophil killing through the action of DNases (further
discussed below) (Cole et al. 2006; Walker et al. 2007), as well as through accu-
mulation of surface plasmin activity that triggers systemic spread (Cole et al. 2006).
On the other hand, lack of protective acute-phase antibodies against SpeB was
identified as a risk factor for development of invasive S. pyogenes infections,
indicating an important role in these infections (Basma et al. 1999; Norrby-Teglund
et al. 1994). Furthermore, SpeB was shown to be highly expressed in vivo in snap-
frozen tissue biopsies of patients with NF or erysipelas with the highest expression
found in severely involved tissue with a combination of intra- and extracellular
bacteria and dense cell infiltration (Thulin et al. 2006). In addition, SpeB has been
shown in numerous experimental models to contribute to severe tissue injury and to
be required for the bacteria to cause NF (Kapur et al. 1994; Kuo et al. 1998; Olsen
et al. 2010; Svensson et al. 2000).

Another factor that has emerged as a proinflammatory molecule is the M-protein,
classically known as an anti-phagocytic factor on the cell surface of the bacteria, but
lately recognized as a multifunctional immune activator (Herwald et al. 2004;
Påhlman et al. 2006, 2007). Herwald et al. (2004) demonstrated that soluble
M-protein, resulting from either the action of SpeB or host proteases, forms com-
plexes with fibrinogen. These complexes bind to b2-integrins on neutrophils hep-
arin-binding protein, which results in activation and release of massive amounts of
the granule protein, which in murine models were directly responsible for induction
of vascular leakage and acute lung damage (Herwald et al. 2004; Kahn et al. 2008;
Soehnlein et al. 2008). Soluble M1-protein and M1-protein/fibrinogen complexes
could also be demonstrated in patient biopsies (Herwald et al. 2004; Kahn et al.
2008; Soehnlein et al. 2008), where neutrophils represent one the dominant cell
populations and the degree of infiltration correlate with severity of tissue infection
(Thulin et al. 2006). The potential pathophysiological significance of these com-
plexes generated during infection was further substantiated by the presence of
neutrophil effector proteins at the infected tissue site, including heparin-binding
protein, IL-8, resistin, and LL-37, all of which are likely to contribute to the
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hyperinflammatory state that characterizes these infections (Fig. 2) (Herwald et al.
2004; Johansson et al. 2009, 2008; Norrby-Teglund et al. 2001).

The cytolytic toxin streptolysin S (SLS) is yet another streptococcal factor
which has been implicated in the pathogenesis of NF (Ginsburg 1999). This was
highlighted in a paper of Humar et al. (2002), who reported on three patients with
severe necrotizing soft tissue infections due to b-haemolytic group G strepto-
coccus. In this paper, they used targeted mutagenesis of the putative SLS structural
gene sagA in group G streptococcus as well as S. pyogenes, which eliminated
b-haemolytic activity. Whereas subcutaneous infection with wildtype S. pyogenes
or group G streptococcus in mice resulted in inflammatory lesions with high
bacterial counts, marked neutrophil infiltration, and histopathological evidence of
diffuse tissue necrosis, such changes were not evident in mice infected with the
isogenic SLS-negative mutants.

5 Immune Evasion Strategies of S. pyogenes

Phagocytic cells and antimicrobial peptides have a pivotal role in bacterial
clearance at the site of infection. However, the invading S. pyogenes is equipped
with an impressive array of products that by various mechanisms counteract the
host immune defense; thereby promoting bacterial escape from immune clearance
and efficient infection of the host (Table 1). As illustrated in Table 1, there is a
striking redundancy with many bacterial factors affecting the same defense
mechanisms. M-proteins are, as mentioned above, primary streptococcal virulence
determinants that possess anti-phagocytic activities. This effect is achieved via
interference with the complement system and inhibitory regulators of the com-
plement system (reviewed in Refs. (Metzgar and Zampolli 2011; Smeesters et al.
2010)). On the other hand, M1 protein has been shown to play an important role in
prevention of phagolysosomal maturation in both human macrophages and neu-
trophils, thereby promoting intracellular persistence (Hertzén et al. 2010; Staali
et al. 2006). Thus, M-protein has two completely different mechanisms by which it
impairs the ability of phagocytic cells to clear the bacterial infections. On one
hand, it aids the bacteria to avoid phagocytosis and on the other, it modulates the
phagocyte into a hospitable host in which bacterial persistence and replication can
take place (Fig. 3).

Antimicrobial peptides are essential components of the innate immune defense
through their ability to eliminate microorganisms by disruption of their cell
membranes (Cederlund et al. 2011). The two main classes in humans are cath-
elicidins (LL-37) and defensins (a-defensin and b-defensin), both important in
controlling bacterial infections. However, many bacterial pathogens have evolved
mechanisms to counteract these peptides (Schmidtchen et al. 2002). S. pyogenes
secretes at least two factors capable of inactivating LL-37 and defensins in vitro,
namely, SpeB (Schmidtchen et al. 2002) and the streptococcal inhibitor of com-
plement (SIC) (Frick et al. 2003) (Table 1). As mentioned above, due to the many
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different functions of SpeB including cleavage of its own virulence factors, its
expression is tightly controlled. One sophisticated regulatory mechanism is exerted
at the bacterial surface (Rasmussen et al. 1999). This is achieved through
expression of the surface-attached G-related a2-macroglobulin binding (GRAB)
protein, which binds a2-macroglobulin, a major protease inhibitor of human
plasma. Once secreted, SpeB becomes entrapped in the GRAB/a2-macroglobulin
cage were it remains proteolytically active against LL-37, thereby achieving an
accumulation of active SpeB around the bacteria (Nyberg et al. 2004) (Fig. 3).

The cathelicidin LL-37 has been ascribed a central role in protection against
murine necrotic skin infections caused by S. pyogenes (Nizet et al. 2001). Sub-
sequent studies in S. pyogenes infected soft tissue biopsies from patients revealed
that the active form of LL-37 was highly expressed in the infected tissue and in
fact showed a strong positive correlation to bacterial load (Johansson et al. 2008).
However, despite LL-37 being present at the tissue site, the high bacterial load and
the fact that there are viable bacteria in the tissue during a prolonged time, suggest
a lack of significant antimicrobial effect of LL-37 in these patients (Johansson
et al. 2008; Thulin et al. 2006). An explanation to this lack of antimicrobial
activity was provided by the finding that coccus-like structures positive for both
GRAB and SpeB are present in the patient tissue, indicating that this regulation
occurs in vivo (Johansson et al. 2008). Recently, another interesting finding

Table 1 Immune evasion strategies of Streptococcus pyogenes

Immune evasion Main virulence factors involved

Resistance to phagocytosis Hyaluronic acid capsule
M-protein
M-like-protein

Intracellular persistence in macrophages M1 protein
Intracellular persistence in neutrophils M-protein
Degradation of NETs Sda1

SpnA
Inhibition of AMP M1 protein

SIC
SpeB

Cleavage of IgG Endo S
Mac/IdeS
SpeB

Inactivation of complement C5a peptidase (ScpA)
SpeB

Degradation of IL-8 SpyCEP (ScpC)

AMP, antimicrobial peptides; Endo S, endoglycosidase S; IdeS, IgG-degrading enzyme of
S. pyogenes; NETs, neutrophilic extracellular traps; ScpA, streptococcal C5a peptidase; ScpC/
SpyCEP, streptococcal cell envelope serine proteinase; Sda1, extracellular streptodornase D; SIC,
streptococcal inhibitor of complement; SpeB, streptococcal pyrogenic exotoxin B; SpnA,
Streptococcus pyogenes nuclease
The table is based on the following reviews and original papers (Chang et al. 2011; Cole et al.
2011; Collin and Olsén 2001; Cunningham 2000; Hertzén et al. 2010; Johansson et al. 2010;
Metzgar and Zampolli 2011)
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regarding LL-37 was reported demonstrating that subinhibitory concentrations of
LL-37 activates the expression of several CsrRS(CovRS) controlled streptococcal
virulence factors including the capsule operon, mac/IdeS(Mac/IgG protease),
spyCEP (IL-8 protease), ska (streptokinase), slo (streptolysin O), nga (NAD-gly-
cohydrolase), speA (pyrogenic exotoxin A) and sda1 (DNase) (Gryllos et al. 2008;
Tran-Winkler et al. 2011). Moreover, expression of several genes was also down-
regulated by the presence of LL-37. These genes included metB (putative cysta-
thionine b-lyase), Spy1414 (putative cation (potassium) transport protein), grab
(protein G-related a2-macroglobulin protein) and speB (cysteine protease). All

Fig. 3 Schematic model of host–pathogen interactions at the tissue site of infection during
severe Streptococcus pyogenes deep tissue infections. S. pyogenes have evolved several immune
evasion mechanisms that contribute to the bacterial persistence that characterizes severely
involved tissue infections. Immune evasion strategies include 1 proteolytic degradation of host
immune effector mediators including LL-37, immunoglobulins; 2 intracellular persistence and
replication within phagocytic cells predominantly macrophages; 3 protection against antimicro-
bial peptides by SpeB entrapped in GRAB/a-2 macroglobulin (a2 m) complexes on the bacterial
surface; and 4 degradation of neutrophil extracellular traps (NETs) by bacterial DNases such as
streptodornase A. Dissemination of infection and tissue injury is contributed by proteolytic
events, such as SpeB-mediated degradation of extracellular matrix (ECM) proteins, as well as
induction of excessive inflammatory responses mediated largely by superantigens (SAg) and
soluble M1 protein (sM1) that activate T cells, antigen presenting cells (APC) and neutrophils.
This activation results in release of pathologic levels of proinflammatory mediators as well as
mediators affecting vascular leakage, in particular neutrophil-derived heparin-binding protein
(HBP). The figure is modified based on the literature (Johansson et al. 2010)
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together, these changes in gene expression promote the conversion of the bacteria
from a colonizing to an invasive phenotype with increased resistance to killing by
phagocytes in response to sensing LL-37 in its surrounding environment.

Neutrophils are one of the dominant phagocytic cell populations found in tissue
from patients with S. pyogenes infection, and degree of infiltration is associated
with bacterial burden (Thulin et al. 2006). One recently described mechanism used
by neutrophils to eliminate bacteria is the formation of neutrophil extracellular
traps (NETs) (Brinkmann et al. 2004). NETs are actively released from neutrophils
through a cell death process called NETosis (Fuchs et al. 2007) and consist of
extracellular chromatin fibers covered with histones and granule-derived antimi-
crobial peptides and enzymes such as neutrophil elastase, cathepsin G, myelo-
peroxidase (MPO) and LL-37 (Brinkmann et al. 2004). This web-like DNA
structure entraps and kills pathogenic bacteria through the high local concentration
of the antimicrobial components present in the NETs. However, S. pyogenes are
capable of producing DNases, such as Sda1 and SpnA, that have been shown to
degrade the DNA backbone in vitro and in mouse models and thereby the bacteria
avoids being trapped within these NET formations (Buchanan et al. 2006; Chang
et al. 2011). DNases (i.e., SpeF) has been detected in S. pyogenes infected tissue
biopsies, but analyses have not included relation to presence or absence of NETs
(Norrby-Teglund et al. 2001).

6 Conclusion

The pathogenesis of NF caused by S. pyogenes is multifactorial and involves a
plethora of different bacterial virulence factors and host mediators (Fig. 3). The
data demonstrate that these infections are hyperinflammatory conditions charac-
terized by massive bacterial load and infiltration of inflammatory cells including
neutrophils, macrophages, and T cells. Various immune evasion mechanisms,
including resistance to antimicrobial peptides and intracellular bacterial replication,
contribute to a persisting bacterial reservoir at the tissue site which is not efficiently
cleared despite prolonged intravenous antibiotic treatment. As a result, there is a
continuous production of exotoxins, proteases, and cytotoxic bacterial factors that
mediate a pathologic inflammatory response and tissue injury at the local infection
site. The high mortality and morbidity associated with these infections underscore
the need for introduction of improved therapeutic strategies targeting the intra-
cellular bacterial reservoir and dampening the hyperinflammatory state.
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Modulation of the Coagulation System
During Severe Streptococcal Disease

Oonagh Shannon, Heiko Herwald and Sonja Oehmcke

Abstract Haemostasis is maintained by a tightly regulated coagulation system
that comprises platelets, procoagulant proteins, and anticoagulant proteins. During
the local and systemic response to bacterial infection, the coagulation system
becomes activated, and contributes to the pathophysiological response to infection.
The significant human pathogen, Streptococcus pyogenes has multiple strategies to
modulate coagulation. This can range from systemic activation of the intrinsic and
extrinsic pathway of coagulation to local stimulation of fibrinolysis. Such diverse
effects on this host system imply a finely tuned host–bacteria interaction. The
molecular mechanisms that underlie this modulation of the coagulation system are
discussed in this review.
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1 Introduction

Haemostasis is the process that maintains the integrity of the circulatory system.
Resting platelets patrol the vasculature and become activated in response to
endothelial damage and exposure to subendothelial matrix components. Adhesion
and activation allows firm binding between platelets to occur, resulting in the
formation of platelet thrombi. The proteins of the coagulation cascade are con-
comitantly activated and the platelet plug is stabilised by the generation of fibrin.
The coagulation cascade can be broken down into an extrinsic (tissue factor dri-
ven) and intrinsic pathway (contact activation). Both arms are triggered by limited
proteolysis and are amplified, like most other protease-driven effector systems, in a
snowball-like manner to generate active thrombin, which initiates formation of a
fibrin network (Furie and Furie 1988). Traditionally, it was believed that the
coagulation cascade was entirely regulated by acellular components and lacked the
involvement of cellular surfaces. However, it is now clear that coagulation is more
complex and can be divided into three parts, initiation, amplification and propa-
gation (Smith 2009), of which the amplification step involves the presence of
platelets (Hoffman 2003). Activation of the coagulation cascade can also amplify
platelet activation since the thrombin generated is also a potent platelet agonist.
Both the extrinsic and intrinsic pathways have important functions in clot induc-
tion and stabilisation. While clotting is triggered by the exposure of tissue factor,
activation of the contact system helps to stabilise the formed clot and also triggers
inflammatory reactions via the release of kinins (Oehmcke and Herwald 2010;
Renné 2012). As is the case for all protease-driven cascades, the coagulation
system is tightly regulated. The anticoagulant fibrinolytic system is initiated when
plasminogen is converted to the active protease plasmin, which degrades the fibrin
clot. Furthermore, negative feedback systems of anticoagulation, such as the
Activated Protein C pathway, are initiated simultaneously with activation of
coagulation. The maintenance of haemostasis and avoidance of pathological
thrombosis are highly dependent on maintaining the balance between these pro-
and anticoagulant systems.
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2 Crosstalk Between Coagulation and Inflammation

The close links between innate immunity and coagulation are exemplified by the
host defence systems of the horseshoe crab. These ancient invertebrates have
developed a defence system that relies on one cellular component, the hemocyte
which functions as both platelet and phagocyte. In response to bacterial products,
the hemocyte releases a cascade of proteins that generate a clot, wherein bacteria
are sequestered and prevented from spreading systemically. During vertebrate
evolution, the systems of inflammation and coagulation have diverged; however,
there remains considerable crosstalk between the two systems in humans (Opal
and Esmon 2003). Activated platelets release procoagulant factors, growth factors
and proinflammatory factors including cytokines and chemokines (Semple et al.
2011). Platelets also adhere to and modulate the function of endothelial cells and
leucocytes, promoting adherence and activation (Smyth et al. 2009). Activation of
the coagulation cascade also plays a fundamental role in sequestering bacteria and
limits invasiveness of the pathogen (van der Poll et al. 2011; Loof et al. 2011b).

