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Abstract

:

Group B Streptococcus is a Gram-positive bacterium that typically colonizes 10–30% of pregnant women, causing chorioamnionitis, preterm birth, and stillbirth, as well as neonatal sepsis and meningitis with early-onset disease (EOD) or late-onset disease (LOD) due to ascending infection or transmission during delivery. While there are some differences between EOD and LOD in terms of route of transmission, risk factors, and serotypes, the only preventive approach currently is maternal intrapartum antibiotic prophylaxis (IAP) which will not be able to fully address the burden of the disease since this has no impact on LOD. Probiotics and immunization in pregnancy may be more effective than IAP for both EOD and LOD. There is mixed evidence of probiotic effects on the prevention of GBS colonization, and the data from completed and ongoing clinical trials investigating different GBS vaccines are promising. Current vaccine candidates target bacterial proteins or the polysaccharide capsule and include trivalent, tetravalent, and hexavalent protein–polysaccharide conjugate vaccines. Some challenges in developing novel GBS vaccines include the lack of a correlate of protection, the potential for serotype switching, a need to understand interactions with other vaccines, and optimal timing of administration in pregnancy to maximize protection for both term and preterm infants.
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1. Introduction


Streptococcus agalactiae (group B Streptococcus; GBS) is a Gram-positive encapsulated beta-hemolytic, chain-forming bacterium that asymptomatically colonizes the human gastrointestinal and genitourinary tracts, including in approximately one-third of healthy women [1]. GBS colonization in the genitourinary or gastrointestinal tract is reported in 10–30% of pregnant women [2] and is of particular concern due to the risk of ascending infection and/or transmission to the offspring during pregnancy or delivery [3].



Fetal infection with GBS is associated with adverse outcomes, such as preterm birth and stillbirth [1,4]. Perinatal infection with GBS can also cause maternal sepsis and postpartum endometritis in the mother, as well as sepsis, pneumonia, and meningitis in the newborn. In addition to the risk of death, these infections can also lead to long-term sequelae for the infant, causing damage to the central nervous system (CNS) and affecting lung function [4].




2. Incidence


Globally, more than 300,000 cases of neonatal GBS disease and 90,000 associated infant deaths are reported every year [5,6]. The newborn incidence of invasive GBS disease (iGBS) is estimated as 0.49 per 1000 live births, varying from 2 per 1000 live births in Southern Africa to 0.21 per 1000 in Southeast Asia [7]. Many of these are likely under-estimates since it is common in low- and middle-income countries for births to occur in the home or other community settings, and newborns with severe disease may succumb to the infection before attendance at a medical facility and a diagnosis is confirmed. In addition, many medical facilities do not have adequate resources and facilities to enable diagnostic confirmation.




3. Early vs. Late-Onset Disease


Depending on the age of symptom presentation [1], GBS infection in neonates is classified as an early-onset disease (within the first week of life, EOD), late-onset disease (between 7 and 89 days of life; LOD), and ultra-late-onset disease (between 90 days and 6 months, ULOD) [8]. Some regard 72 h as the threshold between early- and late-onset disease rather than 7 days based on the rational that the routes of transmission for EOD would mostly cause GBS disease in the first 72 h, and after this time period, the routes of transmission for LOD play the main role [9].



Defining EOD as invasive GBS disease in infants aged 0–6 days after birth and LOD in infants 7–89 days after birth, 1 systematic review showed that EOD is approximately twice as common as LOD, although this varies between regions and has been reported in some Asian regions including Hong Kong, India, and Thailand as being up to 6 times more common [7]. Overall, the reported incidences of EOD and LOD were 0.32–0.71 and 0.04–0.65 per 1000 live births, respectively (Table 1) [7].



A less widely recognized category of GBS disease is prenatal-onset GBS disease when an infection occurs during pregnancy before the baby is born. Due to rare cases of GBS infection identified in miscarriage and stillbirths worldwide, prenatal-onset GBS disease is usually classified as EOD [10].




4. Transmission of GBS from Mother to Infant


Infants can be infected with GBS via multiple routes. In EOD, transmission is predominantly vertical from colonized mothers to infants through ruptured membranes or direct exposure to the maternal flora during vaginal deliveries [1,2]. The route of transmission in LOD is proposed to be primarily horizontal via colonized mucous membranes, infected breast milk, and equipment (Table 1) [11]. In prenatal-onset GBS disease, in utero acquisition is the proposed route of transmission. It is suggested that ascending GBS from the vagina will infect the fetus even in the presence of intact membranes [10].



Accordingly, the factors contributing to the development of prenatal-onset GBS disease, EOD, and LOD may also vary as discussed below.




5. Risk Factors


The main risk factor for prenatal-onset GBS disease [10], EOD [2], and LOD [12] is maternal GBS colonization during late pregnancy. Other common risk factors include prematurity, young maternal age, and black race [2,12]. Maternal fever during labor (>100.4 °F or >38 °C) and prolonged rupture of membranes (>18 h) are additional risk factors for EOD [2]. HIV exposure has also been associated with LOD (Table 1). Results of a systematic review showed that the probability of being infected with GBS in HIV-uninfected infants who were born to HIV-infected mothers was two times higher than in infants born to HIV-uninfected mothers, and the risk of LOD was approximately four times higher among HIV-exposed infants. The risk of developing EOD was similar to non-HIV-exposed newborns [13]. More studies are required to identify other potential risk factors and thus enable appropriate targeting of effective preventive strategies.




6. Biology of Streptococcus agalactiae


GBS is a Gram-positive organism, encapsulated by a polysaccharide layer rich in sialic acid, a common substance found in the human body [1]. This sialylated GBS capsular polysaccharide (CPS) thus makes it a challenge for the host immune system to distinguish bacteria from host cells, and therefore allows bacteria to survive in the body [1]. Importantly, CPS enables the organism to resist opsonophagocytosis by preventing the activation of key components of host opsonophagocytic-mediated mechanisms [14].



Bacteria also possess pili and other surface proteins, which mediate initial attachment and adherence to host epithelial cells [1]. Pili constitute the backbone protein (BP) forming the shaft and the two ancillary proteins (APs) that are attached to the cell wall by sortase-mediated transpeptidase reactions [15]. GBS includes four types of pilus, named pilus 1a (BP-1a), pilus 1b (BP-1b) [16], pilus 2a (BP-2a), and pilus 2b (BP-2b) [17]. Major protein adhesins are fibrinogen-binding proteins Fbs (including FbsA, FbsB, FbsC, or BsaB, the serine-rich repeat glycoproteins Srr1 and Srr2), the laminin-binding protein (Lmb), the Streptococcal C5a peptidase from group B (ScpB), the Streptococcal fibronectin-binding protein A (SfbA), and the GBS immunogenic bacterial adhesin BibA [18]. Moreover, bacteria produce beta-hemolysin, which helps evasion of red blood cells and C5a-ase, inactivating complement as a potent chemoattractant for neutrophils and therefore preventing the accumulation of neutrophils at the infection site [1].




7. Serotype Distribution


All types of GBS have a common cell wall carbohydrate antigen and are distinguished based on specific CPS expressed at high levels on its surface [1,15]. To date, ten GBS capsular serotypes have been identified (Ia, Ib, II-IX), but six serotypes (Ia, Ib, II-V) are responsible for 98% of GBS colonization and 99% of all EOD and LOD worldwide [3,4]. Moreover, studies have shown that serotype III is more commonly associated with LOD (73.0–80%) than EOD (42.9–47.0%), while other serotypes including Ia, Ib, and V are more frequently isolated in EOD than in LOD (Table 1) [7,19].




8. Clinical Manifestations and Outcomes


Most infants with EOD become clinically symptomatic within the first 24 h. The most common form of EOD is bacteremia (78%), followed by meningitis (16%) and pneumonia (15%) [1,7]. Typical symptoms of EOD are related to the respiratory tract, including apnea, tachypnea, grunting respirations, and cyanosis. Fever is also a major symptom of infection in term infants. Preterm neonates are more likely to manifest hypothermia or be afebrile. Other clinical manifestations of EOD include lethargy, poor feeding, abdominal distention, pallor, jaundice, tachycardia, and hypotension [1].



LOD has a similar clinical presentation to EOD with bacteremia as the most common manifestation [1]. However, the risk of meningitis is higher in LOD (43%) than in EOD (16%), while the risk of bacteremia is higher in EOD (78%) than in LOD (53%) (Table 1) [7]. Other less common signs include osteomyelitis affecting mostly the humerus, pyogenic arthritis involving mainly hip and/or knee joints, and cellulitis-adenitis syndrome mostly affecting facial, submandibular, inguinal, scrotal, and prepatellar sites [20].



Meningitis, sepsis, bacteremia, and pneumonia are indicative of invasive GBS disease. The overall case fatality rate of invasive GBS is about 8.4% [21], varying from 7% to 12% in EOD cases and 4% to 9% in LOD cases [6] (Table 1). Additionally, there is a regional variation in case fatality rates with the highest rate reported in Africa (18.9%) and the lowest rate in low-income countries (4.7%) [7]. This almost four times higher case fatality rate could be related to true emergence of infant GBS disease, increased comorbidities such as HIV, and poor access to diagnostic and care services such as low use of antibiotics prophylaxis [7]. Approximately 20% of survivors suffer from neurodevelopmental impairment [22]. The increased risk of neurodevelopmental impairment is reported in both EOD (2.2–4.3%) and LOD (2.6–3.4%) cases in an 18-month follow-up [23]. Most of these adverse outcomes would be preventable by using appropriate strategies that will be reviewed in the following sections.
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Table 1. Different features of early (EOD) and late (LOD) onset GBS disease in infants.






Table 1. Different features of early (EOD) and late (LOD) onset GBS disease in infants.





	
Characteristic

	

	
EOD

	
LOD






	
Time of onset after birth

	

	
0–6 days

	
7–89 days




	
Incidence rate in 1000 live births [7]

	

	
0.32–0.71

	
0.04–0.65




	
Route of transmission [1,2,11]

	

	
vertical via direct exposure to maternal flora

	
horizontal from colonized mucous membranes, infected breast milk, and equipment




	
Identified risk factors [2,12]

	

	
maternal GBS colonization

	
maternal GBS colonization




	

	
prematurity

	
prematurity




	

	
young maternal age

	
young maternal age




	

	
black race

	
black race




	

	
maternal fever during labor (>100.4 F /36 C)

	
HIV exposure




	

	
prolonged rupture of membranes (>18 h)

	




	
Common serotypes [7,19]

	
III

	
42.9–47%

	
73–80%




	

	
Ia

	
22.8–28.6%

	
11.1–14.2%




	

	
Ib

	
7.1–8.0%

	
2.2–5.3%




	

	
V

	
7.1–10.6%

	
4.0–4.4%




	
Clinical syndrome [7]

	
Meningitis

	
16%

	
43%




	

	
Bacteremia

	
78%

	
53%




	
Adverse outcomes

	
Case fatality rate [6]

	
7–12%

	
4–9%




	

	
Neurodevelopmental impairment [23]

	
2.2–4.3%

	
2.6–3.4%










9. Current Strategies to Prevent GBS Disease in Infants


To avoid the aforementioned GBS-related adverse outcomes, the most effective approach currently available and widely used is intrapartum antibiotic prophylaxis (IAP), which can be implemented either via a routine culture-based or a risk-based prenatal screening strategy [24]. In a routine culture-based strategy, IAP is provided to women colonized with GBS in their prenatal cultures collected with a rectovaginal swab at 35th or 37th weeks of gestation as recommended by the Society of Obstetrics and Gynecology of Canada (SOGC) [25] or 36th to 37th weeks of gestation as suggested by the American College of Obstetrics and Gynecology (ACOG) [26]. In a risk-based strategy, IAP is offered to those with a history of perinatal GBS infection/disease, a previous infant with GBS disease, GBS bacteriuria during pregnancy, preterm birth, and/or presence of specific perinatal risk factors such as fever or prolonged rupture of membranes [24].



