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Summary
Newborns are highly susceptible to a wide variety of infectious diseases. Given the limited
exposure to antigens in utero and the well-described defects in neonatal adaptive
immunity, newborns must rely on their innate immune system to mount an immune
response against invading pathogens. Toll-like receptors (TLRs) are among the best
characterized sensors of pathogens and their expression and function is well developed in
newborns. Group B Streptococcus (GBS), a common designation for Streptococcus
agalactiae, is the leading cause of severe bacterial infections in newborns, pneumonia,
septicemia and meningitis being the most frequent outcomes. Recognition of GBS surface
molecules by leukocytes’ Pattern Recognition Receptors (PRR) was described to occur
mainly via TLR2. We have showed that the susceptibility of mice to GBS infection is
dependent on an early host IL-10 production. Moreover, it has been shown that TLR2
signaling can also lead to the production of the anti-inflammatory cytokine IL-10. The first
aim of this thesis was to evaluate whether TLR2 triggering in neonates leads to IL-10
production, which in turn would explain why the neonates are susceptible to GBS
infection. For that purpose, TLR2-deficient and Wild-Type (WT) newborn mice were
infected with 106 cells of GBS, an inoculum that leads to neonatal sepsis, and the survival
rate was evaluated. The obtained results showed that TLR2-deficient newborn mice are
more resistant to GBS-induced sepsis than WT pups. The same resistance to bacterial
sepsis was also observed in mice where the IL-10 signaling route was blocked. Since it is
known that neutrophils are effector cells against GBS, we next look for the recruitment of
these cells into infected organs in susceptible and resistant mice. We verified that the
higher survival rate was due to an efficient recruitment of neutrophils to infected tissues
that leads to increased bacterial clearance. In contrast, prevention of neutrophil
recruitment was observed in susceptible mice. To confirm that TLR2 signaling in neonates
leads to IL-10 production that prevents neutrophil migration into injured organs, we used
an in vivo neutrophil recruitment model in non-infected neonatal mice. Thus, neonatal
mice were treated with the TLR2 agonist Pam3CSK4 prior to nebulization with leukotriene
B4 (LTB4), a classical neutrophil chemoattractant. The pups treated with Pam3CSK4,
presented a significant impairment in neutrophil migration compared to untreated mice.
The prevention of neutrophil recruitment was reverted when the newborns were treated
with anti-IL-10R mAb, or when TLR2- or IL-10-deficient mice were used. Since CXCR2
has been described as, a key mediator of neutrophil migration, we investigated its
expression on neutrophil surface after GBS infection. We first investigated whether
CXCR2 expression is associated with IL-10-mediated impairment of neutrophil migration
xi

to infected foci. Actually, treatment of WT mice with anti-IL-10R mAb prior to infection, to
make neonate mice resistant to bacterial pathogens, induced a decreased CXCR2
expression on neutrophils, as it was observed with untreated susceptible mice. We next
investigated whether TLR2-mediated IL-10 production is restricted to the neonatal context.
For that purpose, cultures of splenic cells derived from neonates or adults were stimulated
with Pam3CSK4 and the levels of IL-10 were quantified. We showed that stimulation of
splenic cell cultures derived from neonates with a TLR2-agonist lead to higher levels of IL10 secretion almost exclusively by the B cell population. Altogether, these findings
highlight that TLR2-induced IL-10 production is the key event of neonatal susceptibility to
bacterial sepsis.
GBS accounts for 86% of cases of bacterial meningitis in neonates less than 2 months of
age. However, how GBS causes meningitis remains incompletely understood. One
possible explanation is the limitation of a suitable animal model, essential for a better
understanding of the pathogenesis and pathophysiology of neonatal meningitis induced by
GBS. All the existing models use routes that do not address the human pathogenesis of
ascending infection of neonates acquired from the lower genital tract of their mother. The
second aim of this thesis was to develop a murine model of neonatal GBS-induced
meningitis using an approach that mimic the human infection. For that purpose, pregnant
mice were intravaginally infected with a hyper-virulent GBS strain. Results obtained in our
studies showed that mothers were colonized until the delivery day and that bacterium was
transmitted to their offspring. Moreover, the female mouse remains infected in the
gastrointestinal tracts. Importantly, mice that survived to GBS infection presented a
decreased learning and memory performance, similarly to what is observed in humans.
This data was also correlated with a significant alteration in the pattern of some
neurotransmitters in the brain of GBS-survivors. All these results showed that the
response in our model correlates highly with the observed in human. Therefore, this new
mouse model could be used to explore and characterize pathophysiological mechanisms
of the CNS inflammatory response and neuronal damage induced by GBS infection and
also to evaluate new therapeutic approaches.
It is well known that bacteria display a variety of molecules on their surface that are
involved in numerous processes of the interaction with the host, namely adherence to and
invasion of host cells, and are thus considered as virulence factors. Our group has
previously shown that, in an adult model of infection, GBS gain a survival advantage by
interacting with components of the host plasminogen system. GBS interaction with
hBMECs (human brain microvascular endothelial cells) is the primary step in the
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pathogenesis of meningitis where bacterial transcytosis, endothelial injury, and
inflammatory mechanisms may combine to disrupt the blood-brain barrier (BBB). The third
aim of this thesis was to investigate whether modulation of the host plasminogen system
by GBS could play a role in the penetration of the BBB and development of meningitis.
We showed that the presence of plasmin(ogen) on GBS cell surface increases its ability to
adhere to, invade, and traverse hBMECs, and enables a high brain penetration in infected
neonates. The bacterial invasiveness was reduced following treatment with εaminocaproic acid (ε-ACA), a lysine analogue that efficiently inhibits the specific binding of
plasminogen to cells by competing with lysine-binding-sites. Moreover, addition of ε-ACA
to the drinking water of mothers conferred protection to their progenies against GBS
infection. These results showed that interaction of GBS with the host plasminogen system
represents a key mechanism involved in the BBB transmigration and subsequent central
nervous system invasion.
In conclusion, we have in this thesis characterized the underlying pathogenic mechanisms
for neonatal susceptibility to GBS induced-sepsis, established a murine model of GBSinduce meningitis and uncovered new insight on how this bacterium crosses the blood–
brain barrier.