3 Severe Infectious Disease

The inflammatory response and the coagulation system are simultaneously acti-
vated during the response to infection. The systemic activation of the coagulation
system in infectious diseases constitutes a serious health threat and is associated
with high morbidity and mortality rates (de Jong et al. 2010). In the pathology of
severe infectious diseases, there seems to be a common theme of exaggerated
activation of host defence by microorganisms, which contributes to the patho-
genesis of infection. Bacterial superantigens are perhaps a classic example,
whereby a massive cytokine storm and pathologic immune reactions are generated
by the bacterial toxin (Brosnahan and Schlievert 2011). The pathophysiology of
coagulation abnormalities in severe infectious diseases, such as sepsis or septic
shock, is complex and often follows the same principles i.e., pathologic induction
of pro- and anti-inflammatory reactions, systemic activation of coagulation, down-
regulation of anticoagulant pathways and impaired fibrinolysis (Semeraro et al.
2012). Both coagulation and anticoagulation systems have been shown to be
activated in septic patients (Lorente et al. 1993; Mavrommatis et al. 2000). This
may lead to the formation of circulating microthrombi that can target organs,
followed by a consumption of clotting factors and platelets. The latter bears the
risk of additional complications such as secondary severe bleeding. In particular,
the level of thrombocytopenia present has been reported to correlate with the
severity of infection (Gawaz et al. 1997; Vandijck et al. 2010). Due to the rapid
progression of the disease, the early recognition of patients with severe infectious
diseases is of great importance, and for every hour that proper treatment is
delayed, the mortality increases by 7.5 % (Kumar et al. 2006).
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Streptococcus pyogenes is an important causative agent of severe infectious
disease, which can manifest as Streptococcal Toxic Shock Syndrome (STSS) or
necrotising fasciitis. The portal of entry is often the skin and the bacteria invade
from this site to cause bacteraemia, which may escalate to sepsis or STSS. The
mortality rates remain high despite adequate antibiotic treatment and modern
intensive care (Lamagni et al. 2008). The streptococcal surface is surrounded by
M proteins that contribute to multiple aspects of bacterial virulence (for a review
see (Oehmcke et al. 2010). S. pyogenes can be classified into different serotypes
based on variations in M protein, and certain serotypes, including the M1 and M3
serotype, are more frequently isolated from patients with invasive disease. Sepsis
and invasive S. pyogenes infection are often associated with coagulopathy. His-
topathological studies of soft tissue from patients suffering from necrotising fas-
ciitis revealed thrombosis and infarction of the tissue, and the amount of
thrombosis was higher in acute cases as compared with subacute cases (Barker
et al. 1987). In a mouse model of invasive S. pyogenes soft tissue infection, the
vessels of the subcutaneous tissue were reported to be thrombosed and infarcted
(Ashbaugh et al. 1998). Coagulopathy has also been observed in a baboon model
of invasive S. pyogenes infection (Taylor et al. 1999).

4 Platelet Activation

As early as 1971, it was reported that platelets become activated in response to
bacteria, and S. pyogenes was one of the bacteria investigated (Clawsson and
White 1971). Almost ten years later, Kurpiewski and colleagues also demonstrated
that S. pyogenes can stimulate platelet aggregation (Kurpiewski et al. 1983). The
molecular mechanisms involved were not described until 2002 (Sjöbring et al.
2002). In this study, S. pyogenes bacteria were shown to bind plasma fibrinogen
via the M protein and adhere to the fibrinogen receptor GPIIb/IIIa on platelets.
Platelet activation occurs when specific IgG antibodies against the bacteria are also
present and engage the platelet Fc receptor for IgG (Sjöbring et al. 2002). This is in
agreement with the mechanism of platelet activation described for other significant
gram-positive pathogens, including various species of streptococci and Staphylo-
coccus aureus (Cox et al. 2011). Functional S. pyogenes M1 protein can be
released from the bacterial surface (Berge and Björck 1995; Herwald et al. 2004).
In 2007, soluble M1 protein was demonstrated to be a powerful platelet agonist
(Shannon et al. 2007). The authors demonstrated that M1 protein forms complexes
with fibrinogen and anti-M1 IgG, which mediate platelet activation. An interin-
dividual variation in the ability of platelets to become activated in response to
M1 protein was observed and this was correlated to the level of anti-M1 IgG
present in the individual’s plasma. This implies that certain individuals may have a
higher risk of developing platelet-mediated coagulopathy in response to S. pyog-
enes, and it can be speculated that this may contribute to the significant interin-
dividual host susceptibility to S. pyogenes infection.
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Platelets activated by M1 protein also form complexes with neutrophils and
monocytes, resulting in the activation of both cell types (Shannon et al. 2007).
A crucial element in the genesis of coagulopathy in sepsis is the generation of
tissue factor. The activation of platelets by M1 protein stimulated tissue factor
expression on platelet–monocyte aggregates (Shannon et al. 2007). This provides
an important positive feedback to thrombin generation, activation of coagulation
and further platelet activation. Streptolysin O, secreted by S. pyogenes, has also
been reported to stimulate the leucoctye–platelet complex formation (Bryant et al.
2005). Platelet thrombi and platelet–leukocyte complexes may occlude the
microvasculature, contributing to the vascular dysfunction and organ damage that
is a hallmark of STSS. Interestingly, platelet–neutrophil complexes have been
detected in the bloodstream of septic patients and their levels decreased in severe
sepsis associated with organ failure (Gawaz et al. 1997). Aggregated platelets that
co-localised with S. pyogenes and M1 protein were detected at the epicentre of
infection in patients with severe soft tissue infections caused by S. pyogenes M1
isolates (Shannon et al. 2007), supporting the hypothesis that M1 protein-induced
platelet activation occurred in vivo. A recent study has shown that bacteria isolated
from patients presenting with gram-positive bacteraemia will activate platelets
from the infected individual, ex vivo, implying that bacteria-mediated activation
may occur during infection (Johansson et al. 2011). Interestingly, the beta hae-
molytic streptococci were among the most potent platelet activators in this study.

5 Systemic Activation of Coagulation

S. pyogenes has evolved a variety of strategies to cause systemic activation of
coagulation. In 2003, Bryant and colleagues reported that heat-killed Streptococci
of serotype M1 and M3 trigger tissue factor mediated procoagulant activity in
human endothelial cells and monocytes (Bryant et al. 2003). Four years later,
Påhlman and colleagues reported that tissue factor expression on monocytes is
induced by M proteins (Påhlman et al. 2007). M proteins also evoke the release of
proinflammatory cytokines from monocytes by binding to toll-like receptor 2
(Påhlman et al. 2006). It is therefore tempting to speculate that M protein triggered
tissue factor expression is also mediated by toll-like receptors.

The interaction between streptococci and the intrinsic pathway was first
described in 1991 by de la Cadena et al. (1991). In this study, the injection of cell
wall peptidoglycan–polysaccharide polymers from group A streptococci into rats
produced a syndrome of relapsing polyarthritis and anaemia. These complications
were combined with a depletion of contact factors which led the authors to con-
clude that contact activation is involved in the pathogenesis of inflammatory
processes in infectious diseases (de la Cadena et al. 1991). Nine years later,
Sriskandan and colleagues employed a murine model of streptococcal necrotizing
fasciitis and reported that infected animals exhibited increased clotting times of the
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intrinsic pathway of coagulation and depletion of contact factors (Sriskandan et al.
2000). However, no bleeding abnormalities were seen in these animals.

A completely novel mode of coagulation activation was recently described for
S. pyogenes (Oehmcke et al. 2012). In this study, it was found that soluble
M protein triggers the release of procoagulant microparticles from monocytes,
which induce both pathways of coagulation. The extrinsic pathway is induced by
up-regulation of tissue factor on the microparticle surface, and the intrinsic
pathway by translocation of phosphatidylserine to the outer leaflet, facilitating
docking of contact factors. Further analyses revealed that both pathways are
required to induce clotting (extrinsic pathway) and stabilisation of the formed clot
(intrinsic pathway) (Oehmcke et al. 2012).

6 Release of Kinins

In addition to its procoagulant activity, induction of the contact system leads to the
generation of small proinflammatory peptides also known as kinins (Renné 2012).
Although the half-life of kinins in the circulation is extremely short (\20 s),
pathologically high kinin levels can be measured in septic patients (Mattsson et al.
2001) suggesting an important role for these peptides in severe infectious diseases.
The binding of contact factors to Streptococci was first reported in 1995 (Ben Nasr
et al. 1995). The assembly and activation of contact factors at the surface of group
A streptococci triggers the release of bradykinin (Ben Nasr et al. 1997). As pre-
viously mentioned, kinins are potent inflammatory mediators and their generation
leads to the induction of vascular leakage, oedema formation, hypotension and
pain (Leeb-Lundberg et al. 2005). Since many of these complications are also
found in patients with severe streptococcal infections, it has been proposed that
kinin release is a bacterial strategy to cause pathological inflammatory reactions.
Indeed, in a murine model of streptococcal shock, systemic degradation of
H-kininogen (the bradykinin precursor protein) was observed, which points to a
massive release of kinins (Sriskandan et al. 2000). Similar findings were reported
when biopsies from patients with streptococcal erysipelas were analysed (Linder
et al. 2010).

Kinins explore their activities by binding to two distinct receptors referred to as
B1R and B2R, respectively (Leeb-Lundberg et al. 2005). While bradykinin pref-
erentially binds to B2R, its carboxy terminally truncated derivative (desArg9

bradykinin) has a higher affinity for B1R. The two receptors have different
pharmacological properties of which the B1R is involved in acute inflammatory
processes whereas the B2R can trigger chronic reactions (Leeb-Lundberg et al.
2005). The trimming of bradykinin to desArg9 bradykinin involves the action of
endopeptidases. It has recently been shown that S. pyogenes recruits and activates
TAFI, a plasma carboxypeptidase at the bacterial surface (Bengtson et al. 2009).
Bound and activated TAFI can then remove the carboxy-terminal arginine from
bradykinin and convert the peptide from a B2R to a B1R agonist. This mechanism
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may contribute to chronic inflammatory reactions that are often observed in
patients with streptococcal skin infection, and an up-regulation of the B1R has
been detected in human biopsies from patients with erysipelas and necrotizing
fasciitis (Bengtson et al. 2009).

7 Coagulation as a Host Defence Mechanism

In 2006, Frick and colleagues provided direct evidence that the contact system
contributes to defence against bacteria. In this study, binding of contact factors to
the surface of S. pyogenes led to the generation of antimicrobial peptides (Frick
et al. 2006). It is now appreciated that the contact system contributes to other
immune responses. Neutrophil extracellular traps (NETs) were described eight -
years ago as a novel innate defence mechanism (Brinkmann et al. 2004). Neu-
trophils release a complex network of granule proteins and chromatin, which
captures and kills invading pathogens. Recently, M proteins from Streptococci
were demonstrated to be potent inducers of NET formation and these NETs
present a surface that facilitates the assembly and activation of the contact system
(Oehmcke et al. 2009a). These findings suggest that the crosstalk between the
contact system and host defence mechanisms may lead to an amplification of the
immune response and facilitate elimination of the pathogen. As previously men-
tioned, contact activation eventually leads to the formation of a fibrin network that
is stabilised by thrombin-activated coagulation factor XIII. One of the main
functions of this transglutaminase is to covalently crosslink adjacent fibrin chains
and renders the newly formed clot insoluble (Muszbek et al. 2011). This mecha-
nism will prevent the efflux of plasma and blood cells into the injured tissue, and
also avert the infiltration of invading pathogens into the circulation (Loof et al.
2011a). Loof and colleagues found that initiation of the contact system leads to an
activation of factor XIII at the streptococcal surface. This activated factor XIII
covalently weaved the bacteria into the fibrin network thereby blocking escape of
Streptococci from the clot and facilitating bacterial killing by antimicrobial pep-
tides (Loof et al. 2011a). Taken together a novel concept is emerging, whereby the
contact system participates in the early recognition and elimination of invading
pathogens.

The significance of fibrin clot formation for host defence against S. pyogenes has
also been demonstrated by Sun and colleagues (Sun et al. 2009). In this study, mice
with genetic alterations in several coagulation factors were investigated for their
susceptibility to S. pyogenes infection. Decreased plasma factor V levels were
associated with markedly increased mortality post infection, and this was correlated
with diminished thrombin generation in these animals (Sun et al. 2009). Mice with a
genetic deficiency in fibrinogen were used to demonstrate that fibrin generated in
response to thrombin provides a crucial barrier against S. pyogenes dissemination
(Sun et al. 2009). In 2010, another role for clot formation was described during the
defence against dissemination of S. pyogenes (Shannon et al. 2010). Histidine-rich
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glycoprotein (HRG), which has been attributed multiple biological functions
including a role in coagulation (Poon et al. 2011), was investigated in this study.
Fibrin clots formed ex vivo in HRG deficient plasma failed to contain S. pyogenes at
the clot surface and bacteria killing was diminished. Furthermore, HRG deficient
mice failed to contain S. pyogenes infection at the local subcutaneous site and rapidly
succumbed to invasive systemic infection (Shannon et al. 2010).

Recently, Massberg and colleagues presented another example of the close
links between coagulation and innate immunity (Massberg et al. 2010). Neutrophil
serine proteases, in concert with externalised nucleosomes, were shown to promote
intravascular thrombus formation. The thrombi formed were shown to capture
bacteria at the local site and reduce bacterial invasion (Massberg et al. 2010).
Subsequent work has revealed that NETs provide a matrix for platelet activation
and thrombus formation (Fuchs et al. 2010). As previously mentioned, the M1
protein from S. pyogenes is a potent activator of neutrophils (Herwald et al. 2004),
resulting in degranulation of all four subsets of neutrophil granules (Soehnlein
et al. 2008), and formation of NETs (Oehmcke et al. 2009a). It could be speculated
that neutrophils activated by M proteins can also induce pathological thrombus
formation and thereby corrupt this host defence strategy.

8 Plasminogen Activation

The importance of a fibrin network for host defence is implied by the fact that
many pathogenic bacteria have evolved mechanisms to escape from the fibrin clot
by modulating the host fibrinolytic system. Fibrinolysis is initiated when plas-
minogen is activated to plasmin, a host serine protease that degrades blood clots.
Plasmin also plays a role in other physiological processes such as degradation of
various components of the extracellular matrix and activation of metalloprotein-
ases (Werb 1997). Binding and activation of host plasminogen is exploited by a
number of pathogenic bacteria including S. pyogenes (Lähteenmäki et al. 2001).

