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ARTICLE INFO ABSTRACT

Keywords: Invasive Group B Streptococcus (iGBS) disease is a prominent cause of neurodevelopmental impairment (NDI) in
Streptococcus agalactiae neonates. While the clinical manifestation of iGBS disease in neonates may include pneumonia and meningitis,
Cytokines generalised sepsis without focus is the most frequent manifestation of iGBS disease in neonates. Though recent
if:;;;giﬁs human based studies highlighted meningitis as an important manifestation in infants with NDI following iGBS
Pneumonia disease, they also noted that ~18% of neonates present with NDI following iGBS related sepsis. Thus, it is

important to not only understand the long-term pathophysiological changes associated with NDI in iGBS men-
ingitis survivors, but so too for iGBS sepsis survivors. Since the late 1970’s animal models have been used to
unravel the pathophysiology of neonatal iGBS disease. These studies have inoculated neonatal or pregnant an-
imals with GBS via various peripheral or central routes. The greatest challenge with using animal models to study
NDI associated with neonatal iGBS disease, is effectively mimicking the clinical presentations of pneumonia,
sepsis, and meningitis, while inducing relevant pathophysiological changes and ensuring animals survival, so as
to test the neurodevelopment of the animals. This review aims to evaluate the validity of neonatal rodent models,
specifically in studying NDI associated with neonatal iGBS disease and explore possible future avenues of
research in addressing long-term NDI in the clinical setting.

1. Introduction

Streptococcus agalactiae, commonly known as Group B Streptococcus
(GBS) is a gram-positive bacterium causing significant global neonatal
morbidity and mortality (Goncalves et al., 2022). Globally in 2020,
~19.7 million pregnant women were estimated to be colonised with
GBS with regional differences ranging from ~6.1 million observed in
Sub-Saharan Africa to ~120 000 in Oceania (Goncalves et al., 2022).
Neonatal invasive GBS (iGBS) disease is defined as early-onset GBS
(EOGBS), with clinical symptoms presenting during 0-7 days of life, and
late-onset GBS (LOGBS), with clinical symptoms presenting during 7-90
days of life (Miselli et al., 2022). In 2020, it was estimated that globally
~231 800 neonates had EOGBS, ~162 200 neonates experienced LOGBS
and 58 3000-91 000 neonates died from iGBS, with the highest numbers
in Sub-Saharan Africa (Goncalves et al., 2022). Maternal vagino-rectal
colonization leads to EOGBS via vertical transmission of GBS either
through ascending spread leading to chorioamnionitis, or during
parturition (Eickhoff et al., 1964; Baker and Barrett, 1973). In contrast,
the mechanisms underlying the transmission of GBS for LOGBS is not
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very well understood with cases showing high rectovaginal and breast
milk colonization rates, indicating a possible vertical transmission
(Berardi et al., 2013). Additionally, LOGBS may occur via horizontal
transmission via nosocomial sources and nonmaternal caregivers
(Anthony et al., 1979; MacFarquhar et al., 2010).

The pathophysiology and clinical manifestations differ for EOGBS
and LOGBS. Neonates with EOGBS usually present with respiratory
distress, followed by septicaemia and pneumonia with less likelihood of
meningitis (Stoll et al., 2011; Nanduri et al., 2019; Paul et al., 2022). In
contrast, LOGBS manifests clinically as bacteraemia without focus and
meningitis (Berardi et al., 2013; Nanduri et al., 2019; Paul et al., 2022).
Studies conducted across multiple geographical regions have reported
sepsis as the predominant symptom associated with neonatal iGBS dis-
ease, manifesting in 70%-100% of iGBS cases, with meningitis occurring
in 9%-30% of iGBS cases (Bramugy et al., 2022; Harden et al., 2022;
John et al., 2022; Paul et al., 2022; Van Kassel et al., 2022). Survivors of
iGBS meningitis have a higher risk of NDI than iGBS sepsis survivors
(Horvath-Puho et al., 2021; Paul et al., 2022). Furthermore, children
with a history of GBS meningitis and GBS sepsis have a higher NDI risk
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compared to children with no history of GBS exposure (Horvath-Puho
et al., 2021; Paul et al., 2022). Although the risk of NDI in iGBS sepsis
survivors is lower than the risk of NDI in iGBS meningitis survivors,
sepsis is a more common manifestation, and thus more likely to
contribute to the total GBS-associated NDI burden (Goncalves et al.,
2022; Paul et al., 2022). Interestingly, iGBS exposed males had a greater
chance of developing NDI when compared to iGBS exposed females at
ages 5-10 years old (Van Kassel et al., 2022).

Globally, serotypes Ia, Ib, III and V are the most prevalent in causing
infections with serotype III accounting for approximately half EOGBS
cases and approximately three-quarters of LOGBS cases (Madrid et al.,
2017; Shabayek et al., 2021). Multi-locus sequence typing of GBS iso-
lated from different countries showed that most human carriage and
clinical isolates cluster into five major clonal complexes (CC) (CC1,
CC10, CC17, CC19 and CC23) (Jones et al., 2003), however CC26 is most
common in African countries (Brochet et al., 2009). Serotype III,
considered a hypervirulent strain of GBS, is primarily composed of CC17
(Bekker et al., 2014; Seale et al., 2016). Studies have shown that GBS
adheres to a variety of epithelial cells including chorion, amnion,
vaginal, respiratory, intestinal, blood brain barrier (BBB) and choroid
plexus (Tamura et al., 1994; Tazi et al., 2010). Adherence of GBS to
chorion and amnion epithelial cells of the amniotic membrane during
pregnancy is required for in-utero infection, which has been demon-
strated in chorion and amnion cell lines using serotypes Ia and III
(Winram et al., 1998). Furthermore, transcytosis of GBS between
chorion cells has been shown to occur without damage to the intracel-
lular junctions (Winram et al., 1998). Once GBS enters the amniotic
cavity, proliferation of GBS can occur at a high rate, as shown in a study
using serotype III GBS within sterile amniotic fluid samples (Hemming
et al., 1985). In neonates GBS can colonise the lungs or the gastroin-
testinal tract (GIT) by adhering to epithelial cells using multiple viru-
lence factors some of which include GBS immunogenic bacterial adhesin
(BibA), (Tazi et al., 2010) and two CC17 specific factors, serine-rich
repeat (Srr) glycoprotein 2 and hypervirulent GBS adhesin (HvgA)
(Tazi et al., 2010; Hays et al., 2019; de Cambronne et al., 2021). Srr
transmembrane receptors a5p1 and avp3 integrins serve as ligands for
GBS adhesion to epithelial layers (de Cambronne et al., 2021). Following
adhesion to either lung or GIT epithelial cells, intracellular invasion is an
important step in GBS pathogenesis leading to sepsis (Rubens et al.,
1992; Hays et al., 2019). The pore forming p-hemolysin/cytolysin
(B-h/c) toxin has been shown to cause cellular damage which could also
facilitate the entry of GBS into the bloodstream (Nizet et al., 1996; Doran
et al., 2002). In vitro studies using neonatal and adult sera have shown
that neonates may be prone to iGBS sepsis because of deficiencies in
innate immunity, particularly complement activation and recruitment of
phagocytic cells such as neutrophils (Anderson et al., 1983). Further-
more, neutropenia is a common observation in animal studies of
neonatal iGBS disease induced by serotype III (Christensen et al., 1980,
1982, 1983; Harper et al., 1986; Weisman et al., 1990; Chang et al.,
1996; Khan et al., 2024).

For GBS to cause meningitis after bacteraemia, it needs to gain access
into the central nervous system (CNS) by passing the BBB. As with lung
and GIT epithelial cells, CC17 GBS uses multiple virulence factors some
of which include Srr and HvgA in binding to BBB epithelial cells
allowing for transcellular (endocytosis and transcytosis) or paracellular
invasion of the BBB epithelial cells (Nizet et al., 1997; Tazi et al., 2010;
de Cambronne et al., 2021). Using an in vitro model of brain microvas-
cular endothelial cells isolated from a human, it has been shown that
serotype III is more efficient in intracellular invasion and transcytosis
when compare to other serotypes (Nizet et al., 1997). Interestingly, in
the same study B-h/c was shown to be involved in cellular injury of brain
microvascular endothelial cells, thus providing another mechanism by
which circulating bacteria can access the CNS (Nizet et al., 1997). Re-
sults obtained from animal studies have shown that iGBS disease in
neonatal rat pups is associated with a pronounced increase in pro and
anti-inflammatory cytokines in the blood and brain (Teti et al., 1993;
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Mancuso et al., 1994a, 1994b, 1994c, 1997, 2004; Givner et al., 1995;
Cusumano et al., 1996a, 2004; Kim et al., 1997; Kenzel et al., 2006;
Barichello et al., 2011; Andrade et al., 2013; Bergeron et al., 2016;
Chiarot et al., 2021; Khan et al., 2024). Peripherally and centrally
released cytokines can also contribute towards circulating bacteria
gaining access to the CNS by increasing the permeability of the BBB (De
Vries et al., 1996; Barichello et al., 2011). Neonatal animals studies
where GBS has been injected into the cerebrospinal fluid via the cisterna
magna, show evidence of necrotic and apoptotic neuronal injury (Kim
etal., 1995; Leib et al., 1996a, 1996b, 2003; Bogdan et al., 1997; Bifrare
etal., 2005; Reip et al., 2011). Reactive oxygen intermediates have been
indicated as a major contributor of the neuronal injury in animal models
of neonatal GBS meningitis (Leib et al., 1996a; Barichello et al., 2011).