xiii

Resumo
Os recém-nascidos são susceptíveis a muitos agentes infeciosos. Dada a limitada
exposição a antigénios no útero e a já bem descrita imaturidade da resposta imune
adaptativa, os recém-nascidos dependem do seu sistema imune inato para iniciar uma
resposta contra microrganismos invasores. Os recetores do tipo Toll (do Inglês, Toll-Like
Receptors, TLR) são os sensores de agentes patogénicos melhor caracterizados,
estando a sua expressão e função presentes nos recém-nascidos. Estreptococos do
grupo B (do Inglês, Group B Streptococcus, GBS), a designação mais comum para
Streptococcus agalactiae, é o principal agente de infecções bacterianas severas no
recém-nascido, sendo as manifestações clinicas mais comuns a pneumonia, a septicemia
e a meningite. O reconhecimento do GBS é feito maioritariamente pelo TLR2 e nós
mostramos que a susceptibilidade de ratinhos à infecção por esta bactéria é dependente
da IL-10, uma citocina anti-inflamatória/imunossupressora. Vários estudos mostraram que
a sinalização pelo TLR2 pode também levar à produção de IL-10. O primeiro objectivo
desta tese foi avaliar se a activação doTLR2, em recém-nascidos, levava à produção de
IL-10 e se este mecanismo é a razão pela qual eles são susceptíveis à infecção por GBS.
Para isso, ratinhos recém-nascidos deficientes em TLR2 ou da estirpe selvagem (do
Inglês, wild-type, WT), foram infetados com 106 células de GBS (um inóculo que leva à
septicemia neonatal) e a sua sobrevivência foi avaliada. Os resultados obtidos mostraram
que os ratinhos deficientes em TLR2 são mais resistentes à septicemia induzida pelo
GBS do que os ratinhos WT. A mesma resistência à septicemia bacteriana foi também
verificada nos ratinhos WT, quando a sinalização da IL-10 foi bloqueada. Uma vez que se
sabe que os neutrófilos são células imunes importantes no controlo da infecção por GBS,
fomos quantificar o seu recrutamento para os órgãos infetados quer dos ratinhos recémnascidos susceptíveis quer dos resistentes. A elevada taxa de sobrevivência observada
nos ratinhos resistentes (deficientes em TLR2 ou WT tratados com anticorpos
monoclonais contra o receptor da IL-10, anti-IL-10R) foi devida ao recrutamento de
neutrófilos para os tecidos infetados com a consequente eliminação da bactéria. Pelo
contrário, nos ratinhos susceptíveis não foi observado recrutamento dos neutrófilos para
os órgãos infetados. Para confirmar que era a sinalização pelo TLR2 que levava à
produção de IL-10, e que esta prevenia a migração dos neutrófilos para os órgãos alvo,
usamos um modelo in vivo de recrutamento de neutrófilos na ausência de infeção. Assim,
os ratinhos recém-nascidos foram tratados com o agonista do TLR2, o Pam3CSK4, antes
da nebulização com leucotrieno B4 (LTB4), um agente quimiotático clássico de
neutrófilos. Os recém-nascidos tratados com Pam3CSK4 apresentaram uma inibição
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significativa no recrutamento de neutrófilos, quando comparados com ratinhos não
tratados. Este impedimento no recrutamento de neutrófilos foi revertido quando os recémnascidos foram previamente tratados com anticorpos monoclonais anti-IL-10R, ou quando
a experiência foi realizada em ratinhos recém-nascidos deficientes em TLR2 ou em IL-10.
Confirmou-se que a via de sinalização pelo TLR2, nos recém-nascidos, leva à produção
de IL-10 que impede o recrutamento dos neutrófilos para os órgãos alvo. Uma vez que o
CXCR2 foi descrito como um mediador importante na migração de neutrófilos, fomos
investigar se a sua expressão nos neutrófilos após a infeção por GBS. Verificamos que
quer ratinhos resistentes (ratinhos WT tratados com anticorpos anti-IL-10R) quer ratinhos
suscetíveis à infeção por GBS apresentavam uma diminuição da expressão do CXCR2,
indicando que este recetor de quimiocinas não estava implicado. De seguida foi-se
investigar se a produção de IL-10 via TLR2 estava associada ao ambiente neonatal.
Culturas de células esplénicas de ratinhos recém-nascidos e de adultos foram
estimulados com Pam3CSK4 e a produção de IL-10 foi quantificada. A estimulação de
células esplénicas de recém-nascidos com o agonista do TLR2 levou à secreção de
níveis muito mais elevados de IL-10 do que os de ratinhos adultos, centrando-se essa
produção quase exclusivamente na população de células B. Em conjunto, estes
resultados evidenciam que a produção de IL-10 pela via de sinalização do TLR2 é um
elemento chave na suscetibilidade neonatal a septicemias bacterianas.
GBS é ainda responsável por 86% dos casos de meningite bacteriana em bebés com
menos de 2 meses de idade. No entanto, ainda não está esclarecida a forma como o
GBS causa meningite. Uma possível razão para esse facto é a falta de um modelo animal
adequeado, essencial para uma melhor compreensão da patogenese e patofisiologia da
meningite bacteriana em recém-nascidos. Os modelos actualmente utilizados recorrem a
uma via de infecção que não se assemelha à patogénese humana, em que a infecção é
ascendente a partir do tracto genital inferior. O segundo objetivo desta tese foi
desenvolver um modelo experimental em murganho, de meningite neonatal induzida por
GBS, usando uma abordagem que imita a maneira como a infecção ocorre em humanos.
Para isso, femeas gestantes foram infectadas por via intra vaginal com uma estirpe de
GBS hiper-virulenta. Os resultados mostraram que as progenitoras ficavam infectadas no
tracto vaginal até ao dia do parto e que a bactéria era transmitida à sua progenia. Foi
também avaliada as sequelas neurológicas dos ratinhos que sobreviviam à infecção na
idade adulta. À semelhança do observado em humanos, os ratinhos sobreviventes
tiveram uma pior performance na avaliação da memória e aprendizagem. Estes dados
foram ainda correlacionados com uma alteração significativa do padrão de alguns
neurotransmissores no cérebro dos sobreviventes à infecção por GBS. Estes resultados
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mostram uma associação estreita entre o modelo desenvolvido e o que se observa no ser
humano. Assim, este novo modelo experimental poderá ser usado para a caracterização
dos mecanismos celulares e moleculares que levam ao dano cerebral na meningite
induzida por GBS. Poderá ainda ser usado para avaliar novas medidas terapeuticas.
Sabe-se que as bactérias apresentam uma variedade de moléculas na sua superfície que
participam em numerosos processos de interação com o hospedeiro, nomeadamente na
adesão e na invasão de células do hospedeiro, sendo por isso consideradas moléculas
ligadas à virulência. O trabalho desenvolvido previamente pelo nosso grupo mostrou que
num modelo de infecção em ratinhos adultos, o GBS adquire uma vantagem de
sobrevivência ao interagirem com componentes do sistema do plasminogénio do
hospedeiro. É sabido que a interação do GBS com células microvasculares do endotélio
cerebral (do Inglês, Brain Microvascular Endothelial Cell, BMEC) é o principal passo para
a patogénese da meningite, onde a transcitose bacteriana, o dano endotelial, e
mecanismos inflamatórios se podem combinar para levar à quebra da barreira hematoencefálica (do Inglês, Brain Blood Barrier, BBB). O segundo objetivo desta tese foi
investigar se a modulação do sistema do plasminogénio do hospedeiro pelo GBS
desempenhava um papel na passagem da BBB e por isso no desenvolvimento da
meningite. Verificou-se que a presença de plasmin(ogenio) na superfície das células de
GBS aumentava a capacidade da bactéria de aderir, invadir e atravessar BMECs
humanas. Permitia ainda que um maior número de bactéria passasse para o cérebro de
recém-nascidos. Como é sabido que o ácido épsilon-aminocaproico (EACA) inibe a
ativação do plasminogénio, o GBS foi incubado com este ácido. Os resultados obtidos
mostraram que a invasão bacteriana ficou muito reduzida após este tratamento. Foi ainda
adicionado EACA na água de bebida de ratinhas fêmeas progenitoras. Os descendentes
destas fêmeas ficaram protegidos da infeção por GBS. Todos estes resultados mostram
que a interação do GBS com o sistema do plasminogénio do hospedeiro representa um
importante mecanismo usado pela bactéria para atravessar a BBB e invadir o sistema
nervoso central.
Em conclusão, nesta tese, caracterizaram-se os mecanismos patogénicos subjacentes à
suscetibilidade neonatal para a septicemia induzida pelo GBS, foi estabelecido um
modelo experimental para a infecção por esta bactéria que mimetiza a que ocorre no
humano e foi ainda apresentado um novo mecanismo pelo qual o GBS atravessa a
barreira hemato-encefálica.
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Thesis Outline
The present thesis is organized in three main chapters: Introduction, Results and
Discussion.
The work reported in this thesis focus on three related projects.
In Chapter I, a general introduction, reviewing the main topics addressed in this thesis, is
presented. It intends to give the state of the art concerning the neonatal immune system,
the pathophysiology of the neonatal sepsis and meningitis-induced by Group B
Streptococcus.
In Chapter II, the Results section, compiles a set of studies and are presented in the form
of three final manuscripts. Thus, experimental data are accompanied by an abstract,
introduction, methods, results and discussion, and references.
The general discussion of the work are presented in Chapter III, and intends to illustrate
the major contributions of this work on the mechanism responsible for the susceptibility of
neonates to GBS infections, concerning two manifestations of the disease, sepsis and
meningitis.
Introduction and Discussion chapters were written trying to avoid repeating ideas also
presented in the Results section. Nevertheless, some information presented in this thesis
is reiterated in different sections in order to highlight the importance of the presented data.
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Scope of the thesis
The main goal of this work was the characterization of the immune mechanism that
contributes to neonatal susceptibility to GBS infections. Therefore, the results presented
here are divided in three specific aims:
I.

To dissect the mechanism leading to susceptibility in neonatal GBS-induced
sepsis.

II. The development of a new mouse model mimicking the human infection during
birth (delivery).
III. To investigate if the modulation of the host plasminogen system by GBS
contributes to BBB traversal and to the development of meningitis.
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CHAPTER I
Chapter I. INTRODUCTION

INTRODUCTION

More than 2 million of newborns and infants under the age of 6 months die each year
worldwide due to infection, despite advances in medicine and technology, (1, 2).
Particularly in developing countries approximately one-third of neonatal death is because
of severe infections (3-5).
The unique features of neonatal immune system, although affords some protection
against infectious diseases in a substantial number of infants, contributes to the impaired
response to a range of pathogens, resulting in their enhanced susceptibility to severe
disease. This burden of infection highlights early-life susceptibility, and the urgent need for
a better understanding of the immune mechanisms that contribute to the neonatal
susceptibility.

I. The neonatal susceptibility to infection
Vertebrates are constantly threatened by the invasion of infectious agents. The way they
had evolved to eliminate those invading pathogens by discriminating a large number of
potential life-threatening agents for the host, without self-destruction, and maintaining the
integrity of the internal milieu, is one of the most fascinating problems in immunology.
This problem is not trivial given the huge tendency within the enormous molecular
diversity of pathogens to mutate. The evolution “helped” multicellular organisms through a
variety of distinct immune-recognition systems. In vertebrate animals, they are traditionally
grouped as innate and adaptive, based on their use of either germline-encoded or
somatically-generated receptors, respectively. The adaptation of microorganisms to host
niches can benefit the host, as in the case of many symbiotic microorganisms. However,
in some cases that adaptation negatively affects the tissue physiology and might directly
damage it, resulting in symptomatic infectious disease. We can therefore simply state that
those interactions can result in temporary or persistent intimate associations and they can
involve subtle or massive cellular and molecular responses. But the outcome for the host
is simple: health or disease.
For the fetus and newborn infant the challenge is even greater, due to the generally
ascribed “immaturity” of their immune system. Both innate and adaptive immunity are
distinct at birth relative to adulthood, as the development of the immune system entails a
number of age dependent maturation, during the first years of life. Here, it will be
highlighted some of the components of the neonatal immune system that could explain
the increased susceptibility of neonates to infections by bacteria, fungi, and viruses.
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I.1.