IAP has substantially reduced the incidence of EOD. For example, in the USA, this reduction has been reported as up to 82%, from 1.7 per 1000 live births in 1993 to 0.31 per 1000 live births [8,11]. However, IAP has not fully eliminated neonatal GBS disease [3], because it cannot prevent the risk of ascending infection during pregnancy and has no impact on horizontal transmission routes and thus LOD. Moreover, prenatal exposure to antibiotics can alter the infant’s gut microbiome, potentially leading to life-long consequences [27] including asthma [28], mood and anxiety disorders [29], autism, and attention deficit hyperactivity disorder [30]. Hence, improved preventive measures are urgently needed to fully address the burden of GBS disease for pregnant people and infants [3].




10. Potential Future Preventive Strategies


10.1. Probiotics


One approach to restrict or eliminate GBS colonization in pregnant women is by using oral probiotics; however, the reported efficacy of probiotics in GBS colonization prevention is uncertain [3]. As noted in Table 2, one quasi-experimental pilot study [31] and five randomized controlled trials (RCTs) have evaluated the influence of probiotics on GBS colonization in pregnant women when administered at 28–37 weeks of gestation in five different countries and regions, i.e., Australia, Austria, Canada, Taiwan, and US [32,33,34,35,36].



In an open-label study, 20 women were randomized to receive a once-daily oral probiotic (containing Lactobacillus acidophilus, Bifidobacterium lactis, and B. longum) or placebo at 28–32 and 36 weeks. In this trial, rates of GBS positivity were similar across probiotic (2/10, 20%) and placebo (2/10, 20%) groups [31]. Nevertheless, prenatal probiotic therapy successfully reduced GBS colonization in those with 90% therapy adherence compared to those with 68% therapy adherence. Of note, the investigators highlighted that those women who consumed yogurt were significantly more likely to be GBS-negative (p = 0.02). As this was a small study, the authors recommended a large controlled clinical trial with a diverse population.



In a double-blind RCT conducted in Austria, 60 pregnant women at 32–36 weeks of gestational age with GBS colonization received a 14-day treatment course of a probiotic containing 4 strains of Lactobacillus. The probiotic failed to eradicate GBS in the majority of women (64% of the intervention group vs. 78% of the control group) [32]. The intake of these probiotics also failed to decrease the rate of preterm birth.



In a prospective double-blind RCT, 110 pregnant women in Taiwan at 35–37 weeks of gestation were assigned to 2 probiotic capsules (containing L. rhamnosus and L. reuteri) daily or placebo until delivery [33]. They were tested for vaginal and rectal GBS colonization upon admission for delivery. A significant reduction in GBS colonization was observed in the probiotics arm (21/49, 42.9%) compared to the placebo group (9/50, 18%) (p = 0.007).



In a study by Olsen et al., 34 women at 36 weeks of gestation were randomized to standard antenatal care and a daily oral dose of probiotics (L. rhamnosus and L. fermentum/reuteri) or placebo [34]. In this study, the investigators observed no significant difference in vaginal GBS rates between the control (3/21, 23.1%) and intervention groups (4/19, 21.1%; p = 0.7), but they noted a significant increase in vaginal commensals in the probiotics arm (p = 0.048).



Finally, in a slightly larger Canadian RCT, 139 women at 35–37 weeks of gestation were allocated 2 capsules of probiotics (L. rhamnosus and L. reuteri) or a placebo [35]. The authors reported that vaginal/rectal GBS colonization rates did not differ significantly between the probiotics (9/57, 15.8%) and placebo groups (12/56, 21.43%; p = 0.48). Given a lower colonization rate in the probiotic arm, the investigators recommended a larger trial to assess the effectiveness of probiotic therapy.



Another US-based randomized trial, with the participant, care provider, investigator, and outcomes assessor masking, evaluated once-daily probiotic dietary supplement or placebo for prevention of GBS colonization in 251 pregnant women at 35–37 weeks. The authors noted a difference of 1% in the two groups (18.5% vs. 19.7%) for GBS colonization [36].



While the aforementioned findings contribute to the growing body of research by reporting no safety concerns after using probiotics in the third trimester of normal pregnancies, using these products as an effective and feasible intervention to prevent GBS disease seems to be challenging. The main source of the lack of significant changes in the intervention groups could be rooted in the study designs such as low sample size, late recruitment in pregnancy, short intervention length, inadequate probiotic dosage, or even using a wrong product. Given that probiotics convey strain-specific health benefits [37,38], the significant increase in vaginal colonization with no impact on GBS colonization may be due to choosing a suboptimal probiotic strain for this intervention. Selecting a different route of administration (e.g., vagina) or combining different routes may also increase the likelihood of obtaining positive results.



Some of these challenges may be well addressed in future clinical trials. As noted in Table 2, there are three ongoing trials (clintrials.gov) evaluating the use of probiotics on GBS colonization in a diverse population with varying gestation periods and probiotics [39,40,41]. In summary, with currently mixed evidence of probiotics’ effect on the prevention of GBS colonization, the data from some ongoing studies may help build consensus.




10.2. Vaccines


Ultimately, to significantly reduce the global GBS burden of disease, the most effective and attractive strategy is likely to be immunization during pregnancy [15], an approach that has successfully been used for multiple infectious diseases, including influenza, pertussis, tetanus, and coronavirus disease 2019 (COVID-19) [21]. Like other vaccines, developing a GBS vaccine for use in pregnancy to protect the fetus and newborn requires efficient transplacental antibody transfer. Published data suggest that GBS vaccines would induce functionally active antibodies that can confer protection to the mothers and can cross the placenta to protect the offspring against GBS infection during the delivery and in the following months [15]. In 1976, Baker and Kasper provided evidence that infants infected with GBS type III strains lacked GBS-specific maternal antibodies [42]. Pregnant individuals with vaginal carriage of type III GBS who delivered healthy infants had a higher rate of IgG antibodies in their sera (22/29; 76%) than those who gave birth to infants with GBS disease (n = 7/29; 24%) [42].



Subsequent studies by other investigators also confirmed the protective role of transplacental antibodies against serotypes Ia and III [43,44,45]. These findings support the efficient placental transfer of maternal antibody-mediated protection against GBS disease. The results of these studies have led to the development of GBS vaccines and clinical studies in different populations. Currently, the most promising vaccine candidates are either capsular polysaccharide (CPS) including polysaccharide-based vaccines and polysaccharide conjugate vaccines, or protein-based subunit vaccines [15].



10.2.1. Polysaccharide-Based Vaccines


Polysaccharide-based vaccines are unconjugated purified native type Ia, II, or III PS vaccines and were developed in the 1980s [5,15]. These vaccines were safe and well tolerated in healthy non-pregnant adults. Defining immune response as >1 μg/mL PS type-specific antibody level, Baker and Kasper (1985) found that type II PS was more likely to elicit an immune response (occurring in 88%) than type Ia (40%) and type III (60%) at four weeks post-immunization [46].



In a separate study using serum PS type-specific antibody level > 2–3 μg/mL as a threshold, GBS type III CPS induced an immune response in 65% of pregnant women who were immunized at 26–36 weeks of gestation [47]. Maternal antibody levels persisted for at least 3 months after birth in 64% of serum samples of infants born to mothers with an initial antibody response to the vaccine [47]. It is believed that these vaccines induced T-cell-independent B-cell activation without the ability to generate B-cell memory response, and therefore they could not enhance immune response following booster doses, as with other bacterial polysaccharide vaccines [48,49,50]. Additionally, GBS-naïve women showed high variability in individual immune response [15,46,51]. These could be the reasons why these vaccines failed to reach phase II trials and they are not currently thought to be a promising strategy.




10.2.2. Polysaccharide Conjugate Vaccines


Capsular polysaccharide–protein conjugate vaccines are the leading GBS vaccine candidates targeting at least one of six capsular types (Ia, Ib, II, III, IV, and V) that are designed to cover the majority of GBS disease-causing serotypes. The carrier protein for vaccines currently under evaluation is either tetanus toxoid (TT) or cross-reactive material (CRM)197 (a non-toxic mutant of diphtheria toxin-DT) isolated from Corynebacterium diphtheriae C7 [15]. Depending on how many serotypes are targeted, conjugate vaccines can be either monovalent or multivalent. Multivalent conjugate vaccines that have been employed in clinical trials so far include bivalent, tetravalent, and hexavalent formulations.




10.2.3. Monovalent Conjugate Vaccines


Monovalent GBS vaccines were initially tested in Canada in a phase I trial by Kasper et al. (1996) that included 100 healthy non-pregnant women between 18 and 40 years of age who received a type III CPS-tetanus toxoid (GBS III-TT) vaccine, polysaccharide vaccine, or saline. Compared with polysaccharide vaccine recipients (50%), the conjugate GBS vaccine recipients (90%) were more likely to respond immunologically (≥ 4-fold increase in geometric mean concentration (GMC)) at 8 weeks post-vaccination (Table 3). Moreover, the authors noted that the GBS III-TT group had a better immune response at 26 weeks post-vaccination compared with the polysaccharide group [52]. In addition, GBS III-TT was well tolerated by women with minimal reactogenicity as about 27% of recipients reported redness or swelling at the injection site which resolved in 72 h (Supplemental Table S1) [52].



To investigate the effect of these conjugate vaccines on pregnant women and their offspring, a subsequent clinical trial was conducted by Baker in 2003 (Table 3). In this trial, the investigators included 30 healthy pregnant women in the US at 37 weeks gestation or later. The vaccine was safe, well tolerated, and resulted in more than 50-fold increases in maternal CPS type III-specific IgG by four weeks post-immunization. The vaccine also elicited functionally active antibodies in newborns persisting until the age of 2 months with a GMC of 10 μg/mL, which was approximately 30% of III CPS-specific IgG antibodies found in maternal delivery serum [53]. The GBS III-TT conjugate vaccine was well tolerated by women with no report of vaccine-associated serious adverse events. An estimated 5% of the study population reported mild to moderate pain at the injection site (Supplemental Table S1) [53].



Additionally, 2 more monovalent GBS vaccines were also investigated in 35 healthy non-pregnant women. The CRM-V vaccine consisting of CRM197 was compared with a type V CPS-TT vaccine before and 2, 4, 8, 26, and 104 weeks after immunization (Table 3). The immune response did not differ significantly between these formulations. About 93–100% of vaccine recipients in each group had at least a 4-fold increase in type V CPS-specific IgG through 26 weeks, and in 85–93% of recipients, this increase lasted up to 2 years after immunization [54]. This finding indicates that the type V CPS vaccine has the potential to induce long-lasting immunity. No vaccine-associated serious adverse events were noted in this study population. Although soreness in the arm was more frequently reported by the -TT conjugate vaccine group (53.3%) compared with the -CRM (26.7%) or placebo (40%), these differences were not statistically significant (Supplemental Table S1).




