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Abstract

Group B Streptococcus (GBS) is a cause of neonatal invasive diseases as well as of severe infections in the elderly and immune-com-
promised patients. Despite significant advances in the prevention and treatment of neonatal disease, sepsis and meningitis caused 
by GBS still represent a significant public health care concern globally and additional prevention and therapeutic strategies against 
infection are highly desirable. The introduction of national recommended guidelines in several countries to screen pregnant women 
for GBS carriage and the use of antibiotics during delivery significantly reduced early-onset disease, but it has had no effect on the 
late-onset diseases occurring after the first week and is not feasible in most countries. In addition, there is no current strategy for 
preventing GBS disease among elderly and immunocompromised, non-pregnant adults. The development of GBS vaccines with ef-
ficacy across serotypes may address many of the clinical gaps left by GBS intrapartum antibiotic prophylaxis. New technologies and 
innovative approaches are being used to identify GBS antigens that overcome serotype-specificity and that could form the basis of 
a globally effective vaccine against this opportunistic pathogen. This review provides an overview of the burden of invasive disease 
caused by GBS in infants and adults and highlights the strategies for the development of an effective vaccine against GBS infections.
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Streptococcus agalactiae (Group B Streptococcus, GBS) is the most frequent pathogen isolated from neonates with invasive bacterial 
disease and responsible for serious infections in newborns such as pneumonia, septicemia and meningitis [1,2]. GBS is also associated 
with significant maternal peripartal disease, including bacteremia, endocarditis, chorioamnionitis, endometritis, urinary tract infections, 
arthritis, and responsible for serious bacterial illness and deaths in non-pregnant women with underlying diseases and in elderly adults 
[3,4]. GBS can also pass through the cervix without causing serious cervicitis, and cross-intact amniotic membrane causing amnionitis 
thereby infecting the foetus within the uterus [3].

Introduction
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However, GBS is also a commensal organism able to primarily colonize the urogenital and gastrointestinal tracts of more than 30% of 
the healthy population and, in particular, 25 - 40% of healthy women are asymptomatically colonized. It was estimated that, if 20 - 30% 
of pregnant women are colonized with GBS, approximately 50% of their infants become colonized and approximately 1% of these infants 
develop disease [5,6].

Multiple trials have demonstrated that the use of intrapartum penicillin or ampicillin significantly reduces the rate of neonatal coloni-
zation with GBS and the incidence of GBS early-onset disease (EOD). Since 1996, the Centers for Disease Control and Prevention (CDC) has 
endorsed the use of intrapartum antibiotic prophylaxis (IAP) for the prevention of neonatal GBS EOD, based on the presence of specific 
risk factors and/or on the results of antepartum screening of pregnant women for GBS colonization [7]. The CDC revised recommenda-
tions for GBS IAP in 2002 and again in 2010, and used multistate surveillance to assess the impact of GBS recommendations. Although 
these two approaches, often used in combination in clinical practice, have significantly reduced the incidence of neonatal GBS sepsis and 
meningitis, invasive disease due to GBS infection remains the leading cause of neonatal morbidity and mortality [8,9]. In addition, these 
measures are unlikely to prevent late-onset disease (LOD), prematurity, and stillbirths related to GBS, while obviously not addressing GBS 
disease in non-pregnant adults. Indeed, GBS is also a frequent cause of infections in pregnant women and in clinically ill and older adults, 
such as those suffering from diabetes, cirrhosis, malignancies, and immunodeficiency [10] with a reported increase in macrolide resis-
tance in clinical isolates of GBS, efforts have shifted toward vaccination as an attractive alternative for disease prevention [8]. Therefore, 
the best long-term solution to prevent GBS disease is the development of an effective vaccine that could be administered to all adults, a 
strategy that would alleviate the limitations of IAP [11]. This review discusses the microbiologic and immunologic considerations regard-
ing GBS vaccine development, reviews clinical trials completed to date, and summarizes the challenges that remain before GBS vaccines 
can be brought to clinical care. 

Microbiology of GBS

GBS is a Gram-positive encapsulated bacterium and appear in pairs or short chains and share a common antigen, the Lancefield group 
B polysaccharide antigen, and are distinguished on the basis of their type specific capsular polysaccharides (CPS), which the microorgan-
ism expresses at high levels on its surface, into 10 structurally and antigenically unique types (Ia, Ib, II, III, IV, V, VI, VII, VIII, IX) [12-14]. 
The capsule surely represents the major virulence factor, which helps GBS evade host defence mechanisms by interfering with phagocytic 
clearance [15], and the level of capsule expression correlates with virulence in animal models of GBS infection [16-20]. Capsular GBS 
mutants are nearly avirulent in animal models of GBS infection [16]. GBS also contains surface proteins, cell membrane phospholipids, 
and secreted toxins that further mediate bacterial virulence [20,21]. Two-component regulatory systems and eukaryotic-like serine/
threonine kinases and phosphatases also contribute to GBS virulence by coordinating the bacterial responses to changing environmental 
conditions, including the response to cell-wall active antibiotics [22-24]. 

Pregnant women are at a higher risk for disease because GBS vaginal colonization is a risk factor of maternal peripartum infection [25]. 
In pregnant women, GBS can cause clinical infections, but most women have no symptoms associated with genital tract colonization [26]. 