The perinatal period

During the peripartum period, the fetus suffer important physiological challenges as: i)
protection against infection in the maternal-fetal interface (6-8); ii) avoidance of potentially
harmful maternal pro-inflammatory/T helper type 1 (TH1) responses, that can induce alloimmune reaction between mother and fetus, culminating in preterm birth or in
spontaneous abortions (8-10). Therefore, the maternal immune system is required to
accommodate fetal immune tolerance (11, 12) as well as to provide a protective defense
against eventual infections. The amnion, chorion, placenta, amniotic fluid, cervical
mucosa, and vagina have an unique anatomical distribution and well-functional
expression of several molecules, including cationic membrane-active antimicrobial
proteins and peptides (APPs) which have microbicidal and microbial-neutralizing
properties, important for the host defense function (13). Under conditions of substantial
microbial invasion of the uterine cavity, it is induced the expression of mediators that
speed lung maturation and labor in order to deliver the fetus from a threatening
environment. Accordingly, it has been described that around 80% of the preterm deliveries
occurring before the 30 weeks’ gestation have evidence of intrauterine infection. Indeed,
infections have been reported as responsible for up to 40% of all preterm labor cases (14,
15).
Thereafter a successful pregnancy, birth constitutes a major physiological event. At this
time, the immune system faces the challenge of transferring from a usually sheltered intrauterine (sterile) place, to a radically distinct environment within the outside world that is
exposed to a wide range of foreign invading antigens, where protection is vital. The first
crucial challenges for the neonatal immune system, includes the initial colonization of the
skin (16) and intestinal tract with microbial flora (10, 17, 18), to which a robust
inflammatory response could be of serious danger. Hence, all the neonatal system is
aimed for preventing infection while avoiding excessive inflammatory responses to
microbial products, by a distinct expression pattern of innate immune molecules by the
skin and mucosal epithelia, and by the mobilization of an acute-phase response in
peripheral blood (10).
At birth, the neonatal skin presents a waxy coating, denominated vernix caseosa, which
protects the newborn skin and protects it during the extra-uterine adaptation of skin in the
first postnatal week. Vernix caseosa is a naturally occurring complex, comprised of water
(81%), lipids (9%) and proteins (10%), secreted in part by fetal sebaceous glands during
the last trimester of pregnancy (19). It provides a barrier to water loss, improves
temperature control, maintain the pH balance of the skin, and contains antioxidants and
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innate immune factors, such as APPs (20). The outer layer of the skin, known as stratum
corneum, also helps the prevention of microbial invasion, maintains temperature, and
reduces the risk of dehydration by preventing transcutaneous water loss (13). Therefore,
the more preterm the newborn is, the higher is the risk for skin barrier dysfunction (21).
The common, prominent but transient newborn rash, known as erythema toxicum
neonatorum, is an example of the initial response of the dermal immune system to host
commensal organisms. Recent evidences suggest that this common condition in the
neonates is an immune-mediated manifestation to commensal flora penetrating into the
skin of the newborn infant (16, 22). It is also likely, that such bacteria contribute to the
postnatal systemic acute-phase response, due to local macrophage production of IL-6
(10, 16, 23).
The fetal intestine is normally bathed in sterile amniotic fluid, however after birth is rapidly
colonized by intestinal commensal flora, to which tolerance is crucial for the neonatal
intestinal health.

I.2.

The neonatal immune system

Neonates, especially preterm newborns, are remarkably susceptible to severe and
overwhelming bacterial infection with substantial morbidity and mortality (24). This can be
in part a consequence of the lack of pre-existing immunological memory in newborn, due
to a limited exposure to environmental antigens before birth. They have extremely low
immunoglobulin (Ig) levels except for maternal passive transfer IgG across the placenta
during the last trimester of pregnancy (10). Either in humans and mice, the antibodies that
are transferred to the neonate from its mother through the placenta and through milk, play
a significant role in providing protection against infectious agent in the first days of life and
in reducing the risks of developing certain allergies and autoimmune diseases (25-28).
Another important contributing factor might be their relative impairment in TH1-derived
cytokines production that may contribute to the particular vulnerability to infection with
intracellular pathogens. Full-term newborns are biased toward TH2-/TH17-polarizing and
anti-inflammatory cytokine production (10, 29), reinforcing the tolerogenic environment in
early life. They are generally characterized by low IgG production (30), present a marked
limitation in antibody responses to bacterial capsular polysaccharides and therefore have
an increased susceptibility to encapsulated bacteria (26, 31, 32). Indeed, in neonates, the
neonatal immune system as well as the other organs of the body, is particularly immature
and its maturation is gradual, age-dependent (10, 33, 34).
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Due to the parameters previously exposed, neonates are thought to be heavily dependent
on their innate immune system for protection against infection. Currently, there is still an
incomplete knowledge of which extent the innate immunity of newborns differs from the
one observed in the adults (8, 10, 29). It has been already described that the Toll Like
Receptor (TLR) system, i.e. TLR expression, signaling and function, in mononuclear cells
of healthy individuals over the first 5 years of life, is stable and occurs at adult-like levels
(35-37). Moreover, no obvious differences were found between neonatal and adult
mononuclear samples in the total percentage of monocytes responding to any of the TLR
ligand tested (29).
Notwithstanding, among the literature there are many contradictory findings regarding the
type of cytokines produced by newborns, upon TLR-triggering. For instance, neonatal
cells from the cord-blood have been reported to produce significantly less, as much or
even more TNF-α upon LPS or bacterial-stimulation, than their adult counterparts (38-43).
Among the newborn cells, it was described that monocytes are the main source of
cytokines that are produced after TLR-triggering, with the exception of IFN-α, which was
shown to be produced primarily by pDCs (44). Several studies using newborn whole cordblood and mononuclear cells demonstrate that, in general, these cells have a reduced
capacity to produce TNF-α, IL-18, IFN-, IFN-α and IL-12 subunit p70 (IL-12 p70) than
cells obtained from adults (17, 45-47). The innate immune cells of the newborn were
shown to possess a similar or even great capacity to secrete IL-6, IL-23 and IL-1 β than
adult samples (10, 29, 48, 49). Moreover, after TLR-stimulation, whole cord blood cells
from human newborns show a greater capacity to produce IL-10, as compared with adult
peripheral blood (29, 50). Interestingly the capacity to produce IL-10 is even greater in
preterm infants, whereas production of cytokines that support TH17 differentiation, IL-6
and IL-23, are dominant in term infants (29, 37, 51-55). Thereafter, over the first 2-years
of life, the production of these cytokines, IL-6, IL-10 and IL-23, declines, whereas the
levels of the pro-inflammatory cytokines TNF-α, IL-1β increases (29, 37, 51-55).
Furthermore, individual infant cells are less polyfunctional, as they are less able than adult
to produce multiple cytokines at the same time in response to TLR agonist (29).
Among the DC population, studies demonstrate that although the pDC level of adult and
neonatal whole blood is similar, the cord-blood contains less cDCs, and therefore the
neonates have a higher ratio pDCs:cDCs (29). Moreover, the neonatal pDCs are less
polyfunctional than those of adults (56) and have impaired production of INF-α at birth, in
response to TLR activation, but these levels rapidly reach the ones obtained in adult
within a few weeks after birth (37, 57).
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Recently, it was also shown that mouse natural killer (NK) cells have reduced functional
levels in neonates, when compared to adults, which was shown to be mediated by
regulatory pathways involving transforming growth factor-beta (TGF-β) signaling (58). e
data provide evidence that TGF-β imposes constraints at the terminal step of maturation
of NK cells as a means of controlling production of NK cells from the bone marrow (58).
The increased susceptibility of the neonate to widespread bacteremia has also been
associated with a quantitative and qualitative age-dependent deficit in the neonatal
neutrophil population (59-63), two key parameters of the host response to restrain
bacterial replication. Newborns have a limited ability to accelerate neutrophil production in
response to infection, mainly due to a diminished bone marrow storage pool, which can
contribute for the neutrophil deficit observed (63). Additionally, neonatal neutrophils have
a reduced capacity to be recruited into inflammatory sites and to adhere to the vascular
endothelium, due to diminished expression of chemokine receptors and adhesion
molecules (61, 63-67). Moreover, it has also been described that neonates, especially
those born prematurely, have a diminished ability to phagocytosis certain pathogens (6769). Additionally, their oxidative activity is blunted due to the fact that newborn neutrophils
have fewer amounts of reactive oxygen species, when compared with neutrophils from
adult counterparts. Yost et al. also described that, both term and preterm neonates
showed deficient neutrophil extracellular trap (NET) formation, when compared with
adults. A deficit in extracellular killing by NETosis is an additional mechanism contributing
to neonatal predisposition to sepsis (70).
The concentration of complement proteins and complement mediated opsonic capabilities
are decreased in the neonatal plasma, when compared to the levels in adults (10, 13, 71).
These reduced levels are associated with deficient opsonization and impaired bacterial
killing. In particular, the serum concentration of complement factor C9 (C9), essential for
the formation of the membrane attack complex (MAC), is profoundly decreased in the
newborns (72), increasing their risk of acquiring severe invasive bacterial infections.
Several other parameters of newborn adaptive immune system are also compromised,
contributing to their susceptibility. In neonatal mice, the frequency of T cells is dramatically
reduced, when compared with adult animals (73, 74), with lower CD40L expression (33).
The neonatal CD4+ compartment contains a high frequency of recent thymic emigrants
(RTEs), a population of T cells recently produced by the thymus, either mice and human
infants, and are impaired in their acquisition of TH1 function (75, 76). Despite these
limitations, it has been demonstrated that neonatal T cells mount adult-like response in
vitro in response to powerful stimulation (77, 78) and can even under certain
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circumstances induce TH1 responses, in vivo, in both mice, depending on the type of
adjuvants and the dose of antigens administered, using DNA vaccines, or replicating
viruses (79-82), and humans neonates, upon immunization with Mycobacterium bovis
Bacillus Calmette-Guérin (BCG) (83-85). Marchant et. al demonstrated that human infants
vaccinated at birth with BCG developed a TH1 response of similar magnitude to infants
immunized at 2 or 4 month of age (86). The persistence of the TH1 response 1 year after
vaccination indicates that BCG vaccination at birth activates memory T cells (83).
A further explanation for the TH2 bias of neonatal immunity was also proposed; although
both TH1 and TH2 cells develop in the primary neonatal T cell response (87, 88), the TH1
cells upregulates IL-13Rα1 expression, which then associates with IL-4Rα to form a death
heteroreceptor (IL-4Rα/ IL-13Rα1) (89, 90). This receptor will mark the TH1 cells to
undergo apoptosis, most likely due to the IL-4 produced by TH2 cells upon recall with
antigen.
It has been also recognized that CD4+CD25+ regulatory T cells (Treg) are particularly
abundant in human cord blood (91, 92) and also in the lymph nodes from human fetuses
at gestational week 20 (92), and manifest potent suppressor capacity (93).
Notwithstanding, the mechanisms underlying the functionally distinct responses of infant T
cells are not well understood but are probably multifactorial.
The earliest B cell stage which can be detected in the peripheral circulation has been
termed ‘transitional B cell’ or ‘recent bone marrow emigrant’ (94, 95). These cells can be
distinguished from other B cells by expression of CD10, concomitantly high expression of
CD38, CD24 and IgM and absence of surface CD27 expression (94, 95). It has been
shown that the frequency of transitional B cells decreased rapidly during the first 5 years
of human life in normal children (96, 97) and then are gradually overtaken by more mature
B-cell fractions during childhood (96). In addition, naive B cells from neonatal mice and
humans have lower expression of the cell surface receptors, as CD40, CD80 and CD86,
and both neonatal mice and humans show defects in germinal center formation that
resolve at approximately 3 weeks of age in mice and 4 months of age in humans (98, 99).
Moreover, the B-1 cell lineage, that are well recognized for their prompted ability to
produce IL-10 (100), comprises the main B-cell population in the neonatal spleen (101).
The marginal-zone B cells are barely inexistent at birth, either in mice or human neonates
(33).
Adenosine, an endogenous purine metabolite which has immunomodulatory properties
(102), is elevated in neonatal blood plasma, with a concentration ∼3-fold greater than in
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adult plasma (103). Accordingly, neonatal cells have heightened sensitivity to adenosine’s
actions (103) and the engagement of the G-protein-coupled adenosine 3 receptor (A3R)
on neonatal leukocytes by adenosine, induces the elevation of intracellular cAMP, a
second messenger that inhibits production of TH1-polarizing cytokine while preserving that
of TH2-polarizing cytokines, including even IL-6 (103), which is also known to suppress IL12-mediated T cell polarization and to direct TH2 differentiation of naive T cells into IL-4secreting cells (104).
Altogether, distinct neonatal innate and adaptive immune responses have led to the
consideration of the neonatal system as generally impaired (Figure 1).