These findings would lend support to the observations that neonates
who survive iGBS meningitis present with severe NDI (Goncalves et al.,
2022; Harden et al., 2022; Paul et al., 2022). However, studies using
animal iGBS meningitis models, where GBS is injected via the cisterna
magna, may not be as valuable in understanding the pathophysiological
changes associated with the less severe NDI noted in iGBS sepsis survi-
vors. Thus, the aim of this review is to discuss the pathophysiology of
NDI related to iGBS disease in neonates and assess the usefulness of
neonatal rodent models, specifically in understanding the potential
variations in NDI severity among children who have experienced either
sepsis alone or combined sepsis and meningitis.

1.1. iGBS neurodevelopmental impairments — evidence from human
studies

A recent series of studies published in the journal of Clinical Infec-
tious Diseases in 2022, have aimed at establishing global statistics
related to the development of NDI in iGBS survivors (Bramugy et al.,
2022; Harden et al., 2022; Horvath-Puho et al., 2021; John et al., 2022;
Paul et al., 2022; Van Kassel et al., 2022). Study populations in both low-
and high-income countries have shown development of moderate to
severe NDI to be greater in iGBS survivors who had neonatal iGBS
meningitis compared to neonatal iGBS sepsis alone (Bramugy et al.,
2022; Harden et al., 2022; Horvath-Puho et al., 2021; Paul et al., 2022;
Van Kassel et al., 2022). While there is a lower prevalence of severe NDI
in iGBS sepsis survivors, they have a greater prevalence of mild NDI
compared to iGBS meningitis survivors, particularly under the age of
five years old (Paul et al.,, 2022). Fig. 1 shows the domain specific
impairment for survivors of iGBS. The frequency of impairment varies
across the different neurodevelopmental domains, with a greater prev-
alence of impairment within the motor, cognitive and social/-
behavioural domains compared to the vision and hearing domains (Paul
et al., 2022; van Kassel et al., 2022). Children with a history of iGBS
disease have greater impairment in the motor domain compared to the
cognitive and social domains at five years of age, while at ten years of
age a greater impairment is noted in the cognitive and social domains
compared to the motor domain (van Kassel et al., 2022). Interestingly,
boys are at a higher risk of NDI following iGBS disease compared to girls
(Van Kassel et al., 2022). Overall, these findings not only highlight the
importance of meningitis in the development of NDI related to neonatal
iGBS disease, but importantly also identify sepsis as an overlooked role
player in NDI related to neonatal iGBS disease. Taken together it is clear
that low-income countries struggle not only with the overall neonatal
burden of iGBS disease, but also with the long-term NDI complications in
iGBS survivors (Bramugy et al., 2022; Harden et al., 2022). Thus, the
need to study the pathophysiology, particularly related to both sepsis
and meningitis, leading to NDI holds great value in understanding,
treating and ultimately preventing the neurological deficits associated
with neonatal iGBS disease.
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Fig. 1. Schematic representation of human neonatal invasive Group B Strep-
tococcus disease leading to neurodevelopmental impairment. Global prevalence
of colonization in pregnant women (~18%) leads to GBS transmission to foetus.
Neonates that develop EOGBS present with respiratory distress leads to sepsis
with less likelihood of meningitis, while neonates that develop LOGBS present
with sepsis without focus and meningitis. Additionally, NDI may develop with
the impairment frequency being greater within the motor, cognitive and social/
behavioural domains compared to the vision and hearing domains. At five years
of age children present with greater motor domain deficits compared to the
cognitive and social domains deficits, while at ten years of age a greater
impairment is noted in the cognitive and social domains compared to the motor
domain. Furthermore, boys are at a higher risk of NDI following iGBS disease
compared to girls.

2. iGBS disease neurodevelopmental impairment - evidence
from animal studies

Since the late 1970’s animal models have been used to unravel the
pathophysiology of iGBS disease. In this review I will reflect on pub-
lished studies from 1976 to 2024 using neonatal rodent models, where
the animals were less than three weeks old and inoculated with GBS via
one of the following routes: intraperitoneal (i.p.), subcutaneous (s.c.),
intracardiac (i.c.), intravenous (i.v.) intracisternal magna (i.c.m.),
intranasal (i.n.), intrathoracic (i.t.), orally or intravaginal (i.vag.). Of the
published studies using neonatal rodent models, 40% used the i.p. route
for GBS inoculation, 25% the s.c. route, 12% the i.c.m. route, 7% the oral
route, 4% the i.n. and i.t. route, 3%the i.vag route, while 2% of studies
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used the i.c. and i.v. routes of GBS inoculation.

2.1. iGBS sepsis and pneumonia models

Peripheral GBS inoculation models offer varying levels of effective-
ness at expressing the clinical syndromes associated with iGBS disease,
namely bacteremia without a defined focus of infection, pneumonia, and
meningitis. Furthermore, peripheral routes of GBS inoculation (i.p., s.c.,
i.t. and i.n.) induces 0-100% mortality between 24 and 168h after
inoculation, with the extent of mortality not being linked to dose or age
of pups. Among the various peripheral GBS inoculation sites in neonatal
rodent models, the two least effective routes at inducing iGBS disease
included administering GBS i.n. and orally. Administering GBS sero-
types Ia or Il i.n. to rat pups on PND 5 or mice pups younger than PND 2
resulted in inconclusive outcomes, with studies reporting neither illness
nor mortality (Ferrieri et al., 1980; Chiarot et al., 2021). Oral adminis-
tration of high doses of GBS serotype III (10% CFU), proved largely
ineffective in inducing infection in rats between PND 2-7 and mice
between PND 12-14 (Ferrieri et al., 1980; Ascher et al., 1991; Vaz et al.,
2020). Illness seemed to be induced through oral administration of GBS
serotypes II and III using high doses over consecutive days with an in-
cubation period lasting between 2 and 4 days post-inoculation (Furtado,
1976; Kim et al., 1984). Despite the convenience and clinical relevance
of using inhalation or oral gavage as a route of inoculation, the low and
inconsistent incidence of illness induced using these two routes does not
make them suitable for studying NDI related to iGBS sepsis.

Findings from studies using peripheral inoculation sites (i.p., s.c., i.t.
and i.n.) and various serotypes (Ia, II and III) of GBS in neonatal rats
have expanded our understanding of the neonatal immune responses to
GBS. In particular they have shown early phase neutrophilia, late phase
neutropenia and increases in monocytes/macrophages in the blood,
liver and spleen (Christensen et al., 1980, 1982, 1983; Harper et al.,
1986; Martin et al., 1988; Weisman et al., 1990; Chang et al., 1996; Khan
et al., 2024). In contrast, the lungs of neonatal rats aged 6h to PND10
inoculated with serotype III GBS via the i.t. or i.p. route exhibit neu-
trophilia and an increase in alveolar macrophages (Harper et al., 1986;
Martin et al., 1992; Khan et al., 2024) indicative of a lung-specific innate
immune response to GBS with some variability based on serotype and
duration of infection. Additionally, studies using peripheral GBS sero-
type III inoculation sites document bacteraemia with elevated pro and
anti-inflammatory cytokines (interleukin (IL)-6, IL1-f, tumour necrosis
factor (TNF)-a, interferon (IFN)-y and IL-10) within blood plasma (Teti
et al., 1993; Mancuso et al., 1994a, 1994b, 1994c; Givner et al., 1995;
Cusumano et al., 1996a, 1996b, 2004; Andrade et al., 2013; Khan et al.,
2024) and the brain, in particular the hippocampus (Khan et al., 2024).

Neonatal animal-based studies using peripheral GBS inoculation
routes have not proved to be a good model for studying the effects of
iGBS on neurodevelopment, as they document fatalities between 48 and
72 h after inoculation, which impacts the long-term follow-up of animals
neurodevelopment. They are, however, a good model for improving our
understanding of how peripherally released cytokines may affect the
brain and contribute to the NDI observed in iGBS sepsis survivors. Two
proposed mechanisms by which blood-borne cytokines may affect the
functioning of the CNS is by carrier-mediated transport across the BBB or
access through the circumventricular organs (Banks et al.,, 1995). A
study using a rat model of neonatal encephalopathy, has shown that
blocking the effects of peripherally released IL-1f reduced the extent of
brain lesions confirming the involvement of circulating IL-1f in medi-
ating CNS related pathophysiological responses (Savard et al., 2013).
Interestingly, neonatal rat pups injected i.p. with serotype III GBS and
presenting with signs of sepsis show an increase in circulating IL-1f
(Khan et al., 2024). Thus, using peripheral models of GBS administra-
tion, which results in sepsis, we can study the pathophysiological
changes likely contributing to the CNS associated changes which lead to
the mild NDI observed in iGBS sepsis survivors.
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2.2. iGBS meningitis models