As early as 1933, Tillett and Garner demonstrated that clinical isolates of
haemolytic streptococci are capable of rapidly dissolving normal human fibrin
clots (Tillett and Garner 1933). Streptokinase, a protein secreted by groups A, C
and G streptococci, was found to bind and activate human plasminogen
(Christensen and MacCleod 1945). Physiological activation of plasminogen by the
mammalian proteases tissue-type plasminogen activator (tPA) or urokinase (uPA)
involves a proteolytic cleavage of the Arg560–Val561 peptide bond in the plas-
minogen molecule. Interestingly, plasminogen activation by streptokinase occurs
without proteolytic cleavage. Streptokinase forms a tight 1:1 binding complex with
plasminogen, whereby the active centre of plasminogen is exposed and becomes
activated without hydrolysis of the Arg560–Val561 peptide bond. This is followed
by binding of another plasminogen molecule to the complex and plasmin is
generated by proteolysis (Castellino 1979). Streptokinase also forms a complex
with plasmin with at least 1000-fold higher affinity than the complex formed with
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plasminogen (Boxrud et al. 2000). Furthermore, streptokinase blocks inhibition of
plasmin by its main physiological inhibitor a2-antiplasmin, thereby acquiring an
unregulated plasmin activity (Esmon and Mather 1998).

The interaction between streptokinase and plasminogen is highly species-
specific; streptokinase produced by human isolates has a greater affinity for human
plasminogen than mouse plasminogen (Marcum and Kline 1983; Yakovlev et al.
1995). Therefore, it has been proposed that the streptokinase–plasminogen interaction
contributes to the fact that S. pyogenes is a strictly human pathogen. Consequently, a
streptokinase-producing S. pyogenes strain and its streptokinase-deficient mutant show
no difference in virulence in a mouse skin infection model (Khil et al. 2003), however if
a source of human plasminogen is present at the infection site by co-injection of
S. pyogenes with human plasminogen (Khil et al. 2003) or preincubation of S. pyogenes
in human plasma (Li et al. 1999), the virulence of streptokinase-producing S. pyogenes
is significantly enhanced. A humanised transgenic mouse, expressing human plas-
minogen, exhibits markedly increased mortality after S. pyogenes infection, which is
largely abrogated by deletion of the streptokinase gene (ska) (Sun 2004). Taken
together, streptokinase emerges as a key S. pyogenes virulence factor and inhibition of
streptokinase gene expression has been proposed as an alternative treatment strategy
(Sun et al. 2012).

9 Plasminogen Receptors

In addition to streptokinase several surface proteins of group A, C and G strep-
tococci bind plasminogen directly [for a review see (Lähteenmäki et al. 2001;
Walker et al. 2005)]. Bacterial plasminogen receptors immobilise plasminogen on
the bacterial surface and enhance activation to plasmin, thus providing bacteria
with proteolytic activity. Group C and G streptococci bind plasminogen via M like
proteins and activate it to plasmin in the presence of streptokinase (Ben Nasr et al.
1994). To date, four plasminogen receptors have been described for S. pyogenes;
the glycolytic enzymes glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(Lottenberg et al. 1992; Pancholi and Fischetti 1992; Winram and Lottenberg
1996), streptococcal enolase (SEN) (Pancholi and Fischetti 1998), the plasmino-
gen-binding group A streptococcal M protein (PAM) (Berge and Sjöbring 1993)
and PAM-related protein (Prp) (Sanderson-Smith et al. 2007). Plasminogen bound
to the streptococcal surface can be activated by bacterial streptokinase (Svensson
et al. 2002) or the mammalian protease tPA (Kuusela et al. 1992; Berge and
Sjöbring 1993), leading to bacterium bound plasmin activity.

GAPDH is a multifunctional enzyme involved in metabolic and non-metabolic
processes. It was the first plasminogen-binding protein to be described for S. pyogenes
(Broder et al. 1991). SEN is also a key glycolytic enzyme and contrary to GAPDH,
SEN binds plasminogen with high affinity (Pancholi and Fischetti 1998). GAPDH and
SEN can be located both in the cytoplasm and at the bacterial surface, but the mech-
anism involved in surface expression remains to be resolved (Walker et al. 2005). It has
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been proposed that surface M and M-related proteins are involved in anchoring
GAPDH on the surface of GAS (D’Costa et al. 2000).

The plasminogen-binding region of PAM is located in the N-terminal variable
region that contains 13–16 amino acid tandem repeats. Within the two internal
repeat domains, interaction with plasminogen is mediated via a lysine, arginine or
histidine residue (Wistedt et al. 1995; Sanderson-Smith et al. 2006) that interact
with the lysine binding kringle 2 domain of plasminogen (Wistedt et al. 1998).
S. pyogenes isolates that produce PAM have a strong tendency to cause impetigo
(Svensson et al. 1999). McKay and colleagues have demonstrated a significant
relationship between the acquisition of plasminogen via PAM and the propensity
to cause invasive diseases (McKay et al. 2004). The PAM-related protein Prp is
another high-affinity plasminogen-binding M protein, but it is phylogenetically
distinct from PAM. Prp was identified in an S. pyogenes (emm98.1) isolated from
severe invasive infection (Sanderson-Smith et al. 2007).

In addition to direct plasminogen binding, S. pyogenes also recruits plasmin-
ogen indirectly (Wang et al. 1995a, b). The bacteria can bind plasma fibrinogen via
M and M-related proteins and this provides an anchoring site for the plasminogen–
streptokinase complex (Christner et al. 1997; Hess and Boyle 2006). A trimo-
lecular complex of streptokinase–plasminogen–fibrinogen (Takada and Takada
1989) is formed on the bacteria surface, and uncontrollable plasmin activity
occurs.

10 Plasminogen Activation Facilitates S. pyogenes
Dissemination

S. pyogenes isolates from invasive disease acquire more plasminogen by the tri-
molecular complex of fibrinogen–plasminogen–streptokinase or by PAM than the
isolates from uncomplicated infections (McKay et al. 2004), indicating that plas-
minogen acquisition plays an essential role for bacterial dissemination. Importantly,
Ikebe et al. (2005) showed that ska transcript levels were significantly higher in
strains isolated from patients with severe invasive infection than those from non-
invasive infection. This is supported by the findings of Rezcallah et al. (2004), who
reported that bacteria isolated from the spleen of mice who succumbed to a fatal
subcutaneous infection had an enhanced ability to bind and activate human plas-
minogen. The bacteria isolated were demonstrated to have an eightfold increase in
ska transcription and also failed to produce SpeB. SpeB is a bacterial cysteine pro-
tease that inactivates numerous host proteins as well as multiple bacterial virulence
factors including streptokinase [for a review see (Cole et al. 2011)]. In the absence of
SpeB, there is a 75-fold increase in plasmin activity at the surface of S. pyogenes
M1T1 (Cole 2006). The loss of SpeB activity at the local site of infection triggers the
systemic dissemination of S. pyogenes M1T1 in a humanised plasminogen transgenic
mouse model (Cole 2006). These data demonstrate that plasminogen acquisition and
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activation is an important virulence determinant during invasive S. pyogenes disease,
and this in turn highlights the importance of fibrin formation in the host response to
infection.

11 Therapeutic Targets Based on Coagulation

Modulation of the coagulation system is a potential target for the development of
novel intervention strategies for severe infectious disease. As previously discussed,
the genesis of coagulopathy is extremely complex and closely linked to the
inflammatory response. The ideal drug candidate should limit the systemic coagu-
lation activation, while maintaining local formation. Limited success has been
achieved in clinical trials of patients treated with anticoagulation therapy aimed at
the extrinsic pathway, such as administration of Antithrombin, Heparin or Tissue
factor pathway inhibitor (Opal and Esmon 2003). The most recent clinical trials of
one of the most promising drugs in this category, Xigris (activated protein C), have
failed and the drug has been withdrawn from the market because of lack of efficiency
combined with serious side effects (Williams 2012).

Platelet activation may also be a target for sepsis drug development and some
success has been reported in animal models of gram-negative sepsis (Pu et al.
2001). Interestingly, in a systemic review of the literature it has been reported that
a low-dose antiplatelet treatment during sepsis may reduce the risk of multi-organ
failure (Winning et al. 2009).

The contact system is an interesting target for drug development, since contact
system blockade might prevent an increased bleeding risk. Indeed, contact system
inhibitors have been tested in some animal models. Stadnicki and co-workers
reported in 1996 that a specific serine protease inhibitor, targeting one of the
contact factors, prevents the induction of acute intestinal inflammatory reactions in
rats challenged with streptococcal peptidoglycan polysaccharide (Stadnicki et al.
1996). More recently, an H-kininogen derived peptide was described that blocks
the activation of the intrinsic pathway of coagulation and the formation of bra-
dykinin in ex vivo experiments (Oehmcke et al. 2009b). This peptide was shown to
protect mice from lung damage during invasive S. pyogenes infections, and to
significantly prolong their survival when administered in combination with clin-
damycin (Oehmcke et al. 2009b). Only a few clinical trials have been conducted so
far. Administration of a B2R antagonist to patients with severe systemic inflam-
matory response syndrome and sepsis revealed no significant effect on risk-
adjusted 28-day survival, but a non-significant trend toward improvement on risk-
adjusted 7-day survival was found. Moreover, a statistically significant improve-
ment of patients with gram-negative infections was also observed (Fein et al.
1997). Unfortunately, a combination of a B1R and B2R antagonist was not con-
sidered in this study. A recent clinical trial was carried out for treatment of septic
patients with the complement and contact system inhibitor, C1-esterase inhibitor.
In a study with 61 patients, it was found that high-dose infusion of the protein
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down-regulates the systemic inflammatory response and is associated with
improved survival rates in sepsis patients (Igonin et al. 2012). These are very
promising results and future work will hopefully show whether these findings can
be validated using larger patient groups.

12 Conclusions

Coagulopathy is a central and significant finding in severe infection with S. pyogenes.
These bacteria seem to be uniquely adapted to the human coagulation system and this is
summarised in Fig. 1. The existence of multiple sites of intervention implies an
important role for this interaction in the pathophysiological response to S. pyogenes
infection. On one hand, coagulation suppresses bacterial dissemination, and S. pyog-
enes has multiple strategies to counteract this host defence locally. On the other hand,
S. pyogenes can stimulate massive and uncontrolled local and systemic coagulation,
which results in significant collateral damage to the host. These multiple and

Fig. 1 Modulation of the coagulation system by Streptococcus pyogenes. The three central
points of activation of the coagulation cascade are marked by green boxes; Platelet activation,
Tissue factor pathway, Contact pathway. Blue lines depict pathways that contribute to normal
haemostasis. Red lines depict components that are modulated by Streptococcus pyogenes
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discriminatory effects on the coagulation system suggest a finely tuned host–parasite
interaction. Further insights into these interactions may results in novel treatment
strategies for these life-threatening infections.
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Group A Streptococcal Vaccine
Candidates: Potential
for the Development of a Human Vaccine

Anna Henningham, Christine M. Gillen and Mark J. Walker

Abstract Currently there is no commercial Group A Streptococcus (GAS; S.
pyogenes) vaccine available. The development of safe GAS vaccines is chal-
lenging, researchers are confronted with obstacles such as the occurrence of many
unique serotypes (there are greater than 150 M types), antigenic variation within
the same serotype, large variations in the geographical distribution of serotypes,
and the production of antibodies cross-reactive with human tissue which can lead
to host auto-immune disease. Cell wall anchored, cell membrane associated,
secreted and anchorless proteins have all been targeted as GAS vaccine candidates.
As GAS is an exclusively human pathogen, the quest for an efficacious vaccine is
further complicated by the lack of an animal model which mimics human disease
and can be consistently and reproducibly colonized by multiple GAS strains.
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SagP Streptococcal acid glycoprotein
SfbI Streptococcal fibronectin binding protein I
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1 Introduction

Even though GAS is responsible for a high global disease burden in both devel-
oping and developed regions, there is no commercial vaccine available. Existing
treatments for GAS infection include the administration of penicillin, macrolides
or intravenous immunoglobulin (Ig). Penicillin, which has routinely been used for
the treatment of GAS infection, is also administered prophylactically in attempts to
prevent recurring GAS infection and subsequent immune sequelae. However,
despite such measures, GAS auto-immune sequelae persist at endemic levels in
developing countries and Indigenous populations (Carapetis et al. 2005). Whilst
GAS has not been reported to possess resistance to penicillin, studies have mea-
sured a 20–40 % failure rate of penicillin in the treatment of GAS pharyngitis
(Pichichero and Casey 2007). Possible factors contributing to the failure of pen-
icillin during the treatment of GAS infections include in vivo co-colonization with
other penicillin-resistant bacterial species, in vivo eradication of normal throat
microflora, a carrier state, internalization of GAS into host cells, tolerance of GAS
to penicillin, poor penetration of penicillin into host tissues, lack of patient
compliance and reoccurring exposure to GAS (reviewed in (Pichichero and Casey
2007; Brook 2007). Macrolides are utilized as an alternative to penicillin, par-
ticularly in cases of penicillin allergy. There is concern that macrolide-resistant
isolates may evolve and spread (Michos et al. 2009; Richter et al. 2005; Tse et al.
2012), and it has been suggested that macrolide-sensitive GAS isolates use biofilm
formation as a mechanism to escape antibiotic treatment and persist within the host
(Baldassarri et al. 2006). In cases of invasive GAS disease such as streptococcal
toxic shock syndrome and necrotizing fasciitis (Young et al. 2005), intravenous Ig
is recommended as an adjunctive therapy due to its capacity to neutralize super-
antigens and to promote opsonophagocytosis (Basma et al. 1998; Pandey et al.
2009). The timing of administration is critical, if administered too long after the
initial diagnosis, intravenous Ig will not provide any benefits greater than if
antibiotics alone were used for treatment (Pandey et al. 2009). Furthermore,
intravenous Ig only offers short-term protection, as no immunological memory is
generated. While in most cases penicillin or alternate antibiotics remain effective
in the treatment of superficial GAS infection, the costs of medical care and time off
work or school create a significant economic burden. The majority of persistent
GAS infections and immune sequelae occur in geographic regions where indi-
viduals do not have ready access to high standard healthcare. A vaccine protective
against all serotypes may be the only effective way to control and eliminate GAS
disease worldwide.

In recent times, a new era of vaccine development has emerged, utilizing
reverse vaccinology, aided by proteomics, whole genome sequencing, bioinfor-
matics and DNA microarrays. Such technologies have allowed rapid discovery and
identification of putative virulence factors, surface-associated proteins and possi-
ble vaccine candidates of many bacterial species including GAS. Despite the
advent of such high throughput techniques, the development of GAS vaccines is
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challenging, facing obstacles such as the occurrence of many unique serotypes,
antigenic variation within the same serotype, differences in geographical distri-
bution of serotypes, and the production of antibodies cross-reactive with human
tissue which can lead to host auto-immune disease. In the case of GAS vaccines,
blocking the attachment of GAS to the host cell surface and its receptors (and
hence preventing subsequent colonization) is likely to be an effective strategy in
the prevention of infection (Wizemann et al. 1999). As attachment is usually
mediated via bacterial adhesins, it follows that cell surface adhesins are among the
key targets in GAS vaccine development. Prophylactic vaccination with adhesin-
containing vaccines has successfully blocked GAS infection in mice. Proteins
containing a cell wall anchor motif, signal peptide sequence or proteins experi-
mentally determined to be located on, or associated with, the cell surface, may be
exposed to the host immune system during infection potentially resulting in cel-
lular and humoral immune responses. Since GAS is known to colonize mucosal
tissues in the host, the upper respiratory tract and the skin, a vaccine promoting
both systemic (serum IgG) and mucosal immunity (mucosal IgA) is likely to offer
long lasting protection against a broad range of GAS disease etiology.