10.2.4. Multivalent Conjugate Vaccines


Monovalent conjugate vaccines were immunogenic for specific serotypes. Subsequently, multivalent conjugate vaccines were developed to obtain broader coverage against the most common disease-causing strains circulating worldwide. These vaccines have been tested in different clinical trials (Table 3) with different timelines (Figure 1) and target populations (Figure 2) described below.



Bivalent GBS vaccines were evaluated in a phase II trial by Baker et al. (2003) that included 75 US healthy adults between 18 and 45 years of age who received a monovalent GBS II-TT conjugate, a monovalent GBS III-TT conjugate, or a bivalent GBS II-TT/III-TT conjugate vaccine (Table 3). The investigators found a ≥4-fold increase in GBS II/III CPS-specific IgG in the post-immunization serum samples among 80–90% of the bivalent vaccine group. As a result, the response was comparable to those who received GBS-II-TT (90%) or GBS-III-TT (90%) monovalent vaccines [55]. Data from this trial support the concept of multivalent vaccines including serotypes commonly causing invasive GBS disease. Furthermore, no serious side effects were observed among the study participants.



The safety and superiority of bivalent conjugate vaccines in inducing immune response resulted in evaluating the safety and immunogenicity of a trivalent GBS vaccine based on type Ia, Ib, and III CPS conjugated to CRM197 in one phase Ib/II [56,57] and three phase II studies in pregnant women aged 18–40 years old at 24–35 weeks of gestation (Table 3) [58,59,60,61].



In a phase Ib/II trial conducted by Madhi et al. (2016) among 380 South African pregnant women immunized at 28–35 weeks of gestation in 2010–2011, trivalent GBS conjugate vaccines elicited functional antibodies 13–23-fold higher in the vaccine group compared with the placebo (Table 3). With no significant difference, mother-to-offspring transfer ratio of GBS-specific antibodies was observed in each group with infant antibody levels reaching 49% to 79% of maternal antibody levels at birth [57].



An additional study by Madhi et al. (2017) noted that infants born to those who were immunized against the trivalent GBS vaccine in pregnancy had antibody GMCs that were significantly higher compared to the placebo group at each time point including birth and on days 43 and 91 (Supplemental Table S2). Levels of antibodies against GBS in the intervention group declined over time to 41–51% and 26–35% of the levels found at birth by day 43 and day 91, respectively [56]. As noted in Supplemental Table S1, local adverse events (i.e., pain or swelling at the injection site) were similar across vaccine (35%) and placebo (30%) groups among pregnant women [57]. However, systemic events such as fatigue were higher in the vaccine group (60%) compared with the placebo (46.3%) group [57]. The investigators reported one death in the GBS vaccine group unrelated to the vaccine [57].



In a phase II study of a trivalent GBS vaccine that was conducted in Belgium, Canada, Italy, and the US in 2011–2013, 86 healthy pregnant women (24–35 weeks of gestation) from the 18–40 years age group were randomized to evaluate the placental transfer of anti-GBS type-specific CPS antibodies [59]. In this study, the GMC increased 16-fold, 23-fold, and 20-fold against serotypes Ia, Ib, and III by delivery. Maternal-to-infant transfer ratios of the antibodies against serotypes Ia, Ib, and III at delivery varied between 66% and 79%.



In a study by Fabrini et al., the investigators assessed the functional activity of maternal and cord antibodies for trivalent GBS vaccines [60]. As seen in Supplemental Table S2, antibody-mediated group B Streptococcus opsonophagocytic bacterial killing assay (OPKA) was higher in maternal serum at delivery in the vaccine group compared to the placebo group for all three serotypes Ia, IIb, and III. Local and systemic events were higher in the vaccine group compared to the placebo group (Supplemental Table S1). Pain at the injection site was the most common local reaction reported across the trivalent GBS vaccine group (N = 35/49, 71%) compared with the placebo group (N = 12/34, 35%) [62]. Of note, systemic events and myalgia were frequently reported in the vaccine group (27/49, 55%) compared to the placebo group (3/34, 8%).



Swamy et al. conducted a randomized placebo-controlled phase II trial in the US in 2014–2015 evaluating the safety and immunogenicity of a maternal trivalent GBS vaccine in 75 pregnant women between the ages of 18 and 40 years and their infants (Table 3). It was highlighted by the investigators that serotype-specific IgG GMCs were 13–23-fold higher in the vaccine group compared with placebo recipients on day 31 and until 90 days postpartum [61]. Moreover, the antibody transfer ratio was 62% to 82% among vaccinated groups. As expected, local and systemic events were higher in the vaccine group compared with the placebo group. Local reactions such as pain at the injection site were higher in the vaccine group (50%) compared with the placebo group (31%) (Supplemental Table S1). Similarly, systemic events such as fatigue was higher in the vaccine group (38%) compared to the placebo group (23%). Comparable serious adverse events were observed across the vaccine (15%) and placebo (16%) groups in maternal (i.e., premature separation of placenta, pre-eclampsia, premature delivery) and fetal outcomes (i.e., congenital cataract, ventricular septal defect). None were fatal or vaccine related.



Trivalent GBS vaccines were also tested in the pregnant population with medical conditions (Table 3). In a non-randomized phase II trial on 270 pregnant women conducted in Malawi and South Africa from 2011 to 2012, Heyderman et al. evaluated GBS vaccination in a HIV-positive population [58]. They found trivalent GBS vaccines were less immunogenic in women living with HIV with both a high CD4+ count of >350 cells/µL (N = 81, mean GMCs ranged from 1.03 to 2.4 μg/mL against serotypes Ia, IIB, III) or a low CD4+ count of ≤350 cells/µL with >50 cells/µL (N= 83, ranging from 1.07 to 2.07 μg/mL) compared with those who were HIV negative (N = 83, with mean GMC ranging from 3.61 to 4.08 μg/mL) [58]. Similarly, lower GMCs were observed in infants born to HIV positive mothers (0.52–1.62 μg/mL) compared to HIV negative individuals (2.67–3.91 μg/mL). In this study, maternal-to-infant transfer ratio was assessed using infant’s mean GMC of antibodies in blood collected within 72 h of birth divided by maternal antibody GMCs in blood collected at delivery. Accordingly, the transfer ratio was found to be similar across three groups (49% to 72%). Local and safety events differed among groups based on HIV status (Supplemental Table S1). Local reactions such as pain and swelling at the injection site were lower in low (16/87, 18%) or high (26/88, 30%) CD4 cell count HIV groups compared with those in the uninfected HIV group (35/90, 39%). Similarly, systemic events such as chills, nausea, malaise, myalgia, and fever were lower in low (35/87, 40%) or high (48/88, 55%) CD4 cell count HIV groups compared with those in the uninfected HIV group (53/90, 59%).



While the results from trials testing trivalent conjugate vaccines were promising, quadrivalent conjugate vaccines were formulated to target more common disease-causing strains circulating worldwide. These vaccines were not tested in the pregnant population but the results of a feasibility study conducted in the US including 40 healthy adults evaluating varying doses showed that the vaccine was well tolerated and produced a moderate immune response in adults with pre-existing GBS antibodies [63]. This study included individuals who were GBS antibody naïve and a separate group of individuals with pre-existing GBS antibodies. In GBS-naïve participants, seroconversion rates and 4-fold rise in antibody GMC after 6 weeks of vaccination were 33% (GMC = 5.2), 17% (GMC = 3.6), and 70% (GMC= 43.4), respectively, against serotypes Ia, II, and III, respectively (Table 3). In contrast, in those with evidence of prior GBS exposure, seroconversion rates and GMCs for type Ia and III were 90% (GMC = 73.4) and 40% (GMC = 22.2), respectively. As investigators did not find any dose-response effect, they recommended identifying better vaccine candidates. Eleven participants (27%) in the vaccine group experienced mild adverse events following immunization, six individuals (15%) reported pain and tenderness at the injection site, and six subjects (15%) reported headache, nausea, and malaise (Supplemental Table S1).



While no study data are yet publicly available for an on-going trial on hexavalent GBS vaccine in pregnant women, data look promising from a phase 1/2 placebo-controlled dose-escalation trial in non-pregnant adults [64]. Recently, Absalon et al. evaluated a novel hexavalent GBS conjugate vaccine in 364 healthy, non-pregnant adults aged 18–49 years [64]. A 40-fold to 56-fold rise in geometric mean titres was observed in the vaccine groups ranging from 5 to 20 microgram with or without aluminum phosphate adjuvant compared with the placebo group (Table 3). No serious adverse events associated with the vaccine were reported. Pain at the injection site was frequently reported across all vaccine dose-escalation groups (ranging from 25% to 53.5%) compared with 15.4% of individuals in the placebo group (Supplemental Table S1). Systemic events such as nausea, vomiting, diarrhea, headache, fatigue, muscle pain, joint pain, and fever were similar across vaccine and placebo groups. Consequently, this hexavalent GBS vaccine was found to be safe and immunogenic in healthy adults aged 18–49 years [64]. Currently, data collection is underway for an on-going clinical trial (NCT03765073) in the pregnant population [65].




10.2.5. Protein-Based Vaccines


Protein subunit vaccines are an alternative approach designed to target proteins such as N-terminal domains of the Alp-protein family. With a potential to cover Alp variants conserved across most GBS serotypes, these vaccines may have higher strain coverage than conjugate vaccines [21]. Currently, there is an ongoing interest in the use of protein-based vaccines against GBS in pregnancy. As noted in Table 3, there are two phase II studies underway to evaluate the safety and immunogenicity of the Alpha protein-like subunit GBS-NN/NN2 vaccine in mothers and infants as follows.