Group B Streptococcus Disease

Infection in Pregnancy

The clinical presentations of disease among pregnant women are diverse and include urinary tract infection (usually asymptomatic 
bacteriuria), endometritis, intra-amniotic infection (chorioamnionitis), wound infections associated with caesarean delivery or episioto-
my, and, less frequently, puerperal sepsis and meningitis [25]. Colonization with GBS was significantly associated with prolonged labour, 
premature rupture of membranes and preterm delivery. GBS colonization may play a causal role in the occurrence of intrauterine deaths, 
late abortions and low birth weight infants [27]. Fatalities among women with pregnancy-associated GBS disease are extremely rare [26].
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However, infection of urinary tracts or genital colonization may lead to preterm delivery and low birth weight of infants, especially 
those pregnant women heavily colonized with GBS. One study in Canada revealed that the threat from GBS may lie in the possibility of 
prematurity instead of the infection. There was a significant difference in the rate of preterm labor between colonized women and non-
colonized women (5.7% and 1.75 respectively). The risk of developing EOD in infant from heavily colonized women is 2.5 times more 
likely than those born in lightly colonized women [28].

GBS is a leading agent of severe, invasive bacterial infection in human newborns [29]. The majority of infections in newborns occurs 
in the first week of life and is designated EOD. LOD occurs in infants aged > 1 week, with most infections evident in the first 3 months of 
life [30]. 

The maternal carriage is a major risk factor of neonatal GBS disease, which is influenced by the degree of bacterial colonization; 
women with heavy colonization are more likely to have symptomatically infected infants and heavily colonized infants are more likely to 
develop invasive disease [25]. In addition, various obstetric factors associated with an increased risk of infection of the newborn, such as 
prematurity (< 37 weeks) or premature rupture of the membranes was prolonged (> 18 hours), presence of intrapartum fever (> 380C), 
history of children infected with GBS and presence of bacteriuria during pregnancy caused by this organism [31], young maternal age (un-
der 20 years) belonging to the black race, the child’s birth weight below 2500 gram, high surface colonization of Streptococcus newborn 
during childbirth, lack of or low titer of antibodies against capsular antigens S. agalactiae in the mother [20,32]. 

Neonatal Infection

EOD and LOD can differ in clinical presentation, mode of transmission and risk factors for disease [25,26]. Early-onset group B strepto-
coccal infection typically presents with sepsis (69% of cases), pneumonia (26% of cases), respiratory distress (13% of cases) and rarely, 
meningitis (11% of cases). About 90% of cases present within 24 hours of birth [25,27]. EOD is typically related to maternal carriage of 
GBS in the genital tract, with vertical transmission occurring prior to or during labor and delivery [33]. Even though perinatal transmis-
sion can occur across intact membranes, both premature and prolonged rupture of membranes increases the risk of GBS acquisition [25]. 
Once the infected amniotic fluid is aspirated or swallowed by the fetus, pathogens may penetrate through immature mucosal barriers, 
resulting in pneumonia or bacteremia, and may penetrate the blood-brain barrier, leading to meningitis [34].

The second peak of disease incidence, LOD, occurs to 1 month after birth to infants with most infections evident between the seventh 
day and the third month, after which infections are rare [35]. An infant with GBS-LOD usually presents bacteremia and is complicated in 
40% to 60% of cases by bacterial penetration of the blood-brain barrier to produce meningitis. Mortality in late-onset GBS infections is 
lower than for EOD; however, 20% to 40% of infants with meningitis are left with permanent neurological sequelae including cerebral 
palsy, cognitive deficits, deafness, blindness, or seizures [36]. In contrast to EOD, late onset infection is not always acquired from the 
mother but is transmitted both vertically and horizontally from nosocomial and community sources [37]. Another reported source of 
infection is breastfeeding [35]. 

There is a substantial decline in the incidence of GBS infection in newborns due to prevention by use of IAP. However, GBS has been 
considered as an unusual pathogen in non-pregnant adults, and the rate of invasive GBS disease in adults continues to climb [38] espe-
cially those who are elderly and those who have serious underlying diseases such as alcoholism, diabetes mellitus, neoplasias, and HIV 
infection [39,40]. Colonization rates of up to 31% and 34% have been documented in young men and non-pregnant women, respectively 
[14] with the incidence of 4.1 to 7.2 cases per 100,000 non-pregnant adults [33]. Whereas a rate of 22% has been observed in individuals 
over 65 years of age [14]. Other factors including ever engaging in sexual activity appear to be a common behavior associated with GBS 
colonization, the presence of an intrauterine device, time since last menses, tampon use, milk consumption, infrequent hand washing 
and use of yeast medication. Further, those adults residing in a nursing home facility are 4 times more likely to have GBS disease when 
compared to age-matched individuals living in the community [20,33].