2 Animal Models for Evaluating Vaccine Candidates

GAS is an exclusively human pathogen that colonizes the upper respiratory tract
and skin where it causes an array of diseases that vary extensively in clinical
presentation. As such, there is no single reproducible animal model for studying
GAS pathogenesis and evaluating vaccine efficacy. Numerous models have been
devised for the different forms of GAS disease, although, in most cases these
animal models do not adequately replicate human pathogenesis. However, even if
the model is less than ideal a vaccine must first be tested in animals. Murine
models are the most commonly employed for both pathogenesis studies and for
vaccine development, with models for pharyngeal, cutaneous and systemic
infections used extensively. In recent years other animal models have been
developed including rheumatic heart disease in rats (Lymbury et al. 2003), inva-
sive disease in rabbits (Piepmeier et al. 1995), streptococcal septic shock in pigs
(Saetre et al. 2000), toxic shock in mice (Ulrich 2008), necrotizing fasciitis in mice
(Matsui et al. 2009), pharyngitis in non-human primates (Skinner et al. 2011;
Sumby et al. 2008), plus a zebrafish (Neely et al. 2002) and a wax worm model
(Olsen et al. 2011) to study GAS virulence properties.

2.1 Shortcomings of Murine Models of GAS Infection

A major obstacle in establishing appropriate mouse models for GAS infection is
the difficulty and variability in adapting the human pathogen to mice. Few GAS
strains are naturally virulent in mice. In most cases prior to either mucosal or
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parenteral murine challenge, the virulence of GAS strains is increased by repeated
intraperitoneal passage in mice (up to 12 times) (Batzloff et al. 2005; Bessen and
Fischetti 1988, 1990; Brandt et al. 2000; Bronze et al. 1992; Fritzer et al. 2010;
Olive et al. 2002; Sabharwal et al. 2006). However, in vivo passage of strains has
been shown in several cases to lead to mutations that directly affect the virulence
of strains (Cole et al. 2011; Eberhard et al. 2001; Fontaine et al. 2003), and
infection with such strains may not be representative of the true pathogenetic
mechanisms of GAS infection.

Another problem in the utilization of animal models to study human patho-
genesis is that a virulence factor with a key role in human infection may be of little
importance or completely negated in an animal model. For example, the GAS
plasminogen activator streptokinase is a potent activator of human plasminogen
but is ineffective against mouse plasminogen (Gladysheva et al. 2003), leading to
low virulence of GAS strains particularly in skin infection models. To overcome
this problem, a humanized plasminogen transgenic mouse model of skin infection
has been developed for virulence studies (Sun et al. 2004). Other humanized
transgenic mouse models used for virulence studies include a human CD46-
expressing transgenic mouse model of subcutaneous infection (Matsui et al. 2009)
and a HLA-DQR transgenic mouse model of toxic shock (Ulrich 2008). The latter
model has also been employed in vaccine studies to ascertain the protective effi-
cacy of the streptococcal pyrogenic exotoxin A (SpeA) to protect against toxic
shock (Ulrich 2008).

A problem with using mouse models for vaccine studies is the variation observed
between individual mice in an experiment and also the variable susceptibility of
different mouse strains to infection by the same GAS strain. To reduce variation
within individual experiments inbred mouse strains are commonly employed for
vaccine studies. Strains utilized by streptococcal researchers include BALB/c
(Bronze et al. 1992; Georgousakis et al. 2009; Gillen et al. 2008; Hall et al. 2004;
Henningham et al. 2012; Schulze et al. 2003), B10.Br (Brandt et al. 2000; Olive et al.
2002), C3H/HeN (Okamoto et al. 2005; Stalhammar-Carlemalm et al. 1999),
C57BL/6J (Henningham et al. 2012; Okamoto et al. 2005) and Swiss Webster
(Severin et al. 2007). However, outbred mouse strains are a better representation of
the genetic variation present in the human population and are potentially a more apt
selection for GAS vaccinology studies. Outbred mouse strains employed in exper-
imental models of GAS infection include Quackenbush (Batzloff et al. 2005, 2006;
McMillan et al. 2004; Sanderson-Smith et al. 2006), CD1 (Bessen and Fischetti
1990; Cleary et al. 2004; Ji et al. 1997; Kapur et al. 1994), Swiss NIH mice (Courtney
et al. 2003) and Crl:SKH1-hrBR (Liu et al. 2007).

Different mouse strains have varying susceptibilities to GAS infection, pro-
viding evidence that host genetic factors are important in determining suscepti-
bility to GAS infection. In a study comparing the susceptibility of 5 different
inbred mouse strains, BALB/c, C57BL/10, and DBA/2 mice were the most
resistant to streptococcal infection, whereas C3H/HeN and CBA/J mice exhibited
substantially higher bacterial growth and 100 % mortality (Goldmann et al. 2003;
Medina et al. 2001). However, this innate difference in susceptibility to infection
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can be overcome by vaccination, with resistance to GAS infection promoted by
vaccination. Innately resistant (BALB/c) and susceptible (C3H/HeN) mice vac-
cinated with Mprotein or heat killed GAS were equal in their capacity to control
GAS infection (Siegert et al. 2006). Likewise, immunization with streptococcal
immunolglobulin-binding protein 35 (Sib35) rendered both BALB/c and C3H/
HeN mouse strains resistant to GAS infection (70 and 100 % survival, respec-
tively), but the Streptococcal Immunoglobulin-Binding Protein 35 (Sib35)
immunized outbred CD1 mouse strain was unable to control GAS infection
(Okamoto et al. 2005).

2.2 Protective Efficacy Studies

Passive immunization experiments examine the capacity of antigen specific anti-
bodies to protect against GAS infection. Most frequently these experiments have
been performed using a model of systemic GAS infection. Antibodies are raised in
rabbits via systemic immunization with complete Freund’s adjuvant (CFA), this
specific rabbit antiserum is then administered to an outbred mouse strain via the
intraperitoneal route up to 24 h prior to an intraperitoneal GAS infection (Sabharwal
et al. 2006; Stalhammar-Carlemalm et al. 1999; Kapur et al. 1994; Liu et al. 2007;
Dale et al. 1999; Kawabata et al. 2001; Pandey et al. 2009). Passive immunization
experiments have also been used to demonstrate passive protection at the mucosa.
Mouse antiserum raised by intranasal immunization with C5a peptidase when
administered to mice intranasally has been shown to protect against pharyngeal
colonization by GAS (Park and Cleary 2005). Passive immunization demonstrates
the capacity of antigen specific antibodies to protect against GAS infection, and may
also provide an alternate treatment for invasive GAS diseases (Basma et al. 1998;
Kaul et al. 1999). Additionally, passive immunization experiments demonstrate that
protection observed in active immunization experiments is not due to non-specific
stimulation of innate immune responses (Liu et al. 2007).

In the last ten years, two separate vaccine candidates have moved forward to
human clinical trials (Kotloff et al. 2004; McNeil et al. 2005). In both cases
advancement to clinical trials was based upon the success of the vaccines in
eliciting systemic immunity in mouse models. Most murine models to evaluate
systemic immunity in response to GAS antigens have utilized subcutaneous
(Brandt et al. 2000; Sabharwal et al. 2006; Okamoto et al. 2005; McMillan et al.
2004; Kapur et al. 1994; Liu et al. 2007; Kawabata et al. 2001; Ma et al. 2009;
Terao et al. 2005) and less frequently intraperitoneal (Henningham et al. 2012;
Guzmán et al. 1999), intramuscular (Ulrich 2008; Turner et al. 2009), or intra-
venous (Gillen et al. 2008; Courtney et al. 2003) immunization in the presence of
CFA/incomplete Freund’s adjuvant (IFA). CFA is an efficient stimulator of cell-
mediated immunity and augments the humoral immune response, however, CFA is
banned for use in humans due to toxic side effects so it can be difficult to translate
the results of these studies to humans [reviewed in Lindblad 2000]. Systemic
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immunization trials using Alum, the only parenterally delivered adjuvant approved
for use in humans, have been performed. The protective efficacy of subcutaneous
immunization with group A carbohydrate (CHO) and streptococcal secreted
esterase (Sse) adsorbed to Alum was determined by survival of lethal challenge
(Sabharwal et al. 2006; Liu et al. 2007). Most frequently, protective efficacy
against systemic GAS infection is measured by survival against a lethal dose of
GAS (Brandt et al. 2000; Gillen et al. 2008; Okamoto et al. 2005; McMillan et al.
2004; Sanderson-Smith et al. 2006; Kapur et al. 1994; Courtney et al. 2003; Ma
et al. 2009; Terao et al. 2005; Schulze et al. 2006) or by measuring dissemination
of GAS to organs (Turner et al. 2009; McArthur et al. 2004).

Parenteral immunization stimulates strong serum IgG titres, but generally fails
to stimulate an immune response in mucosal secretions. Protection against GAS
infection as a result of systemic immunization has primarily been attributed to
bacterial clearance by opsonophagocytosis (McMillan et al. 2004; Sanderson-
Smith et al. 2006; Kawabata et al. 2001; Olive et al. 2003). The primary route of
GAS infection is the upper respiratory tract, therefore while systemic immunity
has proved effective in preventing bacterial dissemination through opsonic serum
IgG, it may not be the best approach for inducing immunity to the mucosal GAS
pathogen. Most reports examining the efficacy of GAS antigens to elicit systemic
immunity investigate only the efficacy of parenteral immunization to protect
against a systemic challenge, and generally do not determine if parenteral
immunization is sufficient to also protect against mucosal challenge. In only a few
cases have researchers examined the efficacy of parenteral immunization to
stimulate mucosal immunity. For instance, subcutaneous immunization with CHO
adjuvanted with Alum was shown to protect against pharyngeal colonization in
mice (Sabharwal et al. 2006). In another study, subcutaneous immunization with
C5a peptidase adjuvanted with Alum and the mucosal adjuvant monophosphoryl
lipid A (MPL) protected mice from pharyngeal colonization following intranasal
challenge (Cleary et al. 2004). In contrast, intraperitoneal immunization of mice
with the self adjuvanting streptococcal fibronectin binding protein I (SfbI) protein
failed to protect against lethal intranasal challenge (Guzmán et al. 1999). This
highlights the importance of utilizing multiple murine challenge models when
assessing the efficacy of protective vaccine antigens.

Mucosal vaccination delivers vaccine antigens to the mucosal surfaces inducing
a protective immune response at the site of colonization. Most murine models to
evaluate mucosal immunity in response to GAS antigens have utilized intranasal or
perioral immunization in the presence of the non-toxic B subunit of cholera toxin
(CTB) (Bessen and Fischetti 1988, 1990; Bronze et al. 1992; Olive et al. 2002;
Hall et al. 2004; Schulze et al. 2003, 2006; Batzloff et al. 2006; Kawabata et al.
2001; Park and Cleary 2005; Guzmán et al. 1999; Yokoyama and Harabuchi
2002). While CTB is not approved for human use it is one of the most commonly
employed adjuvants for assessing vaccine potential at mucosal surfaces in animal
models. The protective efficacy of GAS antigens when delivered with novel non-
toxic mucosal adjuvants has also been investigated. Mucosal adjuvants include
liposomes (Hall et al. 2004), MPL containing formulations (Ulrich 2008; Hall
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et al. 2004), proteosomes (Batzloff et al. 2005; Hall et al. 2004) and lipid entities
(Batzloff et al. 2006; Olive et al. 2007; Zaman et al. 2011). Many of these for-
mulations have proved to be effective stimulators of both mucosal and systemic
immune responses (Batzloff et al. 2005, 2006; Hall et al. 2004; Olive et al. 2007;
Zaman et al. 2011), and some have been shown to protect against mucosal GAS
infection (Ulrich 2008; Batzloff et al. 2005, 2006; Hall et al. 2004; Olive et al.
2007). However, of these novel adjuvants only liposome vaccine formulations and
MPL containing formulations have been approved for clinical use in humans for
hepatitis A and influenza and for allergy vaccines, respectively (Ambrosch et al.
1997; Vajdy and Singh 2005).

Protection against mucosal GAS infection is most often measured by survival of
lethal intranasal challenge (Hall et al. 2004; Schulze et al. 2001, 2003; Guzmán et al.
1999; Olive et al. 2007), and/or measuring pharyngeal colonization rates in a murine
model of pharyngitis (Batzloff et al. 2005, 2006; Bessen and Fischetti 1990; Bronze
et al. 1992; Olive et al. 2002; Ji et al. 1997). However, mice do not develop a true
pharyngitis and only a relatively few animals become colonized even when high
concentrations of inocula are used. This limits the relevance, significance and
usefulness of the murine model of GAS pharyngitis. Pharyngeal colonization rates
are measured by determining the colony forming units present in the pharynx from
as early as 20 h post infection up to 10–15 days post intranasal or perioral challenge
either by throat swab (Batzloff et al. 2005; Bessen and Fischetti 1988, 1990; Bronze
et al. 1992, 2006; Ji et al. 1997) or by homogenizing mouse snout samples (Cleary
et al. 2004). Alternatively, Park and Cleary (2005) visualized and quantified pha-
ryngeal colonization by utilizing luciferase expressing GAS strains and a charge-
coupled device camera system at both 24 and 48 h post infection.

Mucosal immunization stimulates both a humoral immune response in blood
and mucosal secretions (Batzloff et al. 2005, 2006; Bessen and Fischetti 1988;
Bronze et al. 1992; Hall et al. 2004; Ji et al. 1997; Kawabata et al. 2001; Park and
Cleary 2005; Guzmán et al. 1999; Schulze et al. 2001, 2006; Yokoyama and
Harabuchi 2002; Olive et al. 2007). Protection against GAS infection as a result of
mucosal immunization is most likely due to prevention of colonization by secre-
tory IgA and IgG at the site of infection. However, it has been shown that GAS can
disseminate past the mucosal epithelium within 24 h after challenge (Park et al.
2003), thus the presence of opsonic serum IgG antibodies may provide additional
protection by preventing bacterial dissemination from the mucosal site of infec-
tion. Batzloff et al. (2005) have shown that intranasal immunization with a min-
imal conformational epitope of the M protein (J14) formulated with proteosomes is
capable of stimulating opsonic serum IgG. Only a handful of researchers have
assessed the capacity of mucosal immunization to protect against systemic chal-
lenge. SfbI delivered intranasally failed to protect against bacterial dissemination
following subcutaneous challenge (McArthur et al. 2004). On the other hand,
intranasal or perioral immunization with Fibronectin-Binding Protein 54 (FBP54)
stimulated strong serum IgG titres and both mucosal routes of vaccination pro-
tected against systemic subcutaneous challenge (Kawabata et al. 2001).
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The protective efficacy of GAS vaccine antigens is predominantly tested in
murine models. GAS vaccine preparations have been administered to humans and
historically the protective efficacy of these vaccinations was tested by challenge
with GAS (D’Alessandri et al. 1978; Fox et al. 1973; Polly et al. 1975; Waldman
et al. 1975). However, due to the risk of contracting rapidly progressing invasive
GAS diseases or post streptococcal sequelae as a result of challenge, this practice
has not been continued. Contemporary vaccine experiments in human volunteers
have consisted of vaccinating healthy human volunteers, however, the protective
efficacy of the vaccines in these cases was not measured. The efficacy of vacci-
nation was only measured by determining antibody titre and by using opsono-
phagocytic assays (Kotloff et al. 2004; McNeil et al. 2005). Following the
argument that humans and non-human primates are closely related phylogeneti-
cally, a non-human primate model of experimental GAS pharyngitis has been
developed (Sumby et al. 2008). This model has been successfully used to study
transcriptional adaptation of GAS during upper respiratory tract infection (Virta-
neva et al. 2003, 2005) and to determine the contribution of specific GAS virulence
factors to infection (Gryllos et al. 2001, 2008; Sitkiewicz et al. 2006; Sumby et al.
2005) and would be easily adaptable for use in vaccine studies. Numerous his-
torical studies and some present day studies have shown that non-human primates
are successfully colonized by GAS and that infections mimic the humoral immune
response characteristic for human disease (Skinner et al. 2011; Sumby et al. 2008;
Watson et al. 1946; Zimmerman et al. 1970; Krause and Rammelkamp 1962).