The first trial will investigate 4 vaccination regimens in 270 healthy pregnant women at 21–23 weeks of gestation [66,67]. This study will evaluate the safety profile and levels of GBS IgG specific to AlpN Proteins (RibN, Alp1N, Alp2N, and AlpCN) in mothers and infants up to 6 months post-delivery. In the second trial, there are four groups: vaccine and placebo groups for HIV positive and HIV negative population. This trial will assess the immunogenicity, safety, and birth outcomes following immunization up to 6 months post-delivery among 100 pregnant women living with HIV positive and 100 pregnant women who are HIV negative, aged 18–40 years old, and are between 2 and 30 weeks of pregnancy inclusive [68].
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Table 3. GBS vaccines investigated in clinical trials on pregnant or non-pregnant populations using different databases.
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	Vaccine Formulation
	Registry Number
	Country/ Region
	Clinical Phase (Status)
	Study Duration
	Age Group, Years
	Gestation Weeks
	Total Study Population
	Population, N (Groups)
	Time Points for Immunogenicity Assessment
	Immunogenicity Results: Mean GMC (95% CI)
	Systemic Events
	Reference





	Monovalent GBS III-TT conjugate vaccine
	N.R.
	Canada
	NR
	NR
	18–40
	Non-pregnant
	100
	Vaccine group:

III-TT58 mg: 30

III-TT 14.5 mg: 15

III-TT 3.6 mg: 15

III CPS, 50 mg: 30

Placebo group:

Saline, NA: 10
	8 weeks
	Vaccine group:

III-TT 58μg: 4.53 (1.92–10.70)

III-TT 14.5μg: 2.72 (0.95–7.76)

III-TT 3.6μg: 1.10 (0.40–3.02)

III CPS 50μg: 1.41 (0.59–3.37)

Placebo group:

Saline: 0.16 (0.06–0.45)
	N.R.
	Kasper et al., 1996 [52]



	Monovalent GBS III-TT conjugate vaccine
	N.R.
	USA
	Phase 1 (Completed)
	NR
	18–45
	>37
	30
	Vaccine group: 20

Placebo group: 10
	4 weeks
	Vaccine group:

III-TT: >1.0 μg/mL

Placebo group:

Saline: 0.06 μg/mL


	N.R.
	Baker et al., 2003a [53]



	Bivalent GBS conjugate
	N.R.
	USA
	Phase 2 (Completed)
	NR
	18–45
	Non-pregnant
	75
	Vaccine group: Monovalent

GBS II–TT (3.6 mg of CPS) n = 25; Monovalent

GBS III–TT (12.5 mg of CPS) n = 25; Bivalent

GBS II–TT/III–TT n = 25



No placebo group
	8 weeks
	II-TT (3.6 mg) group:

IgG: 5.7 (0.7–259; 2.9–11.3)

IgM: 10.9 (1.1–61.9; 7.4–16.1)

IgA: 2.1 (0.2–28.1; 1.2–3.5)

III-TT (12.5 mg) group:

IgG: 2.0 (0.05–402; 0.7–5.8)

II-TT/III-TT (3.6/12.5 mg) group:

IgG: 13.1 (0.4–571; 5.6–30.6)

IgM: 10.4 (0.3–81.5; 6.8–16.1)

IgA: 2.1 (0.1–153; 1.1–4.1)
	No serious adverse effects in any group.

Mild systemic symptoms associated with low-grade fever in 2.6% of

Bivalent group
	Baker et al., 2003b [55]



	Trivalent GBS conjugate vaccine
	NCT01193920
	South Africa
	Phase1b/2 (Completed)
	2010–2011
	18–40
	28–35
	380
	Vaccine group (non-pregnant):

GBS vaccine 20 μg n = 40

Placebo group: (non-pregnant):

Placebo n = 20

Vaccine group (Pregnant)

GBS vaccine 0.5 mg n= 80;

GBS vaccine 2.5 μg n = 80;

GBS vaccine 5.0 μg n= 80;

Placebo Group (Pregnant)

n= 80
	At delivery
	Vaccine group: At delivery GBS vaccine 2.5 μg

Serotype Ia: 5.57 (2.25–14)

Serotype Ib: 2.10 (0.65–6.78)

Serotype III: 0.50 (0.10–2.46)

Placebo group: At delivery GBS vaccine 2.5 μg

Serotype Ia: 0.21 (0.15–0.31)

Serotype Ib: 0.16 (0.07–0.37)

Serotype III: 0.05 (0.03–0.07)
	In non-pregnant vaccine vs. placebo groups: Chills: (37.50% vs. 30%)

Fatigue: (72.50% vs. 60%)

Pyrexia: (15.00% vs. 0%)

In pregnant participants: vaccine 0.5mg, 2.5mg,5mg vs. placebo

Chills: 20.00% vs. 8.75% vs. 10% vs. 11.25%)

Fatigue: (48.75% vs. 42.5% vs. 53.75% vs. 46.25%);

Pyrexia: 6.25% vs. 1.25% vs. 5% vs. 2.5%)

1/80 (1.25%) death in GBS vaccine 2·5 μg group in pregnant women
	Madhi et al., 2016 [57]



	Trivalent GBS conjugate vaccine
	NCT01412801
	Malawi, South Africa
	Phase 2 (Completed)
	2011–2012
	18–40
	24–35
	270
	GBS vaccine in:

HIV-infected, low CD4 cell count >50 to ≤350 group: n = 91

HIV-infected, high CD4 cell count >350 cells per μ group: n = 89

HIV-uninfected group: 90
	4 Weeks
	Serotype Ia

HIV-infected, low CD4 cell count group: 2.68 (1.74–4.10)

HIV-infected, high CD4 cell count group: 3.26 (2.14–4.98)

HIV-uninfected group: 6.63 (4.37–10)

Serotype Ib

HIV-infected, low CD4 cell count group: 2.62 (1.62–4.24

HIV-infected, high CD4 cell count group: 3.68 (2.38–5.70)

HIV-uninfected group: 5.35 (3.63–7.87)

Serotype III

HIV-infected, low CD4 cell count group: 1.51 (0.97–2.35)

HIV-infected, high CD4 cell count group: 1.31 (0.85–2.02)

HIV-uninfected group: 5.35 (3.66–7.83)
	any systemic reactions (chills/ nausea/ malaise/ myalgia/ arthralgia/ headache/ fatigue/ rash/ fever) in low CD4 vaccinated vs. high CD4 vaccinated vs. uninfected group: (40% vs. 55% vs. 59%)
	Heyderman et al., 2016 [58]



	Trivalent GBS conjugate vaccine
	NCT01446289/ EUCTR2010-020840-36-BE
	Belgium, Canada, Italy
	Phase 2 (Completed)
	2011–2013
	18–40
	24–35
	86
	Vaccine group: n = 49

Placebo group: n = 34
	At delivery
	Vaccine group:

Serotype Ia: 5.22 (3.37–8.10)

Serotype Ib: 2.41 (1.48–3.94)

Serotype III: 1.90 (1.15–3.12)

Placebo group:

Serotype Ia: 0.37 (0.22–0.63)

Serotype Ib: 0.13 (0.07–0.23)

Serotype III: 0.11 (0.06–0.19)
	Vaccine vs. placebo group:

Chills: 4/49 (8% vs. 8%)

Malaise:14/49 (28% vs. 26%)

Myalgia:27/49 (55% vs. 8%)

Arthralgia: 4/49 (8% vs. 26%)

Headache: 16/49 (32% vs. 61%)

Fatigue: 31/49 (63% vs. 76%)
	Donders et al., 2016 [59]



	Trivalent GBS conjugate vaccine
	NCT02046148
	USA
	Phase 2 (Completed)
	2014–2015
	18–40
	24–35
	75
	Vaccine group: 49

Placebo group: 26
	At delivery
	Vaccine group:

In mothers: sIgA- Serotype Ia: 283 (104–770)

Serotype Ib: 418 (151–1155)

Serotype III: 112 (44–286)

IgG- Serotype Ia: 0.64 (0.29–1.42)

Serotype Ib: 0.10 (0.04–0.24)

Serotype III: 0.41 (0.21–0.79)

Placebo group:

In mothers: sIgA- Serotype Ia: 2.94 (0.89–9.68)

Serotype Ib: 4.17 (1.37–13)

Serotype III: 0.45 (0.13–1.58)

IgG- Serotype Ia: 0.12 (0.05–0.28)

Serotype Ib: 0.04 (0.02–0.11)

Serotype III: 0.15 (0.07–0.30)
	Vaccine vs. placebo group:

Fatigue: (38% vs. 23%)

Nausea: (15% vs. 12%))

Headache: (13% vs. 12%))

Loss of appetite: (13% vs. 8%)

Myalgia: (4% vs. 8%)

Arthralgia: (4% vs. 8%)

Chills: (2% vs. 4%)

Rash: (2% vs. 0%)

Urticaria: (2% vs. 0%)
	Swamy et al., 2020 [61]



	Quadrivalent GBS
	N.R.
	USA
	Phase 1 (Completed)
	NR
	18–40
	Non-pregnant
	40
	Vaccine group: n = 40

Absence of placebo group
	6 weeks
	Vaccine group:

GMC of type-specific antibody (range)

Ia: 5.2 (1–260)

IIb: Not done

II: 3.6 (0–72)

III: 43.4 (2–496)

Placebo group:

No placebo group
	Vaccine group: nausea, malaise, myalgia, or headache: 15%

No placebo group
	Kotloff et al,1996 [63]



	Hexavalent GBS conjugate vaccine
	NCT03170609
	USA
	Phase 1/2 (Completed)
	2017–2018
	18–49
	Non-pregnant
	365
	Vaccine group:

GBS6 5 μg with AlPO4: n = 52;

GBS6 5 μg without AlPO4: n = 52;

GBS6 10 μg with AlPO4: n = 52;

GBS6 10 μg without AlPO4: n = 52;

GBS6 20 μg with AlPO4: n = 52;

GBS6 20 μg without AlPO4: n = 52;

Placebo group: n = 52
	2 Weeks
	Vaccine group:

Ia: 17.829 (7.542–42.149)

Ib: 1.948 (0.785–4.836)

II: 31.786 (17.490–57.770)

III: 3.766 (1.887–7.517)

IV: 7.018 (4.518–10.903)

V: 6.760 (3.230–14.146)

Placebo group:

Ia: 0.755 (0.372–1.536)

Ib: 0.034 (0.019–0.059)

II: 0.187 (0.126–0.279)

III: 0.081 (0.054–0.122)

IV: 0.046 (0.027–0.078)

V: 0.143 (0.084–0.244)
	Vaccine vs. placebo groups: fatigue or tiredness and headache: 2% vs. 2%
	Absalon et al., 2021 [64]



	Hexavalent conjugate vaccine
	NCT03765073
	USA, UK, South Africa
	Phase 2 (Ongoing)
	2019–2024
	18–40
	24–36
	586
	N.R
	N.R.
	N.R.
	N.R.
	Pfizer [65]



	Alpha like Protein subunit
	NCT05154578/ EUCTR2021-003214-40-DK
	Denmark, South Africa
	Phase 2 (Ongoing)
	2022–2023
	18–64
	22–30
	270
	N.R
	N.R.
	N.R.
	N.R.
	Minervax (a) [67]; Minervax (c) [66]



	Alpha like Protein subunit
	NCT04596878
	South Africa, Uganda
	Phase 2 (Ongoing)
	2020–2022
	18–40
	26–30
	205
	N.R
	N.R.
	N.R.
	N.R.
	Minervax (b) [68]







Footnote: Clinical trial registries maintained by the WHO, US National Library of Medicine’s Clinical Trial database, EU Clinical Trials Register, Health Canada’s Clinical trial search database, Chinese Clinical Trial Registry, BMC’s ISRCTN registry, and Clinical Trial Registry-India for GBS vaccine trials in pregnant women studying prevention of GBS infections in their infants. Safety events were calculated from given proportions in references: Kasper et al., 1996, Baker et al., 2003, and Heyderman et al., 2016. GBS: group B Streptococcus; SAE: serious adverse events, AE: adverse events, CPS: capsular polysaccharide, HIV: human immunodeficiency virus, NR: not reported, OPKA: opsonophagocytic bacterial killing assay, ELISA: enzyme-linked immunosorbent assay, GMC: geometric mean concentration, sIgA: serotype-specific secretory immunoglobulin A, IgG: immunoglobulin G.