Infection in Adults

A clinical manifestation of invasive S. agalactiae infection varies widely depending on the sites of infection [26]. Among non-pregnant 
adults, skin and soft-tissue infections and bacteremia of the uncertain source are the most common manifestations of invasive disease. 
The clinical spectrum also includes urosepsis, pneumonia, peritonitis, meningitis, septic arthritis, and endocarditis. Despite the nearly 
universal sensitivity of the organism to penicillin, approximately 20% of cases of adult group B streptococcal disease are fatal [42]. The 
possible emergence of GBS as a respiratory pathogen associated with cystic fibrosis has also been proposed in a recent report [26]. Recur-
rent GBS infection was identified in adults, and suggested to being mostly caused by relapse, but an association of relapse with persistent 
carriage or poor clinical management of primary infection was not determined. The nosocomial disease is also raising concerns as more 
than 20% of patients with GBS invasive infection are thought to have acquired the bacteria from hospital settings [42].
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The knowledge of the pathogenesis of many microorganisms, the identification of the main virulence factors, and the characterization 
of the immune response after infection have been fundamental for the design of new vaccines based on highly purified antigenic com-
ponents, on genetically detoxified toxins, and on polysaccharides or oligosaccharides conjugated to proteins [43]. Acquired immunity to 
natural group B streptococcal infection in human neonates and to experimental infection in mice and in neonatal rats has been associated 
with antibody to the type-specific polysaccharides or proteins of these organisms [44].

Targets of Protective Immunity

Surface-associated polysaccharides are common features of both gram-positive and gram-negative bacteria. It is thought that micro-
organisms may have evolved extracellular polysaccharides for protection against both environmental and host factors that may be detri-
mental to their survival [45]. The type-specific CPS expressed on the surface of GBS is considered protective antigens and is the target of 
protective antibodies [46]. These extracellular polysaccharides may allow the organism to survive within the host by masking antigenic 
determinants associated with the bacterial surface, by mimicking host antigens or by interfering with complement- mediated killing [45]. 

Most GBS isolate can be classified into ten serotypes (Ia, Ib, II to IX) by different antigenicity of the CPS. All of which are associated 
with human infection, but 4 to 7% are non-typeable. However, the numbers of non-typeable isolate have been an increasing problem [47]. 
The most prevalent GBS serotype causing neonatal GBS diseases in the world, including the United States, Germany, and Malawi, are type 
Ia (14% to 30%) and type III (50% to 68%), (accounting for 80% of all invasive isolates). Serotype V has emerged as the most common 
serotype (30%) isolated from non-pregnant adults, and serotypes VI and VIII are prevalent colonizers of pregnant women in Japan [40]. 

GBS express two distinct carbohydrate entities, i.e., a type-specific and a group-specific polysaccharide [45]. The CPS of all serotype 
composed of repeating subunits of four monosaccharides, i.e., glucose, galactose, N-acetylglucosamine, and N-acetylneuraminic acid, po-
lymerized in serotype-specific configurations. Although the physical structure of the CPS of each GBS serotype is unique, all GBS serotypes 
invariably share a terminal 2, 3-linked N-acetylneuraminic acid, which is identical to the predominant sialic acid (SIA) found on human 
cells. The SIA residues have been shown to play an important role in the immune determinant structure of the polysaccharide with the 
desialylated or core polysaccharides forming immunologically incomplete antigens [48].

It has been well established that the polysaccharide contributes to GBS virulence by interfering with C3 opsonization through inhibi-
tion of the alternative complement pathway to the absence of type-specific capsule antibodies [49]. Furthermore, type-specific polysac-
charide contributes to immune evasion by host structure mimicry via the SIA residue. A role of type-specific polysaccharide as a positive 
inflammatory agent of the innate immune system has repeatedly been proposed both in vitro and in vivo [50]. 

In contrast to type-specific polysaccharide, the group-specific polysaccharide from GBS has been found to be a more potent inflamma-
tory stimulus. In particular, the dimeric adhesion molecule CD11b/ CD18 has been implicated in recognition of this carbohydrate [48]. 
The type- and group-specific polysaccharides are covalently linked to peptidoglycan and, possibly, other cell wall components of GBS. 
Therefore; it is difficult to ascertain the role of the polysaccharide alone in the absence of other potentially inflammatory stimuli [51].

GBS Protein Antigens

GBS Capsular Polysaccharide Antigens

The ability of GBS to avoid opsonophagocytosis is enhanced by surface proteins that can act in concert with CPS. The expression of 
cell surface receptors determines adhesive properties of streptococci, which include binding to eukaryotic extracellular matrix proteins, 
epithelial cells, and endothelial cells, as well as to other bacteria [52]. Among the surface proteins of GBS that confer immunity, the first to 
be identified were two molecules designated the alpha and beta C proteins. In addition, the R protein, Rib protein, and alpha-like proteins 
(ALP) purified from type III GBS (ALP2, ALP3, ALP4, and epsilon/ALP) and from type V GBS were identified [46]. 
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The C antigen (also designated Ibc) has been found in many strains (i.e. Present in approximately 50% of all clinical isolates and in 
approximately 70% of non-type III GBS isolates [46] but not in the clinically important type III strains. Characterization of this antigen 
subsequently showed that it is composed of two unrelated protein components, the trypsin-resistant α-protein and the trypsin-sensitive 
β-protein. Of note, a strain that is reported to express C antigen may express either or both of the α and β-proteins. Because α and β to-
gether constituted the C antigen, the designations alpha C and beta C, have also been used for these proteins [53].

Serotype II strains displaying both components of the C protein antigen are more resistant to phagocytic killing than are serotype II 
strains lacking C protein. The β antigen of C protein binds human IgA, and IgA deposited nonspecifically on the bacterial surface probably 
inhibits interactions with complement or IgG. The alpha antigen is resistant to the protease trypsin and does not bind immunoglobulins 
[54]. Active immunization with these proteins has been shown to induce protection against invasive disease. Furthermore, antigenic 
variation by variable expression of tandems repeats in these proteins might be an immune evasion mechanism of GBS. On the other hand, 
expression of the alpha C protein on the surface of GBS mediates entry into cervical epithelial cells involving an interaction of the alpha C 
protein N-terminal domain and the host cell glycosaminoglycan [54]. 