3 Cell Wall Anchored GAS Vaccine Candidates

3.1 M Protein

M protein is an obvious target for GAS vaccine development as it is a major
virulence factor expressed by all serotypes of GAS. M proteins are multifunc-
tional, some function as adhesins, adhering to host epithelial cells via a variety of
human extracellular matrix (ECM) and plasma proteins including fibrinogen
(Carlsson et al. 2005), plasminogen (Berge and Sjöbring 1993; Ringdahl and
Sjöbring 2000; Sanderson-Smith et al. 2008), CD46 (Okada et al. 1995), fibro-
nectin (Cue et al. 2001), factor H (Perez-Casal et al. 1995) and collagen (Dinkla
et al. 2003). M protein can also facilitate GAS evasion of phagocytosis by blocking
the deposition of C3b onto the surface of GAS (Fischetti 1989). Historical studies
involved the vaccination of human volunteers with crude M protein preparations
followed by the administration of live GAS to the pharynx. This strategy effec-
tively protected against GAS pharyngeal colonization (D’Alessandri et al. 1978;
Fox et al. 1973; Polly et al. 1975; Massell et al. 1969), but an increased incidence
of acute rheumatic fever (ARF) in some of the vaccinated children compared to the
unvaccinated control children was observed (Massell et al. 1969), significantly
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hampering the development of whole M protein based vaccines. Since then, either
the highly conserved C-repeat region of the M protein (Bessen and Fischetti 1990;
Brandt et al. 2000; Medaglini et al. 1995) or the variable serotype specific N-
terminal A-repeats of the M protein (Dale et al. 1999; Kotloff et al. 2004; Beachey
et al. 1981, 1986; Dale et al. 1983, 1993, 1996) have been targeted. Type-specific
antibodies against M protein have been found to neutralize the antiphagocytic
effect of M protein, providing protection against GAS of the same serotype
(Beachey et al. 1981). Exposure to GAS in childhood can lead to the development
of antibodies raised against the conserved region of M protein (Fischetti 1991),
which may offer protection against streptococcal pharyngitis in later life. If an M
protein based vaccine can be produced acting against the C-repeat conserved
regions shared by all GAS serotypes, the need to generate serotype-specific anti-
bodies for protection would be eliminated.

3.1.1 Conserved C-Repeat-Based M Protein Vaccines

To date there have been several approaches for producing GAS vaccines based on
the conserved, non-type specific C-repeats of the M protein. Whilst production of a
vaccine based on this conserved region eliminates limitations associated with
serotype specific antibody responses, antibodies directed against this region have
been observed to be non-opsonic (Jones and Fischetti 1988). One approach pro-
duced four overlapping synthetic peptides encompassing the complete C-repeat
region of the M6 protein. When Swiss CD1 mice were immunized intranasally
with this construct conjugated to CTB followed by an intranasal challenge with
either a homologous M6 or a heterologous M14 GAS isolate, a significant
reduction in pharyngeal colonization was observed (Bessen and Fischetti 1988,
1990). A second approach synthesized two peptides comprising regions within the
C-repeat region of the M5 protein (Bronze et al. 1992). In passive immunization
studies, rabbit sera generated against M5 peptide-keyhole limpet hemocyanin
(KLH) conjugates emulsified with CFA protected BALB/c mice from heterologous
intranasal challenge with a M24 GAS isolate (Bronze et al. 1992). Likewise, in
active immunization studies, BALB/c mice intranasally immunized with M5
peptide-CTB conjugates were significantly protected against heterologous intra-
nasal challenge with M24 GAS (Bronze et al. 1992). Whilst an elevated level of
serum IgG was detected against both the M5 peptide and CTB, similar to previous
reports, the IgG antibodies raised against the C-repeat region peptides were unable
to induce opsonophagocytosis in vitro (Bronze et al. 1992). A third approach
identified B- and T cell epitopes within the C-repeat region of the M5 protein
leading to the construction of a 55-amino acid protein, designated StreptInCor
(Guilherme et al. 2006). Following subcutaneous immunization of BALB/c mice,
StreptInCor co-administered with CFA/IFA was found to induce high titre serum
IgG antibodies (Guilherme et al. 2009). When StreptInCor was co-administered
with the mucosal adjuvant, Adjuvant Finlay Cochleate 1, via the intranasal route, a
mucosal IgA and systemic IgG response resulted (Guilherme et al. 2009). A fourth
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approach utilized synthetic peptides based on minimal B- and T-cell epitopes. A-
20 amino acid synthetic peptide designated p145 (Pruksakorn et al. 1994) and two
derivative epitopes, designated J8 and J14 were designed (Hayman et al. 1997;
Pruksakorn et al. 1992). Good et al. have investigated J8- and J14-mediated
induction of murine serum-specific IgG (Brandt et al. 2000) and muscosal IgA
(Batzloff et al. 2006; Brandt et al. 1999). The capacity of J8 and J14 to induce
opsonic antibodies has also been examined (Batzloff et al. 2003, 2005; Brandt
et al. 1996, 1997, 1999, 2000; Olive et al. 2002, 2003, 2004, 2005, 2006; Hayman
et al. 2002). Formulations containing p145, J8 or J14 were observed to enhance the
survival of immunized mice when co-administered with a number of different
adjuvants including diphtheria toxin (Olive et al. 2002; Pandey et al. 2009; Bat-
zloff et al. 2003), proteosomes (Batzloff et al. 2005), lipid core technology (Bat-
zloff et al. 2006; Olive et al. 2002, 2003, 2005, 2006; Zaman et al. 2011; Hayman
et al. 2002, Moyle et al. 2006a, b, c, Abdel-Aal et al. 2008, 2010; Zaman et al.
2010, 2012), liposaccharides (Simerska et al. 2008a, b; Fujita et al. 2008) and H12
(Georgousakis et al. 2009), a protective segment of Protein F1. Another approach
utilized live vaccine delivery vectors for the delivery of C-repeat based M protein
vaccine preparations. CD1 mice were intranasally immunized with a vaccinia virus
expressing the C-repeat region of the M6 protein (Fischetti et al. 1989). Following
homologous (M6) and heterologous (M14) intranasal challenge, a significant
reduction in pharyngeal colonization by GAS was observed (Fischetti et al. 1989).
Lactococcus lactis, an intestinal commensal flora, has also been used as a live
vaccine vector harbouring the genes encoding the C-repeat region from M6 pro-
tein. CD1 mice were intranasally immunized with the live vaccine vector, eliciting
a salivary IgA and serum IgG response (Mannam et al. 2004). Mice were also
subcutaneously immunized with the L. lactis strain which elicited circulating
serum IgG (Mannam et al. 2004). Following heterologous intranasal challenge
with an M14 strain, mice immunized via intranasal and subcutaneous routes were
significantly protected against pharyngeal infection (Mannam et al. 2004).

3.1.2 N-Terminal-Based M Protein Vaccines

The other major branch of M protein vaccinology focuses on the highly variable
N-terminal serotype specific portion of the M protein. One example is the a1
peptide of the plasminogen-binding group A streptococcal M-like protein. Fol-
lowing subcutaneous immunization of outbred Quackenbush mice with a1-KLH/
CFA, a systemic IgG antibody response capable of inducing opsonophagocytosis
of GAS in vitro and protecting mice against intraperitoneal homologous GAS
challenge in vivo ensued (Sanderson-Smith et al. 2006). Dale et al. have developed
multivalent vaccine preparations containing protective N-terminal M protein
fragments. Two of these preparations have reached human clinical trials. A
hexavalent preparation contains fragments from six serotypes; M1, M3, M5, M6,
M19 and M24; selected due to a frequent association with pharyngitis and ARF in
the US (Kotloff et al. 2004; Dale 1999). Administration of this hybrid vaccine with
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either CFA or Alum generated high titre opsonizing antibodies in rabbits (Dale
1999) and protected BALB/c mice against mucosal challenge with M24 GAS
when co-administered with either liposomes/MPL, CTB, CTB/cholera toxin (CT)
or proteosomes/lipoplysaccharide (Hall et al. 2004). In 2004, this vaccine prepa-
ration reached phase I clinical trials and was found to result in a statistically
significant increase in antibody titre for all six M protein-based fragments, with
five of the six targeted GAS serotypes opsonized in vitro by the resultant antisera
(Kotloff et al. 2004). Additionally, there was no evidence the antibodies were
cross-reactive with human tissue (Kotloff et al. 2004). Although this vaccine was
considered successful in phase I clinical trials, a major shortcoming of this
preparation is that it only offers protection against six of at least 150 GAS M types.
In an attempt to broaden the protection, a multivalent vaccine based on the vari-
able amino terminal of 26 different M proteins was produced (Hu et al. 2002).
Following immunization of rabbits with the multivalent preparation adsorbed to
Alum, type-specific serum IgG antibodies were generated. These antibodies rec-
ognized 25 of the 26 M protein fragments in the vaccine and did not cross-react
with host tissue (Hu et al. 2002). In vitro opsonophagocytosis assays were per-
formed and 18 of the 26 targeted vaccine strains had rates of C30 % opsonization
(Hu et al. 2002). Additionally, this vaccine preparation was observed to be safe
and immunogenic in phase I human clinical trials (McNeil et al. 2005). In a study
of 5,400 invasive GAS cases in the US from 2000 to 2004, the emm types in the
26-valent vaccine covered 79 % of serotypes isolated from patients (O’Loughlin
et al. 2007). A separate epidemiological study conducted from 2001 to 2005 in the
US predicted coverage of the vaccine serotypes to be approximately 60 % (Nir-
Paz et al. 2010). Vaccine serotype coverage in other countries has been reported as
follows: 81 % for invasive isolates in Japan (Ikebe et al. 2007), 54 % for isolates
recovered from healthy school children in Ethiopia (Abdissa et al. 2006), and
serotype coverage within Africa, Asia, Latin America, the Middle East and the
Pacific region estimated to be 39, 61, 72, 63 and 34 % respectively (Steer et al.
2009). Recently, Dale et al. (2011) have formulated a 30-valent GAS vaccine
preparation based on the serotypes most prevalent in North America and Europe.
This preparation was immunogenic in rabbits and the resultant antisera opsonized
all 30 vaccine containing serotypes. Furthermore, the antisera contained bacteri-
cidal antibodies against 24 (of 40) non-vaccine serotypes tested (Dale et al. 2011).
These findings suggest that multivalent M protein amino terminal based prepa-
rations may provide a greater coverage than estimated based solely on the type-
specific fragments present. Nonetheless, the serotypes represented in the 30-valent
preparation account for only 40 and 59 % of pharyngeal infections in Mali and
South Africa, respectively (Dale et al. 2011). Strategies that ideally cover all GAS
serotypes are required for the production of a vaccine that will be efficacious in all
geographical regions.
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3.2 Fibronectin-Binding Protein A

Fibronectin-Binding Protein A (FbaA) is a GAS cell wall anchored protein
reported to bind fibronectin (Terao et al. 2001) and host regulators of complement,
Factor H and Factor H-like protein 1, thereby promoting resistance to phagocytosis
(Pandiripally et al. 2002). The fba gene was reported in M1, M2, M4, M22, M28
and M49 GAS, but was not detected in other serotypes (Terao et al. 2001).
Intraperitoneal immunization of BALB/c mice with FbaA/CFA produced an ele-
vated humoral IgG response similar to that of M protein and conferred a level of
protection on par with M1 protein following homologous (M1) intraperitoneal
challenge (Ma et al. 2009).

3.3 R28 Protein

R28 protein of GAS is a cell wall anchored protein with sequence similarity to the
a, b and Rib proteins of group B Streptococcus (GBS). R28 protein was initially
identified in M28 GAS (Lancefield and Perlmann 1952), but has also been reported
in M13 and M48 GAS (Lancefield 1957). C3H/NeH mice administered R28
antisera (generated in rabbits administered R28/CFA) via passive intraperitoneal
immunization were significantly protected against lethal homologous (M28)
intraperitoneal challenge (Stalhammar-Carlemalm et al. 1999). In addition, both
passive intraperitoneal and active subcutaneous immunization of C3H/NeH mice
with R28 or Rib (co-administered with CFA/IFA) resulted in protection against
intraperitoneally administered GBS or GAS respectively (Stalhammar-Carlemalm
et al. 2000). Thus, R28 protein shows promise as a cross-species streptococcal
vaccine antigen.

3.4 Protein F1/Streptococcal Fibronectin Binding Protein I

Protein F1 (also designated SfbI) is a GAS cell wall anchored protein which binds
host fibronectin and fibrinogen (Hanski and Caparon 1992; Okada et al. 1994;
Talay et al. 1992; Katerov et al. 1998), enabling GAS adherence to and inter-
nalization into host epithelial cells (Hanski and Caparon 1992; Okada et al. 1994;
Molinari et al. 1997, 1999; Jadoun et al. 1998). In addition, protein F1 confers anti-
phagocytic effects (Hyland et al. 2007). The sfbI gene encoding protein F1 is not
present in all serotypes of GAS. In a study of 69 clinical isolates from the Northern
Territory of Australia, the sfbI gene was present in 64 % of isolates (Goodfellow
et al. 2000). CD1 mice intranasally immunized with either protein F1 alone or
protein F1 coupled to CTB, produced specific humoral IgG and mucosal IgA
immune responses (Guzmán et al. 1999). Intranasal challenge of BALB/c mice
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intranasally immunized with protein F1/CTB with homologous (M23) or heter-
ologous (NS239; Vir type 17.2) GAS isolates, produced 80 or 90 % survival
(5 days post infection) respectively (Guzmán et al. 1999). However, intranasal
immunization of BALB/c mice with protein F1/CTB did not protect mice against
subcutaneous GAS challenge with a homologous (M23) strain (McArthur et al.
2004). McArthur et al. (2004) found that sera from mice immunized with protein
F1/CTB did not result in in vitro opsonophagocytosis of homologous GAS. Protein
F1, specifically the H12 region responsible for binding fibronectin, has also being
investigated for use as a mucosal adjuvant as it has self-adjuvanting properties
(Schulze et al. 2003; Schulze and Guzman 2003). The co-administration of H12
enhanced the serum IgG immune response against the M protein-based peptide J14
(Georgousakis et al. 2009).