11. Challenges


Currently, multiple studies are testing different vaccine candidates targeting either GBS capsule or proteins, but they are facing many challenges. Considering the low incidence of neonatal GBS disease, large numbers of immunized pregnant women would be required to conduct clinical phase III efficacy trials. Specific characteristics of the target population with specific follow-up requirements both for the mother in late pregnancy and the offspring in early life and the progressive nature of GBS infection before and after childbirth require adequate safety oversight and invasive procedures for blood and CSF sampling, as well as bacteriologic assessments [69]. These factors would make efficacy trials more challenging when compared with other vaccines targeted at other pathogens. While these are logistically challenging, the identification of a serologic correlate of protection that may be used as a pathway to licensure is one attractive approach [5,7]. However, in the absence of such correlate estimates as a direct evidence pre-licensure, effectiveness studies may rely on mathematical models which may be biased by imperfect assumptions. Nevertheless, post-marketing confirmatory effectiveness studies should be conducted through large multicenter phase IV studies to assess herd protection and the impact of vaccination on strain variation, carriage, and GBS disease burden in neonates.



Serological correlates of protection (CoP) as substitute endpoints that are acceptable to vaccine regulators have not been defined yet. Protective thresholds may vary according to epidemiological settings, distribution of serotypes, and host factors. However, a unique and reliable predictor of clinical benefit for the licensure of GBS vaccines should ideally be identified to facilitate vaccine licensure. Determining an antibody-based marker with a single, universally accepted threshold for licensure assessments would be ideal. For instance, IgG binding antibody in cord blood has the potential to serve as the CoP if it is highly correlated with functional antibodies and shows similar kinetics to antibodies induced after natural infection. In this respect, absolute and relative disease risk estimates as functions of infant antibody concentration can serve as CoPs if they are adjusted for confounding factors such as maternal age and gestational age. However, establishing an antibody concentration threshold as an indicator of high protection is challenging due to existing uncertainties rooted in unmeasured confounders, imperfect causal mediation, and regional and/or serotyping variations in point and confidence estimates [70].



Establishing a rigorous estimate of protective thresholds also requires consistency across clinical trials in terms of study designs, sample size, population characteristics, target antigens, methodological assays, and time point assessments. Instead of identifying a single correlate of protection, an alternative approach is establishing a composite correlate of multiple measures that may include antibody levels and/or functions, placental antibody transfer ratios, or even detection of maternal or offspring colonization [69].



The optimal immunization schedule (dose amount and number of doses) as best timing of vaccination need to be determined [71]. The appropriate timing of immunization before birth should be considered to optimize maternal antibody transfer to the offspring. Regardless of safety concerns, immunization in early pregnancy may prevent EOD but not LOD due to potential antibody waning in the first few weeks of life. However, if a vaccine is highly immunogenic in pregnancy, with high transplacental transfer ratio of maternal antibodies to the offspring and long duration of immune response, immunization in early pregnancy may have the potential to prevent LOD as well. For instance, a trial assessed type V GBS vaccines in non-pregnant people and showed that the vaccine elicited antibodies that persisted up to 2 years after vaccination [54]. Accordingly, it is possible that maternal antibodies transferred to the newborn may remain in infant’s sera for sufficient duration to prevent LOD. However, no additional trial has investigated the vaccine targeting V serotype to confirm the previous findings specifically in the pregnant population.



A wide window period in the late 2nd or early 3rd trimesters could also be a good option for optimal protection against neonatal GBS disease, as has been identified for pertussis where, like GBS, the primary goal is protection of infant disease. As defined by the WHO, one of the preferred product characteristics for a GBS vaccine is a one dose regimen targeting pregnant women in the 2nd and 3rd trimesters [21]. Preconception immunization may also be beneficial if it could induce long-lasting immunity sufficient to reduce GBS colonization in the mother during pregnancy and/or adequate transfer of antibody to the infant to prevent both EOD and LOD.



Another important issue in planning vaccination strategies is to consider prematurity and its impact on optimal timing of immunization, especially since GBS has been causally associated with preterm birth. No trials have specifically targeted preterm pregnancies yet to shed some light on this subject. Preterm infants may not benefit from immunization in late pregnancy because birth may occur before vaccine administration; thus, the protection against GBS disease will not be fully obtained. On the other hand, if multiple doses are required to optimize protection, early immunization in pregnancy would support completion of the vaccine series to benefit both term and preterm infants. However, immunization in early pregnancy may raise the concern about antibody waning by the time of delivery [72].



Moreover, delineating the best timing of immunization for both term and preterm infants requires sufficient data about the influence of timing on vaccine safety as well as the relevant immune responses, which is challenging in the absence of a correlate of protection. Safety and immunological data relating to the timing of maternal vaccination are still lacking. Most clinical trials have recruited women between 24 and 36 weeks of gestation [56,58,59,60,61,62]. Some on-going trials have lowered the gestational age to 21 weeks as part of their eligibility criteria [67,73]. Therefore, well-designed longitudinal studies are required to help inform the optimal GBS immunization schedule for pregnant people.



More trials are also required to investigate the durability of antibodies in the first 3 months of life for the optimal benefit of the infant. The transfer rate of transplacental antibodies and antibody waning by the time of delivery are influential factors in designing GBS vaccines against EOD and LOD. Additionally, multiple doses at different timings may be required to prevent EOD and LOD. While there are overlaps of serotypes causing EOD and LOD, an alternative strategy could be a GBS conjugate vaccine that includes most serotypes responsible for both EOD and LOD similar to approaches used in designing 20-valent pneumococcal conjugate vaccines with protection against 70% of the pneumococcal capsular serotypes causing disease [74].



Moreover, the conjugate vaccines that are currently under investigation do not include all GBS serotypes; thus, capsular switching or capsular replacement is a potential risk leading to the emergence of diseases caused by non-vaccine strains [3,75]. This phenomenon has also been described after pneumococcal conjugate vaccination [76].



Another concern regarding vaccination in pregnancy is the potential harm to the developing fetus. Using different databases, accumulated data from completed and ongoing studies on GBS vaccination in both low- and high-income countries that assessed pregnant women at different age groups (18–40) and gestational ages (21–35 weeks) showed no specific pattern of adverse outcomes for mothers or children (see Table 3). Like other non-live and inactivated vaccines, GBS vaccination is not expected to result in harm to the fetus, given the lack of safety concerns after vaccination with tetanus, diphtheria, pertussis, influenza [77], and COVID-19 vaccines [78]. Based on the findings of a systematic review, the Global Advisory Committee on Vaccine Safety also announced no safety concerns after immunization in pregnancy with inactivated vaccines in pregnancy [21,79].



Co-morbidities including HIV and malaria can also be problematic as they may cause insufficient placental antibody transfer [21]. This suggests that different protective antibody thresholds should be established in different settings when developing GBS vaccines. This is notably important in low-income countries such as sub-Sahara Africa where greater burden of GBS disease [80,81] and high prevalence of HIV in the pregnant population (up to 40%) have been reported [81,82,83].



The immunological interactions with other maternal and potentially infant vaccines should also be considered when scheduling for routine GBS immunization in prenatal care. There is a potential concern about the impact of carrier proteins of GBS conjugate vaccines on immune response via interfering with components of other vaccines including Haemophilus influenzae type b (Hib), meningococcal, and pneumococcal conjugate vaccines [84].



Finally, the global expansion of vaccine clinical trials into low-middle income countries (LMICs) with high burden of GBS disease is challenging [85]. Selecting trial participants from LMICs will benefit those communities by contributing to scientific advancements, capacity building of local medical infrastructure, and hopefully improving timely access to vaccines [86]. However, some LMICs may struggle with meeting international clinical science, regulatory, and ethical standards as they still need to build adequate local scientific capacity and strengthen areas such as good clinical practice (GCP), good laboratory practice (GLP), laboratory infrastructure and training, data management, and epidemiology [86,87]. Some of the issues encountered in LMICs settings include lack of procedures for reviewing study protocols and obtaining culturally sensitive informed consent, lack of resources leading to delayed timelines, and lack of monitoring systems and standard of care that should be used in research [86]. However, to ensure that collected safety and efficacy data from clinical trials are generalizable to broader populations, clinical trials should consider the potential differences in environmental factors across regions such as differences in local medical practices and prevalence of comorbidities such as HIV which is more common in LMICs where the vaccine is targeted for use [86]. Accordingly, it is an obligation of the global scientific community to ensure development of GBS vaccines that can be deployed worldwide is supported, and current challenges in LMICs should be addressed by strengthening infrastructure and developing capacity to support the increasing conduct of vaccine clinical trials, supported by both LMICs and high-income countries (HICs) [86].




12. Conclusions


In summary, no GBS vaccine is approved yet but trials evaluating immunization of pregnant women against GBS hold promising results for the reduction of neonatal GBS disease. While both polysaccharide–protein conjugate and protein subunit vaccines have successfully reached phase II clinical trials, the hexavalent conjugate vaccine seems to be the best potential candidate as it covers most invasive serotypes. The immunogenicity and safety of the hexavalent conjugate vaccine among non-pregnant women are also optimal; however, the data from the pregnant population are needed to evaluate its use in maternal immunization. Clinical trials should be prioritized in pregnant people for any new vaccine candidates. GBS vaccination in the second or early third trimester may be the ideal timing for best protection of the newborn and infant. However, along with the safety, comprehensive knowledge of the immune response and its duration are required to determine the best timing to benefit both term and preterm babies. The next step could include clinical phase III efficacy trials and considering how to obtain high vaccine coverage as a requirement to reduce global burden of neonatal GBS disease.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/pathogens12020229/s1, Table S1: Detailed adverse outcomes of GBS Vaccines investigated in clinical trials on pregnant or non-pregnant populations using different databases: Table S2: Additional reports on GBS Vaccines investigated in clinical trials on pregnant or non-pregnant populations using different databases.





Author Contributions


Conceptualization, M.D. and M.S.; Review of literature: M.D. and N.K.V.; writing—original draft preparation, M.D. and N.K.V.; writing—review and editing, M.D and M.S. and N.K.V.; supervision, M.S. All authors have read and agreed to the published version of the manuscript.




Funding


M.D. received postdoctoral fellowship funding from Michael Smith Health Research BC. N.K.V. is supported by a postdoctoral fellowship from the Canadian Immunization Research Network (CIRN). M.S. is supported via salary awards from the BC Children’s Hospital Foundation and the Michael Smith Health Research BC.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


N.K.V. reports consulting fees from Broadstreet Health Economics & Outcomes Research on unrelated projects. M.S. has been an investigator on projects funded by GlaxoSmithKline, Merck, Moderna, Pfizer, Sanofi-Pasteur, Seqirus, Symvivo, and VBI Vaccines. All funds have been paid to his institute, and he has not received any personal payments. The other authors declare no conflict of interest.