Central GBS inoculation models, using i.c.m. delivery, are effective at
expressing the clinical syndrome of meningitis, but are not effective at
expressing the other two clinical syndromes of iGBS disease, namely
bacteremia without a defined focus of infection and pneumonia. As with
the peripheral routes of GBS inoculation, the i.c.m. delivery of GBS in-
duces 50-100% mortality between 24 and 96h after inoculation, with
the extent of mortality being dose dependent (Barichello et al., 2011;
Bogdan et al., 1997; Woltjes and de Graaff, 1983). Findings from studies
using central GBS inoculation sites (i.c.m.) have expanded our under-
standing of the pathophysiology of GBS meningitis and its risk of severe
NDI in iGBS survivors. Neonatal rats (PND 3-4) had increased levels of
cytokine levels (TNF-a, IL-6, IL-1p, IL-10 and CINC-1) in the cerebro-
spinal fluid (CSF), cortex and hippocampus between 6 and 24h after i.c.
m. administration of GBS serotype III (Barichello et al., 2011). Other
studies using GBS serotype III described histological levels of inflam-
mation in the subarachnoid space and ventricles of the CNS (Kim et al.,
1995; Leib et al., 1996a, 1996b). Furthermore, neonatal animal studies
using i.c.m. delivery of GBS serotype III have shown histological
neuronal damage particularly cortical necrosis (Kim et al., 1995; Leib
et al., 1996a, 1996b; Bogdan et al., 1997; Bifrare et al., 2005) and hip-
pocampal apoptosis (Leib et al., 1996a, 1996b; Bogdan et al., 1997;
Bifrare et al., 2003; Reif et al., 2011). Interestingly, only one study,
having used i.c.m. delivery of GBS to induce meningitis in PND 3-4 rats,
investigated NDI (Barichello et al., 2013). Three months after the initial
infection, when the animals were adults, their motor function and
learning and memory functions were assessed using the open-field test
and the step-down inhibitory avoidance task (Barichello et al., 2013).
Explorative behaviour and motor function was not affected, however,
although short-term memory to aversion behaviour remained intact,
long-term memory to aversion behaviour seemed to be impaired
(Barichello et al., 2013). Furthermore, brain-derived neurotropic factor
and neuron growth factor was decreased in the hippocampus, suggesting
that neuronal health was affected by GBS meningitis induced when the
rats were neonates (Barichello et al., 2013). While this study provides
some insight into the potential effects of iGBS meningitis, its scope was
confined to male rats, and it only included one cognitive behavioural
assessment. Animal models that directly target the CNS, by using the
cisterna magna as the route of GBS inoculation, allow insight into the
pathophysiological changes associated with iGBS disease leading to NDI,
however this model precludes the contribution made by the hosts pe-
ripheral immune system, in particular peripherally released cytokines.
Thus, the meningitis model of i.c.m. GBS inoculation, may not fully
translate into mimicking the NDI observed in iGBS sepsis survivors.

2.3. iGBS maternal colonization models

Maternal colonization may be viewed as an ideal model to mimic the
bacterial transmission from mother to foetus seen in the clinical setting
(Andrade et al., 2018). In this regard, studies have aimed to colonise the
dam with GBS by either administering GBS into the vagina or the peri-
toneum. Using maternal inoculation via i.p. GBS serotype III adminis-
tration on gestational day 20-21, mortality of the dams was between
0 and 67% with higher doses (10'° CFU) inducing greater mortality
(Noel et al., 1985). Furthermore, there was a low percentage of still
births (8%) and mortality of the pups (6%). The transmission of GBS
from the dam to the foetus appeared to be low with maternal i.p. GBS
administration, due to bacteria only being detected in the blood, brain,
liver and spleen of 13-33% of the pups (Noel et al., 1985). As with i.p.
maternal GBS administration there is also varying mortality rates with
GBS serotype III CC17 maternal i.vag. inoculation. In the first study
maternal i.vag. inoculation (10* CFU) occurred on G17 and G18 with
14% of still births and 39% of pups dying within the first 48h of life
reaching a peak of 40% pup death by day 7 (Andrade et al., 2018). In the
second study, similar to the first study, maternal i.vag. inoculation of
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GBS serotype III (108 CFU) occurred between G18 and G19 with 31% of
pups dying within the first 48h of life (Chiarot et al., 2018). Contrast-
ingly, in the third study, inoculation with GBS serotype III (10® CFU)
occurred on G17 with only 5% of pups dying within 48h of life. How-
ever, similar to the first study, 50% of pups died by day 7 (Vaz et al.,
2020). Even though dosages varied greatly between study one and three,
similar outcomes were observed by PND 7 showcasing the virulence of
GBS serotype III CC17 and the mother to foetus transmission. Swabbing
GBS serotype III around the vaginal area of dams proved entirely inef-
fective at transmitting GBS to the pups (Furtado, 1976). A study aiming
to expose neonatal mice pups to GBS serotype III through simultaneous
maternal sources, including intravaginal, oral, and nipple swabbing,
resulted in 40% of the pups being colonized with GBS (Cox, 1982). In
terms of cytokine responses, two studies using maternal GBS serotype III
i.p. inoculation have shown increased IL-1p and TNF-a in fetal sera 72 h
after maternal inoculation (Bergeron et al., 2016; Allard et al., 2019a).
Interestingly, in the one study they also noted a sexually dichotomous
profile in terms of the cytokine responses, with a more prominent in-
crease in cytokines in fetal sera from males compared to females (Allard
et al., 2019a). Only one study has investigated cytokine responses in
pups following maternal i.vag. GBS inoculation on G17 and G18
(Andrade et al., 2018). In this study they found there was a decrease in
the plasma cytokine levels and no change in brain cytokine levels at PND
5 in pups born to dams colonised with GBS serotype III compared to
those born from dams not colonised with GBS (Andrade et al., 2018).
The failure to observe changes in cytokines in the study may have been
related to the use of only one timepoint (PND 5) and the study did not
report on cytokine changes which could have occurred in utero, as noted
in other studies. Notably, five maternal GBS inoculation studies have
delved into the long-term outcomes of neonatal iGBS disease. In the
initial study, conducted on adolescent rats five weeks after neonatal GBS
serotype la exposure via maternal i.p. inoculation, male animals
exhibited enlarged lateral ventricles in the brain, along with deficits in
social behaviour, olfactory discrimination, startle reflex, and motor
function, suggestive of autistic traits (Bergeron et al., 2013). The second
study, GBS serotype Ia via maternal i.p. inoculation histologically
showed thickening of the white matter in the corpus callosum in males
and not females, which is important for integrating information between
brain hemispheres in motor, cognitive and behavioural functions (Allard
et al., 2017). Additionally, males animals at various ages where shown
to have reduced ultrasonic vocalization (PND 7) indicative of autism,
impaired nesting behaviour (PND 9), disorganised exploratory behav-
iour (PND 20) and social impairments (PND 40) indicative of autism-like
behaviour (Allard et al., 2017). The next two studies shared methods of
maternal i.p. inoculation of GBS serotype Ia or III. Although serotype Ia
showed no behavioural effects pre-puberty, post-puberty females
showed decreased motor function, which suggests that NDI should be
observed well into puberty (Allard et al., 2018). When serotype III was
used, male animals showed thinner primary motor cortices, reduced
microglia and reduced travel in open field test, indicative of anxiety
(Allard et al., 2019b). In the last study, conducted on adult male rats
three months after neonatal GBS exposure via maternal vaginal inocu-
lation, animals exhibited motor dysfunction, impaired learning and
memory in the 8-arm radial test and a reduced travel distance in the
open field test, indicating potential anxiety (Andrade et al., 2018). Fig. 2
provides a summary of rodent models that use various routes of neonatal
and maternal inoculation (i.c.m., i.p., s.c. and i.vag.) of GBS and the
subsequent outcomes with regards to pathophysiology changes and
possible mechanisms of NDI.

3. Conclusion and future direction

Neonatal iGBS disease is classified into EOGBS and LOGBS, with
neonates having EOGBS often presenting with respiratory distress,
leading to sepsis and pneumonia with less likelihood of meningitis,
while neonates having LOGBS typically presents with bacteraemia and
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Fig. 2. Schematic representation of models that have provided major contributions in understanding the pathophysiology of invasive Group B Streptococcus disease
with possible mechanism leading to neurodevelopmental impairment. Common inoculation routes include delivery of GBS to neonates via the cisterna magna,
introducing GBS directly into the CNS mimicking meningitis, intraperitoneal and subcutaneous delivery, introducing GBS to the peripheral system to mimic sepsis
and meningitis. Maternal inoculation routes include intravaginal and intraperitoneal delivery, introducing GBS to a pregnant dam with the aim of mimicking vertical
transmission leading to pneumonia, sepsis and meningitis. Delivery of GBS via the cisterna magna has provided insight into neurological damage associated with
iGBS meningitis, including cortical necrosis and hippocampal apoptosis and shown learning and memory deficits in pups surviving iGBS meningitis. Intraperitoneal
and subcutaneous delivery of GBS in neonatal pups are the most used peripheral routes of GBS administration and have provided insight into systemic inflammation
associated with iGBS sepsis leading to meningitis. No NDI studies have been conducted to date using these two methods of GBS delivery. Intravaginal and peripheral
maternal inoculation allows for the clinical mimicry of maternal to fetal GBS transmission leading to clinical syndromes of pneumonia, sepsis and meningitis noted
with EOGBS. Neonatal and fetal cytokine responses are poorly understood in intravaginal and intraperitoneal models however, sex-dependent motor and memory
deficits and autistic traits have been reported in males. Illustration created using Biorender.com.