3.5 Serum Opacity Factor/Streptococcal Fibronectin
Binding Protein II

Serum Opacity Factor (SOF), also known as Streptococcal Fibronectin Binding
Protein II (SfbII) is a cell wall anchored fibronectin, fibrinogen and fibulin-1
binding protein of GAS possessing the capacity to opacify mammalian serum
(Rakonjac et al. 1995; Courtney et al. 2002, 2009). SOF has also been reported to
contribute to GAS adherence to and internalization into host cells (Gillen et al.
2008; Oehmcke et al. 2004; Timmer et al. 2006). SOF is capable of generating
opsonic antibodies in humans, rabbits and mice (Courtney et al. 2003). SOF is
expressed by approximately 32–60 % of circulating strains depending on geo-
graphical location (Goodfellow et al. 2000; Kreikemeyer et al. 2002; Prakash and
Dutta 1991; Beall et al. 2000). Swiss NIH mice parenterally immunized with SOF/
CFA were protected against intraperitoneal challenge with homologous M2 GAS
(Courtney et al. 2003). Likewise, BALB/c mice immunized subcutaneously and
boosted intramuscularly with a SOF protein lacking the signal sequence and
fibronectin-binding repeat region (designated SOFDFn) adjuvanted with IFA were
protected against lethal intraperitoneal challenge with heterologous M49 GAS
(Gillen et al. 2008). The administration of SOF coupled to CTB via the intranasal
route resulted in elevated mucosal IgA and IgG antibody responses (Schulze et al.
2006). However, BALB/c mice were not protected against lethal intranasal chal-
lenge with a heterologous (M100) GAS isolate in this model (Schulze et al. 2006).
Given the ability of SOF to opacify serum via the disruption of high density
lipoprotein, SOF, at least administered in an active form, would presumably not be
safe as a vaccine intended for human use. In preliminary studies, immunization
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with two inactive SOF mutant proteins failed to protect against lethal heterologous
(M49) intraperitoneal GAS challenge (Gillen et al. 2008).

3.6 Streptococcal Protective Antigen

Streptococcal Protective Antigen (Spa) is a GAS vaccine antigen originally
identified in a M protein-negative mutant GAS strain (M18), capable of inducing
bactericidal antibodies, promoting resistance to phagocytosis and conferring vir-
ulence in mice (Dale et al. 1999; McLellan et al. 2001). Spa has also been
described in M36 GAS and Spa or Spa-like proteins were detected on the surface
of 35.7 % of GAS serotypes tested (Ahmed et al. 2010). Intraperitoneal admin-
istration of Spa antisera to Swiss mice mediated passive protection against sub-
sequent homologous (M18) intraperitoneal GAS challenge (Dale et al. 1999). In
addition, anti-Spa antibodies were found to opsonize M3 and M28 GAS in vitro
(Dale et al. 1999).

3.7 Streptococcus pyogenes Cell Envelope Proteinase/
Spy0416

Spy0416 was initially identified as a GAS surface protein in a bioinformatic and
proteomic study. When co-administered with CFA/IFA, Spy0416 elicited a pro-
tective immune response against homologous (M23) mucosal infection in CD1
mice (Rodreiguez-Ortega et al. 2006). Spy0416 was also one of three protective
antigens conferring protection against four different GAS serotypes in a recent
high throughput GAS vaccine study (Bensi et al. 2012). Spy0416 has been iden-
tified as Streptococcus pyogenes Cell Envelope Proteinase (SpyCEP), a protein
known to cleave and inactivate interleukin-8 (Edwards et al. 2005) and play a key
role in systemic bacterial dissemination (Turner and Nohadani 2010). SpyCEP is a
highly conserved, cell wall anchored protein that also exists in a secreted form
(Turner et al. 2009). A recent study assessed the protective efficacy of SpyCEP
(co-administered with CFA) via intramuscular immunization of BALB/c mice.
Upon subsequent intramuscular and intranasal infection with homologous M81
GAS, a decrease in bacterial dissemination to both the liver and the spleen was
observed in both cases (Turner et al. 2009). Furthermore, immunization of BALB/
c mice with GAS SpyCEP also reduced organ dissemination of the equine path-
ogen Streptococcus equi (Turner et al. 2009). As such, SpyCEP shows potential as
a cross-species streptococcal vaccine candidate.
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4 Cell Membrane Associated and/or Secreted GAS
Vaccine Candidates

4.1 C5a Peptidase

Streptococcal C5a peptidase is a surface expressed endopeptidase which cleaves
the C5a component of complement, inactivating C5a so it can no longer act as a
chemo-attractant (Koroleva et al. 2002). This delays the infiltration of phagocytes
to sites of GAS infection, slowing the clearance of GAS from host mucosal sur-
faces (Ji et al. 1997), allowing GAS to further colonize the host (Stafslien and
Cleary 2000). C5a peptidase has also been reported to mediate invasion into HEp-
2 cells (Purushothaman et al. 2004). C5a peptidase is highly conserved and is
ubiquitously expressed by GAS (Ji et al. 1997). In CD1 mice, following intranasal
immunization with truncated, enzymatically inactive recombinant C5a peptidase
(no adjuvant), significant levels of IgA salivary antibodies and serum IgG were
detected (Ji et al. 1997). Anti-C5a peptidase antibodies caused a reduction in
pharyngeal colonization mediated by homologous (M49) and heterologous (M1, 2,
6, 11) GAS serotypes (Ji et al. 1997; Park and Cleary 2005). The same inactive
C5a peptidase protein was administered with Alum and MPL to CD1 mice via the
subcutaneous route. This preparation was highly immunogenic, resulting in sig-
nificantly elevated levels of specific serum IgG compared to control mice
administered tetanus toxoid only (Cleary et al. 2004). Following homologous
(M49) and heterologous (M1) mucosal challenge, GAS were cleared more rapidly
from the oral/nasal mucosa of immunized mice (Cleary et al. 2004). Antibodies
reactive against C5a peptidase have also been detected in the sera of children with
GAS-associated pharyngitis, indicating that C5a peptidase is expressed in vivo
during the natural course of infection and is immunogenic in humans (Shet et al.
2003, 2004). GBS also possess C5a peptidase and the scpB gene shares 97–98 %
identity with GAS scpA (Cleary et al. 1992; Chmouryguina et al. 1996). Subcu-
taneous immunization of CD1 mice with the GBS inactive C5a peptidase co-
administered with Alum and MPL resulted in enhanced clearance of GAS and
GBS from the lung and nasal mucosa (Cleary et al. 2004; Cheng et al. 2002). Thus,
C5a peptidase shows promise as a broad spectrum streptococcal vaccine candidate,
eliciting protection against both GAS and GBS.

4.2 Streptococcal Hemoprotein Receptor

Streptococcal Hemoprotein Receptor (Shr) is a secreted GAS protein which binds
hemoglobin, myoglobin, the hemoglobin-haptoglobin complex, fibronectin and
laminin (Fisher et al. 2008). The shr gene is part of the highly conserved sia
operon (streptococcal iron acquisition) (Bates et al. 2003), although, in one report
Shr antiserum only reacted with 82.4 % of GAS isolates tested (Fisher et al. 2008),
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indicating Shr is not present on the surface of all serotypes. Intraperitoneal
immunization of CD1 mice with Shr (CFA/IFA) resulted in a robust serum IgG
response which protected mice against homologous (M1) intraperitoneal GAS
challenge (Huang et al. 2011). Mucosal immunization of CD1 mice with Shr-
expressing L. lactis resulted in specific serum IgG and mucosal IgA responses
which elicited protection against homologous (M1) intraperitoneal challenge
(Huang et al. 2011). In addition, rabbit Shr antiserum opsonized whole GAS in
vitro and mediated passive protection against homologous (M1) and heterologous
(M3) intraperitoneal GAS challenge (Huang et al. 2011).

4.3 Streptococcal Pyrogenic Exotoxin B

Streptococcal Pyrogenic Exotoxin B (SpeB) is a highly conserved ubiquitously
expressed broad spectrum cysteine proteinase located on the surface of GAS which
in vitro is also secreted into the culture supernatant. SpeB degrades human ECM
components such as fibronectin and vitronectin (Kapur et al. 1993), the anti-
bacterial peptide LL-37 (Schmidtchen et al. 2002), properdin (a positive com-
plement activation regulator found in serum) (Tsao et al. 2006), complement
component C3 (Hsu et al. 2008; Kuo et al. 2008), in addition to IgG, IgA, IgD, IgE
and IgM (Von Pawel-Rammingen and Björck 2003). SpeB also binds laminin
(Hytönen et al. 2001) and integrins (Stockbauer et al. 1999), which may facilitate
the invasion of host cells by GAS (Tsai et al. 1998). The actions of SpeB promote
GAS resistance to phagocytosis at the infection site (Chiang-Ni et al. 2006; Terao
et al. 2008). The use of SpeB as a vaccine candidate in its native form raises safety
concerns given its proteolytic activity. One group tested the ability of SpeB to
elicit a protective immune response following intraperitoneal challenge of CD1
mice. Active subcutaneous immunization with SpeB (no adjuvant) using a com-
bination of subcutaneous and intraperitoneal routes and also passive intraperito-
neal immunization with SpeB antibodies enhanced the survival of mice following
intraperitoneal heterologous (M3) GAS challenge (Kapur et al. 1994). More
recently, a chimeric protein comprised of an inactive mutant form of SpeB and the
receptor binding surface of SpeA, was intramuscularly administered (with MPL) to
HLA-DQ8/human CD4+transgenic mice (Ulrich 2008). This construct was
observed to elicit a protective response following homologous intravenous GAS
challenge (Ulrich 2008). The use of SpeB as a vaccine candidate, at least in the
active form, is questionable given the inherent proteolytic activity of SpeB. In
addition, the observation that SpeB may be associated with the induction of acute
post streptococcal glomerulonephritis (Luo et al. 2007) also raises questions to the
suitability of this secreted GAS protein as a vaccine candidate.
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4.4 Streptococcal Secreted Esterase

Streptococcal Secreted Esterase (Sse) is a secreted GAS protein which hydrolyzes
platelet-activating factor, thereby impeding neutrophil recruitment to the site of
infection (Liu et al. 2012). Sse is also documented to play an important role in
invasive skin infections and GAS dissemination in mice (Zhu et al. 2009). Two
alternate variants of Sse were identified within 10 serotypes of GAS (Liu et al. 2007).
However, it is not yet known if these two Sse variants are expressed by all serotypes
of GAS, evoking questions about the capability of Sse to provide broad serotype
protection. Following subcutaneous immunization of Sse utilizing Alum as an
adjuvant, CD1 mice were protected against lethal subcutaneous challenge by
homologous (M1) and heterologous (M3) GAS strains (Liu et al. 2007). Furthermore,
passive immunization of CD1 mice with anti-Sse serum also resulted in protection
against homologous (M1) GAS challenge (Liu et al. 2007). Anti-Sse antibodies were
detected in convalescent serum from pharyngitis patients, however, experimentally
derived anti-Sse serum was not opsonic in an in vitro assay (Liu et al. 2007).

5 Anchorless GAS Vaccine Candidates

5.1 Fibronectin-Binding Protein 54

FBP54 is an anchorless GAS surface protein known to bind both fibronectin and
fibrinogen (Courtney et al. 1994, 1996). In a study of invasive disease isolates from
the Northern Territory of Australia, the fbp54 gene was present in all 75 isolates
tested (Delvecchio et al. 2002). Likewise, the fbp54 gene was present in all nine
serotypes tested by Southern blot in another study (Kawabata et al. 2001). FBP54
adjuvanted with CFA or CT was used to immunize BALB/c mice via subcuta-
neous, oral or intranasal routes respectively. An elevated FBP54-specific IgG
response ensued for all three routes, with an increase in salivary IgA following oral
and intranasal immunization. Immunization via all three routes protected mice
against homologous (M3) intraperitoneal challenge (Kawabata et al. 2001). Mice
subcutaneously immunized with FBP54 had significantly enhanced survival fol-
lowing heterologous (M1 or M12) challenge with GAS. Furthermore, anti-FBP54
antisera was opsonic in in vitro assays (Kawabata et al. 2001).

5.2 Streptococcal Immunoglobulin-Binding Protein 35

Sib35 binds IgG, IgA and IgM (Kawabata et al. 2002). It is thought Sib35 is
secreted into the culture supernatant and it is postulated to be surface-localized,
although, it does not contain the typical Gram-positive LPXTG cell-wall anchor
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motif (Kawabata et al. 2002). The sib35 gene was detected by Southern blot in all
nine isolates tested in one report (Kawabata et al. 2002). Subcutaneous immuni-
zation of BALB/c, C3H/HeN, C57BL/6J and CD1 mice with Sib35 (adjuvanted
with CFA/IFA) resulted in significant protection of BALB/c, C3H/HeN and C57/
BL6 mice strains (but not outbred CD1 mice) against homologous (M3) challenge
(Okamoto et al. 2005). In addition, polyclonal rabbit antiserum raised against
Sib35 was bactericidal in vitro (Okamoto et al. 2005).

5.3 Arginine Deiminase/Streptococcal Acid Glycoprotein

Arginine Deiminase (ADI) also known as Streptococcal Acid glycoprotein (SagP)
is an anchorless virulence factor of GAS capable of inhibiting the proliferation of
human T cells in vitro (Degnan et al. 1998). ADI forms part of the arginine
deiminase system, converting arginine to citrulline with concomitant production of
ammonia. It is thought that ADI may play an indirect regulatory role in GAS,
influencing the expression of GAS virulence factors and the consequent inter-
nalization of GAS by host cells (Marouni et al. 2003). ADI is expressed across
multiple GAS serotypes exhibiting C99 % amino acid sequence identity amongst
sequenced GAS genomes (Henningham et al. 2012). Subcutaneous immunization
with ADI adjuvanted with CFA protected BALB/c mice against intraperitoneal
homologous (M1) challenge. Intraperitoneal immunization of CD1 mice with ADI
(adjuvanted with Alum) conferred protection against lethal heterologous (M12)
challenge. Co-administration of ADI and trigger factor (TF; described below) with
CFA via the intraperitoneal route protected C57BL/6J mice against intraperitoneal
homologous (M1) challenge with the hypervirulent 5448AP GAS isolate (Henn-
ingham et al. 2012). Vaccine safety concerns are addressed by the observation that
ADI lacks a human homolog and sera from human populations suffering repeated
GAS infections and high levels of autoimmune complications do not recognize
ADI (Henningham et al. 2012).