References


	



Hanna, M.; Noor, A. Streptococcus Group B; StatPearls: Treasure Island, FL, USA, 2020. [Google Scholar]

	



Morgan, J.A.; Zafar, N.; Cooper, D.B. Group B Streptococcus and Pregnancy; StatPearls: Treasure Island, FL, USA, 2018. [Google Scholar]

	



Vornhagen, J.; Waldorf, K.M.A.; Rajagopal, L. Perinatal group B streptococcal infections: Virulence factors, immunity, and prevention strategies. Trends Microbiol. 2017, 25, 919–931. [Google Scholar] [CrossRef] [PubMed]

	



Brokaw, A.; Furuta, A.; Dacanay, M.; Rajagopal, L.; Adams Waldorf, K.M. Bacterial and host determinants of group B streptococcal vaginal colonization and ascending infection in pregnancy. Front. Cell. Infect. Microbiol. 2021, 11, 720789. [Google Scholar] [CrossRef] [PubMed]

	



Berner, R. Group B streptococcus vaccines: One step further. Lancet Infect. Dis. 2020, 21, 158–160. [Google Scholar] [CrossRef]

	



Davies, H.G.; Carreras-Abad, C.; Le Doare, K.; Heath, P.T. Group B Streptococcus: Trials and Tribulations. Pediatr. Infect. Dis. J. 2019, 38, S72–S76. [Google Scholar] [CrossRef]

	



Madrid, L.; Seale, A.C.; Kohli-Lynch, M.; Edmond, K.M.; Lawn, J.E.; Heath, P.T.; Madhi, S.A.; Baker, C.J.; Bartlett, L.; Cutland, C.; et al. Infant group B streptococcal disease incidence and serotypes worldwide: Systematic review and meta-analyses. Clin. Infect. Dis. 2017, 65, S160–S172. [Google Scholar] [CrossRef] [PubMed]

	



Bartlett, A.; Smith, B.; George, C.; McMullan, B.; Kesson, A.; Lahra, M.M.; Palasanthiran, P. Epidemiology of Late and Very Late Onset Group B Streptococcal Disease. Pediatr. Infect. Dis. J. 2017, 36, 20–24. [Google Scholar] [CrossRef]

	



Simonsen, K.A.; Anderson-Berry, A.L.; Delair, S.F.; Davies, H.D. Early-onset neonatal sepsis. Clin. Microbiol. Rev. 2014, 27, 21–47. [Google Scholar] [CrossRef]

	



Costa, N.S.; Oliveira, L.M.A.; Meštrović, T.; Obiero, C.W.; Lee, S.S.; Pinto, T.C.A. The urgent need to recognize and properly address prenatal-onset group B Streptococcus disease. Int. J. Infect. Dis. 2022, 124, 168–170. [Google Scholar] [CrossRef]

	



Morinis, J.; Shah, J.; Murthy, P.; Fulford, M. Horizontal transmission of group B streptococcus in a neonatal intensive care unit. Paediatr. Child Health 2011, 16, e48–e50. [Google Scholar] [CrossRef]

	



Berardi, A.; Trevisani, V.; Di Caprio, A.; Bua, J.; China, M.; Perrone, B.; Pagano, R.; Lucaccioni, L.; Fanaro, S.; Iughetti, L.; et al. Understanding Factors in Group B Streptococcus Late-Onset Disease. Infect. Drug Resist. 2021, 14, 3207–3218. [Google Scholar] [CrossRef]

	



Cools, P.; van de Wijgert, J.H.; Jespers, V.; Crucitti, T.; Sanders, E.J.; Verstraelen, H.; Vaneechoutte, M. Role of HIV exposure and infection in relation to neonatal GBS disease and rectovaginal GBS carriage: A systematic review and meta-analysis. Sci. Rep. 2017, 7, 13820. [Google Scholar] [CrossRef]

	



Maisey, H.C.; Doran, K.S.; Nizet, V. Recent advances in understanding the molecular basis of group B Streptococcus virulence. Expert Rev. Mol. Med. 2008, 10, E27. [Google Scholar] [CrossRef] [PubMed]

	



Nuccitelli, A.; Rinaudo, C.D.; Maione, D. Group B Streptococcus vaccine: State of the art. Ther. Adv. Vaccines 2015, 3, 76–90. [Google Scholar] [CrossRef]

	



Teatero, S.; Neemuchwala, A.; Yang, K.; Gomes, J.; Athey, T.B.T.; Martin, I.; Demczuk, W.; McGeer, A.; Fittipaldi, N. Genetic evidence for a novel variant of the pilus island 1 backbone protein in group B Streptococcus. J. Med. Microbiol. 2017, 66, 1409–1415. [Google Scholar] [CrossRef]

	



Cozzi, R.; Malito, E.; Lazzarin, M.; Nuccitelli, A.; Castagnetti, A.; Bottomley, M.J.; Margarit, I.; Maione, D.; Rinaudo, C.D. Structure and Assembly of Group B Streptococcus Pilus 2b Backbone Protein. PLoS ONE 2015, 10, e0125875. [Google Scholar] [CrossRef] [PubMed]

	



Shabayek, S.; Spellerberg, B. Group B streptococcal colonization, molecular characteristics, and epidemiology. Front. Microbiol. 2018, 9, 437. [Google Scholar] [CrossRef] [PubMed]

	



Kam, K.-Q.; Thoon, K.C.; Tee, W.S.N.; Ang, M.L.T.; Tan, N.W.H.; Yeo, K.T.; Li, J.; Chong, C.Y. Serotype distribution and incidence of invasive early onset and late onset group B streptococcal disease amongst infants in Singapore. BMC Infect. Dis. 2021, 21, 1221. [Google Scholar] [CrossRef] [PubMed]

	



Ong, S.W.; Barkham, T.; Kyaw, W.M.; Ho, H.J.; Chan, M. Characterisation of bone and joint infections due to Group B Streptococcus serotype III sequence type 283. Eur. J. Clin. Microbiol. Infect. Dis. 2018, 37, 1313–1317. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organization. Group B Streptococcus Vaccine: Full Value of Vaccine Assessment; World Health Organization: Geneva, Switzerland, 2021. [Google Scholar]

	



Kohli-Lynch, M.; Russell, N.J.; Seale, A.C.; Dangor, Z.; Tann, C.J.; Baker, C.J.; Bartlett, L.; Cutland, C.; Gravett, M.G.; Heath, P.T.; et al. Neurodevelopmental Impairment in Children After Group B Streptococcal Disease Worldwide: Systematic Review and Meta-analyses. Clin. Infect. Dis. 2017, 65, S190–S199. [Google Scholar] [CrossRef] [PubMed]

	



Horváth-Puhó, E.; van Kassel, M.N.; Gonçalves, B.P.; de Gier, B.; Procter, S.R.; Paul, P.; van der Ende, A.; Søgaard, K.K.; Hahné, S.J.; Chandna, J.; et al. Mortality, neurodevelopmental impairments, and economic outcomes after invasive group B streptococcal disease in early infancy in Denmark and the Netherlands: A national matched cohort study. Lancet Child Adolesc. Health 2021, 5, 398–407. [Google Scholar] [CrossRef]

	



Baltimore, R.S. Consequences of Prophylaxis for Group B Streptococcal Infections of the Neonate. Semin. Perinatol. 2007, 31, 33–38. [Google Scholar] [CrossRef] [PubMed]

	



Money, D.; Allen, V.M.; Yudin, M.H.; Bouchard, C.; Boucher, M.; Caddy, S.; Castillo, E.; Murphy, K.E.; Ogilvie, G.; Paquet, C.; et al. The Prevention of Early-Onset Neonatal Group B Streptococcal Disease. J. Obstet. Gynaecol. Can. 2013, 35, 939–948. [Google Scholar] [CrossRef] [PubMed]

	



ACOG. ACOG Prevention of Group B Streptococcal Early-Onset Disease in Newborns. 2020. Available online: https://www.acog.org/en/clinical/clinical-guidance/committee-opinion/articles/2020/02/prevention-of-group-b-streptococcal-early-onset-disease-in-newborns (accessed on 22 December 2022).

	



Patras, K.A.; Nizet, V. Group B streptococcal maternal colonization and neonatal disease: Molecular mechanisms and preventative approaches. Front. Pediatr. 2018, 6, 27. [Google Scholar] [CrossRef] [PubMed]

	



Souza da Cunha, S.; Santorelli, G.; Pearce, N.; Wright, J.; Oddie, S.; Petherick, E.; Pembrey, L. Evidence for causal associations between prenatal and postnatal antibiotic exposure and asthma in children, England. Clin. Exp. Allergy 2021, 51, 1438–1448. [Google Scholar] [CrossRef]

	



Delara, M.; McMillan, D.E.; Nickel, N.C.; Jong, G.W.; Seitz, D.P.; Mignone, J. Early life exposure to antibiotics and the risk of mood and anxiety disorders in children and adolescents: A population-based cohort study. J. Psychiatr. Res. 2021, 137, 621–633. [Google Scholar] [CrossRef]

	



Yu, H.-Y.; Zhou, Y.-Y.; Pan, L.-Y.; Zhang, X.; Jiang, H.-Y. Early Life Antibiotic Exposure and the Subsequent Risk of Autism Spectrum Disorder and Attention Deficit Hyperactivity Disorder: A Systematic Review and Meta-Analysis. J. Autism Dev. Disord. 2021, 52, 2236–2246. [Google Scholar] [CrossRef]

	



Hanson, L.; Vusse, L.V.; Duster, M.; Warrack, S.; Safdar, N. Feasibility of Oral Prenatal Probiotics against Maternal Group B Streptococcus Vaginal and Rectal Colonization. J. Obstet. Gynecol. Neonatal Nurs. 2014, 43, 294–304. [Google Scholar] [CrossRef]

	



Farr, A.; Sustr, V.; Kiss, H.; Rosicky, I.; Graf, A.; Makristathis, A.; Foessleitner, P.; Petricevic, L. Oral probiotics to reduce vaginal group B streptococcal colonization in late pregnancy. Sci. Rep. 2020, 10, 19745. [Google Scholar] [CrossRef]

	



Ho, M.; Chang, Y.-Y.; Chang, W.-C.; Lin, H.-C.; Wang, M.-H.; Lin, W.-C.; Chiu, T.-H. Oral Lactobacillus rhamnosus GR-1 and Lactobacillus reuteri RC-14 to reduce Group B Streptococcus colonization in pregnant women: A randomized controlled trial. Taiwan. J. Obstet. Gynecol. 2016, 55, 515–518. [Google Scholar] [CrossRef]

	



Olsen, P.; Williamson, M.; Traynor, V.; Georgiou, C. The impact of oral probiotics on vaginal Group B Streptococcal colonisation rates in pregnant women: A pilot randomised control study. Women Birth 2018, 31, 31–37. [Google Scholar] [CrossRef]

	



Sharpe, M.; Shah, V.; Freire-Lizama, T.; Cates, E.C.; McGrath, K.; David, I.; Cowan, S.; Letkeman, J.; Stewart-Wilson, E. Effectiveness of oral intake of Lactobacillus rhamnosus GR-1 and Lactobacillus reuteri RC-14 on Group B Streptococcus colonization during pregnancy: A midwifery-led double-blind randomized controlled pilot trial. J. Matern. Neonatal Med. 2021, 34, 1814–1821. [Google Scholar] [CrossRef] [PubMed]

	



Aziz, N. Effects of Oral Probiotic Supplementation on Group B Strep (GBS) Rectovaginal Colonization in Pregnancy. 2018. Available online: https://clinicaltrials.gov/ct2/show/study/NCT01479478 (accessed on 18 July 2022).