Another interesting GBS surface protein that inhibits opsonophagocytosis is cell surfaces protease (CSPA). CSPA, targets host fibrino-
gen, producing adherent fibrin-like cleavage products that coat the bacterial surface and interfere with opsonophagocytic clearance [8]. 
A host of other surface proteins important for GBS virulence, the C5a peptidase, is a cell-surface-localized serine protease that inacti-
vates human C5a. C5a is a neutrophil chemo attractant produced during complement activation. This streptococcal enzyme is thought to 
contribute to virulence by interfering with neutrophil recruitment and may contribute to the poor inflammatory response observed in 
infected tissues [53]. 

Laminin is a major component of the basement membrane. The adherence of bacteria to laminin may be a crucial step in the develop-
ment of invasive GBS infection. Translocation of GBS into the bloodstream as well as entry of the bacteria into the cerebrospinal fluid, 
which occurs in the case of meningitis, requires the passage of bacteria through the basement membranes. The interaction of bacterial 
surface proteins with laminin could be important to this context [52].

Another important virulence factor of GBS, is the hemolysin/cytolysin, pore-forming membrane-associated toxin. GBS is capable of 
forming pores in a variety of eukaryotic cell membranes [55] and exert its effect on direct tissue injury or activation of the host inflamma-
tory response [56]. Studies also demonstrate a role of β-hemolysin/cytolysin during adherence of lung epithelium and induction of neu-
trophil chemo attractant cytokine interleukin-8 [57]. On occasion, GBS can cross intact placental membranes, which may lead to severely 
ill neonates at times of delivery or even to stillbirth [35].

Strategies for Prevention

The CDC with the American College of Obstetricians and Gynecologists and the American Academy of Pediatrics issued consensus 
guidelines in 1996 for the prevention of early-onset GBS infections through maternal IAP. This risk-based strategy called for the routine 
administration of intravenous penicillin or ampicillin to parturient women who are colonized with GBS or those who have risk factors 
associated with invasive GBS disease in neonates (i.e. delivery of < 37 weeks gestation, an intrapartum maternal temperature of 100.4 F 
(38 de), or the rupture of membranes 18 hours) [7].

The second strategy is the screen based strategy, promoted universal screening for all pregnant women between the 35 - 37 weeks’ 
gestation with vaginal and rectal swabs for GBS colonization, with colonized women receiving antibiotics intrapartum. Under both strate-
gies, women with GBS bacteriuria or a history of a previous infant with EOD were also to receive intrapartum antibiotic therapy [8]. 

Although these two approaches, often used of combination in clinical practice, have significantly reduced the incidence of neonatal 
GBS sepsis and meningitis, invasive disease due to GBS infection remains the leading cause of neonatal morbidity and mortality [8]. In 
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addition, these measures are unlikely to prevent late-onset infections, prematurity, and stillbirths related to GBS, while obviously not 
addressing GBS disease in non-pregnant adults. Indeed, GBS is also a frequent cause of infections in pregnant women and in clinically ill 
and older adults, such as those suffering from diabetes, cirrhosis, malignancies, and immune deficiencies [10] with a reported increase in 
macrolide resistance in clinical isolates of GBS, efforts have shifted toward vaccination as an attractive alternative for disease prevention 
[8]. Therefore, the best long-term solution to prevent GBS disease is the development of an effective vaccine that could be administered 
to all adults, a strategy that would alleviate the limitations of IAP [11].

Conventional Approaches of GBS Vaccine Development

The rationale for GBS vaccine development is supported by the observation that the risk of neonatal infection is inversely proportional 
to the maternal amounts of specific antibodies to the CPS antigen that surrounds GBS, the implication being that protective immuno-
globulin G (IgG) antibodies are transferred from the mother to the baby through the placenta [58]. Already, Baker and Kasper [59], have 
demonstrated a correlation between maternal antibody deficiency in delivery and susceptibility to neonatal GBS infection. That finding 
to suggest that vaccination of pregnant women could become a very efficient prophylactic strategy to prevent GBS infection in neonates 
since it could stimulate transplacental transfers of GBS specific antibodies from the mother to the fetus, thus considerably increasing the 
level of protective antibodies present at the time of delivery [10].

Like group A Streptococcus, there is no commercial vaccine available to prevent GBS infection. Whilst several vaccine candidates, both 
CPS and protein-based, are currently under investigation. The principal difficulty in developing globally effective GBS vaccines are the 
existence of several serotypes with different geographical distributions and the heterogeneous cross-reactivity between serotypes-a vac-
cine suitable for Asian or European populations might not be suitable for African populations [60].

Other problems include the need to serotype GBS isolates prevalent from different developing countries because of fear of risks of 
birth defects and the potential for subsequent liability administration of the vaccine to pregnant women is also a problem. In addition, 
there is considerable discussion of the experts on this field without consensus regarding the most appropriate section of the population 
to immunize non-pregnant adolescents or pregnant women in the third trimester [61]. Finally, given the current use of antibiotics both 
in prophylaxis and in the treatment of neonatal GBS disease, it is not feasible to design a placebo-controlled, double-blind, randomized 
clinical trial to determine the efficacy of a GBS vaccine. One possible solution to this problem is to use functional antibody measurements 
as a correlates with immunity and protective levels for each serotype, calculated from paired umbilical-cord blood from case-control 
samples [61].