5.4 Trigger Factor

TF is an anchorless protein of GAS indentified following proteomic analysis of cell
wall extracts (Henningham et al. 2012; Cole et al. 2005). TF is a ribosome-associated
chaperone and peptidyl–prolyl cis–trans isomerase implicated in SpeB protease
maturation in GAS (Lyon and Caparon 2003; Lyon et al. 1998). Subcutaneous
immunization with TF adjuvanted with CFA protected BALB/c mice against
homologous (M1) intraperitoneal GAS challenge. Intraperitoneal immunization of
CD1 mice with TF co-administered with Alum conferred protection against lethal
intraperitoneal heterologous (M12) challenge (Henningham et al. 2012).
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6 Elucidation of Novel GAS Vaccine Candidates

Modern vaccinology utilizes techniques such as bioinformatics and data mining to
readily select cell wall, membrane and surface associated proteins (Pizza et al.
2000). Reverse vaccinology utilizes other high throughput techniques including
immunoblotting and protein arrays are used to identify immunogenic antigens
(Bombaci et al. 2009; Meinke et al. 2005) and proteomic-based studies (Henn-
ingham et al. 2012; Rodreiguez-Ortega et al. 2006; Cole et al. 2005) are used to
elucidate surface exposed antigens. In the case of GAS, one such approach used
bioinformatics to identify 30 open reading frames in M1 GAS which were thought
to encode putative extracellular lipoproteins (Lei et al. 2004). Antisera obtained
from mice infected with whole GAS and from patients suffering GAS pharyngitis
and invasive infection was used to probe recombinant forms of the lipoproteins in
Western blots. Six of the recombinant proteins were observed to react with both
the mouse antisera and the human sera (Lei et al. 2004), suggesting they are
expressed during natural infection. Recombinant forms of 16 of the 30 proteins
(adjuvanted with MPL-synthetic trehalose dicorymycolate) were used to individ-
ually immunize CD1 mice via the subcutaneous route. Following immunization,
the resultant antisera raised against five of the proteins (Spy0385, Spy1245,
Spy1274, Spy1390 and Spy1558) was observed to inhibit the growth of GAS in an
in vitro bactericidal assay (Lei et al. 2004).

An alternative approach utilized a combination of biochemical, bioinformatic and
proteomic techniques to identify surface exposed proteins of a M1 GAS isolate,
SF370. Whole GAS cells were treated with trypsin or proteinase K, or a combination
of both, in order to ‘shave’ the surface exposed proteins (Rodreiguez-Ortega et al.
2006). The resultant peptide fragments were identified using nano-liquid chroma-
tography-mass spectrometry (MS)/MS followed by interrogation of the SF370
genomic database. A total of 68 proteins were identified, 12 contained a LPXTG cell-
wall anchor motif, 11 lipoproteins, 37 transmembrane proteins and eight secreted
proteins (Rodreiguez-Ortega et al. 2006). Only four of the proteins identified were
predicted to be cytosolic in nature (Rodreiguez-Ortega et al. 2006). Fourteen proteins
were recombinantly expressed and used to immunize CD1 mice intraperitoneally
(with CFA/IFA). Only one protein, SpyCEP, elicited protection against heterologous
(M23) mucosal infection with GAS (Rodreiguez-Ortega et al. 2006).

Another research group also utilized proteomics to identify SF370-surface
exposed proteins (Severin et al. 2007). Severin et al. (2007) found a total of 79
proteins, 33 of which had not previously been localized to the cell surface of GAS.
Amongst the proteins identified were four proteins containing a LPXTG cell-wall
anchor motif, 12 lipoproteins, nine secreted proteins, 22 membrane-associated
proteins, one bacteriophage-associated protein and 21 proteins traditionally known
to exist in the cytoplasm (Severin et al. 2007). Sixteen of the proteins were
selected to individually immunize Swiss Webster mice via the subcutaneous route
with Alum and MPL. Whilst the surface localization of the 16 proteins was
confirmed using the resultant polyclonal antiserum in a whole cell enzyme-linked
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immunoabsorbant assay (Severin et al. 2007), the ability of these putative surface
antigens to protect against lethal GAS challenge is yet to be examined.

Another strategy adopted by researchers to identify novel GAS surface proteins is
searching genomic surface display libraries. In short, a GAS genomic library was
produced in which sheared genomic DNA (M1; SF370) was ligated into appropriate
plasmids for bacterial surface display screens using human serum (Fritzer et al.
2010). Biotinylated human serum was incubated with the Escherichia coli cells
expressing the genomic library and surface exposed antigenic fragments that bound
the serum were detected using streptavidin-conjugated microbeads followed by
identification with MS (Fritzer et al. 2010). This resulted in the elucidation of 95
putative antigens, some of which conferred protection against GAS challenge in
mouse models. Six antigens (Spy0269, Spy0292, SpyCEP, Spy0872, Spy0895 and
Spy1666) were observed to protect against heterologous (M23) intranasal challenge;
whilst Spy0292, SpyCEP and Spy0872 also elicited protective immunity against
homologous (M1) intravenous GAS challenge (Fritzer et al. 2010). Each of the
protective antigens identified in this study were highly conserved, each gene was
present in 50 isolates analysed using PCR, with greater than 97 % amino acid
sequence identity amongst sequenced GAS genomes.

The observation that efficacious vaccine candidates are often conserved surface
associated and/or secreted proteins inspired researchers to adopt a tripartite
approach consisting of mass spectrometry based proteomics, protein array and
flow cytometry to identify novel GAS vaccine antigens (Bensi et al. 2012). Using
this approach, six of the 40 antigens tested in murine challenge models were
identified by each of the three technologies; SpyCEP, streptolysin O (SLO),
SPy0269 (putative surface exclusion protein), SPy0019 (putative secreted protein),
SPy1361 (belonging to internalin A protein family) and C5a peptidase (Bensi et al.
2012). A combination of SpyCEP, SPy0269 and SLO was administered with Alum
to CD1 mice via the intraperitoneal route, resulting in protection against intranasal
or intraperitoneal challenge with four GAS serotypes, M1, M6, M12 and M23
(Bensi et al. 2012). Such formulations, combining highly conserved surface
antigens, show promise for the global eradication of GAS infection and disease.
Furthermore, high throughput multifactorial approaches such as this may be
applied to other pathogenic organisms for which no vaccine exists.

7 Human Trials of GAS Vaccine Candidates

Although many proteins and peptides have been tested as GAS vaccine candidates
in pre-clinical animal models, only a select number of preparations have been
tested in human volunteers and clinical trials. Early studies documented the
immunization of individuals and subsequently monitored the incidence of natural
GAS infection in immunized and unimmunized/placebo groups. Studies conducted
in the period 1923–1949 utilized heat- or UV-killed GAS or acid precipitated
toxins (Bloomfield and Felty 1923; Rantz et al. 1949; Wasson and Brown 1943;

Group A Streptococcal Vaccine Candidates 227



Wilson and Swift 1931; Young et al. 1946). For the most part, localized responses
to these preparations were quite variable with some preparations inducing systemic
reactions with chills, malaise and aching, nodule formation and swelling and
soreness at the injection site (Rantz et al. 1949). Typically, these early formula-
tions had a low efficacy, with minimal or no reduction in the frequency of GAS
infection and disease in vaccinated individuals. Subsequently, whole GAS cells
were no longer incorporated into preparations used in human GAS vaccine trials.
Instead, later vaccine studies conducted in the 1960s focused on the cell-surface of
GAS, administering either cell wall extracts or purified M protein. On the whole,
the administration of M protein based preparations resulted in type-specific sec-
ondary bactericidal responses (Fox et al. 1966; Potter et al. 1962). A subsequent
series of human trials conducted in the 1970s tested the protective efficacy of
purified M proteins. Individuals were immunized with either M1 (Fox et al. 1973;
Polly et al. 1975), M3 or M12 protein (D’Alessandri et al. 1978), followed by
homologous pharyngeal challenge. In each of these studies, the majority of
immunized individuals had a significant increase in type-specific M protein anti-
bodies and overall there was a significant decrease in GAS colonization rate in
immunized individuals compared to individuals given a placebo. However, one
study noted that the type-specific antibodies were not bactericidal against
homologous strains (D’Alessandri et al. 1978).

Following reports that purified M protein preparations were well tolerated by
adults, these preparations were subsequently tested in children. The administration
of partially purified M3 protein to healthy children who were siblings of ARF
patients produced controversial results. In 95 % of the immunized children, the
M3-based vaccine elicited a type-specific bactericidal response (Massell et al.
1968). During and following vaccination there were 18 reported natural GAS
infections (heterologous serotypes), evident due to a significant elevation in anti-
SLO titre (Massell et al. 1969). Two of these GAS infections were followed by
definite cases of ARF, and one by a probable case of ARF (Massell et al. 1969).
The two definite ARF cases comprise 11.1 % of the GAS infections recorded in
the vaccinated children, which is in stark contrast to the incidence of ARF amongst
447 natural GAS infections in unvaccinated siblings (1.1 %); or the incidence
reported in patients with a significant rise in anti-SLO titre in a preceding study
(0.9 %) (Siegel et al. 1961). There are a number of factors (other than the
administration of M3 protein) that may have contributed to the onset of ARF in
these children. Such factors include the number and frequency of GAS infections
the children had prior to the vaccination regime and the health of each child.
Nonetheless, the unprecedented high frequency of ARF coinciding with the
immunization of children with M protein-based GAS vaccines was of great con-
cern and consequently there were very few human GAS vaccine trials from the
1980s to the early 2000s.

The capacity of certain M protein epitopes to elicit an auto-immune response
has been well documented elsewhere (Kaplan and Meyeserian 1962; Dale and
Beachey 1985; Cunningham 2003). The aim of developing a GAS vaccine which
does not generate auto-antibodies motivated researchers to move from whole M
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protein based vaccines to preparations containing M protein fragments which do
not react with host tissue. In recent times, two M protein based multivalent vaccine
preparations have reached phase I human clinical trials. In the initial study, healthy
adult volunteers (n = 28; 18–50 years old) were administered either 50, 100 or
200 lg of hexavalent preparation formulated with Alum via intramuscular
immunization. The immunizations were spaced 0, 28 and 56 or 112 days apart in a
single-center, open-label trial (Kotloff et al. 2004). The preparation was well
tolerated in all but one volunteer and reactions to the vaccine were regarded as
mild. In this preliminary study, there was no evidence of antibodies cross-reactive
with human tissue or immunological complications. For the highest dose tested
(200 lg), there was a significant increase in serum IgG antibody titre to all six
vaccine antigens. The resultant sera killed 5/6 M types (not M6) in an opsono-
phagocytosis assay (Kotloff et al. 2004). Given the positive results following the
administration of the hexavalent preparation, in an attempt to achieve greater
serotype coverage, a second clinical trial was undertaken administering Strept-
avax, a 26-valent preparation (McNeil et al. 2005). Strain selection was based on
surveillance programs reporting the predominant M types associated with invasive
diseases and pediatric pharyngitis in the US. M types historically associated with
ARF were also included, in addition to a fragment derived from Spa. A 400 lg
dose of the vaccine was administered intramuscularly with Alum on days 0, 30 and
120 (McNeil et al. 2005). There was no evidence of rheumatogenicity or ne-
phritogenicity, nor induction of antibodies cross-reactive with human tissue.
Reported side effects to the vaccine were all self-limited. For 26/27 peptides, a
four-fold or greater increase in antibody titre above baseline was recorded (McNeil
et al. 2005). There was a significant reduction in bacterial counts in opsonization
assays for all included M serotypes (McNeil et al. 2005). In January 2005, a larger
phase II clinical trial commenced with 70 individuals administered Streptavax and
20 individuals receiving a hepatitis A vaccine (control group) (McMillan 2006).
An average 11.3-fold increase in serum antibody titre was measured for each of the
27 peptides. The US Food and Drug Administration requested more safety
information from the adult trials before the commencement of pediatric studies,
are yet to commence (McMillan 2006). There have been no further reports
regarding the safety of these promising multivalent N-terminal M protein based
preparations.

8 Conclusion

Even though the GAS surface proteins reviewed herein elicit protective immunity
in animal models and show promise as effective GAS vaccines, there is still no
commercial human GAS vaccine available. Researchers should carefully consider
a number of factors when developing GAS vaccines: (i) the conservation and
serotype coverage of antigens, (ii) differences in the geographical distribution of
serotypes, (iii) the possibility that antigens may contain auto-immune epitopes, (iv)
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the selection of human approved adjuvants, and v) the design and validity of
experimental animal models. Coverage of all GAS serotypes and global elimi-
nation of GAS disease can only be achieved by preparations which optimally
address each of these factors.
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Clinical Management of the Most
Common Group A b-Hemolytic
Streptococcal Infections

Edward L. Kaplan

Abstract Group A streptococcal (Streptococcus pyogenes) infections remain
important causes of medical and public health morbidity and mortality even during
the early twenty-first century. Although most often concentrated in socially/eco-
nomically disadvantaged populations, the problems remain significant in both
industrializing and industrialized countries. The many M/emm types of GAS
contribute to herd immunity in populations and also affect the control of strep-
tococcal infections in these populations. Although this bacterium remains among
the most susceptible to most antibiotics, it is evident that antibiotics alone have not
solved the group A streptococcal medical and public health problems, even in
those places where access to medical care is readily available. It is likely that the
current streptococcal problems will remain difficult to manage and will remain
essentially unchanged until the broad implementation of a cost-effective group A
streptococcal vaccine, likely some years in the future.
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1 Epidemiology of Group A Streptococcal Infections

It has been recognized for many decades that the group A b-hemolytic strepto-
coccus (Streptococcus pyogenes; GAS) is widely spread around the world and
throughout diverse populations. What has not been fully appreciated is the fact that
the epidemiology of this organism is very dynamic. This is a highly transmissible
bacterium, and it has the capacity to spread rapidly and widely among susceptible
individuals or in a susceptible population. For these reasons, understanding the
epidemiology of these infections is necessary for developing their effective clinical
management, as well as for the public health containment of streptococcal
infections and their suppurative and nonsuppurative sequelae.

As stated in the first chapter of this volume (Ralph and Carapetis 2012), the
group A streptococcus may affect different populations in different ways. This
became more evident during the last half of the twentieth century and during the
first decade of the twenty-first century. The published descriptions of multiple
epidemics of upper respiratory tract infections, scarlet fever, acute poststrepto-
coccal glomerulonephritis, and rheumatic fever completely overshadowed the
bacterium’s endemicity and the constantly changing epidemiology not only among
populations, but also among individuals within any given population. More
recently, a more complete recognition of not only endemicity within a single
population, but also the seeming intra- and intercontinental spread has changed the
way these infections and—more specifically—specific strains of the group A
streptococcus are managed. While it can be stated that the infections themselves
remain similar in the human host (the only recognized natural reservoir for GAS) no
matter where they live, the disease expression in some populations such as those in
the developing world appear to be somewhat different. This likely is the result of
environment and infrastructure, rather than being strictly of biological origin.

A very significant impact on this medical and public health problem was the
introduction at the close of the twentieth century of molecular techniques for
identifying and characterizing these organisms [especially typing of the emm gene
which codes for the M protein virulence factor on the surface of the cell (Beall et al.
1996)]. The ability of these newer techniques to identify outbreaks and clusters has
been immensely helpful to both medical and public health professionals, as well as to
basic scientists investigating the many remaining mysteries associated with GAS.
The fact that one no longer has to be concerned about ‘‘non-typable’’ strains, as was
often the case in the past when only T typing and serotyping were available, has
proven immensely important. However, it must be recognized that despite these
advances, the clinical and the public health management of GAS infections and their
sequelae (both suppurative and non-suppurative) still remain problematic in all
populations around the world.