meningitis. Recent studies reveal that moderate to severe NDI is more
common in survivors of iGBS meningitis compared to those with iGBS
sepsis, while mild NDI is more prevalent among sepsis survivors, espe-
cially under five years of age. Impairments are most frequent in motor,
cognitive, and social/behavioural domains, with boys surviving iGBS
being at higher risk of NDI than girls. These findings highlight the need
for further research on the pathophysiology of both sepsis and menin-
gitis to address and prevent long-term neurological deficits in iGBS
survivors, particularly in low-income countries. Animal models used to
study the pathophysiological changes associated with the clinical syn-
dromes of neonatal iGBS, namely pneumonia, sepsis and meningitis
have used various routes of maternal (i.p., i.vag.) or neonatal (i.p., s.c. i.
c., i.v,, i.c.m., i.n., i.t., orally) GBS delivery. When assessing the validity
of a given animal disease model, three criteria need to be considered,
namely face validity (i.e., does the model exhibit the salient features of
the condition in humans), construct validity (i.e., is the condition arising
from the same biological background) and predictive validity (i.e., will
the model respond to well-established treatments) (Tadenev and
Burgess, 2019). Delivery of GBS via maternal inoculation exhibits good
face, construct and predictive validity as neonatal animals show the key
clinical salient features (pneumonia, sepsis and meningitis) and

pathophysiology of iGBS disease in humans and can be used for testing
the effectiveness of maternal vaccines and for the treatment of the
various clinical conditions present in the neonate. However, outcomes
such as autism (Bergeron et al., 2013; Allard et al., 2017) in maternal
inoculation studies have not been observed in human clinical setting.
While studies using peripheral (i.p. and s.c.) delivery of GBS in neonates
do not have as good construct validly compared to maternal GBS inoc-
ulation models, they do have similar face and predictive validity, in that
they show key pathophysiological changes associated with iGBS in ne-
onates and they could be used to investigate treatment of the different
clinical syndromes associated with iGBS disease in neonates. Of all the
GBS delivery routes the central delivery route via the cisterna magna
tends to have the lowest face, construct and predictive validity as it only
mimics the clinical syndrome of meningitis. Using different routes of
GBS delivery, we have managed to gain a good understanding of the
pathophysiological changes associated with neonatal iGBS disease, but
the next major area which needs to be explored further in animal-based
studies is the long-term consequences of neonatal iGBS disease, in
particular iGBS sepsis. To do this, future studies should target using
peripheral delivery (i.p. and s.c.) of GBS in neonatal animals, as well as
maternal GBS delivery (i.vag. and i.p.), combined with treatment


http://Biorender.com

K. Khan

through antibiotic therapies to ensure survival, to conduct long-term
behavioural assessments one month until puberty after infection.

In terms of human-based studies, while there has been an increase in
the number of studies investigating NDI which has provided a clearer
picture of the NDI profile for iGBS survivors, there has not been a similar
increase in longitudinal studies documenting the acute immune
response of neonates with iGBS disease followed by long-term follow-up
of iGBS survivors. Most studies investigating NDI have solely relied on
behavioural screening tools to identify domains of impairment but have
not explored the associated morphological changes in the brain. Ad-
vances in imaging techniques have enhanced our understanding of
normal developmental trajectories in the brain and could be a useful tool
to add to studies investigating NDI in iGBS sepsis survivors (Giedd and
Rapoport, 2010). Critical to these studies would be the inclusion of a
counter-factual group of children not exposed to GBS in early life.
Furthermore, there has not been any studies aimed at investigating how
therapeutic interventions early in life could alter the long-term out-
comes of iGBS survivors, in particular children presenting with milder
impairment. With studies showing an increased NDI frequency as iGBS
survivors grow up, identifying early windows for therapeutic in-
terventions is very important to altering the neurodevelopmental tra-
jectory (Horvath-Puho et al., 2021). Moreover, the finding that boys
with a history of iGBS are at higher risk of NDIs and more often require
special educational support than girls who had iGBS (Horvath-Puho
et al., 2021), highlights the need for animal and human-based studies
investigating the underlying physiological mechanisms accounting for
this sex-dependent effect.

Funding

Deutsche Forschungsgemeinschaft (grant number 501647609; grant
holder LM Harden).

CRediT authorship contribution statement

Khaalid Khan: Writing - review & editing, Writing — original draft.
Declaration of Competing interest

None.
Data availability

No data was used for the research described in the article.
Acknowledgments

The author would like to thank Professor Lois M Harden for her
guidance and assistance in proof-reading drafts of this mini-review and
providing meaningful feedback in improving the quality.

References

Allard, M.J., Brochu, M.E., Bergeron, J.D., Segura, M., Sébire, G., 2019b. Causal role of
group B Streptococcus-induced acute chorioamnionitis in intrauterine growth
retardation and cerebral palsy-like impairments. Journal of Developmental Origins
of Health and Disease 10 (5), 595-602. https://doi.org/10.1017/
$2040174418001083.

Allard, M.J., Bergeron, J.D., Baharnoori, M., Srivastava, L.K., Fortier, L.C., Poyart, C.,
Sébire, G., 2017. A sexually dichotomous, autistic-like phenotype is induced by
Group B Streptococcus maternofetal immune activation. Autism Res. 10 (2),
233-245. https://doi.org/10.1002/aur.1647.

Allard, M.J., Brochu, M.E., Bergeron, J.D., Sebire, G., 2018. Hyperactive behavior in
female rats in utero-exposed to group B Streptococcus-induced inflammation. Int. J.
Dev. Neurosci. 69 (April), 17-22. https://doi.org/10.1016/j.ijdevneu.2018.06.005.

Allard, M.J., Giraud, A., Segura, M., Sebire, G., 2019a. Sex-specific maternofetal innate
immune responses triggered by group B Streptococci. Sci. Rep. 9 (1), 1-13. https://
doi.org/10.1038/541598-019-45029-x.

Anderson, D.C., Hughes, B.J., Edwards, M.S., Buffone, G.J., Baker, C.J., 1983. Impaired
chemotaxigenesis by type III group B streptococci in neonatal sera: relationship to

Brain, Behavior, & Immunity - Health 40 (2024) 100831

diminished concentration of specific anticapsular antibody and abnormalities of
serum complement. Pediatr. Res. 17 (6), 496-502. https://doi.org/10.1203/
00006450-198306000-00015.

Andrade, E.B., Alves, J., Madureira, P., Oliveira, L., Ribeiro, A., Cordeiro-da-Silva, A.,
Correia-Neves, M., Trieu-Cuot, P., Ferreira, P., 2013. TLR2-Induced IL-10 production
impairs neutrophil recruitment to infected tissues during neonatal bacterial sepsis.
J. Immunol. 191 (9), 4759-4768. https://doi.org/10.4049/jimmunol.1301752.

Andrade, E.B., Magalhaes, A., Puga, A., Costa, M., Bravo, J., Portugal, C.C., Ribeiro, A.,
Correia-Neves, M., Faustino, A., Firon, A., Trieu-Cuot, P., Summavielle, T.,
Ferreira, P., 2018. A mouse model reproducing the pathophysiology of neonatal
group B streptococcal infection. Nat. Commun. 9 (1) https://doi.org/10.1038/
s41467-018-05492-y.

Anthony, B.F., Okada, D.M., Hobel, C.J., 1979. Epidemiology of the group B
streptococcus: maternal and nosocomial sources for infant acquisitions. J. Pediatr.
95 (3), 431-436. https://doi.org/10.1016/50022-3476(79)80530-2.

Ascher, D.P., Wilson, S., Mendiola, J., Fischer, G.W., 1991. Group B streptococcal latex
agglutination testing in neonates. J. Pediatr. 119 (3), 458-461. https://doi.org/
10.1016/50022-3476(05)82063-3.

Baker, C.J., Barrett, F.F., 1973. Transmission of group B streptococci among paturient
women and their neonates. J. Pediatr. 83 (6), 919-925.

Banks, W.A., Kastin, A.J., Broadwell, R.D., 1995. Passage of cytokines across the blood-
brain barrier. Neuroimmunomodulation 2 (4), 241-248. https://doi.org/10.1159/
000097202.

Barichello, T., Lemos, J.C., Generoso, J.S., Cipriano, A.L., Milioli, G.L., Marcelino, D.M.,
Vuolo, F., Petronilho, F., Dal-Pizzol, F., Vilela, M.C., Teixeira, A.L., 2011. Oxidative
stress, cytokine/chemokine and disruption of blood-brain barrier in neonate rats
after meningitis by streptococcus agalactiae. Neurochem. Res. 36 (10), 1922-1930.
https://doi.org/10.1007/s11064-011-0514-2.

Barichello, T., Lemos, J.C., Generoso, J.S., Carradore, M.M., Moreira, A.P., Collodel, A.,
Zanatta, J.R., Valvassori, S.S., Quevedo, J., 2013. Evaluation of the brain-derived
neurotrophic factor, nerve growth factor and memory in adult rats survivors of the
neonatal meningitis by Streptococcus agalactiae. Brain Res. Bull. 92, 56-59. https://
doi.org/10.1016/j.brainresbull.2012.05.014.

Bekker, V., Bijlsma, M.W., van de Beek, D., Kuijpers, T.W., Van der Ende, A., 2014.
Incidence of invasive group B streptococcal disease and pathogen genotype
distribution in newborn babies in The Netherlands over 25 years: a nationwide
surveillance study. Lancet Infect. Dis. 14 (11), 1083-1089. https://doi.org/10.1016/
S$1473-3099(14)70919-3.