Capsular Polysaccharide-Based Vaccines

Immunologic strategies proposed to the prevention of GBS disease include treatment of newborns with intravenous immunoglobulin 
preparations and active immunization of women with a vaccine against GBS. The goal of both approaches is to supply the newborn with 
protective levels of IgG specific to the GBS CPS antigen, because antibodies to this cell surface component are protective [62]. 

Vaccine strategies have focused on several surface-associated GBS molecules. Interest in CPS is based on the observation that low 
maternal anti-capsular antibody concentration is correlated with neonatal susceptibility to infection [17,18]. The first evidence of the 
protective nature of CPS-specific antibodies was in the 1930s when Rebecca Lancefield demonstrated that, using CPS-specific polyclonal 
rabbit serum; mice could be protected against GBS infections. Studies done in the 1976s demonstrated an unambiguous association with 
low levels of maternal antibody to type III CPS and susceptibility of the newborn to GBS EOD or LOD. This study also showed that CPS-
specific antibody was transferred from mother to newborn, a finding that provided additional rationale for developing a vaccine based on 
the CPS antigen expressed by GBS. The association with maternal antibody levels against serotype Ia and III and infant susceptibility was 
later confirmed by subsequent multicenter seroepidemiology studies [63-65].
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Current progress of the development of an effective GBS vaccine has primarily focused on the use of the bacterial capsule as a primary 
immunogen, with ten serotypes having been identified so far [8]. In the 1980s the first human clinical trials were conducted with purified 
native CPS from GBS. These trials demonstrated the safety of the antigen but also highlighted the need to improve the immunogenicity of 
the CPS, as only Ia- 40%, II- 88%, III- 60% of the recipients showed significant IgG responses [58]. 

Polysaccharide-protein Conjugate Vaccines 

Since bacterial polysaccharides have properties of thymus-independent type 2 antigens, namely, restricted IgG subclass responses, 
relatively poor generation of memory B cells, and failure to stimulate antibody responses in neonates and in xid mice [66]. Coupling a 
polysaccharide or component oligosaccharide to a carrier protein to produce a conjugate molecule may result in immunogenic properties 
more like those of thymus-dependent antigens, including stimulation of higher levels of IgG antibodies, enhanced memory responses, 
and immunogenicity in infants. However, immunogenicity has varied widely from polysaccharide-protein conjugates, even for conjugates 
based on the same polysaccharide, an observation that suggests that specific physical-chemical properties of the conjugate affect the 
polysaccharide-specific immune responses [66]. 

The first GBS conjugate vaccines were prepared with serotype III coupled to tetanus toxoid (TT). Coupling of type III CPS to a car-
rier protein, such as TT, enhanced the immunogenicity of type III CPS and resulted in antibody levels that were less variable [46]. TT is 
a component of several other vaccines, and the most adults have high levels of preexisting antibody to it. Since TT is not relevant to GBS 
infection, it might be advantageous to incorporate a GBS protein into the vaccine for the purpose of enhancing protection and expanding 
the number of strains covered by the vaccine [46].

Vaccination of healthy non-pregnant women with a type III CPS-TT (IIITT) conjugated vaccine elicited a 50-fold increase in type III 
CPS-specific antibody levels, while vaccination with an unconjugated types III CPS vaccine elicited a 7-fold increase. Even at lower doses, 
90% of recipients reacted to the III-TT vaccine with a fourfold increase in type III CPS-specific antibody concentrations, as opposed to only 
50% of recipients of the unconjugated type III CPS vaccine [46].

Despite the positive results collected during this trial, some aspects of the effect on pregnant women and their babies still needed to 
be investigated. To this purpose, a subsequent trial comparing III-TT with unconjugated types III CPS in pregnant women showed that, 
after glycoconjugate vaccination, titers of protective IgG to type III CPS were elevated in cord blood, persisted for at least 2 months in the 
neonates, and correlated with levels of type III CPS-specific antibody in maternal serum [67,68]. Monovalent conjugated vaccines rep-
resenting the most frequent disease-causing serotypes (Ia, Ib, II, III and V) have been prepared coupled to TT and tested in phase I and 
II clinical trials in healthy women. For each vaccine, an improved immunogenicity was demonstrated against the isotypic unconjugated 
polysaccharide, which was dose-dependent and more consistent with a memory response. Moreover, glycoconjugate vaccines were able 
to induce functionally active serotype specific IgG [except for type V CPS-TT conjugate, which primarily elicited immunoglobulin M (IgM) 
antibodies] which, in the presence of complement, were able to opsonize and induce killing of GBS by human peripheral blood leuko-
cytes in in vitro assays [69-72]. Altogether these studies have demonstrated that CPS-TT vaccines were technically feasible and could be 
administered safely to women early in the third trimester of pregnancy, providing important health benefits to both mother and infant.

