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“Great things are done by a series of small things brought together.” 

Vincent Van Gogh 
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Resumo 

 Introdução: A meningite bacteriana neonatal é uma doença severa, ameaçadora da vida, 

que afeta toda a população mundial, estando associada a elevadas morbidade e mortalidade. O 

Streptococcus agalactiae, comummente referido como estreptococo do grupo B, continua como 

uma das principais causas de meningite durante o período neonatal. A colonização materna dos 

tratos gastrointestinal e/ou genito-urinário por esta bactéria é o principal fator de risco para a 

doença neonatal. Apesar da administração antibiótica intraparto em mulheres colonizadas e 

uma melhoria nos cuidados intensivos, a incidência e morbilidade da meningite neonatal não 

diminuíram ao longo dos anos, sugerindo que os mecanismos responsáveis pelo dano cerebral 

não são inteiramente conhecidos. O desenvolvimento de novas abordagens terapêuticas, com 

vista a diminuir as sequelas neurológicas, dependem de um profundo conhecimento da 

fisiopatologia da doença. Assim, uma revisão exaustiva poderia ajudar a sistematizar o 

conhecimento e contribuir para uma melhoria das sequelas. 

 Objetivo/Métodos: Rever a literatura atual sobre meningite neonatal provocada por 

Estreptococos do grupo B. Para tal, foi realizada uma pesquisa bibliográfica extensiva, utilizando 

as bases de dados Medline/Pubmed. 

 Desenvolvimento: Meningite bacteriana define-se como inflamação das meninges, 

afetando a pia, aracnóide e o espaço subaracnoideu em resposta a bactérias e/ou produtos 

bacterianos. Uma intervenção precoce em resposta a suspeita de meningite neonatal é crítica 

para otimizar resultados. No entanto, o diagnóstico em recém-nascidos é difícil, moroso e 

invasivo. Os sintomas são subtis e não específicos, com uma elevada incidência de hemoculturas 

negativas. Apesar da existência de terapêuticas antibióticas, não há atualmente tratamento com 

vista à redução das lesões cerebrais. Entre os sobreviventes, um número significativo sofrerá 

alterações do neurodesenvolvimento, incluindo intelectuais, motoras, auditivas e visuais. 

Adicionalmente, o conhecimento da fisiopatologia da meningite permanece incompleto. 

Estudos de meningite em contexto clínico estão severamente limitados e escassos. Assim, 

investigação animal é de extrema importância e diversos modelos animais foram desenvolvidos. 

No entanto, a maioria usa vias de infeção não naturais que não recapitulam a patogénese da 

infeção humana. Dano neuronal na meningite bacteriana não é um evento monocausal, mas é 

frequentemente estudado como tal, com modelos animais a focarem-se em apenas um passo 

do processo fisiopatológico. Isto afeta os resultados e compromete a translação para a clínica, 

atrasando a melhoria do prognóstico em sobreviventes. 

 Conclusão: Uma melhor compreensão da fisiopatologia da doença é fundamental, já que 

os mecanismos causadores de dano cerebral permanecem desconhecidos. São necessários 
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esforços para o desenvolvimento de novas abordagens terapêuticas, neuro-protetoras e 

preventivas. 

Palavras-Chave: Streptococcus agalactiae, recém-nascido, meningite bacteriana, 

cérebro 
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Abstract 

Introduction: Neonatal bacterial meningitis is a severe, life-threatening disease, 

associated with high morbidity and mortality, in both developed and developing countries. 

Streptococcus agalactiae, commonly referred to as group B Streptococcus, has remained the 

most common cause of meningitis during the neonatal period. Maternal colonization with group 

B Streptococcus in the gastrointestinal and/or genitourinary tracts is the primary risk factor for 

neonatal disease. Despite intrapartum antibiotic administration to colonized women, and 

improvement in neonatal intensive care, the incidence and morbidity associated with group B 

Streptococcus meningitis did not decline over the years, suggesting that the mechanisms 

underlying brain injury and devastating outcomes are not yet fully understood. The 

development of optimized therapeutic interventions, aiming at improving brain injury 

outcomes, depends on the knowledge of the pathophysiology of the disease. Therefore, a 

thorough review would aid in systematizing current knowledge and contribute to the 

improvement of outcomes in surviving infants. 

Objective/Methods: To review the current literature on neonatal meningitis caused by 

group B Streptococcus. To that end, an extensive bibliographic research was conducted using 

the Medline/Pubmed databases. 

Main Body: Bacterial meningitis can be defined as an inflammation of the meninges, 

affecting the pia, arachnoid, and subarachnoid space in response to bacteria and/or bacterial 

products. Early intervention in response to suspected meningitis is critical to optimize outcomes. 

However, diagnosing meningitis in newborns is difficult, time-consuming, and invasive. 

Symptoms are subtle and nonspecific, with a high incidence of negative blood cultures. Despite 

antibiotic treatment, no therapies are currently available to protect the developing brain. 

Among meningitis survivors, a significant number will suffer neurodevelopmental impairment, 

including intellectual, motor, hearing and visual impairment. Moreover, an incomplete 

knowledge of the pathophysiology of the disease remains. Studies of meningitis in the human 

clinical setting are severely limited and scarce. Thus, animal research is of utmost importance 

and several animal models have been developed. However, most use non-natural infection 

routes that do not accurately recapitulate the clinical phenotypes. Neuronal damage in bacterial 

meningitis is not a monocausal event but is frequently studied as such, with animal models 

targeting only a particular step of the pathophysiological process. This affects the findings and 

compromise their translation to the clinical setting, delaying the improvement of outcomes in 

surviving infants. 
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Conclusion: A better understanding of the pathophysiology of neonatal meningitis is 

mandatory, as the causative mechanisms of brain injury remain elusive. Continued efforts are 

needed to develop new therapeutic, neuroprotective, and preventive approaches. 

Keywords: Streptococcus agalactiae, newborn, bacterial meningitis, brain 
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Introduction 

 Bacterial meningitis is a severe and life-threatening infection, affecting all populations, 

associated with high morbidity and mortality, especially in the neonatal population[1]. It is 

estimated that deaths from meningitis and sepsis in children under the age of five are higher 

than deaths due to malaria, with the most significant impact on the poorest communities[2]. 

Despite the existence of antibiotic therapies, bacterial meningitis is a significant cause of 

neurological disability worldwide, with considerable emotional, societal, and economic impact 

on individuals, families, and communities, in both developed and developing countries[2-4]. The 

absence of specific symptoms, together with a high incidence of negative blood cultures, makes 

the diagnosis of meningitis more difficult in newborns than in any other age group[1, 5]. Delay in 

diagnosis and appropriate treatment have severe, long-lasting consequences for individuals, 

especially important in the neonatal population, as the pathogenic challenge overlaps with a 

critical period for neurodevelopment. Contributing factors for high mortality and morbidity also 

include our limited knowledge of the pathophysiology of the disease. 