Berardi, A., Rossi, C., Lugli, L., Creti, R., Reggiani, M.L.B., Lanari, M., Memo, L.,
Pedna, M.F., Venturelli, C., Perrone, E., Ciccia, M., Tridapalli, E., Piepoli, M.,
Contiero, R., Ferrari, F., 2013. Group b streptococcus late-onset disease: 2003-2010.
Pediatrics 131 (2), 2003-2010. https://doi.org/10.1542/peds.2012-1231.

Bergeron, J.D.L., Deslauriers, J., Grignon, S., Fortier, L.C., Lepage, M., Stroh, T.,
Poyart, C., Sébire, G., 2013. White matter injury and autistic-like behavior
predominantly affecting male rat offspring exposed to group B streptococcal
maternal inflammation. Dev. Neurosci. 35 (6), 504-515. https://doi.org/10.1159/
000355656.

Bergeron, J., Gerges, N., Guiraut, C., Grbic, D., Allard, M.J., Fortier, L.C.,

Vaillancourt, C., Sébire, G., 2016. Activation of the IL-1p/CXCL1/MMP-10 axis in
chorioamnionitis induced by inactivated Group B Streptococcus. Placenta 47,
116-123. https://doi.org/10.1016/j.placenta.2016.09.016.

Bifrare, Y.D., Gianinazzi, C., Imboden, H., Leib, S.L., Tauber, M.G., 2003. Bacterial
meningitis causes two distinct forms of cellular damage in the hippocampal dentate
gyrus in infant rats. Hippocampus 13 (4), 481-488. https://doi.org/10.1002/
hipo.10142.

Bifrare, Y.D., Kummer, J., Joss, P., Tauber, M.G., Leib, S.L., 2005. Brain-derived
neurotrophic factor protects against multiple forms of brain injury in bacterial
meningitis. JID (J. Infect. Dis.) 191 (1), 40-45. https://doi.org/10.1086/426399.

Bogdan, 1., Leib, S.L., Bergeron, M., Chow, L., Tduber, M.G., 1997. Tumor necrosis factor-
o contributes to apoptosis in hippocampal neurons during experimental group B
streptococcal meningitis. JID (J. Infect. Dis.) 176 (3), 693-697. https://doi.org/
10.1086/514092.

Bramugy, J., Mucasse, H., Massora, S., Vitorino, P., Aerts, C., Mandomando, I., Paul, P.,
Chandna, J., Seedat, F., Lawn, J.E., Bardaji, A., Bassat, Q., 2022. Short- and long-
term outcomes of group B Streptococcus invasive disease in Mozambican children:
results of a matched cohort and retrospective observational study and implications
for future vaccine introduction. Clin. Infect. Dis. 74 (Suppl. 1), S14-523. https://doi.
org/10.1093/cid/ciab793.

Brochet, M., Couvé, E., Bercion, R., Sire, J.M., Glaser, P., 2009. Population structure of
human isolates of Streptococcus agalactiae from Dakar and Bangui. J. Clin.
Microbiol. 47 (3), 800-803. https://doi.org/10.1128/JCM.01103-08.

Chang, M., Williams, A., Ishizawa, L., Knoppel, A., Van De Ven, C., Cairo, M.S., 1996.
Endogenous interleukin-11 (IL-11) expression is increased and prophylactic use of
exogenous IL-11 enhances platelet recovery and improves survival during
thrombocytopenia associated with experimental group B streptococcal sepsis in
neonatal rats. Blood Cell Mol. Dis. 22 (1), 57-67. https://doi.org/10.1006/
bemd.1996.0009.

Chiarot, E., Naimo, E., Corrado, A., Giannetti, P., Ros, .LM.Y., Bensi, G., 2021. Maternal
vaccination with a type-III glycoconjugate protects mouse neonates against Group B
Streptococcus intranasal infection. Sci. Rep. 11 (1), 1-9. https://doi.org/10.1038/
s41598-021-00941-z.

Chiarot, E., Spagnuolo, A., Maccari, S., Naimo, E., Acquaviva, A., Cecchi, R., Galletti, B.,
Fabbrini, M., Mori, E., Ruggiero, P., Grandi, G., Fontana, M.R., Bensi, G., Margarit, 1.,
2018. Protective effect of Group B Streptococcus type-III polysaccharide conjugates
against maternal colonization, ascending infection and neonatal transmission in
rodent models. Sci. Rep. 8 (1) https://doi.org/10.1038/541598-018-20609-5.


https://doi.org/10.1017/S2040174418001083
https://doi.org/10.1017/S2040174418001083
https://doi.org/10.1002/aur.1647
https://doi.org/10.1016/j.ijdevneu.2018.06.005
https://doi.org/10.1038/s41598-019-45029-x
https://doi.org/10.1038/s41598-019-45029-x
https://doi.org/10.1203/00006450-198306000-00015
https://doi.org/10.1203/00006450-198306000-00015
https://doi.org/10.4049/jimmunol.1301752
https://doi.org/10.1038/s41467-018-05492-y
https://doi.org/10.1038/s41467-018-05492-y
https://doi.org/10.1016/S0022-3476(79)80530-2
https://doi.org/10.1016/s0022-3476(05)82063-3
https://doi.org/10.1016/s0022-3476(05)82063-3
http://refhub.elsevier.com/S2666-3546(24)00109-1/sref10
http://refhub.elsevier.com/S2666-3546(24)00109-1/sref10
https://doi.org/10.1159/000097202
https://doi.org/10.1159/000097202
https://doi.org/10.1007/s11064-011-0514-2
https://doi.org/10.1016/j.brainresbull.2012.05.014
https://doi.org/10.1016/j.brainresbull.2012.05.014
https://doi.org/10.1016/S1473-3099(14)70919-3
https://doi.org/10.1016/S1473-3099(14)70919-3
https://doi.org/10.1542/peds.2012-1231
https://doi.org/10.1159/000355656
https://doi.org/10.1159/000355656
https://doi.org/10.1016/j.placenta.2016.09.016
https://doi.org/10.1002/hipo.10142
https://doi.org/10.1002/hipo.10142
https://doi.org/10.1086/426399
https://doi.org/10.1086/514092
https://doi.org/10.1086/514092
https://doi.org/10.1093/cid/ciab793
https://doi.org/10.1093/cid/ciab793
https://doi.org/10.1128/JCM.01103-08
https://doi.org/10.1006/bcmd.1996.0009
https://doi.org/10.1006/bcmd.1996.0009
https://doi.org/10.1038/s41598-021-00941-z
https://doi.org/10.1038/s41598-021-00941-z
https://doi.org/10.1038/s41598-018-20609-5

K. Khan

Christensen, R.D., MacFarlane, J.L., Taylor, N.L., Hill, H.R., Rothstein, G., 1982. Blood
and marrow neutrophils during experimental group B streptococcal infection:
quantification of the stem cell, proliferative, storage and circulating pools. Pediatr.
Res. 16 (7), 549-553. https://doi.org/10.1203/00006450-198207000-00011.

Christensen, R.D., Rothstein, G., Hill, H.R., Pincus, S.H., 1983. The effect of hybridoma
antibody administration upon neutrophil kinetics during experimental type III Group
B streptococcal sepsis. Pediatr. Res. 17 (10), 795-799. https://doi.org/10.1203/
00006450-198310000-00005.

Christensen, R.D., Shigeoka, A.O., Hill, H.R., Rothstein, G., 1980. Circulating and storage
neutrophil changes in experimental type II group B streptococcal sepsis. Pediatr. Res.
14 (6), 806-808. https://doi.org/10.1203/00006450-198006000-00006.

Cox, F., 1982. Prevention of group B streptococcal (GBS) colonization in newborn mice
with topically applied lipoteichoic acid (LTA). Pediatr. Res. 16 (4 II), 816-819.

Cusumano, V., Genovese, F., Mancuso, G., Carbone, M., Fera, M.T., Teti, G., 1996a.
Interleukin-10 protects neonatal mice from lethal group B streptococcal infection.
Infect. Immun. 64 (7), 2850-2852. https://doi.org/10.1128/iai.64.7.2850-
2852.1996.

Cusumano, V., Mancuso, G., Genovese, F., Delfino, D., Beninati, C., Losi, E., Teti, G.,
1996b. Role of gamma interferon in a neonatal mouse model of group B
streptococcal disease. Infect. Immun. 64 (8), 2941-2944. https://doi.org/10.1128/
iai.64.8.2941-2944.1996.

Cusumano, V., Midiri, A., Cusumano, V.V., Bellantoni, A., De Sossi, G., Teti, G.,
Beninati, C., Mancuso, G., 2004. Interleukin-18 is an essential element in host
resistance to experimental group B streptococcal disease in neonates. Infect. Immun.
72 (1), 295-300. https://doi.org/10.1128/IA1.72.1.295-300.2004.

de Cambronne, R.D., Fouet, A., Picart, A., Bourrel, A.S., Anjou, C., Bouvier, G.,
Candeias, C., Bouaboud, A., Costa, L., Boulay, A.C., Cohen-Salmon, M., Plu, I,
Rambaud, C., Faurobert, E., Albiges-Rizo, C., Tazi, A., Poyart, C., Guignot, J., 2021.
CC17 group B Streptococcus exploits integrins for neonatal meningitis development.
J. Clin. Invest. 131 (5), 1-15. https://doi.org/10.1172/JCI136737.

De Vries, H.E., Blom-Roosemalen, M.C.M., Van Oosten, M., De Boer, A.G., Van Berkel, T.
J.C., Breimer, D.D., Kuiper, J., 1996. The influence of cytokines on the integrity of
the blood-brain barrier in vitro. J. Neuroimmunol. 64 (1), 37-43. https://doi.org/
10.1016/0165-5728(95)00148-4.