	



Kechagia, M.; Basoulis, D.; Konstantopoulou, S.; Dimitriadi, D.; Gyftopoulou, K.; Skarmoutsou, N.; Fakiri, E.M. Health benefits of probiotics: A review. Int. Sch. Res. Not. 2013, 2013, 481651. [Google Scholar] [CrossRef]

	



Pham, M.; Lemberg, D.A.; Day, A.S. Probiotics: Sorting the evidence from the myths. Med. J. Aust. 2008, 188, 304–308. [Google Scholar] [CrossRef]

	



Butler, M. Oral Probiotic Supplementation in Pregnancy to Reduce Group B Streptococcus Colonization (OPSiP). Available online: https://clinicaltrials.gov/ct2/show/NCT03407157 (accessed on 18 July 2022).

	



Nardini, K.A. Group B Streptococcus Response after Probiotic Exposure (GRAPE). Available online: https://clinicaltrials.gov/ct2/show/NCT04721912 (accessed on 18 July 2022).

	



Sharpe, M. Effect of Probiotics on GBS Colonization Status During Pregnancy: A Pilot Randomized Controlled Trial. Available online: https://clinicaltrials.gov/ct2/show/NCT02528981 (accessed on 18 July 2022).

	



Baker, C.J.; Kasper, D.L. Correlation of Maternal Antibody Deficiency with Susceptibility to Neonatal Group B Streptococcal Infection. N. Engl. J. Med. 1976, 294, 753–756. [Google Scholar] [CrossRef]

	



Lin, F.C.; Philips, J.B., III; Azimi, P.H.; Weisman, L.E.; Clark, P.; Rhoads, G.G.; Regan, J.; Concepcion, N.F.; Frasch, C.E.; Troendle, J.; et al. Level of maternal antibody required to protect neonates against early-onset disease caused by group B Streptococcus type Ia: A multicenter, seroepidemiology study. J. Infect. Dis. 2001, 184, 1022–1028. [Google Scholar] [CrossRef] [PubMed]

	



Lin, F.C.; Weisman, L.E.; Azimi, P.H.; Iii, J.B.P.; Clark, P.; Regan, J.; Rhoads, G.G.; Frasch, C.E.; Gray, B.M.; Troendle, J.; et al. Level of Maternal IgG Anti–Group B Streptococcus Type III Antibody Correlated with Protection of Neonates against Early-Onset Disease Caused by This Pathogen. J. Infect. Dis. 2004, 190, 928–934. [Google Scholar] [CrossRef]

	



Baker, C.J.; Carey, V.J.; Rench, M.A.; Edwards, M.S.; Hillier, S.L.; Kasper, D.L.; Platt, R. Maternal Antibody at Delivery Protects Neonates from Early Onset Group B Streptococcal Disease. J. Infect. Dis. 2014, 209, 781–788. [Google Scholar] [CrossRef] [PubMed]

	



Baker, C.J.; Kasper, D.L. Group B streptococcal vaccines. Rev. Infect. Dis. 1985, 7, 458–467. [Google Scholar] [CrossRef] [PubMed]

	



Baker, C.J.; Rench, M.A.; Edwards, M.S.; Carpenter, R.J.; Hays, B.M.; Kasper, D.L. Immunization of Pregnant Women with a Polysaccharide Vaccine of Group B Streptococcus. N. Engl. J. Med. 1988, 319, 1180–1185. [Google Scholar] [CrossRef]

	



Gaultier, G.N.; McCready, W.; Ulanova, M. The effect of pneumococcal immunization on total and antigen-specific B cells in patients with severe chronic kidney disease. BMC Immunol. 2019, 20, 41. [Google Scholar] [CrossRef]

	



Cruz, S.C.; Souza, S.L.; Cruz, A.C.; Silva, G.P.; Milagres, L.G. Human antibody and memory B and T-cell responses after primary and booster immunisation against Neisseria meningitidis B. Vaccine 2011, 29, 7387–7394. [Google Scholar] [CrossRef]

	



Defrance, T.; Taillardet, M.; Genestier, L. T cell-independent B cell memory. Curr. Opin. Immunol. 2011, 23, 330–336. [Google Scholar] [CrossRef]

	



Avci, F.Y.; Kasper, D.L. How Bacterial Carbohydrates Influence the Adaptive Immune System. Annu. Rev. Immunol. 2010, 28, 107–130. [Google Scholar] [CrossRef] [PubMed]

	



Kasper, D.L.; Paoletti, L.C.; Wessels, M.R.; Guttormsen, H.K.; Carey, V.J.; Jennings, H.J.; Baker, C.J. Immune response to type III group B streptococcal polysaccharide-tetanus toxoid conjugate vaccine. J. Clin. Investig. 1996, 98, 2308–2314. [Google Scholar] [CrossRef] [PubMed]

	



Baker, C.J.; Rench, M.A.; McInnes, P. Immunization of pregnant women with group B streptococcal type III capsular polysaccharide-tetanus toxoid conjugate vaccine. Vaccine 2003, 21, 3468–3472. [Google Scholar] [CrossRef]

	



Baker, C.J.; Paoletti, L.C.; Rench, M.A.; Guttormsen, H.; Edwards, M.S.; Kasper, D.L. Immune Response of Healthy Women to 2 Different Group B Streptococcal Type V Capsular Polysaccharide–Protein Conjugate Vaccines. J. Infect. Dis. 2004, 189, 1103–1112. [Google Scholar] [CrossRef]

	



Baker, C.J.; Rench, M.A.; Fernandez, M.; Paoletti, L.C.; Kasper, D.L.; Edwards, M.S. Safety and immunogenicity of a bivalent group B streptococcal conjugate vaccine for serotypes II and III. J. Infect. Dis. 2003, 188, 66–73. [Google Scholar] [CrossRef]

	



Madhi, S.A.; Koen, A.; Cutland, C.L.; Jose, L.; Govender, N.; Wittke, F.; Olugbosi, M.; Sobanjo-ter Meulen, A.; Baker, S.; Dull, P.M.; et al. Antibody kinetics and response to routine vaccinations in infants born to women who received an investigational trivalent group B Streptococcus polysaccharide CRM197-conjugate vaccine during pregnancy. Clin. Infect. Dis. 2017, 65, 1897–1904. [Google Scholar] [CrossRef]

	



Madhi, S.A.; Cutland, C.L.; Jose, L.; Koen, A.; Govender, N.; Wittke, F.; Olugbosi, M.; Meulen, A.S.-T.; Baker, S.; Dull, P.M.; et al. Safety and immunogenicity of an investigational maternal trivalent group B streptococcus vaccine in healthy women and their infants: A randomised phase 1b/2 trial. Lancet Infect. Dis. 2016, 16, 923–934. [Google Scholar] [CrossRef] [PubMed]

	



Heyderman, R.S.; Madhi, S.A.; French, N.; Cutland, C.; Ngwira, B.; Kayambo, D.; Mboizi, R.; Koen, A.; Jose, L.; Olugbosi, M.; et al. Group B streptococcus vaccination in pregnant women with or without HIV in Africa: A non-randomised phase 2, open-label, multicentre trial. Lancet Infect. Dis. 2016, 16, 546–555. [Google Scholar] [CrossRef]

	



Donders, G.G.; Halperin, S.A.; Devlieger, R.; Baker, S.; Forte, P.; Wittke, F.; Slobod, K.S.; Dull, P.M. Maternal immunization with an investigational trivalent group B streptococcal vaccine: A randomized controlled trial. Obstet. Gynecol. 2016, 127, 213–221. [Google Scholar] [CrossRef] [PubMed]

	



Fabbrini, M.; Rigat, F.; Tuscano, G.; Chiarot, E.; Donders, G.; Devlieger, R.; Filippini, S.; Frigimelica, E.; Forte, P.; Wittke, F.; et al. Functional activity of maternal and cord antibodies elicited by an investigational group B Streptococcus trivalent glycoconjugate vaccine in pregnant women. J. Infect. 2018, 76, 449–456. [Google Scholar] [CrossRef]

	



Swamy, G.K.; Metz, T.D.; Edwards, K.M.; Soper, D.E.; Beigi, R.H.; Campbell, J.D.; Grassano, L.; Buffi, G.; Dreisbach, A.; Margarit, I.; et al. Safety and immunogenicity of an investigational maternal trivalent group B streptococcus vaccine in pregnant women and their infants: Results from a randomized placebo-controlled phase II trial. Vaccine 2020, 38, 6930–6940. [Google Scholar] [CrossRef] [PubMed]

	



Novartis Vaccines and Diagnostics GmbH. A Phase II Randomized, Observer-Blind, Multi-Center, Controlled Study of a Trivalent group B Streptococcus Vaccine in Healthy Pregnant Women. 2013. Available online: https://www.clinicaltrialsregister.eu/ctr-search/trial/2010-020840-36/BE (accessed on 9 February 2022).

	



Kotloff, K.L.; Fattom, A.; Basham, L.; Hawwari, A.; Harkonen, S.; Edelman, R. Safety and immunogenicity of a tetravalent group B streptococcal polysaccharide vaccine in healthy adults. Vaccine 1996, 14, 446–450. [Google Scholar] [CrossRef] [PubMed]

	



Absalon, J.; Segall, N.; Block, S.L.; Center, K.J.; Scully, I.L.; Giardina, P.C.; Peterson, J.; Watson, W.J.; Gruber, W.C.; Jansen, K.U.; et al. Safety and immunogenicity of a novel hexavalent group B streptococcus conjugate vaccine in healthy, non-pregnant adults: A phase 1/2, randomised, placebo-controlled, observer-blinded, dose-escalation trial. Lancet Infect. Dis. 2021, 21, 263–274. [Google Scholar] [CrossRef] [PubMed]

	



Pfizer. Trial to Evaluate the Safety, Tolerability, and Immunogenicity of a Multivalent Group B Streptococcus Vaccine in Healthy Nonpregnant Women and Pregnant Women and Their Infants. Available online: https://clinicaltrials.gov/ct2/show/NCT03765073 (accessed on 9 February 2022).

	



Minervax. A Multicentre, Multinational, Parallel Group, Observer-Blind, Randomised, Placebo-Controlled Study on the Group B Streptococcus Vaccine (Gbs-Nn/Nn2), Investigating the Immunogenicity and Safety of Four Vaccination Regimens in Pregnant Woman, Assessing Igg Specific to Alpn Proteins in Cord Blood and Maternal Blood, and the Safety Profile in Mother and Infant up to 6 Months Post-Delivery. Available online: https://www.clinicaltrialsregister.eu/ctr-search/trial/2021-003214-40/DK (accessed on 9 February 2022).

	



Minervax. Immunogenicity and Safety of GBS-NN/NN2 in Pregnant Women. Available online: https://clinicaltrials.gov/ct2/show/NCT05154578 (accessed on 9 February 2022).

	



Minervax. Study of a Group B Streptococcus Vaccine in Pregnant Women Living with HIV and in Pregnant Women Who Do Not Have HIV. Available online: https://clinicaltrials.gov/ct2/show/NCT04596878 (accessed on 9 February 2022).