Vaccine serotype coverage is a critical issue if GBS vaccines are to replace, rather than augment, GBS IAP for the prevention of neo-
natal disease in the international settings. Recent population studies of serotype distributions suggest that a CPS vaccine would need to 
contain capsule types Ia, Ib, II, III, V, VI, VIII and IX in order to prevent the majority of GBS infections [73]. Conjugate vaccines based on all 
nine currently identified GBS serotypes have been prepared and tested pre-clinically, although it is little or no to cross protection against 
serotypes. As such, capsular conjugate vaccines of this type will need to be multivalent in order to provide sufficient coverage against the 
prevalent serotypes [46]. In a murine model of infection, up to four TT-conjugated serotypes (Ia, Ib, II and III) were successfully combined 
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[62]. Additionally, Clinical phases 1 and phase 2 trials of conjugating vaccines prepared for CPS from GBS types Ia, Ib, II, III, and V. These 
vaccines are likely to provide coverage against the majority of GBS serotypes that currently cause disease in the United States, they do 
not offer protection against pathogenic serotypes that are more prevalent in other parts of the world (e.g., serotypes VI and VIII, which 
predominate among GBS isolates from Japanese and Type I in Ethiopian women) [74-76].

Because, bacterial CPSs are T-cell-independent antigens, and experiments carried out with both animal and human subjects have 
shown that immune responses to purified bacterial CPSs fail to induce immunological memory [73]. Furthermore, sialic acid constituents 
of the GBS CPS mimic the human Lewis X antigen, thus making GBS CPS poor immunogenic. Moreover, other potential drawbacks of CPS 
vaccines include geographical variations in serotype prevalence and the possibility that these vaccines will ultimately select for increased 
prevalence of serotypes not included in the vaccines [73], interest has shifted towards GBS proteins as vaccine antigens or as carrier pro-
teins for serotype-specific GBS polysaccharides [77].

Protein-based Vaccines

The incorporation of GBS proteins into a glycoconjugate vaccine could provide additional efficacy across serotypes and improve the 
overall protection from GBS disease. Several GBS surface proteins have been investigated as potential vaccine candidates; these include 
Rib, the alpha and beta subunits of the C protein, surface immunogenic protein (SIP), Fbs, C5a peptidase and the R proteins [56]. These 
Surface antigens represent good candidates for vaccines, as antibodies directed against these targets have the potential to interfere with 
bacterial virulence and also to promote opsonophagocytosis through binding to Fc receptors on phagocytes. In contrast to CPSs, protein 
antigens have the potential to elicit protective T-cell-dependent antibody responses and long-lasting immunity without the need for con-
jugation to other molecules [10,73]. Furthermore, such bacterial proteins were shown for other bacterial pathogens to be present in most 
pathogenic strains and to induce cross-protective immunity [10].

The ability of the C-protein complex to elicit antibodies that provide passive protection in animal models indicates that these antigens 
are important virulence factors for human infection. Antibodies to this complex have also been detected in the sera of both mothers and 
their newborn infants. Further research revealed that the C-protein complex from type II GBS could be one factor contributing to bacte-
rial resistance to opsonization [78], and GBS strains that express these proteins can resist intracellular killing by phagocytes. It was also 
suggested that these proteins, in combination with either type-specific CPS or oligosaccharides, could function as an adjuvant to stimulate 
capsular antibody response and provide additional antigenic determinants to the vaccine [79].

SIP, is a surface immunogenic protein. This protein is produced by all GBS isolates examined to date and is capable of conferring protec-
tion against experimental infection with GBS strains representing the five major disease-causing serotypes [73,80]. In addition, passive 
administration of rabbit anti-SIP serum to pregnant mice or immunization of female mice before pregnancy with purified recombinant 
SIP conferred protective immunity to their offspring against GBS infection. These results, which involved the transfer of functional an-
tibodies from pregnant mice to their pups, suggest that SIP specific antibodies could play an important role in protection against GBS 
disease. Most importantly, the surface exposure of SIP is not hindered by other surface antigens. These observations further intensify the 
interest in SIP as a potential vaccine candidate [80].

Moreover, almost all strains of the clinically important type III express protein Rib, which elicits protective immunity. In total; 90% of 
GBS strains of the four classical serotypes express either α or Rib, suggesting that a combination of these two proteins may be used for 
the development of a protein vaccine against GBS. Theα and Rib proteins have been extensively characterized and were found to identify 
a family of streptococcal cell surface proteins with extremely repetitive structure. Although these two proteins show extensive residues 
identity, they do not cross-react immunologically [81]. But, both the alpha subunit of the C protein and Rib possesses repeating peptide 
sequences that show strain-to-strain variations in the numbers of repeats, something which can influence their immunogenic properties 
[73].
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The C5a peptidase (termed SCPB or ScpB) is a conserved, cell-surface localized protein; this antigen is an attractive vaccine candidate. 
Immunization of mice with purified SCPB/ScpB resulted in enhanced clearance of bacteria from the lungs of mice who were inoculated 
intranasally with GBS. Although this study used only a single GBS strain with the uncommon serotype VI, the results indicate that SCPB/
ScpB has been potential of a vaccine candidate, even if the antibodies produced did not inhibit the enzymatic activity of the surface local-
ized protein [82].