Doran, K.S., Chang, J.C.W., Benoit, V.M., Eckmann, L., Nizet, V., 2002. Group B
streptococcal B-hemolysin/cytolysin promotes invasion of human lung epithelial
cells and the release of interleukin-8. JID (J. Infect. Dis.) 185 (2), 196-203. https://
doi.org/10.1086,/338475.

Eickhoff, T.C., Klein, J.O., Daly, A.K., Ingall, D., Finland, M., 1964. Neonatal sepsis and
other infections due to group B beta-hemolytic streptococci. N. Engl. J. Med. 271
(24), 1221-1228. https://doi.org/10.1056/NEJM196412102712401.

Ferrieri, P., Burke, B., Nelson, J., 1980. Production of bacteremia and meningitis in
infant rats with group B streptococcal serotypes. Infect. Inmmun. 27 (3), 1023-1032.

Furtado, D., 1976. Experimental group B streptococcal infections in mice: hematogenous
virulence and mucosal colonization. Infect. Immun. 13 (5), 1315-1320. https://doi.
org/10.1128/iai.13.5.1315-1320.1976.

Giedd, J.N., Rapoport, J.L., 2010. Structural MRI of pediatric brain development: what
have we learned and where are we going? Neuron 67 (5), 728-734. https://doi.org/
10.1016/j.neuron.2010.08.040.

Givner, L.B., Gray, L., O’Shea, T.M., 1995. Antibodies to tumor necrosis factor-a: use as
adjunctive therapy in established group B streptococcal disease in newborn rats.
Pediatr. Res. 38 (4), 551-554. https://doi.org/10.1203/00006450-199510000-
00013.

Gongalves, B.P., Procter, S.R., Paul, P., Chandna, J., Lewin, A., Seedat, F.,

Koukounari, A., Dangor, Z., Leahy, S., Santhanam, S., John, H.B., Bramugy, J.,
Bardaji, A., Abubakar, A., Nasambu, C., Libster, R., Sanchez Yanotti, C., Horvath-
Puhg, E., Sgrensen, H.T., van de Beek, D., Bijlsma, M.W., Gardner, W.M.,
Kassebaum, N., Trotter, C., Bassat, Q., Madhi, S.A., Lambach, P., Jit, M., Lawn, J.E.,
2022. Group B streptococcus infection during pregnancy and infancy: estimates of
regional and global burden. Lancet Global Health 10 (6), e807-e819. https://doi.
org/10.1016/52214-109X(22)00093-6.

Harden, L.M., Leahy, S., Lala, S.G., Paul, P., Chandna, J., Lowick, S., Mbatha, S., Jaye, T.,
Laughton, B., Ghoor, A, Sithole, P., Msayi, J., Kumalo, N., Msibi, T.N., Madhi, S.A.,
Lawn, J.E., Dangor, Z., 2022. South African children: a matched cohort study of
neurodevelopmental impairment in survivors of invasive group B Streptococcus
disease aged 5 to 8 years. Clin. Infect. Dis. : An Official Publication of the Infectious
Diseases Society of America 74 (1), S5-S13. https://doi.org/10.1093/cid/ciab814.

Harper, T.E., Christensen, R.D., Rothstein, G., Hill, H.R., 1986. Effect of intravenous
immunoglobulin g on neutrophil kinetics during experimental group b streptococcal
infection in neonatal rats. Rev. Infect. Dis. 8 (August), 401-408. https://doi.org/
10.1093/clinids/8.Supplement_4.5401.

Hays, C., Touak, G., Bouaboud, A., Fouet, A., Guignot, J., Poyart, C., Tazi, A., 2019.
Perinatal hormones favor cc17 group b streptococcus intestinal translocation
through m cells and hypervirulence in neonates. Elife 8 (Cc), 1-20. https://doi.org/
10.7554/elLife.48772.

Hemming, V.G., Nagarajan, K., Hess, L.W., Fischer, G.W., Wilson, S.R., Thomas, L.S.,
1985. Rapid in vitro replication of group B streptococcus in term human amniotic
fluid. Gynecol. Obstet. Invest. 19 (3), 124-129. https://doi.org/10.1159/
000299021.

Horvath-Puhd, E., van Kassel, M.N., Gong¢alves, B.P., de Gier, B., Procter, S.R., Paul, P.,
van der Ende, A., Spgaard, K.K., Hahné, S.J.M., Chandna, J., Schrag, S.J., van de
Beek, D., Jit, M., Sgrensen, H.T., Bijlsma, M.W., Lawn, J.E., 2021. 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. The Lancet Child and Adolescent Health 5 (6), 398-407.
https://doi.org/10.1016/52352-4642(21)00022-5.

Brain, Behavior, & Immunity - Health 40 (2024) 100831

John, H.B., Arumugam, A., Priya, M., Murugesan, N., Rajendraprasad, N., Rebekah, G.,
Paul, P., Chandna, J., Lawn, J.E., Santhanam, S., 2022. South Indian children’s
neurodevelopmental outcomes after group B Streptococcus invasive disease: a
matched-cohort study. Clin. Infect. Dis. 74 (Suppl. 1), $24-S34. https://doi.org/
10.1093/cid/ciab792.

Jones, N., Bohnsack, J.F., Takahashi, S., Oliver, K.A., Chan, M.S., Kunst, F., Glaser, P.,
Rusniok, C., Crook, D.W.M., Harding, R.M., Bisharat, N., Spratt, B.G., 2003.
Multilocus sequence typing system for group B streptococcus. J. Clin. Microbiol. 41
(6), 2530-2536. https://doi.org/10.1128/JCM.41.6.2530-2536.2003.

Kenzel, S., Mancuso, G., Malley, R., Teti, G., Golenbock, D.T., Henneke, P., 2006. c-Jun
kinase is a critical signaling molecule in a neonatal model of group B streptococcal
sepsis. J. Immunol. 176 (5), 3181-3188. https://doi.org/10.4049/
jimmunol.176.5.3181.

Khan, K., Manilall, A., Kwatra, G., Steele, H., Meurer, M., von Kockritz-Blickwede, M.,
Harden, L.M., 2024. Peripheral and Central Immune Responses Associated with
Invasive Group B Streptococcus Disease in Neonatal Sprague-Dawley Rats.
Manucript in Preperation.

Kim, K.S., Dunn, K., McGeary, S.A., Stiehm, E.R., 1984. Efficacy of orally administered
immune serum globulin against type III group B streptococcal colonization and
systemic disease in an infant rat model. Pediatr. Res. 18 (12), 1329-1331. https://
doi.org/10.1203/00006450-198412000-00022.

Kim, K.S., Wass, C.A., Cross, A.S., 1997. Blood-brain barrier permeability during the
development of experimental bacterial meningitis in the rat. Exp. Neurol. 145 (1),
253-257. https://doi.org/10.1006/exnr.1997.6458.

Kim, Y.S., Sheldon, R.A., Elliott, B.R., Liu, Q., Ferriero, D.M., T, M., 1995. Brain injury in
experimental neonatal meningitis due to group B streptococci. Jouranl of
Neuropathology and Experimental Neurology 54 (4), 531-539.

Leib, S.L., Heimgartner, C., Bifrare, Y.D., Loeffler, J.M., Tauber, M.G., 2003.
Dexamethasone aggravates hippocampal apoptosis and learning deficiency in
pneumococcal meningitis in infant rats. Pediatr. Res. 54 (3), 353-357. https://doi.
org/10.1203/01.PDR.0000079185.67878.72.

Leib, S.L., Kim, Y.S., Chow, L.L., Sheldon, R.A., Tauber, M.G., 1996b. Reactive oxygen
intermediates contribute to necrotic and apoptotic neuronal injury in an infant rat
model of bacterial meningitis due to group B streptococci. J. Clin. Invest. 98 (11),
2632-2639. https://doi.org/10.1172/JCI119084.

Leib, S.L., Kim, Y.S., Ferriero, D.M., Tauber, M.G., 1996a. Neuroprotective effect of
excitatory amino acid antagonist kynurenic acid in experimental bacterial
meningitis. JID (J. Infect. Dis.) 173 (1), 166-171. https://doi.org/10.1093/infdis/
173.1.166.

MacFarquhar, J.K., Jones, T.F., Woron, A.M., Kainer, M.A., Whitney, C.G., Beall, B.,
Schrag, S.J., Schaffner, W., 2010. Outbreak of late-onset group B Streptococcus in a
neonatal intensive care unit. Am. J. Infect. Control 38 (4), 283-288. https://doi.org/
10.1016/j.ajic.2009.08.011.

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., Gravett, M.G., Ip, M., Le Doare, K.,
Rubens, C.E., Saha, S.K., Sobanjo-Ter Meulen, A., Vekemans, J., Schrag, S., 2017.
Infant group B streptococcal disease incidence and serotypes worldwide: systematic
review and meta-analyses. Clin. Infect. Dis. 65 (December), S160-S172. https://doi.
0rg/10.1093/cid/cix656.

Mancuso, G., Tomasello, F., Migliardo, M., Delfino, D., Cochran, J., Cook, J.A., Teti, G.,
1994a. Beneficial effects of interleukin-6 in neonatal mouse models of group B
streptococcal disease. Infect. Immun. 62 (11), 4997-5002. https://doi.org/10.1128/
iai.62.11.4997-5002.1994.