Although several microorganisms are able to disseminate and cause systemic infection, 

only a restricted number of pathogens invade the meninges. Streptococcus agalactiae, 

commonly known as Group B Streptococcus (GBS), remains the leading cause of meningitis 

during the neonatal period[6, 7]. GBS is a β-hemolytic, Gram-positive, encapsulated bacteria that 

asymptomatically colonizes the gastrointestinal and genital tracts of healthy individuals[8]. This 

pathogen can be found in the vagina or rectal sites or both of up to 40% of healthy women, 

being maternal colonization the main risk factor for neonatal disease[7, 9, 10]. In neonates, GBS 

has highly invasive potential and may lead to pneumonia, septicemia, and meningitis[10].  

 Two main syndromes of neonatal infections caused by GBS have been recognized, 

referred to as early-onset disease (EOD) and late-onset disease (LOD), according to the age of 

symptoms occurrence[11]. Cases of very late-onset disease (VLOD) have also been described[11]. 

In EOD the infection manifests in the first week of life (age 0-6 days), whereas LOD is defined by 

a GBS infection that starts after the first week of life, with cases relatively evenly distributed 

throughout 90 days of age (age 7 days – 3 months)[11]. Cases of VLOD occur beyond 3 months of 

life[11, 12]. EOD and LOD differ in their pathophysiology and clinical manifestations. EOD usually 

presents as respiratory distress, followed by pneumonia, septicemia, and, more rarely, 

meningitis. On the other hand, in LOD, meningitis is associated with up to 70% of cases[7, 13, 14]. 

Less commonly, LOD can present as cellulitis, lymphadenitis, and bone/joint infection[15]. VLOD 

is less frequent and may be responsible for meningitis, pneumonia, sepsis, urinary tract 

infection, and arthritis[11]. Bacterial acquisition by newborns is most likely due to inhalation of 
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contaminated amniotic or vaginal secretions during labor (vertical transmission), although 

nosocomial and community sources are also described[7, 14]. Cases of horizontal transmission via 

infected human milk have also been reported[16-19]. 

There have been identified ten different serotypes (Ia, Ib, II-IX), based on the capsular 

polysaccharide (CPS) structure. Worldwide epidemiological data show that serotype III is 

associated with most infections (48.9%), followed by serotypes Ia (22.9%), V (9.1%), Ib (7.0%), 

and II (6.2%)[11, 20]. Interestingly, studies revealed that LOD is almost exclusively associated with 

a singular capsulated serotype III GBS clone, belonging to the hypervirulent clonal complex 17 

(CC17), being designated as the hypervirulent CC17 clone[21-23]. 

The current use of intrapartum antibiotic prophylaxis (IAP), together with the 

improvement in neonatal intensive care, has remarkably decreased the incidence and case 

fatality of EOD. The incidence in the United States (US) has declined from 1.7 per 1000 live births 

in 1993 to 0.34-0.37 in 2008[24-26]. However, IAP had little impact in preventing LOD[27], and some 

reports show that cases might have been rising[11, 24]. Moreover, while this prophylaxis has been 

implemented in most high-income countries since the late 1990s, it is not standard-of-care 

worldwide, being very difficult to perform in low-income settings, where infection rates remain 

unacceptably high[11, 24]. GBS meningitis remains associated with high mortality ranging between 

8.5% and 15% in developed countries, depending on the sources[6, 24, 27, 28]. Importantly, infants 

who survive GBS meningitis are at high risk for neurodevelopmental impairment (NDI)[29].  

 For the development of optimized therapeutic interventions, aiming at improving brain 

injury outcomes and maximize the quality of life of affected people, a more complete knowledge 

of the pathophysiology of GBS meningitis is mandatory. Despite being studied for decades, the 

mechanisms underlying brain injury and devastating outcomes are not yet fully understood. 

Ideally, the appropriate setting would be the human neonatal brain. However, studies of 

meningitis in the human clinical setting are severely limited considering that: i) only the brains 

of deceased babies can be studied, leading to biased results towards severe pathology; ii) early 

stages of the disease are often asymptomatic and consequently, the window for sampling is 

missed; iii) impracticability of the standard invasive sampling procedures in live, sick newborns. 

Thus, animal models that could reflect the complex human physiological functions and systemic 

interactions are essential tools to provide a breakthrough in understanding GBS meningitis. A 

myriad of animal models of GBS disease have already been developed, although most use non-

natural infection routes and thus may not accurately recapitulate the clinical phenotypes[30-32].  
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Objective 

 The objective of this article is to review the current literature on neonatal bacterial 

meningitis caused by GBS while focusing mainly on the pathophysiology, epidemiology, 

complications, the central nervous system, and the animal models that have been used. This 

review is done as part of a project studying neonatal GBS meningitis by a research group in which 

I am included (FCT CEECIND/03675/2018, “Meningeal Immunity and neuroinflammation: A 

novel strategy to decipher the cellular and molecular determinants in neonatal bacterial 

meningitis”). 

 

Methods 

 An extensive bibliographic search was conducted using the Medline/PubMed databases 

to identify papers focusing on neonatal meningitis caused by GBS. The search was performed 

using a combination of the following keywords: neonatal bacterial meningitis, GBS meningitis, 

Streptococcus agalactiae, pathophysiology, animal models, complications, meninges. The time 

for the articles included was for papers published until February of 2020. It includes original 

research articles, both in humans and using animal models, review articles, meta-analyses and 

case reports, written in English or Portuguese. Additionally, the references of the chosen articles 

were also hand-searched and included when relevant. The selection was made by reading the 

abstracts, excluding those that did not fall within the aim of this review. 

 

Meningitis and the meninges 

Bacterial meningitis is defined as the acute inflammation of the meninges, affecting the 

pia, arachnoid, and subarachnoid space in response to bacteria and/or bacterial products[33, 34].  

It is the most severe type of meningitis and the commonest bacterial infection of the central 

nervous system (CNS) in children. The resulting inflammation can also involve the brain 

parenchymal vessels (vasculitis), inner ear, and the parenchyma itself (encephalitis)[34, 35]. The 

first description of a likely epidemic of meningitis dates back the 17th century by Thomas Willis, 

an English physician recognized as a seminal figure in the history of neurology and the 

neurosciences[36]. It is believed that the first time the term meningitis was used with its modern 

meaning was in 1803, in a thesis written by the French army surgeon François Herpin[36]. 