Figure 1 | Distinct humoral and cellular components of the neonatal immune system.
Neonatal blood plasma contains a different proportion of key immunomodulatory components,
including the presence of maternal antibodies, high concentrations of immunomodulatory
adenosine, and reduced concentrations of complement. Impaired migration and reduced TH1polarizing responses of neonatal APCs to most TLR agonists. TH2-/TH17- polarizing responses are
increased. Neonatal B cells are predominantly transitional and demonstrate impairments in
antibody maturation and affinity. Adapted from, G. Sanchez-Schmitz and O. Levy, (105).

However, based on all the described characteristics, the key differences between
neonatal and adult immune system are more likely to result from a highly regulatory
network of cytokine production by innate immune cells in response to pathogen
recognition, rather than immaturity per se.
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I.3.

Neonatal bacterial sepsis

Neonatal sepsis remains a feared and serious complication, especially among the preterm
newborns, and therefore is considered a major health problem, causing a significant
mortality and morbidity worldwide, despite modern advances in critical care (1, 106).
Sepsis in the neonate is particularly difficult to diagnose. Due to distinct physiological and
clinical manifestations in children, pediatric sepsis is defined differently than adult sepsis.
In 1991, the American College of Chest Physicians and the Society of Critical Care
Medicine convened a Consensus Conference in an attempt to provide a conceptual and
practical framework to define the systemic inflammatory response to infection, which is a
progressive injurious process that falls under the generalized term “sepsis” (107). These
comprised a staging system, including bacteremia, systemic inflammatory response
syndrome (SIRS), sepsis, severe sepsis, septic shock, and multiple-organ dysfunction
syndrome, which may not be the best approach to disease or risk stratification in the
newborn. Early organ abnormalities may not be manifest, so that earlier stages in the
evolution of the syndrome may not be identified. Additionally, in the newborns the course
of the disease is often very quickly and fulminant which may limit the staging system
outlined above. Furthermore, in the newborns many of the signs of sepsis are nonspecific,
observed with other noninfectious conditions, and the laboratory results, that include
haematological and immunological biomarkers of infection and inflammation, are difficult
to interpret (108). Therefore, the current definition of pediatric sepsis describes a systemic
inflammatory response in the presence of or as the result of suspected or proven infection
(67, 107). Criteria for severe neonatal sepsis include cardiovascular organ dysfunction,
acute respiratory distress syndrome, or two or more other organ dysfunction (respiratory,
renal, neurologic, hematologic, or hepatic) (109).
Bacterial sepsis is the third most common cause of death in newborns, with an estimated
fatality of 500,000 newborns annually (106, 110). In the United States (US), sepsis is
among the top 10 causes of neonatal and infant death (111, 112). In low- or middleincome countries, approximately one third of the neonatal deaths are related to sepsis
(113).
Neonatal sepsis can be classified into two sub-types depending upon whether the onset of
symptoms is before 72 hours of life (early onset sepsis) or later (late onset sepsis) (114).
There are several etiologic organisms associated with neonatal bacterial sepsis (table 1).
They are acquired shortly before, during, and after delivery; however they are dominated
by two individual bacteria, Group B Streptococcus (GBS) and Escherichia coli (13). GBS
is the most common cause of EOS in term neonates. In the case of preterm newborns
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weighting less than 2500 g at birth, sepsis is induced commonly by E. coli (112). Together
GBS and E.coli account for about 70% of EOS in the neonatal period (115).

Table 1 | Relevant Organisms associated with neonatal sepsis

EARLY-ONSET SEPSIS

LATE-ONSET SEPSIS

Group B Streptococcus

Coagulase-negative Staphylococcus

Escherichia coli

Staphylococcus aureus

Listeria monocytogenes

Enterococci

Other streptococci: Streptococcus pyogenes,
viridans group streptococcus, Streptococcus
pneumoniae

Multidrug-resistant gram-negative rods (E. coli,
Klebsiella, Pseudomonas, Enterobacter ...)

Enterococci
Nontypable Haemophilus influenzae

I.3.1.

Group B Streptococcus

The leading agent of neonatal invasive disease worldwide is Streptococcus agalactiae, or
Group B Streptococcus (GBS) as it is generally known (116). Beyond the neonatal period,
GBS is also the most common cause of meningitis, accounting for 86% of cases among
those under 2 month of age (116-118).