Mancuso, G., Tomasello, F., Von Hunolstein, C., Orefici, G., Teti, G., 1994b. Induction of
tumor necrosis factor alpha by the group- and type-specific polysaccharides from
type III group B streptococci. Infect. Immun. 62 (7), 2748-2753. https://doi.org/
10.1128/iai.62.7.2748-2753.1994.

Mancuso, G., Cusumano, V., Cook, J.A., Smith, E., Squadrito, F., Blandino, G., Teti, G.,
1994c. Efficacy of tumor necrosis factor a and eicosanoid inhibitors in experimental
models of neonatal sepsis. FEMS Immunol. Med. Microbiol. 9 (1), 49-54. https://doi.
org/10.1111/j.1574-695x.1994.tb00473.x.

Mancuso, Giuseppe, Cusumano, V., Genovese, F., Gambuzza, M., Beninati, C., Teti, G.,
1997. Role of interleukin 12 in experimental neonatal sepsis caused by group B
streptococci. Infect. Immun. 65 (9), 3731-3735. https://doi.org/10.1128/
iai.65.9.3731-3735.1997.

Mancuso, G., Midiri, A., Beninati, C., Biondo, C., Galbo, R., Akira, S., Henneke, P.,
Golenbock, D., Teti, G., 2004. Dual role of TLR2 and myeloid differentiation factor
88 in a mouse model of invasive group B streptococcal disease. J. Immunol. 172
(10), 6324-6329. https://doi.org/10.4049/jimmunol.172.10.6324.

Martin, T.R., Rubens, C.E., Wilson, C.B., Martin, T.R., 1988. Lung antibacterial defense
mechanisms in infant and adult rats: implications for the pathogenesis of group b
streptococcal infections in the neonatal lung. JID (J. Infect. Dis.) 157 (1), 91-100.
https://doi.org/10.1093/infdis/157.1.91.

Martin, T.R., Ruzinski, J.T., Rubens, C.E., Chi, E.Y., Wilson, C.B., 1992. The effect of
type-specific polysaccharide capsule on the clearance of group b streptococci from
the lungs of infant and adult rats. JID (J. Infect. Dis.) 165 (2), 306-314. https://doi.
org/10.1093/infdis/165.2.306.

Miselli, F., Frabboni, I., Di Martino, M., Zinani, L., Buttera, M., Insalaco, A., Stefanelli, F.,
Lugli, L., Berardi, A., 2022. Transmission of Group B Streptococcus in late-onset
neonatal disease: a narrative review of current evidence. Therapeutic Advances in
Infectious Disease 9 (6), 20499361221142732. https://doi.org/10.1177/
20499361221142732.

Nanduri, S.A., Petit, S., Smelser, C., Apostol, M., Alden, N.B., Harrison, L.H., Lynfield, R.,
Vagnone, P.S., Burzlaff, K., Spina, N.L., Dufort, E.M., Schaffner, W., Thomas, A.R.,
Farley, M.M., Jain, J.H., Pondo, T., McGee, L., Beall, B.W., Schrag, S.J., 2019.
Epidemiology of invasive early-onset and late-onset group B streptococcal disease in


https://doi.org/10.1203/00006450-198207000-00011
https://doi.org/10.1203/00006450-198310000-00005
https://doi.org/10.1203/00006450-198310000-00005
https://doi.org/10.1203/00006450-198006000-00006
http://refhub.elsevier.com/S2666-3546(24)00109-1/sref29
http://refhub.elsevier.com/S2666-3546(24)00109-1/sref29
https://doi.org/10.1128/iai.64.7.2850-2852.1996
https://doi.org/10.1128/iai.64.7.2850-2852.1996
https://doi.org/10.1128/iai.64.8.2941-2944.1996
https://doi.org/10.1128/iai.64.8.2941-2944.1996
https://doi.org/10.1128/IAI.72.1.295-300.2004
https://doi.org/10.1172/JCI136737
https://doi.org/10.1016/0165-5728(95)00148-4
https://doi.org/10.1016/0165-5728(95)00148-4
https://doi.org/10.1086/338475
https://doi.org/10.1086/338475
https://doi.org/10.1056/NEJM196412102712401
http://refhub.elsevier.com/S2666-3546(24)00109-1/sref37
http://refhub.elsevier.com/S2666-3546(24)00109-1/sref37
https://doi.org/10.1128/iai.13.5.1315-1320.1976
https://doi.org/10.1128/iai.13.5.1315-1320.1976
https://doi.org/10.1016/j.neuron.2010.08.040
https://doi.org/10.1016/j.neuron.2010.08.040
https://doi.org/10.1203/00006450-199510000-00013
https://doi.org/10.1203/00006450-199510000-00013
https://doi.org/10.1016/S2214-109X(22)00093-6
https://doi.org/10.1016/S2214-109X(22)00093-6
https://doi.org/10.1093/cid/ciab814
https://doi.org/10.1093/clinids/8.Supplement_4.S401
https://doi.org/10.1093/clinids/8.Supplement_4.S401
https://doi.org/10.7554/eLife.48772
https://doi.org/10.7554/eLife.48772
https://doi.org/10.1159/000299021
https://doi.org/10.1159/000299021
https://doi.org/10.1016/S2352-4642(21)00022-5
https://doi.org/10.1093/cid/ciab792
https://doi.org/10.1093/cid/ciab792
https://doi.org/10.1128/JCM.41.6.2530-2536.2003
https://doi.org/10.4049/jimmunol.176.5.3181
https://doi.org/10.4049/jimmunol.176.5.3181
http://refhub.elsevier.com/S2666-3546(24)00109-1/sref50
http://refhub.elsevier.com/S2666-3546(24)00109-1/sref50
http://refhub.elsevier.com/S2666-3546(24)00109-1/sref50
http://refhub.elsevier.com/S2666-3546(24)00109-1/sref50
https://doi.org/10.1203/00006450-198412000-00022
https://doi.org/10.1203/00006450-198412000-00022
https://doi.org/10.1006/exnr.1997.6458
http://refhub.elsevier.com/S2666-3546(24)00109-1/sref53
http://refhub.elsevier.com/S2666-3546(24)00109-1/sref53
http://refhub.elsevier.com/S2666-3546(24)00109-1/sref53
https://doi.org/10.1203/01.PDR.0000079185.67878.72
https://doi.org/10.1203/01.PDR.0000079185.67878.72
https://doi.org/10.1172/JCI119084
https://doi.org/10.1093/infdis/173.1.166
https://doi.org/10.1093/infdis/173.1.166
https://doi.org/10.1016/j.ajic.2009.08.011
https://doi.org/10.1016/j.ajic.2009.08.011
https://doi.org/10.1093/cid/cix656
https://doi.org/10.1093/cid/cix656
https://doi.org/10.1128/iai.62.11.4997-5002.1994
https://doi.org/10.1128/iai.62.11.4997-5002.1994
https://doi.org/10.1128/iai.62.7.2748-2753.1994
https://doi.org/10.1128/iai.62.7.2748-2753.1994
https://doi.org/10.1111/j.1574-695x.1994.tb00473.x
https://doi.org/10.1111/j.1574-695x.1994.tb00473.x
https://doi.org/10.1128/iai.65.9.3731-3735.1997
https://doi.org/10.1128/iai.65.9.3731-3735.1997
https://doi.org/10.4049/jimmunol.172.10.6324
https://doi.org/10.1093/infdis/157.1.91
https://doi.org/10.1093/infdis/165.2.306
https://doi.org/10.1093/infdis/165.2.306
https://doi.org/10.1177/20499361221142732
https://doi.org/10.1177/20499361221142732

K. Khan

the United States, 2006 to 2015: multistate laboratory and population-based
surveillance. JAMA Pediatr. 173 (3), 224-233. https://doi.org/10.1001/
jamapediatrics.2018.4826.

Nizet, V., Kim, K.S., Stins, M., Jonas, M., Chi, E.Y., Nguyen, D., Rubens, C.E., 1997.
Invasion of brain microvascular endothelial cells by group B streptococci. Infect.
Immun. 65 (12), 5074-5081. https://doi.org/10.1128/1ai.65.12.5074-5081.1997.

Nizet, V., Gibson, R.L., Chi, E.Y., Framson, P.E., Hulse, M., Rubens, C.E., 1996. Group B
streptococcal beta-hemolysin expression is associated with injury of lung epithelial
cells. Infect. Immun. 64 (9), 3818-3826. https://doi.org/10.1128/iai.64.9.3818-
3826.1996.

Noel, G.J., Santos, J.1., Vitale, J.J., 1985. Newborn sepsis following antepartum group B
streptococcal maternal infection in rats. Pediatr. Res. 19 (3), 297-299. https://doi.
org/10.1203/00006450-198503000-00008.

Paul, P., Chandna, J., Procter, S.R., Dangor, Z., Leahy, S., Santhanam, S., John, H.B.,
Bassat, Q., Bramugy, J., Bardaji, A., Abubakar, A., Nasambu, C., Libster, R.,
Yanotti, C.S., Seedat, F., Horvath-Puhd, E., Hossain, A.K.M.T., Sadeg-ur Rahman, Q.,
Jit, M., Newton, C.R., Milner, K., Goncalves, B.P., Lawn, J.E., 2022.
Neurodevelopmental and growth outcomes after invasive Group B Streptococcus in
early infancy: a multi-country matched cohort study in South Africa, Mozambique,
India, Kenya, and Argentina. EClinicalMedicine 47. https://doi.org/10.1016/].
eclinm.2022.101358.