However, it was only after the first textbook of neuropathology written by an Edinburgh 

physician John Abercrombie that the term became widely disseminated[36]. 
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The brain and spinal cord are enveloped by a protective triple-layered membrane, the 

meninges[37, 38]. The meninges comprise the pachymeninx or the dura mater (“dura” - from the 

Latin meaning “hard”), and the leptomeninges (“Lepto”- from the Greek meaning “thin”), which 

consist of the arachnoid mater and pia mater[39]. The meningeal membrane that is closest to the 

skull is the dura mater, which is a dense, thick, collagenous membrane and unlike the rest of the 

CNS contains lymphatic vessels and fenestrated blood vessels[40, 41]. The middle layer of the 

meninges is the arachnoid mater (named after the Greek word “Arachne” meaning “spider”, 

because of the delicate spider web-like appearance) and it is covered by a multilayer epithelium 

that contains tight junctions and regulates the transport of molecules. The arachnoid mater is 

structurally continuous with the pia mater[42, 43]. The cerebrospinal fluid (CSF) is localized 

between the arachnoid mater and the pia mater in the subarachnoid space. The arachnoid mater 

acts as a barrier between the CSF and the blood that circulates in the dura mater[44]. The 

subarachnoid space is occupied by spongy tissue which consists of trabeculae (delicate, 

vascularized connective tissue filaments that extend from the arachnoid mater and blend into 

the pia mater) and intercommunicating channels in which the CSF is contained[44]. The pia mater 

(“gentle” in Latin) is a thin membrane that closely follows the contours of the brain and enters 

its sulci, adhering to the surface of the brain and spinal cord[39]. The pia mater is highly 

vascularized and is semipermeable to the CSF. The glia limitans is a thin barrier of astrocyte 

endfeet that is associated with the parenchymal basal lamina that surrounds the brain and spinal 

cord, separating the pia mater from the brain parenchyma. It is the outermost layer of neural 

tissue and prevents a direct connection between the subarachnoid space and the brain 

parenchyma. The CSF is produced predominantly by the choroid plexus (CP), localized in the 

brain ventricles, and flows through the ventricles into the subarachnoid space. Additionally, the 

interstitial fluid (ISF) also contributes to the CSF. Some of the CSF enters the brain parenchyma 

along with the perivascular spaces that surround penetrating arteries. Most of the CSF flows 

back into the bloodstream through arachnoid villi in the walls of the major venous sinuses[44-46]. 

In recent studies, it was shown that the CSF could be additionally cleared via meningeal 

lymphatics and drained to cervical lymph nodes[47]. 

 

Etiology 

Acute bacterial meningitis occurs worldwide, can develop in people of all ages, and 

causes significant morbidity and mortality, with up to 16 million cases of meningitis each year[48]. 

The most common causative agents depend on the patient’s age and geographic location. In full-

term newborns, the two main pathogens encountered are GBS and Escherichia coli, being 
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responsible for two-thirds of all cases, with GBS meningitis having the highest risk of neurological 

complications[49, 50]. Other agents that are associated with neonatal meningitis include Listeria 

monocytogenes and Klebsiella spp. In older infants, children and adults, Neisseria meningitidis 

and Streptococcus pneumonia become more common[51]. This review will focus on GBS neonatal 

meningitis. 

 

Epidemiology 

 The neonatal GBS disease incidence varies by country, with estimations accounting for 

about 0.57 per 1000 births in Europe and 1.21 per 1000 births in Africa[11]. Recent epidemiology 

data from US show that rates of LOD are now higher than EOD rates[52]. The mortality rate for 

EOD due to GBS is 12.1 %[53]. GBS meningitis has a mortality rate that can range from 8.5 to 15 

%, depending on the sources[6, 24, 27, 28]. In a retrospective Portuguese study, 21% of pregnant 

women between 35 and 37 weeks of gestation were colonized by GBS. In 40% of cases, the 

colonization status was unknown, mostly with preterm births[54]. Between 2001 and 2005 a GBS 

incidence of 0.54 per 1000 live births is reported, with a higher incidence in the north of the 

country. The most common serotype is serotype III, followed by serotype Ia[54]. Notwithstanding, 

it has been suggested that these rates are considerably underestimated and under-represent 

the true burden of the disease[55]. There is still a lack of precise global estimates as most studies 

focus on high-income countries, with fewer data from other populations, where the vast 

majority of the disease burden is likely to be[55]. 

 There is a myriad of obstetrical risk factors that increase the risk of GBS disease, being 

similar either for EOD or LOD. Preterm birth, low birth weight, low birth length, prolonged 

rupture of membranes, intrapartum maternal fever, twin pregnancy, history of GBS disease in 

siblings, and use of invasive measures are risk factors for GBS disease[11, 14, 15, 25, 26]. A study has 

shown that babies born from HIV-infected mothers are at higher risk for developing LOD, but 

not EOD. HIV-exposed infants were 6.85 fold more likely to have GBS meningitis than HIV-

unexposed infants[31]. Additionally, it was found that offensive draining liquor is a risk factor for 

EOD, and maternal GBS bacteriuria is a risk factor for both EOD and LOD[31]. The risk of invasive 

GBS disease in the twin of an affected infant can be as high as 40%. This may be due to 

concordant exposures and shared genetic predispositions. Twins may share risk factors, such as 

prematurity, low concentration of circulating anti-GBS antibodies, hereditary 

immunodeficiencies, or other genetic factors[56-59]. During their infancy, twins are also likely to 

have similar exposures to exogenous sources of GBS, namely maternal, hospital, and household 

contacts[56-59]. Interestingly, a case report shows that a 9-month old infant presented with GBS 
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meningoencephalitis (VLOD) secondary to treatment for a history of gastroesophageal reflux 

disease (GERD) [20]. The authors argue that GERD medication with proton pump inhibitors (PPI) 

was the determinant factor for disease, likely by altering the microbiota present in the gut, 

oropharyngeal, and respiratory tract. The study also suggests that prolonged use of PPI induced 

leukopenia and led to upper digestive tract colonization with GBS, causing a decreased 

bactericidal activity[20]. 

 

Prevention of neonatal GBS disease 

 In 1996 the Centers for Disease Control and Prevention (CDC) in collaboration with the 

American College of Obstetricians and Gynecologists and the American Academy of Pediatrics 

published guidelines recommending screening of GBS in pregnant women and the use of IAP to 

prevent perinatal GBS disease[60]. In 2002 and 2010, the guidelines were revised and currently 

recommend universal culture-based screening of pregnant women at 35-37 weeks’ gestation to 

detect vaginal and/or rectal carriage of GBS[26, 61]. All positive women should receive IAP during 

labor, to reduce GBS transmission and subsequent invasive disease in the infant. Screening can 

be omitted in cases of history of previous pregnancy with GBS disease or in women with GBS-

positive urine cultures during pregnancy, as IAP is automatically recommended. Whenever 

screening results are not available, IAP is indicated for women with prolonged membrane 

rupture (>18 hours), preterm (<37 weeks) gestation, or fever (>38°C)[26, 61]. Penicillin is the drug 

of choice for IAP, even though ampicillin can be an acceptable alternative. In case of allergy, 

women should receive cefazolin. IAP is most effective if administered 4 hours before delivery[26, 

61]. In Portugal, preventive measures are the same as described above[62].  