Short history of GBS
GBS was first isolated in 1987 by two French veterinaries, Nocard and Mollereau, who
reported the isolation of streptococci from contagious bovine mastitis (119). Several
reports in the following years described these streptococci as pathogens causing bovine
mastitis, with minor importance to humans (120). Lahmann and Neumann in 1896 referred
to this pathogen as Streptococcus agalactiae (agalactiae meaning “no milk”), due to the
obervation that infected cattle had diminished milk production (121). Only almost 40 years
later, in 1930s, Hare and Colebrook, while studing hemolytic streptococci isolated from
vaginal samples as possible agents of puerperal fever, noticed that it resembled those
found in mastitis in cattle (122). Thereafter Rebecca Lancefield in the 1930s extensively
studied hemolytic streptococci (123-125). This research provided the typing system for
hemolytic streptococci bearing her name, which is based on the group specific
polysaccharides. In this classification S. agalactiae is the only species belonging to the
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serogroup B (124). This has led to a synonymous use of the term “Group B
Streptococcus”. Lancefield also subdivided GBS in different serotypes according to the
immunogenicity of the capsular antigens (124). Nowadays, it has been identified ten
different serotypes (126), seven more than the initial three (I to III) described by Lancefield
(124).
The association of GBS to human disease was not properly recognized until the end of
the 1950s (127, 128) and during the 1960s numerous reports linking GBS with neonatal
infections were published (127, 129, 130). A decade later, in the 1970s GBS was first
described as a leading agent of severe neonatal infections in the United States (3, 131133) and has remained so ever since (8, 134-136).

Epidemiology of GBS infections in humans
GBS is a commensal organism of the genitourinary and/or gastrointestinal tract of adult
humans that is present in the vagina of 20-40% of adult women (137, 138). Between 10%
and 30% of pregnant women are either intermittently or persistently colonised with GBS
and are at risk of transmitting this pathogen to their newborn infant in the perinatal period
(139). The gastrointestinal tract is the primary reservoir for GBS and usually the source of
vaginal colonization (140, 141).
In the United States, by 2011 the prevalence of GBS invasive disease was 0.56 per 1,000
live birth (142), with mortality rates reported to be between 4 and 6% (143). In the United
Kingdom and Ireland, it was reported an incidence of 0.72 per 1,000 live births, with an
overall mortality of 9.7% (144). A survey from 2008 in Portuguese infants younger than 90
days demonstrates that the overall incidence of invasive GBS disease is 0.54 per 1,000
live births, with a mortality rate of 6.6% (145). Moreover, this incidence also varies from
one geographic area to another, as approximately 35% of pregnant women from the north
are colonized with GBS, contrasting with the 13% found in the south (145).
Notwithstanding, it has been suggested that these rates are considerably underestimated
and under-represent the true burden of the disease (143, 146)
Two syndromes of neonatal infections caused by GBS have been described, according to
the age of manifestation of the symptoms. Early onset disease (EOD) occurs in the first
week of life (age 0-6 days) with symptoms usually within the first 12 hours and almost
clinically apparent on the first 24-48 hours after birth (137, 147). Late onset disease (LOD)
is defined by a GBS infection that starts after the first week of life, and cases are relatively

42

INTRODUCTION

evenly distributed throughout 90 days of age (age 7 days – 3 months) (148). These two
syndromes differ in their clinical manifestations. EOD is characterized by pneumonia and
respiratory failure complicated by bloodstream infection. Although less frequent, cases of
early-onset meningitis were also reported (4 to 28%) (134, 137, 149-151). On the other
hand, LOD cases are characterized by a septicaemia and a high frequency of meningitis
(26 to 66 %). Despite intrapartum antibiotic prophylaxis (IAP) and improvement in
neonatal intensive care, GBS meningitis remains associated with high mortality and
leaves 25-50% of surviving infants with long-term health problems, including
developmental disabilities, paralysis, seizure disorder, hearing loss, vision loss, and small
brains (8, 117, 148, 152, 153). Very little is known about the long-term health risks of
infants who have GBS infection without experiencing meningitis, but some may have longterm developmental problems (154). Clinical manifestations of GBS infections occurring
after the first three months of life are uncommon. However, there are recent reports of
ultra late-onset disease (ULOD) describing cases of GBS meningitis occurring in infants
aged more than three months (137, 155).
In a study of 148,000 infants born between 2000 and 2008, almost all of the 94 infants
who developed EOD were diagnosed within an hour after birth, suggesting that early GBS
infection probably begins before birth (156). It is believed that most of the cases of EOD
result from ascending spread of the bacteria from genital tract into the amniotic fluid to
initiate infection in utero (143, 151, 157). Once within the amniotic cavity, GBS can
traverse placental membranes and weaken their tensile strength, inducing placental
membrane rupture or triggering premature delivery (151). Alternatively, the acquisition of
GBS by the fetus can occur through ingestion or aspiration of infected vaginal fluids during
delivery (151). It is estimated that at least 50-70% of newborns, exposed to GBS, will be
colonized, 2% of which will develop an infection (151, 158, 159).
Furthermore, there are a number of obstetrical risk factors (ORFs) that increase the risk of
EOD, including: i) preterm birth (before 37 weeks’ gestation); ii) positive bacteriuria for
GBS identified during the current pregnancy; iii) history of a previous GBS infected infant;
iv) rupture of membranes for more than 12 hours prior to delivery and v) maternal fever (>
38°C) during labour (147, 160).
The GBS natural reservoir in humans is the digestive tract and therefore a secondary
colonization of the women’s genital and urinary tracts is a common phenomenon. This
asymptomatic colonization of about 10-35% of women can be chronic or intermittent. After
aspiration of infected amniotic or vaginal fluid, the newborn lung is the initial organ
infected by GBS and that may lead to the development of a severe pneumonia,
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characterized by widespread damage to lung epithelium and endothelium, with
haemorrhage and proteinaceous fluid (151). Thereafter, GBS can cross the pulmonary
epithelial barrier, accessing directly into the bloodstream and leading to subsequent
systemic infection.
The pathogenesis of LOD is less well understood than that of EOD and, in some infants,
the source of infection is not yet fully established. While one study found that
approximately 50% of infants who developed LOD had mothers colonized with the same
GBS serotype at the time of birth, implying that GBS could persist silently in the digestive
tract of the newborn, it is uncertain where the other 50% acquired their infection (160,
161). The vertical transmission is supported by the following observations: i) 60 % and 40
% of the newborns colonized at the digestive level during birth are still colonized after 4
and 12 weeks of life, respectively (162); ii) newborns can be colonized during one year by
the same GBS strain that has been isolated from the maternal vaginal flora (138); iii)
bacteriological and histopathological analysis of a fatal case of LOD revealed GBS
associated with the intestinal tissue and inside the lamina propria, meningeal tissues,
brain microvessel endothelial cells and choroid plexus epithelial cells, which supports the
hypothesis that LOD results from the ability of GBS to efficiently colonize the intestine,
cross the intestinal barrier and the blood-brain barrier (BBB) (163).
The idea of the gastrointestinal tract as a reservoir for GBS and the most likely source of
vaginal colonization is sustained by several studies, reporting that the prevalence of GBS
in the rectum is higher than in the vagina (140, 141, 164, 165). Other study suggested that
the vagina becomes colonized with GBS as a result of transfer of the organism from the
rectum into the vagina, and therefore rectal GBS colonization was the most significant
predictor and risk factor for vaginal colonization (166).
Serotyping of the capsular polysaccharides (CPS) has uncovered high prevalence of
serotype Ia and III in neonatal disease and the emergence of serotype V in adult disease
(167) in Western Europe and North America (137, 168-171). In Japan, despite the fact
that serotypes VI and VIII are the most frequent in terms of vaginal carriage, serotypes Ia
and III are also the main responsible for EOD (172, 173). In Portugal, among neonatal
invasive-disease isolates, the serotype III was found to be overrepresented, and this
lineage was responsible for almost half of the cases of LOD (174). In contrast, serotype Ia
lineages were found to have enhanced potential to cause EOD (174). Together the
serotypes Ia and III were the most prevalent among invasive-disease isolates accounting
for 69% of the isolates (174).
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The surface proteins of GBS have also been studied extensively and used by some
groups for adding further resolution to CPS typing. Multi-locus sequence typing (MLST)
which was introduced in 2003 revealed that for LOD, the vast majority of cases are
associated with serotype III, with predominance of sequence type 17 (ST-17) that has
therefore been designated as “hyper-virulent clone” (151, 159, 170, 175-179).