An anonymous physician once remarked that group A streptococcal infections
are an occupational disease of school children. Why the organism seems to have a
predilection for this age group remains incompletely understood. While not totally
invulnerable to GAS infections, very young children seem to experience fewer
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GAS infections. However, this does not obviate the fact that it was shown some
years ago in prospectively followed families that the average child has had three
documentable group A streptococcal upper respiratory tract infections by the age
of 13 years (Dingle et al. 1964), While these infections are more infrequent in
older teenagers and in healthy adults, these infections and their complications
remain a significant problem, for example, among military recruits no matter
which country they are studied in. Emphasizing this problem is the observation
that there were more than 25,000 cases of acute rheumatic fever in the United
States Navy alone during World War II (Streptococcal Disease Laboratory 1951).

Group A streptococci have the potential to verify their threat through a broad
spectrum of clinical and epidemiological manifestations. Each of these manifes-
tations presents its own unique medical and public health issues. Whether ‘‘rela-
tively benign’’ or life-threatening (either suppurative or non-suppurative sequelae),
required approaches to medical therapy and public health prevention can be quite
different.

The predilection, especially for children, has resulted in a spectrum of various
manifestations such as that shown in Fig. 1. These represent the major GAS
infections and complications to be discussed.

2 Clinical and Public Health Management of Group A
Streptococcal Infections

To many, the diagnosis ‘‘streptococcal infection’’ is almost synonymous with
group A streptococcal tonsillopharyngitis. This is because it is the most common
presenting form of GAS infections. Yet, the management of these infections
remains controversial. There are differences in the approach to management not
only from country to country, but even among physicians and public health
authorities in the same geographic area of a given region. Many countries and
medical/public health organizations continue to publish their own individual
guidelines for management of streptococcal pharyngitis (Gerber et al. 2009; The
Red Book 2012; Shulman et al. 2012; Matthys et al. 2007). Why this is the case
remains intriguing to observers of this infection.

Benign to clinically severe

Serious and Severe(Relatively) Benign

Impetigo
Skin colonization

Upper respiratory tract 
infection “carriers” 

Tonsillopharyngitis and Scarlet fever

Rheumatic fever
Acute nephritis

Toxic Shock
Necrotizing fasciitis

Sepsis/bacteremia etc

Fig. 1 The spectrum of group A streptococcal infections in humans
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There are several approaches to management of GAS infections which have
medical and scientific support and should be non-controversial. While the original
reason for treating GAS infections of the upper respiratory tract was originally
primarily directed to prevention of a specific non-suppurative sequel (i.e., rheu-
matic fever), it has become clear that treatment of individuals by eradicating the
organism from the upper respiratory tract also has the beneficial effect of reducing
spread among close contacts, in the home, in the school, or in other susceptible
populations. For those reasons, and also since it has been shown that truly infected
individuals (see below) usually clinically improve spontaneously whether treated
or not, but still are susceptible to rheumatic fever and remain likely to spread the
organism, the scientifically documented goal of antibiotic therapy is full eradi-
cation of the streptococcus from the upper respiratory tract.

There has never been a clinical isolate of group A streptococci which is even
remotely resistant to penicillin (Macris et al. 1998). Even if one goes back almost
eight decades and studies isolates from that time, the MIC of Streptococcus
pyogenes to penicillin has not changed (Macris et al. 1998); the organism is as
susceptible today as it has been in the past. The reason why is not understood. This
promotes penicillin as an inexpensive and usually effective antibiotic which is
available worldwide.

For individuals who are truly allergic to the penicillins, the classically rec-
ommended alternative antimicrobial agent has been the macrolide group. How-
ever, beginning in the 1960s and 1970s when the majority of GAS were shown to
develop resistance to erythromycin in Japan, the problem of macrolide resistance
has spread to many parts of the world where these drugs are dispensed—often too
frequently and haphazardly. There are multiple examples of this macrolide phe-
nomenon around the world. Even included now is the azalide, azithromycin, which
has also been associated with increased resistance by group A streptococci (Kaplan
and Cornaglia 2005).

Management of group A streptococcal upper respiratory tract infection with
tetracyclines and with sulfa drugs continues to be contraindicated, also because of
antimicrobial resistance (Matthys et al. 2007, IDSA).

During the past two or three decades numerous new (and often more expensive)
antimicrobial agents have been introduced to treat GAS pharyngitis. Some of these
have even been proposed to be more effective than the penicillins. This has further
promoted diversity among national and regional recommendations for treatment of
this common infection. The use of such antibiotics can be credited, likely in large
part, to campaigns by PHARMA.

In a similar vein, there are now available antibiotic regimens using less than the
10 days of therapy which has been the classically verified regimen for decades.
Equivalency studies arguably purport to show equivalent and sometimes even
superior efficacy in eradication of GAS from the upper respiratory tract. However,
there are also published data which demonstrate greater effectiveness in treating
for 10 days, when compared to only a ‘‘shortened’’ course (Kaplan et al. 2001).
This important question remains incompletely addressed, as is seen in several
guidelines.
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A study was published in 2002 which further intensified the controversy for
using penicillin as a first line of therapy for group A streptococcal tonsillophar-
yngitis (Kaplan and Johnson 2001). In that study which used generally recom-
mended doses of intramuscular benzathine penicillin G (to avoid the issue of
patient adherence), it was found that in 37 % of patients with pharyngitis and
culture proven GAS in the throat (not using rapid antigen detection tests)the
organism was not eradicated during the month following benzathine penicillin G
therapy.

A number of possible explanations emerged is shown in Table 1 below:

2.1 The group A streptococcal upper respiratory
tract carrier state?

Space does not allow detailed discussion of each of the possibilities shown in
Table 1. However, many agree that the first five bullet points listed in the figure
represent less likely explanations. It is the last option in the list, the group A upper
respiratory tract ‘‘carrier’’ state, that merits more discussion.

To clarify what is precisely meant by the ‘‘carrier state’’, a definition of both
conditions is required (Kaplan 1980). There is published evidence to the define
true or bona fide infected individual as a human host from whom the streptococcus
can be recovered from the throat and the host experiences an immunologic
response to a streptococcal somatic or extracellular antigen(s) indicating host
recognition of the presence of the GAS. In contrast, a ‘‘carrier’’ has been defined as
the presence of the group A streptococcus in the throat, but for as yet unknown
reasons there is no immunologic response to these streptococcal antigens.

This symbiotic relationship between a normally pathogenic bacterium and its
human host has been a major controversial issue for management and control of
group A streptococcal infections for decades. Either the asymptomatic presence of
GAS in the pharynx, or the streptococcal presence in a human who is symptomatic
due to another etiologic agent (most commonly a respiratory virus) has presented
an enigma to clinicians, public health authorities, as well as to basic scientists.

There are convincing data that this upper respiratory tract carrier state exists
(Kaplan et al. 1971; Johnson et al. 2010). Furthermore, there are published
data which quite strongly suggest that the carrier state is often quite difficult to
eradicate with penicillin therapy, even in recommended doses (Kaplan et al. 1981).

Table 1 Possible Explanations for Failure to Eradicate Group A Streptococci with Penicillin

Are there changes in antibiotic susceptibility?
Is there ‘‘tolerance’’ to penicillin?
Is there a problem with the manufacture of penicillin?
Is compliance/adherence documented?
What is meant by the term co-pathogenicity? Does this have any role (beta-lactamase,

bacteriocins)?
Is there a role for the group A streptococcal carrier state?
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A major reason for this need for differentiation of the two conditions relates
to their ability to result in sequelae, either epidemiological or infection-related.
(See Fig. 2).

One approach to understanding the failure to eradicate the GAS from the human
upper respiratory tract has been to further study the relatively recently described
phenomenon of ingestion of viable group A streptococci by respiratory tract
epithelial cells (LaPenta et al. 1994). Although relatively little is known about
GAS intracellular survival, assuming that this phenomenon is related to the cre-
ation of the streptococcal upper respiratory tract carrier state, it is logical to
assume that one important reason for persistence of the organisms is the difficulty
exhibited by penicillin to penetrate the bacterial cell wall. This has been demon-
strated by in-vitro studies (Kaplan et al. 2006).

Much remains to be learned about this condition, especially how to differentiate
clinically the carrier state from the truly infected individual at the time of the
presenting illness; this differentiation represents considerable difficulty for clini-
cians (Kaplan et al. 1971). Throat cultures, even quantitative ones, do not reliably
allow a differentiation (Kaplan et al. 1971). Streptococcal antibody determinations
are only useful in retrospect in this situation. Therefore many times, maybe even in
a majority of instances, the physician feels compelled to treat patients with anti-
biotics, even those who very likely represent the upper respiratory tract carrier
state.

The principle of antibiotic treatment of patients with streptococcal pharyngitis
or tonsillitis is generally accepted, although there is a small minority who believe
that in the presence of reduced rheumatic fever incidence, as is the case in most
industrialized countries, antibiotic therapy is not obligatory. The vast majority of
public health organizations and professional societies recommend antibiotic
therapy. Disagreements are most often about a specific antibiotic, the prescribed
dose, and the duration of therapy.

Special comment is warranted about the use of intramuscular benzathine pen-
icillin G (N,N’ dibenzlethylenediamine dipenicillin G) for treatment of group A
streptococcal upper respiratory tract infections (also known as primary rheumatic
fever prevention). There are convincing data in the literature from several decades
ago demonstrating its superior efficacy when compared with oral penicillin
preparations (Wood et al. 1964). During the past several decades data have been

Fig. 2 Two aspects of GAS in the upper respiratory tract
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published which cause questions about the earlier reports. Recent data have sug-
gested that serum penicillin levels are not as high nor do they last as long (Kaplan
et al. 1989; Broderick et al. 2011). Such studies have raised important questions
about this important aspect of the antibiotic treatment in the management of these
infections. Furthermore, there are no recent data from studies primarily designed
for evaluating children. When data are more complete and updated, the proper role
for this valuable form of repository penicillin can be confirmed.

It is inappropriate to generalize across countries and across professional soci-
eties, but Table 2 reflects agreement about use of those antibiotics:

During a discussion of management of group A streptococcal respiratory tract
infections, it is also appropriate to comment briefly about issues relating to the not
infrequent outbreaks of group A streptococcal respiratory tract infections. Whether
the outbreaks occur in a well-defined population (e.g., a school, daycare facility,
residential facility, or military recruit training base) or in different and most often
different populations in the same city or region, it is necessary that a carefully
conceived public health approach be implemented for the purposes of defining the
extent of the problem. Effective management of this situation requires prompt
public health action. In many such outbreaks, broad use of cultures and subsequent
antibiotic therapy or even just across population, antibiotics have proven effective
in terminating outbreaks. In such situations, the use of intramuscular benzathine
penicillin G has been reported to effectively eliminate the problem.

The other often considered ‘‘benign’’ group A streptococcal infections (Fig. 1)
are those of the skin and soft tissues. These streptococcal infections, similar to
upper respiratory tract infections, affect large numbers of individuals. While quite
common in children, especially younger ones, superficial skin infections also affect
adults.

The relationship of superficial skin infections (impetigo, pyoderma) to throat
infections has been extensively studied. For many years it was believed that
impetigo was largely a staphylococcal infection. But studies from around the
world during the late 1960s and early 1970s revealed a very significant role for
group A streptococci in the etiology of pyoderma (Wannamaker 1970). After
prospective studies, it was recognized that certain M types of group A streptococci
appeared to have a predilection for skin infections and other M types appeared
more often in throat causing infection there. Further studies revealed that rather

Table 2 Most often selected antibiotics for treating GAS tonsillopharyngitis

Preferred initial antibiotic therapy Alternative antibiotics
Oral penicillin V for 10 days (Oral

amoxycillin for taste in young children.)
Oral first-generation cephalosporins for 10 days

(Some use these as initial therapy. Some use
these as an alternative for macrolides/azalides
in penicillin allergic person who has not had
an immediate reaction to penicillins.)

Oral macrolides/azalides when there is
reduced concern for resistance in a
community

Although approved by some regulatory agencies,
data supporting the efficacy of short course
oral antibiotic therapy remain controversial

Intramuscular benzathine penicillin G

Clinical Management of the Most Common Group 249



than streptococci being spread from the throat to the skin, the opposite was true
(Ferrieri et al. 1972). A lag period of about 10 days allowed spread from skin to
throat. While this finding may appear not to be clinically important, there are still
those who believe that rheumatic fever can be caused by skin infection alone
(McDonald et al. 2006). Most experts agree that conclusions about this contro-
versial medical and epidemiological issue remain to be more carefully defined.

While it appears that streptococcal impetigo/pyoderma seldom progresses to
more serious invasive systemic infections, the risk of this complication following
streptococcal pyoderma has not been well-defined.

A major non-suppurative complication of pyoderma is pyoderma-associated
acute post streptococcal glomerulonephritis. The latent period with this form of
nephritis is slightly longer than the mean interval after streptococcal pharyngitis
(3 weeks vs. 2 weeks) (Anthony et al. 1969). Contrary to the situation with pre-
vention of rheumatic fever following antibiotic therapy of streptococcal pharyn-
gitis, it appears that prompt antibiotic treatment of streptococcal impetigo does not
prevent post streptococcal glomerulonephritis.

Various antibiotic treatments for impetigo/pyoderma have been studied
including oral penicillin, benzathine penicillin, macrolides, and first-generation
cephalosporins with varying reports of success. Early studies in an animal (ham-
ster) model of group A streptococcal impetigo indicated that local therapy was not
as efficacious as systemic antibiotic therapy (Dajani et al. 1971). However, it has
been demonstrated that prophylaxis for prevention of impetigo using intramuscular
benzathine penicillin G was successful in preventing impetiginous lesions for
several weeks after injection in a susceptible population (Ferrieri et al. 1974).

On the other hand, the antibiotic management of other soft tissue infections like
group A streptococcal pyomyositis and necrotizing fasciitis is a more complex
problem, usually also requiring surgical debridement (often multiple procedures)in
addition to intravenous antibiotics, and other supportive therapy (Stevens 1992).
While considerable attention has been paid to specific GAS strains (e.g., emm
types 1 and 3) as being especially associated with these very serious infections,
review of the literature reveals numerous necrotizing fasciitis-associated GAS
emm types, frequently associated with those emm types which are most prevalent
in the community. Morbidity and mortality are significant, especially among the
very young and the elderly. In children a common preceding event is chicken pox
(varicella); in adults common complicating factors include diabetes mellitus.

Antibiotic management of these infections, especially necrotizing fasciitis,
usually includes intravenous penicillin and clindamycin, either alone or in com-
bination (Stevens et al. 1992, IDSA). Supportive treatment for accompanying
shock, should it occur, is essential.

Group A streptococcal infections remain an important cause of morbidity and
mortality in both industrializing and industrialized countries even at the beginning
of the twenty-first century (Ralph and Carpetis 2012). It is obvious that these
infections remain problematic despite the increased availability of antibiotics and
the fact that the organism remains quite susceptible to penicillin. The infections
remain a challenge for physicians (including infectious disease specialists), public
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health practitioners, and epidemiologists, as well as for basic scientists. These
conclusions have made it evident that major advances are needed to assist in the
management of the various infectious manifestations (Fig. 1). Among these are the
heightened translation of advances in the basic science laboratory to the clinic and
to the bed side, and in particular the availability and implementation of a cost-
effective group A streptococcal vaccine.
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