Yet, implementation of this public health intervention remains logistically challenging 

and not standard of care in most resource-limited countries[11, 24, 27]. Moreover, IAP has some 

inherent limitations and remains controversial. The UK National Health Service does not endorse 

routine screening program and GBS IAP[63] and in the Netherlands similar risk-based IAP 

chemoprophylaxis did not prove beneficial[64]. Owing to the transient nature of GBS colonization, 

that can be intermittent or transitory, the results at the time of screening, even in perfect 

laboratory conditions, cannot identify all infants at risk[55]. A recent report revealed that 48% of 

EOD cases occurred in infants who were born from women who did not meet the criteria for 

IAP[52]. Also, a prevention strategy that relies on the general administration of antibiotics raises 

concerns about antibiotic resistance. Indeed, the emergence of new GBS and E. coli resistant 

isolates have already been reported[26, 65]. Besides, the growing appreciation that pioneer 

microbiota composition within the gastrointestinal tract are implicated with the development 
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and function of multiple organ systems[66], raises concerns about the potential effects of 

exposing mothers and infants to antibiotics. Moreover, as previously mentioned, IAP prophylaxis 

while preventing EOD has little impact on LOD incidence or LOD-associated deaths, highlighting 

the importance of informing parents about the risks of LOD on discharge. Doctors should also 

be aware of this risk, and these infants must be immediately assessed, should there be any 

suspicion of LOD[15]. 

Maternal immunization represents the most attractive strategy to protect the fetus and 

newborn from GBS disease. The first known evidence that maternal GBS vaccination could 

decrease the burden of GBS disease in their offspring dates back to the 1970s, where an inverse 

correlation between the levels of maternal antibodies against type III CPS and newborns’ 

susceptibility to GBS disease was observed[67]. Ideally, maternal vaccines would lead to the 

production of specific high-titer immunoglobulin G (IgG) that are actively transferred through 

the placenta, providing passive immunity for the fetus and newborn[68]. A potential concern of 

this strategy is that maternally derived IgG antibodies can inhibit the neonatal immune 

responses after primary vaccination in early infancy, a phenomenon termed “immunological 

blunting”, already described in infants born to women who received a maternal vaccine against 

pertussis [69, 70]. To date, there is no vaccine commercially available to prevent GBS infections. 

 

Clinical Presentation, Diagnosis and Treatment 

 Early diagnosis and rapid initiation of treatment in response to suspected meningitis play 

a decisive role in preventing poor outcomes. However, diagnosing meningitis in newborns is 

difficult, time-consuming, and invasive. Clinical presentation of neonates with meningitis is often 

subtle, indistinguishable from that of neonatal sepsis without meningitis[71] and absent in more 

than 30% of cases[72, 73]. It includes temperature instability, lethargy, listlessness, high pitch cry, 

irritability, feed refusal, poor suck, vomiting, diarrhea, respiratory distress, bulging fontanelle, 

and seizures. Nuchal rigidity occurs in less than 25% of affected neonates[14, 34]. 

In the context of invasive disease, detection of GBS generally requires culture of the 

organism from a sterile site (usually blood). However, protocols in which only neonates with 

confirmed bacteremia are evaluated for meningitis result in a missed diagnosis, as blood cultures 

may be negative in up to 38% of cases[1]. The gold standard for confirming bacterial meningitis 

is a positive CSF culture[1, 74]. Yet, several concerns remain: i) when to perform a lumbar puncture 

(LP) to obtain and analyze CSF is challenging; ii) the procedure is invasive and can cause 

additional distress in newborns; iii) CSF parameters (leukocyte count, glucose, and total protein) 

are frequently within the normal range; iv) it requires medically trained staff that are largely 
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absent in middle- and low-income settings. Together, these place clinicians in duality, as treating 

neonates with antibiotics presumptively on the basis of subtle signs results in overtreatment, 

whereas delaying treatment until symptoms appear is an obvious risk of preventable 

mortality[75]. Thus, LP is frequently deferred or omitted in clinical practice[14, 75, 76]. Also, antibiotic 

treatment is frequently initiated before LP, which affects CSF culture results[74].  

Other approaches for diagnosing have been proposed, but their accuracy in diagnosing 

neonatal meningitis have been rather disappointing. In the presence of neonatal bacterial 

meningitis, it is possible, but not mandatory, to find abnormal peripheral blood cell counts (high 

or low white blood cell counts, elevated ratio of immature to total neutrophils, low platelet 

count) or abnormal CSF parameters (elevated CSF white blood cell counts, elevated CSF proteins, 

decreased CSF glucose)[73, 77-79]. Importantly, a normal CSF study does not exclude meningitis[14, 

77]. C-reactive protein (CRP) values and immature-to-total neutrophil ratio (I/T) as screening tests 

for meningitis in culture-negative EOD sepsis can have a negative predictive value of 85%-

90%[80]. Bacterial nucleic acid-based polymerase chain reaction (PCR) based testing have also 

been developed and are becoming more available[55]. This has the advantage of faster detection 

of GBS invasive disease and thus allowing rapid initiation of treatment. Nevertheless, its 

accuracy in diagnosis of meningitis in the clinical setting is still debated[74, 81]. Recently, a new 

laboratory method (PCR multiplex assay) to detect meningitis has been approved, which 

provides rapid results. However, there are still some concerns regarding sensitivity and 

specificity, with GBS having one of the highest proportions of false-positive results (15.4%)[82, 83]. 

 

GBS is generally susceptible to penicillin G, ampicillin, first and second-generation 

cephalosporins, and vancomycin[55]. In the case of suspected invasive GBS disease, empiric 

treatment should include the broad-spectrum ampicillin. When the agent is confirmed, penicillin 

G becomes the preferred drug. Nevertheless, ampicillin remains an acceptable choice[55]. 

Gentamycin provides synergy and should be used during the initial days of therapy and 

continued until sterile blood and/or CSF cultures are obtained[55]. Uncomplicated GBS meningitis 

is treated with a 14-day course, whereas complicated cases (seizures, ventriculitis, and 

intracranial abscess) should be treated for at least 21 days, although longer courses may be 

required[55]. Steroids, particularly dexamethasone, have been proposed as potential adjunctive 

treatment strategy to improve poor outcomes associated with neonatal meningitis. However, 

therapy with dexamethasone is not beneficial and thus not recommended[5, 84, 85]. In Portugal, 

GBS meningitis is treated with ampicillin plus gentamicin for 14 to 21 days, with 14 days being 

considered enough in cases of uncomplicated meningitis[62]. Importantly, long-term antibiotic 

therapy is associated with the emergence of resistant bacterial strains, superimposed fungal 
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infections and might alter the composition of the intestinal microbiota of the neonates, delaying 

the appearance of beneficial bacteria in children[86-89]. Also, it may allow for central vascular 

access and its consequent complications, inflicting more harm. 

 

Pathophysiology 

Central Nervous System Barriers and Bacterial Invasion 

Bacterial access to the CNS involves a multistep process that transpires from mucosal 

colonization, blood dissemination to lastly circumvention of CNS barriers. Not surprisingly, the 

CNS is extraordinarily protected. The complex blood-CNS barriers can be divided into the blood-

brain barrier (BBB) and the blood-CSF barrier (BCSFB)[90, 91]. The meninges connect these 

structures and provide an additional interface for peripheral interaction with the CNS[92, 93]. 