The identification of proteins located on the outer surface of GBS cells is an approach that has been used to find new potential protein-
based vaccine candidates. Lmb is an important surface-exposed protein for the laminin binding properties of S. agalactiae, thus allows the 
bacteria to adhere to or invade tissues. It is present at the surface of all GBS strains and has been proposed as a good vaccine candidate 
[52]. However, progress in the development of this protein as a vaccine candidate is unknown. Another protein, termed leucine-rich 
repeat protein (LRRG), cell-surface located protein antigen that is highly conserved among all serotypes of GBS indicating its potential 
to afford broad cross-protection that was found to induce protection against experimental GBS infection in mice. Consequently, it was 
proposed that this protein was a highly promising candidate antigen for potential use as a GBS vaccine [73].

New Approaches of GBS Vaccine Development

Despite the many studies that are focused on developing a GBS vaccine using conventional approaches, including the cultivation of 
pathogens and the identification of highly immunogenic and protective antigens using standard biochemical and microbiological tech-
niques, little success has been achieved in terms of developing a vaccine that is globally effective. However, recent years have witnessed 
the welcome emergence of genomics, proteomics, gene expression and in silico technologies that are presenting exciting new opportuni-
ties in the hunt for an effective and globally relevant GBS vaccine [61].

Genomic and Gene-Expression Approaches to Vaccine Development

The advents of whole-genome sequencing of bacteria and advances in bioinformatics have revolutionized the study of bacterial patho-
genesis, enabling the targeting of possible vaccine candidates starting from genomic information. Genomic-based technologies have many 
advantages compared with conventional approaches, which can be time-consuming and can only usually identify abundant antigens that 
are expressible under in vitro culture conditions. Genomics allows antigen candidates to be identified as the basis of sequence conserva-
tion in different serotypes and strains of a given pathogen, and by predicting the surface exposure of a protein [61]. 

Tettelin and colleagues compared the predicted protein sets of Streptococcus agalactiae, Streptococcus pyogenes and Streptococcus 
pneumoniae. This analysis revealed that approximately 50% of the genes are homologous, indicating substantial overlap in the virulence 
mechanisms used by these pathogens [83]. In terms of vaccine development, the identification of shared virulence factors and protective 
antigens could support a concept of combined vaccination approaches. Although, the sequence of a single genome does not reflect how 
genetic variability drive’s pathogenesis within a bacterial species, and is a limitation regarding genome-wide screens for vaccine candi-
dates or for antimicrobial targets, the identification of universal GBS vaccine candidates by multigenome analysis and screening has been 
reported [84].

In this approach, Maione., et al. compared and analyzed the genome sequences of eight GBS strains belonging to different serotypes of 
GBS. This study revealed that ∼80% of each genome were shared by all strains the ‘core’ genome and the remaining (20%) genes were not 
present in every strains the ‘variable’ genome. Using in silico analysis, genes encoding putative surface-associated and secreted proteins 
were identified from these two subgenomes. A total of 589 proteins were identified (396 ‘core’ genes and 193 ‘variable’ genes), of which 
312 were successfully expressed, purified and used to immunize mice. A combination of four proteins, SIP (SAG0032), present in the core 
subgenome, and three other putative, surface-associated proteins (SAG1408, SAG0645, SAG0649), from the variable subgenome, elicited 
protection in infant mice and their combination proved highly protective of a large panel of GBS strains, including all circulating sero-
types. This study revealed that multistrain genome analysis and screening constituted an effective new approach to identifying vaccine 
candidates that can provide broad protective activity when used in combination [73]. In GBS and probably other bacterial pathogens that 
adopt the strategy of gene variability to escape the immune system, universal protective protein antigens are unlikely to exist. However, 
some protein antigens are conserved in sufficiently large subpopulations of GBS that in combination, they can be broadly protective [85].
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The successful use of multistrain genome analysis and screening described here for GBS provides the basis for the potential develop-
ment of universal protein-based vaccines against other important and highly variable pathogens such as Streptococcus pyogenes and 
Streptococcus pneumonia [58,86]. The pan-genome concept has shown that the initial strategy of sequencing one or two genomes per 
species is not necessarily sufficient, and that multiple strains may need to be sequenced to understand the basis of bacterial species, and 
to overcome the problem represented by gene variability [86].

The presence in GBS of pilus-like structures composed of antigens that confer protection in a mouse model of maternal immunization 
suggests that pili may play a significant role in the virulence of Gram- positive bacteria as well as in Gram-negative. Genome surveys may 
therefore reveal other important features of pathogens hitherto missed by classical methodologies [66]. Interestingly, the use of Lactococ-
cus lactis as a heterologous host to express GBS pili was recently shown to be a promising approach for the development of multivalent live 
vaccines [87]. Remarkably, in the same study, vaccines based on combinations of recombinant pilus components protected mice against 
lethal challenge with a wide variety of GBS strains. This study paves the way for the development of simple formulations of multivalent 
live vaccines in which pilin elements from different streptococcal species are combined in a single recombinant clone, providing broad 
intra- and interspecies protection against streptococcal infections. This is particularly relevant in view of the urgent need for efficacious 
preventive measures in developing countries, where endemic streptococcal infections are responsible for high morbidity and a large 
number of fatalities [87]. 