Prophylaxis for neonatal GBS infections
In 1996, the Centers for Disease Control (CDC) in collaboration with relevant professional
societies, the American College of Obstetricians and Gynecologists and the American
Academy of Pediatrics, published guidelines for the use of intrapartum antibiotic
prophylaxis (IAP) to prevent perinatal GBS disease (180, 181). In 2002, revised guidelines
recommended universal culture-based screening of all pregnant women at 35-37 weeks'
gestation to optimize the identification of women who should receive IAP (182).
Those guidelines were updated and republished in 2010 (147), reinforcing key changes in
the 2002 report for the prevention of EOD, including a clarified recommendations for
specimen transport options and timing until processing, the use of an algorithm for GBS
IAP for women admitted with signs and symptoms of preterm labor (before 37 weeks and
0 days' gestation) and updated recommendations on choices for intrapartum antibiotic
prophylaxis agents and dosing (147).
As a result of the active prevention, at least an 80% decline in the incidence of EOD was
achieved, from 1.7 per 1000 live births in the early 1990s to 0.25 per 1000 live births in
2010 (137, 147, 183). Also, case-fatality rates resulting from EOD decreased from 50 % to
4-10% nowadays (132, 137). Though, death rates from GBS are much higher (20-30%) in
infants who are born at less than 33 weeks gestation (147). Additionally, a study published
recently with a cohort of 7,691 live births that took place during 2003-2004 in the U.S.
(randomly selected out of >600,000 births), along with 254 infants who had early GBS
infection, showed that when penicillin or ampicillin IAP was given more than 4 hours
before birth, it was effective greater that 85% of the time at preventing early-onset GBS
disease. However, as not all women have time for a complete treatment of 4 or more
hours of β-lactam IAP, giving antibiotics 2-4 hours before birth was only effective 38% of
the time. Antibiotics given less than 2 hours before birth were effective only 47% of the
time (184). Furthermore, and despite the low incidence of case-fatalities, the LOD and the
higher morbidity associated to GBS meningitis has not been affected at all by IAP, even
increasing slightly (137, 185), reflecting the inefficacy of the IAP in decreasing LOD
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incidence. Moreover, this practice has resulted in an increased maternal antibiotic
treatment (as 30% of European mothers at some centers) (186) and it was also reported
that infants with LOD were more likely to have been exposure to IAP than control infants
(187), which raises questions about the possible link between antibiotic exposure and
LOD. Additionally, it was reported that the maternal exposure to broad spectrum IAP was
likely associated to bacterial resistance to ampicillin (187).
It is also noteworthy that reported incidences are based solely on cases proven by culture
of GBS from a normally sterile site such as blood or cerebrospinal fluid (118). Therefore, it
is very plausible that GBS disease is underestimated since systematic cultures are not
performed, and there can be false-negative cultures related to the very small volume of
blood inoculated.
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II. Host-pathogen interactions in sepsis
Severe sepsis, characterized by hypotension, inadequate tissue perfusion, and organ
dysfunction (109), continues to be a major health problem. The word sepsis is derived
from the Greek Word σήψη (make rotten), meaning decomposition or putrefaction.
Medically, it is the original word for “decomposition of animal or vegetable organic matter
in the presence of bacteria” (188). However, although the word, sepsis, has been used for
more than 2700 years in poems of Homer (188), it has been only been over the past 100
years that the field of sepsis has been known in more depth in terms of pathophysiology,
epidemiology, diagnosis, monitoring, and therapeutics (189).
Sepsis is traditionally viewed as a consequence of an uncontrolled hyperinflammatory
response of the host to invading pathogens, which may evolve to a more threatening
condition, with multiple-organ failure and septic shock (190, 191). This theory was based
on the results obtained from animal models of sepsis in which high doses of bacteria or
bacterial products were used. These kind of studies lead to the release of an array of
inflammatory mediators, as the prototypic pro-inflammatory cytokines tumour necrosis
factor (TNF)-α and interleukin (IL)-1, which have been found to be directly responsible for
the death of the host (192-195). Numerous trials were conducted using agents that block
the inflammatory cascade as corticosteroids (196), anti-endotoxin antibodies (197), TNF
antagonists (198, 199), IL-1-receptor antagonists (200) and other agents (201). However,
dozens of those clinical trials of treatment for severe sepsis failed to alter the outcome of
patients (86, 202, 203). The host response to sepsis involves many subsequent and
concurrent processes that involve both exaggerated inflammation and immune
suppression. Therefore, the current treatments for sepsis require further reconsideration.
A complex and dynamic interaction exists between pathogens and host immune-defense
mechanisms during the course of an invasive infection. Potential pathogens face
enormous challenges when attempting to invade a human host. They must attach to host
tissue, cross the mucosal surface or integument, replicate, and disseminate faster than
the host’s antimicrobial defense systems.
The recognition made by the innate cells is based on the detection of constitutive and
conserved motifs that are unique to microorganisms but not in the multicellular organisms
in which this system of defense evolved. These motifs have fundamental roles in the
biology of invading pathogens and are therefore conserved among microorganisms of a
given class, essential for their survival and not subjected to high mutation rates. They
work as molecular signatures of microbial invaders and although specific to a certain
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species, they are highly conserved and invariant among microbes of a given class.
Therefore, their recognition by the innate immune system gives it signals of the presence
of the pathogen (204-206).
Janeway have provided a set of definitions to formalize a description of these detection
systems. (1989)

In 1989, as an introduction to the Cold Spring Harbor Symposium on Immune
Recognition, Charles Janeway wrote (204):
“The most likely possibility is that primitive effector cells bear receptors that allow
recognition of certain pathogen-associated molecular patterns that are not found in the
host. I term these receptors pattern recognition receptors. In this section, I argue that
pattern recognition receptors are still an important part of vertebrate immune systems.” "Approaching the asymptote? Evolution and revolution in immunology".
This paper introduced for the first time the concept of pattern recognition and the role of innate
immune recognition in controlling adaptive immunity.
Interestingly, Medzitov, one of Janeway’s students, recently stated that he used to refer to it as ‘‘the
best paper I’ve never published” (207), as it was not a standard peer-reviewed publication.

Because the targets of innate immune recognition are conserved (soluble and membranebound) molecular patterns, they are called pathogen-associated molecular pattern
(PAMPs). Accordingly, the receptors of the innate immune system that are able to
recognize these PAMPs are called pattern-recognition receptors (PRR) (204).
The basic machineries underlying innate immune recognition emerged very early in the
evolution of host-defense systems. Exist in all metazoan species and represent ancient
evolutionary protection strategies that probably first developed in the last common
ancestor between animals and plants, even though plants do not contain specialized
immune cells (208-210).
Amongst the several functionally distinct classes of PRR, TLRs are the best characterized
class. Beyond these, it is currently known other classes of cell surface, cytoplasmic and
soluble molecules which play important roles in binding and clearing pathogens and
pathogen associated antigens, including the C-type lectin receptors, NOD (Nucleotide –
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binding oligomerization-domain protein)-like receptors (NLRs), RIG-I (Retinoic acidinducible gene-I)-like receptors (RLRs) and MDA5 (melanoma-differentiation associated
gene 5) and others (211, 212). There are likely more to be discovered and the degree to
which they all interact (after all, pathogens have many different PAMPs) is still a hot topic
of research (213, 214).

II.1.