The BBB is a specialized multi-layered unit composed of a thick continuous glycocalyx, 

non-fenestrated specialized brain microvascular endothelial cells (BMEC) with reduced vesicular 

activity and linked by tight junctions, two basement membranes (vascular basement membrane 

and glia limitans), and astrocytic endfeet[94-96]. The BBB is responsible for maintaining 

biochemical homeostasis within the CNS, tightly regulating the flow of nutrients and molecules, 

promoting the proper conditions for normal brain function, thus acting as a true barrier. To 

enable the BBB barrier properties and preventing bacteria from entering the brain parenchyma, 

an intricate network of molecular crosstalk occurs between different cell types at a highly 

specialized structure called the neurovascular unit (NVU)[95, 97]. 

 In contrast to the BBB, the BCSFB acts as a controlled gate, allowing for 

immunosurveillance under normal conditions (as reviewed elsewhere [91]). The BCSFB is 

composed of three interfaces: the CP, the pial microvessels, and the arachnoid barrier cell layer. 

The capillaries of the CP are naturally fenestrated and lack tight junctions, enabling the passive 

diffusion of blood cells and electrolytes into the stroma of the CP, required for the production 

of CSF[98-100]. The ependymal cell layer delineates the CP and is sealed by tight junctions, 

providing a barrier between the fenestrated blood vessels and the CSF (ventricular blood–CSF 

barrier). The endothelia of pial and arachnoid microvessels have transendothelial electrical 

resistance [97, 100]. Microvessels in the pia and the subarachnoid trabeculae are separated from 

the CSF by a layer of leptomeningeal cells that form the blood-CSF barrier at this interface. The 

arachnoid membrane forms a barrier at the interface between the vessels of the dura mater and 

the CSF in the subarachnoid space, created by the tight junctions between the cells of the 

continuous outer layer[90]. 
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 Blood-borne bacteria invade the meninges at three possible sites: CP, brain parenchyma 

microvessels (the capillaries of the CNS barriers), or the arachnoid villi of the dural venous 

sinuses[97, 101]. Current evidence supports that bacteria invade the subarachnoid space through 

the CP and/or the capillaries of the CNS barriers[97]. For bacteria to cross through the CP, they 

first have to interact with the capillary endothelium, and then cross the monolayer of ependymal 

cells. The crossing could also occur following bacteria interaction with the capillaries of the 

leptomeninges, involving the BCSFB, and/or the capillaries of the brain parenchyma, involving 

the BBB. When the primary site of entry into the CNS is the cerebral vasculature, the main 

obstacle is the endothelium layer. In vitro BBB models suggest that upon adhesion to brain 

endothelium bacteria crosses by paracellular, transcellular or leukocyte- facilitated routes[35, 97]. 

Models of GBS invasion suggest the transcellular[102] and paracellular routes[6]. Although models 

with cell lines can be a reductionist approach and not replicate the in vivo scenario, post-mortem 

examination of a human fatal case of neonatal GBS meningitis supports both CP, and endothelial 

invasion as bacteria were observed associated with both structures and in clusters around brain 

vessels[21, 103]. Disruption of BBB integrity in bacterial meningitis can also be mediated by direct 

cellular injury induced by cytotoxins and/or activation of host inflammatory pathways that 

compromise barrier function[104]. Indeed, BBB change can be disruptive or non-disruptive, 

reflecting the presence or absence of physical disruption of the BBB. In disruptive BBB change, 

alterations at the histological level occur, with a visible change in histological architecture and 

anatomy. Disruptive change is usually not substance-specific and not a prerequisite for cellular 

traffic[96]. Possible changes include tight junction changes[105], denudation of glycocalyx[106], 

endothelial cell damage[107], increased vesicular traffic, re-induction of fenestrae, breakdown of 

glia limitans[108], and astrocytopathy[109]. On the other hand, non-disruptive changes occur at the 

molecular level, with no change in histological architecture, but with change in function. Non-

disruptive change is substance-specific and is the main mechanism underlying change in cellular 

traffic[96]. The nature of possible changes includes cytokine production by endothelial cells, 

upregulation of endothelial cell transporters and receptors, modulation of astrocyte function, 

and enhanced pathogen neuroinvasion[96]. 

 Extracellular pathogens that can cause meningitis all share some key aspects: they can 

all resist polymorphonuclear and/or complement killing, and can obtain the ferric iron that is 

necessary for their growth and survival from the bloodstream, which makes them well adapted 

to survive in the extracellular environment[97]. A minimum bacteremia threshold is considered 

necessary to cause meningitis[97, 110, 111]. However, neonatal meningitis can occur in the absence 

of bacteremia and in the presence of normal CSF parameters[77]. Nevertheless, high bacteria 

density in the bloodstream might increase its likelihood of interaction with the components of 



 

11 
 

the CNS barriers, a prerequisite for meningeal invasion. Interestingly, this ability decreases with 

age, increasing again in the elderly, with different pathogens being responsible for meningitis at 

different ages[35, 97]. Also, meningitis in the newborn is often associated with sepsis[35]. In fact, 

the clinical presentation of neonatal meningitis typically is indistinguishable from that of 

neonatal sepsis without meningitis[112]. The concomitant systemic inflammation can lead to BBB 

changes, including those that are non-disruptive, and consequently promoting neuroinvasion of 

pathogens. CNS dysfunction during systemic infection is common, causing a syndrome known 

as septic encephalopathy[96]. Once the CNS is reached, the pathogen benefits from a much more 

favorable environment than the bloodstream, where host defense mechanisms are limited. 

Thus, bacteria multiply rapidly and spread unhindered over the entire surface of the brain and 

spinal cord and into the Virchow-Robin space along the penetrating vessels[35]. 

 

GBS Virulence Factors and Brain Invasion 

 GBS encodes a wide range of virulence factors that collectively contribute to its 

dissemination and pathogenesis[113]. The ability of GBS to invade the CNS reflects a complex 

interplay between bacterial surface proteins and their cognate BMEC receptors. Many of these 

factors are involved in adherence, penetration and invasion of the BBB (summarized in table I). 

A few examples are discussed below.  