Mathematical extrapolation of the GBS genomic data indicates that the gene reservoir available for inclusion in the GBS pan-genome is 
vast, and that unique genes will continue to be identified even after the sequencing of hundreds of genomes. Thus, the genomes of numer-
ous, independent isolates are required to understand the global complexity of bacterial species. Analysis of multiple GBS genomes was 
found to be instrumental in the development of vaccines and for the functional characterization of important genetic determinants [84]. 
Diversity among isolates also arises by homologous recombination leading to the exchange of complete loci encoding surface proteins, 
or of the internal part of genes encoding putative antigens, as was first described for the α-C/ Rib family. The combination of the distinct 
alleles at these multiple loci allows GBS strains to express different combinations of surface proteins, a strategy used by the pathogen 
to evade host immune mechanisms; however, this versatility will as well have to be taken into consideration when designing a universal 
vaccine that is effective for GBS [88]. 

Proteomic Approaches to Vaccine Development 

Proteomics is the systematic identification and characterization of proteins for their structure, function, activity, quantity, and molecu-
lar interactions. The subfield of quantitative proteomics seeks to provide information about both protein and modified protein expression 
levels [89]. Proteomics, in conjunction with genomic approaches, provides interesting insights into microbial pathogenesis at an organism 
level. There are several reasons for focusing on the analysis of proteins. The first reason is, the level of mRNA expression frequently does 
not represent the amount of ‘active’ protein in a cell. Secondly, the gene sequence does not give any information on post-translational 
modifications that could be essential for protein function and activity; and third, genome analysis does not provide information on dy-
namic cellular processes [90]. 

The application of proteomics to vaccine development provides interesting opportunities to elucidate both bacterial pathogenic mech-
anisms and new vaccine candidates. With the availability of genomic sequences, the progress achieved in 2D-gel electrophoresis separa-
tion techniques and advances in mass spectrometry analysis means that it is now possible to separate, identify and catalogue the proteins 
expressed on a cell under several conditions. The entire set of proteins encoded by the genome has been defined as “proteome” [91]. 

A proteomic analysis was undertaken by Hughes and colleagues to identify the most abundant surface-associated proteins of GBS. Six 
of these proteins, previously unidentified in GBS, were sequenced and cloned. These were ornithine carbamoyl-transferase (OCT), phos-
phoglycerate kinase (PGK), non-phosphorylating glyceraldehyde-3-phosphate dehydrogenase, purine nucleoside phosphorylase, enolase, 
and glucose-6-phosphate isomerase. These studies demonstrate the successful application of proteomics as a technique for identifying 
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vaccine candidates and antisera raised against OCT and PGK of the identified proteins were capable of providing a degree of protection 
against a lethal challenge of GBS in a neonatal-mouse model, demonstrating both the presence of the protein on the cell surface and the 
utility of this proteomic strategy in identifying possible vaccine candidates [Hughes., et al. 2002].

Many of the anchorless surface-associated proteins identified by this proteomic approach may not have been identified by the conven-
tional whole-genome screening strategy. However, this method identified a relatively small number of streptococcal wall-associated pro-
teins containing cell wall anchor motifs, despite genomic predictions of 25 - 35 proteins in GBS. Although labor intensive, this approach is 
quantitative and identifies bona fide surface-associated proteins [92].

Future Perspectives for GBS Vaccine Development

During the past 20 years, many advances in the prevention and treatment of GBS disease have been achieved. Unfortunately, despite 
all the efforts, GBS is remains one of the major health problems for infants. The glycoconjugate generation vaccine has been demonstrated 
to be able to prevent GBS disease. At present, the licensing of GBS vaccines is difficult because of the challenge in conducting efficacy 
clinical trials in humans due to the low incidence of neonatal diseases. In addition, the current vaccine preparations for GBS are based on 
the serotypes and multilocus sequence types prevalent in the United States and Europe, and target the hyper-virulent sequence type 17 
(ST17) [93]. However, these vaccine preparations are not as effective in other regions because of the prevalence of different serotypes or 
virulent sequence types expressing a different repertoire of surface proteins. To ensure effective vaccine development, it will be important 
to continually monitor the distribution pattern of the prevalent serotypes and sequence types in all regions of the world, thereby ensuring 
the inclusion of the most relevant components in a global GBS vaccine.

Initial efforts applying a genomics approach to GBS vaccine development have led to the identification of new, highly conserved pro-
tein antigens that are expressed on the bacterial surface. One of the positive aspects of this methodology is that each of the antigens that 
demonstrate protection can be produced as a soluble recombinant protein in Escherichia coli, a property that is a considerable asset for 
the commercial production of a vaccine. The reverse vaccinology approach reduces the time and cost required for the identification of 
suitable antigen candidates and provides new opportunities for those microbial diseases for which conventional vaccine development 
approaches have failed [94,95].

Conclusions

The drawback of using the genome sequence of one single strain is that it does not offer a complete picture of the genetic diversity 
within a species. The advantage of the combination of the two approaches is that indeed only a small pool of proteins that extend beyond 
the cell wall and polysaccharide capsule, thus interacting within the environment, will go through the purification step and then tested in 
vivo or in vitro thus reducing time and expense. The major limitation of the proteomics approach is that the bacteria are grown in vitro in 
a rich medium and harvested at a single growth phase. This situation does not necessarily reflect the in vivo conditions. Furthermore, this 
approach is unsuitable to detect protease resistant protein complexes such as bacterial pili.

In conclusion, the successful use of multigenome screening methods coupled with the application of proteomics could be a template 
for the development of protein-based vaccines against human pathogens, such as GBS, for which vaccines are either not available or if they 
do exist, are in need of significant improvement. 
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