TLRs as Pattern-Recognition Receptors

TLRs are evolutionary conserved from the worm Caenorhabditis elegans to mammals
(206, 215-217). They are named for their similarity to Toll, the founding member of the
TLR family, initially identified in the household fruit fly Drosophila melanogaster, in 1985
by Christiane Nüsslein-Volhard, as a transmembrane receptor required for the
dorsoventral polarity formation in fruitfly embryos (218). The similarity between the
Drosophila Toll signaling pathway and the mammalian IL-1 pathway, which leads to
activation of nuclear factor kappa B (NF-B), indicated that the Toll pathway might
function in the fly immunity, as well as the development patterning. It was clearly
demonstrated in a study by Lemaitre and Hoffmann that Toll not only controls the dorsoventral polarity of Drosophila but was also essential for flies to mount a potent and
effective immune response to the fungus Aspergillus fumigatus (219). Based on this,
Janeway and colleagues began the search for Drosophila Toll-related proteins within the
mammalian innate immune system. Two years later, they provided an outstanding
advance in our understanding of innate immunity field: a mammalian equivalent of this
defense protein was reported, it was discovered a human Toll (now known as TLR4)
(220). In the meantime, the presence of more proteins in mammalian cells that have
structural similarities to TLR4 were identified and named Toll-like receptors (TLRs) (221,
222). The first evidence that TLRs may indeed be involved in microbial recognition was
provided by Paul Godowsky and colleagues (223). Subsequent studies by Shizuo Akira
and many others have elucidated the specificities of others TLRs for various microbial
ligands (224). To date, 10 and 12 functional TLR have been identified in humans and
mice, respectively, with TLR1-TLR9 being conserved in both species.
The mammalian TLR comprises a family of cell surface (TLR1, TLR2, TLR6, TLR4 and
TLR5) or endossomal transmembrane (TLR3, TLR7, TLR8, TLR9 and TLR10) germlineencoded type I integral membrane glycoproteins that produce pro- and anti-inflammatory
cytokines when stimulated by pathogen-derived ligands (225). These receptors are
characterized by its extracellular domain containing varying numbers of leucine-rich-
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repeat (LRR) motifs, that are responsible for recognition of PAMPs, and a cytoplasmic
signaling TIR-domain, which is required for downstream signaling (225, 226).
The engagement of a TLR with its ligand, induces the dimerization of the receptors, which
leads to the recruitment of intracellular signaling adaptors and kinases (227).
The development in the TLR field, especially with studies in mice deficient in each TLR,
lead to the demonstration that each particular TLR has a distinct function in terms of
PAMP recognition (225, 228), leading to the hypothesis that, collectively the TLRs can
detect most microbes, ranging from protozoa (229, 230) to bacteria (56, 231-234), to fungi
(235) and to viruses (236-241). TLRs are expressed on various immune cells, including
macrophages, neutrophils, dendritic cells (DCs), B cells, specific subsets of T cells, and
even on nonimmune cells such as fibroblasts and epithelial cells (228). Expression of
TLRs is not static but is rather rapidly modulated in response to pathogens, a variety of
cytokines and environmental stresses (228). The proper cellular localization of TLRs is
thought to be important for ligand accessibility, the maintenance of tolerance to selfmolecules such as nucleic acids and downstream signal transduction (225, 228). It has
been shown that relocating TLR9 to the cell surface abolishes its ability to respond to
virus-encapsulated DNA but enables recognition of self-derived genomic DNA in the
extracellular milieu (242).
After engagement of TLR with its specific ligand, the TLR dimerize and undergo
conformational alterations that are necessary for the recruitment of the TIR domaincontaining adaptor molecules to the TIR domain of the TLR itself, such as myeloid
differentiation factor 88 (MyD88) (243) and/or TIR-domain containing adaptor inducing
interferon-β (TRIF). Activation of TLRs initiates a cascade of events leading to NF-B or
interferon regulatory factor (IRF) nuclear translocation (244). NF-B is a transcription
factor that binds to promoter regions of a considerable number of genes, producing
inflammatory cytokines and chemokines (245, 246). The other activation pathway utilizes
IRFs that bind specifically to promoter regions of type I interferons (IFNs) (247, 248).

II.1.1.

TLR-induced IL-10 production

The signaling events downstream TLR triggering responsible for pro-inflammatory
cytokines production has been the subject of intense investigation. It is now well
established that TLR are potent inducers of inflammatory cytokines, which are important
mediators of the innate protective function and modulate the development of the
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subsequent adaptive immune responses (209, 249, 250). In addition, TLR stimulation can
also trigger the production of the anti-inflammatory cytokine IL-10 (251-259). Within the
TLRs described, it has been shown that TLR2, TLR4, TLR9 agonists can mediate the
production of IL-10 [reviewed in (260)]. This potent immunosuppressive cytokine is crucial
to maintain and restore tissue homeostasis and hemodynamic disturbances, by
restraining the amplitude of inflammatory response, limiting cell activation, cytokine
production and tissue damage (101, 261). Indeed, the generation of an effective immune
response to an infection while also limiting tissue damage requires a delicate balance
between pro- and anti-inflammatory responses.
Interleukin-10 (IL-10) was originally identified by Mosmann and colleagues in 1989 as a
factor produced by mouse TH2 cell clones that inhibited the production of cytokines and
activation of TH1 cells, and thus called cytokine synthesis inhibitory factor (CSIF) (262),
which was then accepted as ‘‘IL-10’’ in the everyday cytokine nomenclature. Shortly
thereafter, mouse and human IL-10 (mIL-10, hIL-10) cDNAs were reported, along with the
discovery of the IL-10’s equivalent in the Epstein-Barr virus gene, BCRF1 (263, 264).
Initially described as a product of TH2 cells that inhibited cytokine synthesis in TH1 cells
(262), IL-10 synthesis is now known not to be limited to certain T cell subsets, but instead
is a much more broadly expressed cytokine (260). Thus, IL-10 is expressed by many cells
of the adaptive immune system including TH1, TH2 and TH17 cell subsets, Treg cells, CD8+
T cells and B cells (101, 265-269). It is also expressed in cells of the innate immune
system, including dendritic cells [DCs, but not plasmacytoid DCs, as referred by Boonstra
et al (270)], macrophages, mast cells, NK cells, eosinophils and neutrophils (101).
Moreover, other cells types, including γδT cells, as well as epithelial cells, keratinocytes,
hepatocytes, and even tumor cells also express IL-10 (271). Which of these cells are
mainly responsible for the presence of IL-10 in defined situations is dependent on the kind
of stimulus, type of affected tissue, and time point in an immune process [reviewed in
(271)].
IL-10 plays a critical role in preventing inflammatory and autoimmune pathologies by
limiting the duration and intensity of immune response to pathogens and microbial flora,
thereby preventing damage of the host (101, 272). Deficiency or aberrant expression of
IL-10 can enhance inflammatory response to microbial challenge but also exaggerate
inflammatory response, resulting in exacerbated immunopathology and tissue damage
(273-279).
Interestingly, all the TLRs that lead to IL-10 production have been associated with the
pathophysiology of experimental adult sepsis (233, 280-282).
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Detrimental role of IL-10 during infections
Ideally, infectious diseases are prevented throughout immune mechanisms that culminate
in pathogen clearance with minimal damage of self-tissues; therefore, homeostatic
regulation and repression of inflammation occurs during the recovery phase of infection.
IL-10 is thus a central cytokine during the resolution phase of inflammation, contributing
for the balance between pathogen clearance and tissue damage (101, 283).
However, evolutionarily pathogens have harnessed the IL-10-producing capacities of the
host in order to repress their normal inflammatory response during infection, representing
a powerful mechanism of immune evasion. The ability of the pathogen to induce host IL10 production early upon infection is detrimental to the host by contributing to the
development of the infection.
Several studies, either through deficiencies in IL-10, disruption of the IL10 gene, or IL-10
signaling blockade via antibodies against the IL-10 receptor (IL-10R) revealed that IL-10
increases host susceptibility to numerous intracellular microorganisms such as
Mycobacterium

bovis

and

environmental

mycobacteria

(Mycobacterium

avium).