Invasion associated gene A (iagA) promotes BMEC uptake of the bacteria[114], even 

though it does not affect either BMEC adherence or intracellular survival[7, 114]. Deletion of iagA 

lead to reduced risk for development of meningitis in a mouse model[114]. The iagA gene encodes 

an enzyme for biosynthesis of diglucosyldiacylglycerol, a cells membrane glycolipid that 

functions as an anchor for lipoteichoic acid (LTA). Cell membrane anchoring of LTA is critical for 

BMEC invasion[114]. Loss of the cell membrane anchor for LTA not only removes a potential 

invasive factor from the GBS surface but the resultant shedding of LTA may also act as a 

competitive inhibitor for BMEC uptake mechanisms[114]. In fact, epidemiologic investigations 

have shown that clinical GBS isolates from infants with EOD or LOD possess significantly higher 

quantities of cell-associated LTA than strains isolated from the mucosal surfaces of 

asymptomatically colonized infants[114]. Genes encoding surface-associated pili contribute to 

GBS adherence and invasion of BMEC. It was shown that, while PilA promotes GBS initial 

attachment and adherence to BMEC, PilB contributes to bacterial internalization and is sufficient 

for BMEC invasion[115]. Serine-rich repeat (Srr) glycoproteins, Srr1 and Srr2, are fibrinogen-

binding proteins. Srr1 expression is associated with increased attachment to and penetration of 

BMEC and contributes to disease progression[7, 30, 116]. Srr2 contributes to meningitis by 
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promoting bacterial dissemination and invasiveness[117, 118]. The surface-expressed protein 

hyper-virulent GBS adhesion (HvgA) is ST-17-specific and is decisive for the strain barriers 

breaching potential. HvgA acts at different steps of the infectious process, being critical for 

intestinal colonization by GBS and translocation across both the intestinal barrier and the BBB[7, 

21]. Streptococcal fibronectin-binding protein (SfbA) is present in multiple GBS serotypes and 

contributes to fibronectin binding and BMEC invasion, promoting BBB penetration and the 

development of meningitis[104]. The fibrinogen-binding protein (Fbs) was shown to bind human 

fibrinogen, which is dramatically increased during inflammation or infection[119], and intervene 

in bacterial adhesion to or invasion of BMEC[7, 120]. 

Two additional factors that impact the pathogenesis of meningitis are the surface 

polysaccharide capsule and β-hemolysin/cytolysin (β-h/c). The capsule acts as a primary 

bloodstream survival factor, inhibiting the activation of the alternative pathway of complement, 

and interfering with neutrophil opsonophagocytic killing mechanisms, promoting 

bacteremia[121]. GBS β-h/c is a pore-forming membrane-associated toxin that promotes the 

injury of a wide range of eukaryotic cell types, including BMEC, contributing to disease 

progression and virulence. It can induce cell death and circumvention of the BBB[13]. Notably, β-

h/c appears to be a key mediator in causing an acute inflammatory response in the brain 

endothelium through the release of cytokines[121]. Nevertheless, it has been suggested that this 

toxin is not essential to GBS virulence, as in animal models of adult[121] or neonatal[32] GBS 

meningitis, β-h/c-deficient mutant bacteria were found in the brain.  

 It was demonstrated that a serotype III GBS strain has a two-component regulatory 

system, CiaR/H, that promotes GBS survival in BMEC by limiting endocytic trafficking to the 

lysosome[29, 122]. The mechanism of survival was not restricted to BMEC and was also observed 

in professional phagocytic cells. CiaR confers GBS resistance to antimicrobial peptides (AMPs). 

Increased survival via CiaR is likely attributable to increased resistance to host killing 

mechanisms, chiefly AMPs, lysozyme, and oxidative stress[29, 122].  

 A recent study has shown that CRISPR-associated protein 9 (Cas9) modulates GBS 

virulence, playing a major role in colonization and disease pathogenesis. Cas9 seems to regulate 

a significant portion of the GBS genome (over 17%), including genes that encode predicted 

virulence factors, metabolic factors, and two-component systems, namely CiaR, which were 

downregulated in a Cas9-deficient mutant strain. Also, Cas9 contributes to GBS disease 

progression by promoting interaction with host cells and penetration into the brain, and vaginal 

persistence[123]. A GBS surface antigen I/II protein, BspC, interacts with the host cytoskeleton 

component vimentin, promoting GBS adherence to BMEC. Additionally, it was found that BspC 

contributes to the pathogenesis of meningitis in a hematogenous murine model[124]. 
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 An alternative mechanism for BBB invasion, by means of modulation of host endothelial 

cells by GBS has been proposed[6]. An yet unidentified bacterial cell wall component induces the 

expression of the transcriptional repressor snail homolog 1 (SNAIL1) in host endothelial cells, 

which downregulates the expression of tight-junction proteins, thus promoting BBB disruption, 

facilitating the paracellular passage into the CNS and inducing progression to meningitis[6]. 

Recently, the potential contribution of hormonal regulation to GBS virulence was also 

proposed[118]. The authors argue that neonates have a high estradiol and progesterone blood 

concentration as the fetus is impregnated with these hormones throughout pregnancy, and this 

promotes bacterial dissemination by modulation of the intestinal barrier permeability, allowing 

crossing through Peyer’s patches[118].  Although the impact of sex hormones in the immune 

system response and the permeability of the cellular barriers cannot be refuted[125-127], the study 

uses 3-week-old mice which may not be representative of the unique systems of the young 

infant[118]. Also, the observations found were only true for the hyper-virulent GBS clone CC17 

and for the hormonal concentration found on the seventh day, not for higher levels of estradiol 

and estrogen like those found on the first week of life[118].    

 

Complications and Outcomes – data from humans 

 Infants who survive GBS meningitis are at risk for NDI. It is estimated that 20-50% of 

survivors will show neurodevelopmental problems[3, 10, 14, 29-31, 55, 74, 128]. However, the actual 

burden of GBS-induced NDI is likely underestimated due to challenges in detection, to different 

screening and detection methods, and to which functions are being examined. Contemporary 

surveys are scarce, encompass medium or high-income settings and thus information and 

percentages relative to the consequences of GBS meningitis lack data from developing 

countries[3]. Notwithstanding, NDI can be categorized as intellectual and/or motor, hearing, or 

vision impairment, and it can vary in severity between mild, moderate and severe[3]. The most 

common long-term complications are mental retardation, seizures, cerebral palsy, 

hydrocephalus, sensorineural hearing loss, behavior problems, speech and language disorders, 

and impaired vision[14]. The younger the patient is at presentation, the more likely will be to 

perform linguistic and executive functions poorly, suggesting that the cerebral insult associated 

with meningitis has a greater impact on a developing brain[35]. 

 A retrospective evaluation aiming at assessing early outcomes of GBS meningitis showed 

that a significant percentage of patients die or develop neurological sequela[24]. The prevalent 

observed outcomes were hypotonia/hypertonia, seizures, clonus, dysphagia, ptosis, cortical 

blindness, hearing loss, and temperature instability[24]. In this study it was found that 50% of 
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infants with EOD and 17% of patients with LOD were neurologically impaired at hospital 

discharge, which represented almost one-fourth of all the patients. However, other reports 

show neurological abnormalities in a higher proportion in infants who had meningitis (23.5%) 

compared to those who had sepsis (9.8%)[31]. 