ReiB, A., Braun, J.S., Jager, K., Freyer, D., Laube, G., Biihrer, C., Felderhoff-Miiser, U.,
Stadelmann, C., Nizet, V., Weber, J.R., 2011. Bacterial pore-forming cytolysins
induce neuronal damage in a rat model of neonatal meningitis. JID (J. Infect. Dis.)
203 (3), 393-400. https://doi.org/10.1093/infdis/jiq047.

Rubens, C.E., Smith, S., Hulse, M., Chi, E.Y., Van Belle, G., 1992. Respiratory epithelial
cell invasion by group B streptococci. Infect. Immun. 60 (12), 5157-5163. https://
doi.org/10.1128/1ai.60.12.5157-5163.1992.

Savard, A., Lavoie, K., Brochu, M.E., Grbic, D., Lepage, M., Gris, D., Sebire, G., 2013.
Involvement of neuronal IL-1f in acquired brain lesions in a rat model of neonatal
encephalopathy. J. Neuroinflammation 10, 1-14. https://doi.org/10.1186/1742-
2094-10-110.

Seale, A.C., Koech, A.C., Sheppard, A.E., Barsosio, H.C., Langat, J., Anyango, E.,
Mwakio, S., Mwarumba, S., Morpeth, S.C., Anampiu, K., Vaughan, A., Giess, A.,
Mogeni, P., Walusuna, L., Mwangudzah, H., Mwanzui, D., Salim, M., Kemp, B.,
Jones, C., Mturi, N., Tsofa, B., Mumbo, E., Mulewa, D., Bandika, V., Soita, M.,
Owiti, N., Onzere, N., Walker, A.S., Schrag, S.J., Kennedy, S.H., Fegan, G., Crook, D.
W., Berkley, J.A., 2016. Maternal colonization with Streptococcus agalactiae and
associated stillbirth and neonatal disease in coastal Kenya. Nature Microbiology 1
(7), 1-25. https://doi.org/10.1038/nmicrobiol.2016.67.

Shabayek, S., Ferrieri, P., Spellerberg, B., 2021. Group b streptococcal colonization in
african countries: prevalence, capsular serotypes, and molecular sequence types.
Pathogens 10 (12), 1-10. https://doi.org/10.3390/pathogens10121606.

Stoll, B.J., Hansen, N.I., Sanchez, P.J., Faix, R.G., Poindexter, B.B., Van Meurs, K.P.,
Bizzarro, M.J., Goldberg, R.N., Frantz, 1.D., Hale, E.C., Shankaran, S., Kennedy, K.,
Carlo, W.A., Watterberg, K.L., Bell, E.F., Walsh, M.C., Schibler, K., Laptook, A.R.,
Shane, A.L., Schrag, S.J., Das, A., Higgins, R.D., 2011. Early onset neonatal sepsis:
the burden of group B streptococcal and E. coli disease continues. Pediatrics 127 (5),
817-826. https://doi.org/10.1542/peds.2010-2217.

Tadenev, A.L.D., Burgess, R.W., 2019. Model validity for preclinical studies in precision
medicine: precisely how precise do we need to be? Mamm. Genome 30 (5-6),
111-122. https://doi.org/10.1007/500335-019-09798-0.

Brain, Behavior, & Immunity - Health 40 (2024) 100831

Tamura, G.S., Kuypers, J.M., Smith, S., Raff, H., Rubens, C.E., 1994. Adherence of group
B streptococci to cultured epithelial cells: roles of environmental factors and
bacterial surface components. Infect. Immun. 62 (6), 2450-2458. https://doi.org/
10.1128/iai.62.6.2450-2458.1994.

Tazi, A., Disson, O., Bellais, S., Bouaboud, A., Dmytruk, N., Dramsi, S., Mistou, M.Y.,
Khun, H., Mechler, C., Tardieux, 1., Trieu-Cuot, P., Lecuit, M., Poyart, C., 2010. The
surface protein HvgA mediates group B streptococcus hypervirulence and meningeal
tropism in neonates. J. Exp. Med. 207 (11), 2313-2322. https://doi.org/10.1084/
jem.20092594.

Teti, G., Mancuso, G., Tomasello, F., 1993. Cytokine appearance and effects of anti-tumor
necrosis factor alpha antibodies in a neonatal rat model of group B streptococcal
infection. Infect. Immun. 61 (1), 227-235. https://doi.org/10.1128/iai.61.1.227-
235.1993.

Van Kassel, M.N., Gongalves, B.P., Snoek, L., Sgrensen, H.T., Bijlsma, M.W., Lawn, J.E.,
Horvath-Puhd, E., Sgrensen, H.T., Horvath-Puhd, E., Sggaard, K.K., Van De Beek, D.,
Bijlsma, M.W., Van Kassel, M.N., Snoek, L., De Gier, B., Van Der Ende, A., Hahné, S.J.
M., 2022. Sex differences in long-term outcomes after group B streptococcal
infections during infancy in Denmark and The Netherlands: national cohort studies
of neurodevelopmental impairments and mortality. Clin. Infect. Dis. 74 (Suppl. 1),
S54-563. https://doi.org/10.1093/cid/ciab822.

Vaz, M.J., Purrier, S.A., Bonakdar, M., Chamby, A.B., Ratner, A.J., Randis, T.M., 2020.
The impact of circulating antibody on group B Streptococcus intestinal colonization
and invasive disease. Infect. Immun. 89 (1) https://doi.org/10.1128/IA1.00348-20.

Weisman, L.E., McKinney, L., Villalobos, R., 1990. Systemic group B streptococcal
disease in the neonate: characterization of an oral colonization model using the
suckling rat. Microbiol. Immunol. 34 (9), 755-764. https://doi.org/10.1111/j.1348-
0421.1990.tb01053.x.

Winram, S.B., Jonas, M., Chi, E., Rubens, C.E., 1998. Characterization of group B
streptococcal invasion of human chorion and amnion epithelial cells in vitro. Infect.
Immun. 66 (10), 4932-4941. https://doi.org/10.1128/1ai.66.10.4932-4941.1998.

Woltjes, J., de Graaff, J., 1983. Virulence of p-hemolytic and non-hemolytic
Streptococcus mutans: lethal dose determinations in neonatal mice. Antonie
Leeuwenhoek 49 (4-5), 353-360. https://doi.org/10.1007/BF00399315.

Mr Khaalid Khan. Mr Khaalid Khan is a PhD candidate in the
Fever Lab under a larger group called the Brain Function
Research Group (BFRG) in the School of Physiology at the
University of the Witwatersrand, South Africa. His entire PhD
has focused on a neonatal intraperitoneal inoculation of Group
B Streptococcus at ages 9-10 in Sprague-Dawley rats, focusing
on the peripheral and central nervous system immune re-
sponses to late phase infection. Khaalid’s area of interest is
neonatal care in rural communities and thus he will continue to
investigate pathogen related neurological outcomes in low-
income countries to discover physiological and biochemical
mechanisms for targeted drug therapies.



https://doi.org/10.1001/jamapediatrics.2018.4826
https://doi.org/10.1001/jamapediatrics.2018.4826
https://doi.org/10.1128/iai.65.12.5074-5081.1997
https://doi.org/10.1128/iai.64.9.3818-3826.1996
https://doi.org/10.1128/iai.64.9.3818-3826.1996
https://doi.org/10.1203/00006450-198503000-00008
https://doi.org/10.1203/00006450-198503000-00008
https://doi.org/10.1016/j.eclinm.2022.101358
https://doi.org/10.1016/j.eclinm.2022.101358
https://doi.org/10.1093/infdis/jiq047
https://doi.org/10.1128/iai.60.12.5157-5163.1992
https://doi.org/10.1128/iai.60.12.5157-5163.1992
https://doi.org/10.1186/1742-2094-10-110
https://doi.org/10.1186/1742-2094-10-110
https://doi.org/10.1038/nmicrobiol.2016.67
https://doi.org/10.3390/pathogens10121606
https://doi.org/10.1542/peds.2010-2217
https://doi.org/10.1007/s00335-019-09798-0
https://doi.org/10.1128/iai.62.6.2450-2458.1994
https://doi.org/10.1128/iai.62.6.2450-2458.1994
https://doi.org/10.1084/jem.20092594
https://doi.org/10.1084/jem.20092594
https://doi.org/10.1128/iai.61.1.227-235.1993
https://doi.org/10.1128/iai.61.1.227-235.1993
https://doi.org/10.1093/cid/ciab822
https://doi.org/10.1128/IAI.00348-20
https://doi.org/10.1111/j.1348-0421.1990.tb01053.x
https://doi.org/10.1111/j.1348-0421.1990.tb01053.x
https://doi.org/10.1128/iai.66.10.4932-4941.1998
https://doi.org/10.1007/BF00399315

	Neurodevelopmental impairment associated with neonatal invasive group B Streptococcus disease: Are animal models on track i ...
	1 Introduction
	1.1 iGBS neurodevelopmental impairments – evidence from human studies

	2 iGBS disease neurodevelopmental impairment – evidence from animal studies
	2.1 iGBS sepsis and pneumonia models
	2.2 iGBS meningitis models
	2.3 iGBS maternal colonization models

	3 Conclusion and future direction
	Funding
	CRediT authorship contribution statement
	Declaration of Competing interest
	Data availability
	Acknowledgments
	References