	



Vekemans, J.; Crofts, J.; Baker, C.J.; Goldblatt, D.; Heath, P.T.; Madhi, S.A.; Le Doare, K.; Andrews, N.; Pollard, A.J.; Saha, S.K.; et al. The role of immune correlates of protection on the pathway to licensure, policy decision and use of group B Streptococcus vaccines for maternal immunization: Considerations from World Health Organization consultations. Vaccine 2019, 37, 3190–3198. [Google Scholar] [CrossRef] [PubMed]

	



Gilbert, P.B.; Isbrucker, R.; Andrews, N.; Goldblatt, D.; Heath, P.T.; Izu, A.; Madhi, S.A.; Moulton, L.; Schrag, S.J.; Shang, N.; et al. Methodology for a correlate of protection for group B Streptococcus: Report from the Bill & Melinda Gates Foundation workshop held on 10 and 11 February 2021. Vaccine 2022, 40, 4283–4291. [Google Scholar]

	



Carreras-Abad, C.; Ramkhelawon, L.; Heath, P.T.; Le Doare, K. A vaccine against group B Streptococcus: Recent advances. Infect. Drug Resist. 2020, 13, 1263. [Google Scholar] [CrossRef]

	



Delara, M.; Sadarangani, M. Immunization in pregnancy to protect pregnant people and their newborns against COVID-19. Expert Rev. Vaccines 2022, 21, 593–595. [Google Scholar] [CrossRef]

	



Camurus, A.B. A Randomized, Multi-Center, Open-Label, Active-Controlled Phase 3 Trial to Assess the Efficacy and Safety of Octreotide Subcutaneous Depot (Cam2029) Versus Octreotide Lar or Lanreotide Atg in Patie. Available online: https://www.clinicaltrialsregister.eu/ctr-search/search?query=2021-000849-40 (accessed on 9 February 2022).

	



Janssens, E.; Flamaing, J.; Vandermeulen, C.; Peetermans, W.E.; Desmet, S.; De Munter, P. The 20-valent pneumococcal conjugate vaccine (PCV20): Expected added value. Acta Clin. Belg. 2022, 78, 78–86. [Google Scholar] [CrossRef]

	



Bellais, S.; Six, A.; Fouet, A.; Longo, M.; Dmytruk, N.; Glaser, P.; Trieu-Cuot, P.; Poyart, C. Capsular Switching in Group B Streptococcus CC17 Hypervirulent Clone: A Future Challenge for Polysaccharide Vaccine Development. J. Infect. Dis. 2012, 206, 1745–1752. [Google Scholar] [CrossRef] [PubMed]

	



Weinberger, D.M.; Malley, R.; Lipsitch, M. Serotype replacement in disease after pneumococcal vaccination. Lancet 2011, 378, 1962–1973. [Google Scholar] [CrossRef] [PubMed]

	



Maertens, K.; Orije, M.R.P.; Van Damme, P.; Leuridan, E. Vaccination during pregnancy: Current and possible future recommendations. Eur. J. Pediatr. 2020, 179, 235–242. [Google Scholar] [CrossRef]

	



Sadarangani, M.; Soe, P.; Shulha, H.P.; Valiquette, L.; Vanderkooi, O.G.; Kellner, J.D.; Muller, M.P.; Top, K.A.; Isenor, J.E.; McGeer, A.; et al. Safety of COVID-19 vaccines in pregnancy: A Canadian National Vaccine Safety (CANVAS) network cohort study. Lancet Infect. Dis. 2022, 22, 1553–1564. [Google Scholar] [CrossRef] [PubMed]

	



Keller-Stanislawski, B.; Englund, J.A.; Kang, G.; Mangtani, P.; Neuzil, K.; Nohynek, H.; Pless, R.; Lambach, P.; Zuber, P. Safety of immunization during pregnancy: A review of the evidence of selected inactivated and live attenuated vaccines. Vaccine 2014, 32, 7057–7064. [Google Scholar] [CrossRef]

	



Edmond, K.M.; Kortsalioudaki, C.; Scott, S.; Schrag, S.J.; Zaidi, A.K.; Cousens, S.; Heath, P.T. Group B streptococcal disease in infants aged younger than 3 months: Systematic review and meta-analysis. Lancet 2012, 379, 547–556. [Google Scholar] [CrossRef]

	



Dauby, N.; Chamekh, M.; Melin, P.; Slogrove, A.L.; Goetghebuer, T. Increased risk of group B streptococcus invasive infection in HIV-exposed but uninfected infants: A review of the evidence and possible mechanisms. Front. Immunol. 2016, 7, 505. [Google Scholar] [CrossRef]

	



Eaton, J.W.; Rehle, T.M.; Jooste, S.; Nkambule, R.; Kim, A.A.; Mahy, M.; Hallett, T.B. Recent HIV prevalence trends among pregnant women and all women in sub-Saharan Africa: Implications for HIV estimates. AIDS Lond. Engl. 2014, 28, S507. [Google Scholar] [CrossRef]

	



Kharsany, A.B.M.; Frohlich, J.A.; Yende-Zuma, N.; Mahlase, G.; Samsunder, N.; Dellar, R.C.; Zuma-Mkhonza, M.; Karim, S.S.A.; Karim, Q.A. Trends in HIV Prevalence in Pregnant Women in Rural South Africa. Am. J. Ther. 2015, 70, 289–295. [Google Scholar] [CrossRef]

	



Borrow, R.; Dagan, R.; Zepp, F.; Hallander, H.; Poolman, J. Glycoconjugate vaccines and immune interactions, and implications for vaccination schedules. Expert Rev. Vaccines 2011, 10, 1621–1631. [Google Scholar] [CrossRef]

	



White, A.; Madhi, S.A. Ethical considerations for designing GBS maternal vaccine efficacy trials in low-middle income countries. Vaccine 2015, 33, 6396–6400. [Google Scholar] [CrossRef] [PubMed]

	



Grenham, A.; Villafana, T. Vaccine development and trials in low and lower-middle income countries: Key issues, advances and future opportunities. Hum. Vaccines Immunother. 2017, 13, 2192–2199. [Google Scholar] [CrossRef] [PubMed]

	



Wertheim, H.F.L.; Puthavathana, P.; Nghiem, N.M.; van Doorn, H.R.; Nguyen, T.V.; Pham, H.V.; Subekti, D.; Harun, S.; Malik, S.; Robinson, J.; et al. Laboratory Capacity Building in Asia for Infectious Disease Research: Experiences from the South East Asia Infectious Disease Clinical Research Network (SEAICRN). PLoS Med. 2010, 7, e1000231. [Google Scholar] [CrossRef] [PubMed]








[image: Pathogens 12 00229 g001 550] 





Figure 1. Summary of GBS vaccine products timeline. This figure describes the timeline of clinical trials in late-stage clinical development. While three phase II trials are on-going, five have been completed and data are publicly available for three studies. Among three ongoing trials, one for multivalent GBS vaccine has phase I and II combined trial; note phase I and phase II study population differs by gestation weeks. Promising results from the completed studies and pending results from on-going studies increase the likelihood of maternal immunization against GBS to prevent GBS infections among mothers and their infants. 






Figure 1. Summary of GBS vaccine products timeline. This figure describes the timeline of clinical trials in late-stage clinical development. While three phase II trials are on-going, five have been completed and data are publicly available for three studies. Among three ongoing trials, one for multivalent GBS vaccine has phase I and II combined trial; note phase I and phase II study population differs by gestation weeks. Promising results from the completed studies and pending results from on-going studies increase the likelihood of maternal immunization against GBS to prevent GBS infections among mothers and their infants.



[image: Pathogens 12 00229 g001]







[image: Pathogens 12 00229 g002 550] 





Figure 2. Summary of GBS vaccine target population by gestational period for vaccine administration. As of 5 August 2022, seven phase I and II trials for trivalent and multivalent conjugate and Alpha-like protein subunits vaccines against GBS in the US National Library of Medicine’s Clinical Trial database were found; of these, two phase II studies were listed in the EU Clinical Trials Register. 
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Table 2. Summary of probiotics trials in pregnant populations against GBS colonization.






Table 2. Summary of probiotics trials in pregnant populations against GBS colonization.





	
Study (NCT Registration)

	
Country/ Region

	
Study Design

	
Study Population, N

	
Gestational Age (Weeks)

	
Mean Age in Years (SD)

	
Therapy

	
Treatment Course

	
Efficacy

	
Preterm Birth






	

	

	

	

	

	

	

	

	
n/total (%)

	
p value

	
n/total (%)

	
p value




	
Farr et al., 2020 (NCT03008421) [32]

	
Austria

	
Randomized clinical trial

	
82

	
33–37

	
Probiotic:38.5 ± 1.4;

Placebo: 38.6 ± 1.2

	
A dietary probiotic supplement (containing L. jensenii, L. crispatus, L. rhamnosus, and L.gasseri ) or placebo

	
Twice daily

	
GBS positivity: Probiotic = 12/33 (63.6%); Placebo = 6/27 (77.8%)

	
0.24

	
Probiotic = 4 (9.8%); Placebo = 1 (2.4%)

	
0.20




	
Olsen et al., 2018 [34]

	
Australia

	
Randomized clinical trial

	
34

	
36

	
Probiotic:32 ± 4;

Standard: 30 ± 4.3

	
A daily oral dose of probiotics (containing L. rhamnosus and L. fermentum/reuteir); Placebo arm: Standard antenatal care

	
Once daily for 3 weeks

	
GBS negativity: Probiotic = 4/19 (21.1%); Standard of Care = 3/21 23.1%)

	
0.7

	
N/A

	




	
Hanson et al., 2014 [31]

	
US

	
Open label, two group quasi experiment

	
20

	
28, 32, 36

	
Probiotic:25.8 ± 3.8;

Control:25.9 ± 5.1

	
oral probiotic (containing L. acidophillus, B. lactis, and B. longum) or placebo

	
Once daily

	
GBS positivity: Probiotic= 2/10 (20%); Standard of Care = 3/10 (20%)

	
>0.05

	
N/A

	




	
Sharpe et al., 2021 [35]

	
Canada

	
Double blind randomized control pilot trial

	
139

	
35–37

	
Probiotic:32.04;

Placebo:32.47

	
Two capsules of probiotics (L. rhamnosus and L. reuteri) or placebo

	
Twice daily

	
GBS positivity: Probiotic = 9/57(15.8%); Placebo = 12/56 (21.4%)



	
0.48

	
N/A

	




	
Ho et al., 2016 (NCT03688321) [33]

	
Taiwan

	
Prospective, double-blind randomized clinical trial

	
110

	
35–37

	
Probiotic:32.0 ± 4.0;

Placebo:32.0 ± 3.7

	
Two probiotic capsules (containing L. rhamnosus and L. reuteri) before bedtime or placebo

	
Once daily

	
GBS negativity: Probiotic = 21/49 (42.9%);

Placebo = 9/50 (18%)

	
0.007



	
N/A

	




	
Aziz 2017 (NCT01479478) [36]

	
US

	
Randomized clinical trial

	
251

	
35–37

	
Probiotic:31.4 ± 5.7;

Placebo; 31.9 ± 5.3

	
Probiotic dietary supplement (containing L. rhamnosus and L. reuteri) or placebo

	
Once daily

	
GBS positivity: Probiotic= 20/108 (18.5%);

Placebo= 23/117 (19.7%)

	
0.87

	
N\A
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