 A study in England and Wales at 5 years follow-up of children who had meningitis 

showed that the long-term consequences can be drastic, with almost a fifth of the children 

having a permanent severe or moderately severe disability[129]. The surviving children showed 

learning difficulties, neuromotor disabilities, seizure disorders, hearing problems, ocular or 

visual disorders, speech or language problems, and behavior complications more often than the 

controls. Of those who had GBS meningitis, 49% had some form of impairment, with 13.3% 

showing severe disability[129]. A longitudinal study in children with 9-10 years of age reported 

that 63.3% of survivors had a normal outcome. However,  14.3% had a severe outcome (defined 

as severe disability or a significant functional impairment: cerebral palsy, significant learning 

problems – IQ<55 –, global delay or special education), 8.1% had a moderate outcome (defined 

as moderate to mild disability or an abnormality that impairs function without significant 

intellectual or developmental impairment: mild cerebral palsy, mild learning problems – IQ 55-

69 –, and sensorineural hearing loss), and 14.3% had a mild outcome (defined as an impairment 

without disability: neuromotor signs without overt functional loss, isolated hydrocephalus, 

isolated epilepsy, and borderline learning problems – IQ 70-80)[130]. 

A recent systematic review and meta-analyses showed that 32% of GBS meningitis 

survivors who had a follow-up of over 18 months presented NDI[3]. Of those, 18% developed 

moderate or severe NDI[3]. Other reports showed neurodevelopmental problems in 

approximately 22-50% of infants surviving GBS meningitis[29-31]. At the age of three months, GBS-

affected infants are 21.48 times more likely to have neurological sequela than controls 

(neonates born at the same hospitals without GBS disease, matched for gestational age, mother 

HIV status, and maternal age), decreasing to 13.18 at six months of follow-up[31]. The reported 

sequela included motor delays (fine and gross skills), personal/social delays, hypertonia, 

hyperreflexia, and hydrocephalus. Another study found that 56% of children survivors of GBS 

meningitis demonstrated age-appropriate development, 25% had mild to moderate impairment 

(grade retention at school, ventriculoperitoneal shunt, delayed fine motor skills), and 19% had 

severe impairment (cerebral palsy, cortical vision impairment, seizure disorder, profound 

sensorineural hearing loss)[27].  

 Magnetic resonance imaging (MRI) shows cerebrovascular involvement, which has been 

associated with poor neurodevelopmental outcomes in 2 years[3]. Different studies have shown 

ischemic infarction (neonatal stroke), with two recognizable patterns of injury (deep perforator 
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arterial infarction and more superficial cortical injury)[3, 28, 131]. In some case reports, it has also 

been found severe global cerebral vasculopathy, encephalomalacia, and transverse myelitis[13, 

132, 133]. Perinatal stroke has been reported as a complication of neonatal GBS meningitis and 

sepsis. MRI showed evidence for acute or subacute ischemic infarction, and in one of the cases 

studied, severe vasculopathy without stroke[134]. Some patients also had cerebral sinovenous 

thrombosis[134]. The stroke location was predominantly cortical, with bilateral involvement, and 

in some cases, basal ganglia involvement as well. The follow-ups (6-48 months after) revealed 

normal developmental outcome in 8 out of 14 patients, and focal neurological deficits and/or 

developmental delay in 6 patients[134]. 

 GBS disease can also be associated with neonatal encephalopathy (NE)[135]. NE describes 

a clinical constellation of neurological dysfunctions in the term infant and can lead to child 

mortality and long-term impairment[136, 137]. The percentage of term infants with NE and 

coexisting GBS infection is 0.58%, which is more than ten times higher than that seen among 

term infants without NE. GBS-associated NE is associated with a 2-times increased risk of 

mortality compared with NE alone[135, 138]. 

 With our current knowledge of neonatal meningitis, it is not still possible to accurately 

predict which infants will die, which infants will survive with disabilities, and which infants will 

survive without long-lasting sequelae. Notwithstanding, some predictors of GBS related 

mortality or neurological abnormalities after discharge have been identified, namely premature 

birth, apnea, coma, shock, seizures, lethargy at presentation, bulging fontanel, leukopenia, 

acidosis, and CSF protein concentration exceeding 300 mg/dL or a glucose value lower than 20 

mg/dL[11, 24, 27, 31]. Brain imaging, using both cranial ultrasound (CUS) and MRI, can be used to 

predict the neurodevelopmental outcome of GBS meningitis. Abnormal CUS, extensive bilateral 

deep grey lesions, and white matter lesions correlated with abnormal motor outcome, whereas 

extensive bilateral deep grey matter lesions correlated with abnormal cognitive outcome[139].  

 

Cytokines in neonatal meningitis – data from humans 

Early recognition of bacteria components through activation of innate immune 

receptors such as Toll-like receptors (TLR), triggers the immune response and signals the 

production of key inflammatory mediators, including cytokines[140]. During classical neuro-

inflammatory diseases, the CNS is invaded by blood-borne leukocytes that produces cytokines 

such as Interleukin (IL)-1, IL-6 and tumor necrosis factor (TNF)-α[141]. These cells also produce 

reactive oxygen species (ROS), which further fuel the inflammation[141]. Although human data 

are scarce, it is believed that this are contributing factors to NDI observed in GBS meningitis. 
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Thus, several studies of pediatric meningitis have evaluated cytokine levels in the CSF 

and blood of patients. A prospective study of infants younger than 6 months found that the pro-

inflammatory cytokines TNF-α, IL-1, IL-6, IL-8, and IL-12, as well as the anti-inflammatory 

cytokine IL-10, were significantly elevated in the CSF of those who had bacterial meningitis[142]. 

Moreover, the study should be interpreted with caution as among the infants, 77% had received 

antibiotics prior to the LP, which could have affected results[142]. A different study of children 

with age between 0.1-10.1 years old showed higher CSF concentrations of IL-6 and IL-10 in 

patients with bacterial meningitis, when compared with children with viral encephalitis, febrile 

convulsion, epilepsy, or healthy controls[143]. In children up to 14 years with bacterial meningitis, 

the CSF concentrations of TNF-α, IL-6 and IL-8 were significantly elevated, compared with 

children with viral meningitis or uninfected controls[144]. TNF-α levels were also found 

significantly increased in children (<12 years) with bacterial meningitis, as compared with 

children with aseptic meningitis[145]. A study of infants (<6 months) with bacterial meningitis 

found that the CSF levels of IL-6 were 10 times greater than those with aseptic meningitis, and 

the TNF-α levels were detected in 60% of children with bacterial meningitis, but not in children 

with viral or aseptic meningitis. Plasma levels did not show significant differences[146]. In 

neonates with GBS disease (sepsis and/or meningitis) half of the blood samples showed 

detectable levels of TNF-α, as did all urine samples and the only CSF sample tested[147]. 

Altogether, these studies suggest a dysregulation in the cytokine milieu within the CSF 

in patients with bacterial meningitis, however they should be interpreted with care as they are 

not exclusive of GBS meningitis, and frequently include samples from patients with a wide age 

range. 

  

Lessons from Animal Models 

 Animal models are widely used to study the pathophysiology of diseases, as well as for 

vaccination and medications efficacy testing. They are a fundamental tool for the study of 

infectious diseases[148]. Nevertheless, despite all the contributions to the understanding of 

disease mechanisms, there is often difficulty in translating the results of animal experimentation 

to human studies[149-151]. Only one-third of animal studies are translated to the level of human 

randomized trials, and of these only 10% were approved for use in patients[149]. It is essential to 

have preclinical studies that better predict the effect in humans since the financial and human 

costs of clinical trials are tremendous. Initiating a clinical trial without the endorsement of robust 

animal data keeps patients out of tests for therapies that might be more successful[151]. 
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 The most important factor to take into consideration when choosing a model system for 

preclinical experiments should be whether or not it closely mirrors human disease[150]. No single 

animal model will perfectly mimic a given human disease, which presents itself differently 

between patients, but the differences between strains and species can be an opportunity to 

understand disease development and differential host response, to pave the way for finding 

new therapies and preventive strategies[152]. 

The pathogenesis of GBS meningitis has been investigated by use of several animal 

models, including different rodents[121, 124, 153-157], Rhesus Monkey[158], rabbit[159], piglets[160, 161], 

zebrafish[162, 163], and Drosophila[164, 165], but undoubtedly rodents have largely been exploited. 

The choice of route of infection is relevant as it has to induce disease akin of those in humans, 

lead to bacterial dissemination, include key steps of the pathogenesis, while being reproducible 

within the limits of biological variations. Till very recently, only 2 main models existed: i) 

Hematogenous models by the intraperitoneal or intravenous route[121, 124, 153, 162]; ii) direct 

infection by the intracisternal route[154, 155, 157, 160]. Models of intranasal, intra-amniotic and the 

intra-gastric routes of infection have also been reported[21, 156, 158].  

These models have made important contributions, as they allow studying GBS virulence 

factors. Classical GBS meningitis models are in line with the concept of massive 

neuroinflammation, as histopathological analysis of the mice brains infected with GBS exhibited 

classical features of meningitis, namely thickening of the meninges, influx of inflammatory cells, 

especially neutrophils, neuronal apoptosis, thrombosis of meningeal vessels, and areas of 

bacterial microabscesses in the brain parenchyma[35, 121, 153]. Also, it was suggested that the long-

term deficits are associated with the up-regulation of pro-inflammatory cytokines such as IL-1β, 

IL-6 and TNF-α[121]. In a rat model it was shown that adults surviving neonatal GBS meningitis 

showed decreased levels of brain-derived neurotrophic factor (BDNF) in the hippocampus and 

cortex, and decreased levels of nerve growth factor (NGF) in the hippocampus. BDNF is crucial 

in sustaining physiological processes of the healthy, adult brain, with a role in synaptic plasticity 

and long-term potentiation[155]. In other words, it can influence learning and memory[155]. 

Likewise, surviving animals had a decrease long-term memory when compared with the control 

uninfected group[155]. 

However, a drawback in these studies is that all use artificial routes of infection that do 

not accurately reflect the transmission of GBS in humans and therefore generate a significant 

amount of misleading data. Recently, a mouse model was described in which bacteria are 

transmitted to their progeny from vaginally colonized pregnant females, reflecting the natural 

route of infection[32]. This model reproduces the crucial and clinically relevant steps of GBS 

infection in human newborns: i) mother to infant vertical transmission; ii) bacterial colonization 
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rate in blood, lungs, liver, gut, and brain of newborns; iii) GBS-survivors experience long-term 

neurological sequelae. In this model, no parenchymal invasion by leukocytes nor inflammatory 

cytokines were observed in the neonatal brain, despite local and systemic infection[32], 

contradicting the previous accepted idea. Also, bacteremia did not predict outcome[32]. The 

same has been observed in a Rhesus Monkey model upon intra-amniotic infection[158] and also 

correlates with human data[1, 77]. Notwithstanding, several knowledge gaps remain. This model 

implies that other mechanisms are responsible for the observed sequelae and is a promising tool 

for the study of neuronal damage in children. 

 

Conclusion 

 Neonatal bacterial meningitis remains a common cause of infection worldwide, with 

GBS as its leading agent1. Despite recent efforts at prevention and early diagnosis of disease, the 

mortality and morbidity are still high. Survivors of GBS meningitis are in risk of developing some 

sort of NDI, with numerous consequences for their personal and familial life, as well as for their 

community and society[6, 7].  

 Recent advances have been made in the understanding of the pathogenesis of GBS 

meningitis. However, the mechanisms that lead to neuronal injury remain elusive and continued 

efforts are needed to develop new therapeutic and neuroprotective approaches. Animal models 

that better mimic the clinical pathophysiology are promising tools to study therapies and 

prevention strategies. It allows modeling GBS-induced diseases with similar and more accurate 

features to those described in humans, with higher likelihood of translating to the clinic. 
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Appendix 
 

Table I – GBS virulence factors associated with brain invasion 

BBB – blood-brain barrier; BMEC – brain microvascular endothelial cells; EOD – early-onset disease; GBS – group B Streptococcus; 

LOD – late-onset disease 

 

  

Virulence factor Properties References 

iagA 
Facilitates BMEC invasion, but not BMEC adherence or intracellular 
survival. Mediates interactions between GBS and BMEC 
independently of its capsule.  

[7, 114] 

LTA 
Found in higher quantities in infants with EOD and LOD. Critical for 
BMEC invasion. Shed LTA may act as competitive inhibitor for 
BMEC uptake. 

[114] 

PilA 
Contributes to GBS’s initial attachment to BMEC. It is necessary 
and sufficient for BMEC adherence. 

[115] 

PilB 
Contributes to the process of bacterial internalization. It is 
necessary and sufficient for BMEC invasion. 

[115] 

Srr proteins 
Srr2 promotes bacterial adhesion. Srr1 plays a part in the binding 
of GBS to BMEC through a “dock, lock, and latch” mechanism. 

[7, 30, 116-
118] 

HvgA 
Specific to the hyper-virulent strain ST-17, allows GBS to 
translocate across the BBB.  

[7, 21] 

SfbA 
Contributes to fibronectin binding and BMEC invasion. Promotes 
BBB penetration and the development of GBS meningitis. 

[104] 

FbsA and FbsB 
Intervene in bacterial adhesion or invasion of epithelial and 
endothelial cells and contribute to bacterial escape from the 
immune system.  

[7, 120] 

β-h/c 
Pore-forming toxin that promotes the injury of BMEC. Key 
mediator in causing an acute inflammatory response in brain 
endothelium.  

[13, 32, 
121] 

CiaR/H 
Promotes GBS survival in BMEC. Confers GBS resistance to 
antimicrobial peptides. Prevents GBS trafficking to the lysosome 
and increases its survival in phagocytic cells. 

[29, 122] 

Cas9 
Regulates a significant portion of the GBS genome. Promotes 
interaction with host cells, penetration into the brain, and vaginal 
persistence. 

[123] 

BspC 
Interacts with host cytoskeleton component vimentin, promoting 
GBS adherence to BMEC. 

[124] 

SNAIL1 
Is necessary and sufficient to disrupt tight junctions in BBB 
endothelium. 

[6] 
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