Abrogation of IL-10 signaling resulted in enhanced murine resistance to M. avium infection
(284, 285) and improved the effectiveness of chemotherapy when added later in a chronic
infection (286). This protection may be due to an enhanced adaptive immune response,
including CD4 T cell IFN- production and sustained production of the pro-inflammatory
milieu. Modulation of TLR2 signaling by Schistosoma mansoni lysophosphotidylserine
(287), Mycobacterium tuberculosis (257) and by Candida albicans (256) can lead to the
production of IL-10 and the induction of IL-10-secreting T regulatory cells that inhibit
effector T-cell activity and reduce the pathogen control. In the case of many parasitic
infections, such as, Leishmania major (288), Leishmania donovani (289, 290),
Trypanossoma cruzi (291), Yersinia pestis (258, 292), and Yersinia enterocolitica (293),
IL-10 is a critical biomarker for poor disease outcome. In cases of infection with an
intracellular pathogen, as Listeria monocytogenes, IL-10 plays a detrimental role in
infection and is thus a susceptibility factor (294-296). IL-10 increases host susceptibility to
extracellular bacteria such as Streptococcus pneumonia (297), Klebsiella pneumonia
(298) and GBS (299, 300) in models of primary infections.
Besides bacteria, certain viruses can also utilize host IL-10 for their persistence. These
includes Hepatitis C virus, which utilizes non-structural protein 4 (NSV4) to induce IL-10 in
monocytes (301). Other viruses, such as lymphocytic choriomeningitis virus (LCMV), have
been shown to induce high-levels of IL-10 by DCs and B cells upon infection (302).
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Viruses such as Epstein-Barr virus and other members of the family Herpesviridae are
also known to encode viral homologue of IL-10 (vIL-10) within the infected host for the
purpose of suppressing host immune-clearance (303).
Moreover, studies in humans have demonstrated that polymorphisms in the human IL-10
promoter are also linked to altered susceptibility to several diseases, as chronic hepatitis
C and psoriasis (304-309).
Since the recognition of GBS surface molecules by leukocytes’ PRR occur mainly via
TLR2, and we have showed that the susceptibility of neonatal mice to GBS infection is
dependent on an early host IL-10 production (299, 300), we hypothesized that TLR2
signaling induced by GBS lead to IL-10 production. Thus, the first goal of the work
presented in this thesis was to investigate whether GBS-induced sepsis in the newborn
leads to a TLR2-induced IL-10 production that is associated with the higher susceptibility
to infection and with a bad outcome.
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III. Bacterial meningitis
Despite the enormous progress in the treatment and prevention of infectious diseases
bacterial meningitis remains a serious threat to global health, accounting for an estimated
annual 170,000 deaths worldwide (310).
When pathogenic bacteria gain access into the bloodstream, they may cause
overwhelming systemic infection (septicemia) or may be predominantly localized to the
lung (pneumonia) or the CNS (meningitis) (311). In fact, although many bacteria can
cause disease in humans, only a limited number of pathogens can gain access into the
CNS. The BBB protects the CNS from most bacteria that may have reached the
bloodstream, thus restricting the etiology of bacterial meningitis to a few and
predominantly extracellular pathogens: E. coli K1 and GBS in the newborn; Neisseria
meningitidis, Haemophilus influenzae type b and Streptococcus pneumoniae in children
and adults [reviewed in (312)]. It is still unclear why only a relative small number of
pathogens account for most clinical cases of nervous diseases.
GBS, is beyond the neonatal period, the most common cause of bacterial meningitis,
accounting for 86.1% of cases among those under 2 month of age (8, 117). The rates of
GBS meningitis among patients under 2 months of age was little affected after the
introduction of universal GBS screening of pregnant women , the IAP prophylaxis and
improvement in neonatal intensive care (153). The morbidity associated with LOD have
not changed significantly over decades (313) and remain unacceptably high, as 25–50%
of surviving infants experience permanent neurologic sequelae, including mental
retardation, cerebral palsy, seizure activity, deafness and/or blindness (116, 148, 313).
Yet, these findings most likely underestimate the real incidence of GBS-induced
meningitis, as signs of meningitis are often subtle in the neonate and therefore difficult to
diagnose.
Serotype III GBS strains are of particular importance, as they are responsible for the
majority of infections in neonates worldwide (314). Interestingly, it has been shown that
the majority of LOD are associated with a singular capsulated serotype III GBS clone,
designated as ST-17 (163, 175, 315). This ST-17 GBS clone is strongly associated with
neonatal invasive infections, and particularly, with neonatal meningitis (>80%) and was
therefore designated as “the hypervirulent clone” (159, 165, 170, 316, 317).
Although we can find several publications regarding the pathophysiology of neonatal
GBS- induced meningitis, there still is a lack of knowledge in this field, especially
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concerning the host immune response within the CNS and the precise mechanism leading
to the devastating outcome of GBS-induced meningitis is not fully elucidated.,. Animal
models of GBS meningitis are important for the subsequent characterization of its
pathogenesis, analysis of the role of virulence factors in disease and the understanding of
the cellular and molecular immune mechanisms involved, which would bring new insights
to the development of therapeutic approaches. Infant and adult rats have largely been
employed as animal models to characterize GBS infection. However, in all these models,
the bacterial infection was induced by an “artificial” route of infection, such as
intraperitoneal, subcutaneous, intracerebral, or intra-cerebrospinal fluid injection of
bacteria (318-321), which bypass the normal bacteremia-meningitis sequence. An animal
model in which the disease induced closely resembles GBS natural infection in humans is
still missing. This model is essential for a better understanding of the pathogenesis and
pathophysiology of neonatal meningitis induced by GBS
The second aim of this thesis was to develop a murine model of neonatal GBS-induced
meningitis using an approach addressing the human pathogenesis of ascending infection
of neonates acquired from the lower genital tract of their mother.

III.1.

The Blood-Brain Barrier

Several studies point to a relationship between the level of bacteraemia and development
of meningitis by GBS (318). This implies that bloodstream survival is an important
virulence trait of meningeal pathogens to evade host immune defences. Indeed, it has
been described that once GBS enters the bloodstream, its transcriptional profile changes
dramatically (322). Following bloodstream survival, bacteria will ultimately breach the
endothelial blood–brain barrier (BBB) and infect the CNS (323). Though, the precise
mechanism whereby the bacterium leaves the bloodstream and gains access to the CNS
as well as the specific sites of bacterial entry into CNS remains unclear. Once inside the
CNS, the bacteria can multiply, induce inflammation of the subarachnoid and ventrical
spaces, increase permeability of the BBB and increase ploecytosis. A comprehensive
understanding of the BBB crossing mechanisms is of high importance for the
understanding of the basis that leads to brain infection.
The BBB is a functional and structural barrier that has a unique role in maintaining the
homeostasis of the neural microenvironment, by regulating the passage of blood-born
substances and cells into the brain, and by filtering harmful compounds from the brain
back to the bloodstream (324). This barrier is composed of microvascular endothelial cells
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(BMECs) that line the cerebral microvessels along with periendothelial structures, which
include pericytes (related to smooth muscle cells, surround the endothelium, reduce
endothelial apoptosis and stabilize the endothelium), astrocytes (induce many BBB
features and support the tissue of the CNS), and a basal membrane (324). BMECs have
unique features that distinguish them from the peripheral endothelial cells. Most prominent
among these are as follows: (i) presence of endothelial junctional complexes made up of
adherents junctions and highly specialized intercellular tight-junctions, that leads to high
transendothelial electrical resistance and low paracellular permeability (325, 326), (ii) the
absence of fenestrae and a reduced level of fluid-phase endocytosis, and (iii)
asymmetrically localized enzymes and carrier-mediated transport systems (327, 328).
Tight-junctions in BMECs are composed of four integral membrane proteins (occluding,
claudin, junctional adhesion molecules and cell-selective adhesion molecule) that are
connected to the actin cytoskeleton through cytoplasmic proteins (zonula occludens
proteins ZO-1, -2 and -3 and cingulin) (325, 329).

Crossing the wall
Blood-borne pathogens may enter the CNS through multiple mechanisms of
transmigration

across

the

brain

vasculature

such as

transcellular,

intercellular

(paracellular) traversal and/or, disruption of the endothelial barrier, and leukocytefacilitated transport by infected phagocytes (330, 331) (Figure 2).
Transcellular traversal refers to microbial migration through BMECs without any evidence
of microorganisms between the cells or of intercellular tight-junctions disruption. This
pathway is initiated by adherence of the pathogen to the endothelium cells, leading to the
entry of the bacterium into the CNS across BBB using pinocytosis or receptor-mediated
mechanisms (324). Paracellular traversal is defined as microbial penetration between
barrier cells. This traversal involves loosening of the tight-junctions or disturbing the
supporting components of tight-junctions, i.e. basement membrane and glial cells (324,
332). Finally, the leukocyte-facilitated transport, also known as the Trojan-horse
mechanism, involves microbial penetration of the barrier cells using transmigration within
infected phagocytes (324) (Figure 2).
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Figure 2 | Mechanisms involved in microbial traversal of the blood–brain barrier.
Pathogens can cross the blood–brain barrier transcellularly (without evidence of tight-junctions
disruption or detection of pathogens between the cells), paracellularly (between cells with or
without disruption of tight-junctions) and/or in infected phagocytes (the Trojan-horse mechanism).

The ability of GBS to invade the CNS reflects a complex interplay between the host cells
with many surface-associated and secreted bacterial components. The current known
GBS ligands and their receptors on BMECs are depicted in table 2. Briefly, Some GBS
molecules, like fibrinogen-binding protein A (FbsA) (333), PilA, PilB (334), laminin-binding
protein (Lmb) (335), β-hemolysin/cytolysin toxin (β-h/c) (336), serine-rich repeat-1 (337),
and glycosyltransferase involved in the production of a cell-membrane glycolipid anchor
for LTA (338), mediate interaction of the pathogen with BMECs and penetration of the
BBB. Many of these GBS ligands are known to bind ECM molecules such as fibronectin,
fibrinogen, and laminin, which successively bind host-cell-surface proteins such as
integrins. It has been recently identified a hypervirulent GBS adhesion (HvgA), with
significantly impacts on intestinal colonization by translocation across the intestinal barrier
and mediating adhesion to BMEC (163).
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Electron microscopy studies have shown that GBS invasion is associated with microvillilike protrusions at the entry site on the surface of BMEC, suggesting a rearrangement of
the host cell actin cytoskeleton (339).
Moreover, GBS-infected BMECs induce high levels of activated Rho family members,
which could disturb the function of tight-junctions that may lead to increase in BBB
permeability (340).

Table 2 | Most relevant host-GBS proteins interactions used in binding, penetration and
invasion of the BBB

LIGAND
(PATHOGEN)

GENERAL BIOLOGICAL FUNCTIONS OF THE
PROTEIN

REFERENCES

Glicosyltransferase
and LTA

Invasion in trascellular translocation

(338)

Lmb

Cell adhesion, metal ion transport and binding,
in transcellular translocation

(268, 335)

FbsA

Receptoractivity, adherence and invasion of
ECs, in transcellular translocation

(333, 339)

Pili (PilA and PilB)

Adherence and invasion in trascellular
translocation

(334, 338, 339)

HvgA

meningeal tropism and cell adhesion

(163)

Several studies have shown that the acquired and surface-bound proteolytic activity
endows the bacterium with an important capacity for ECM degradation in order to invade
tissues (341) and penetrate endothelial monolayers (342, 343), including the BBB (344,
345).

III.2.

Plasminogen system

It has been recognized that the interaction of numerous human bacterial pathogens with
components of the host plasminogen system gives them a survival advantage (346, 347).
Actually, the ability of pathogens to capture and acquire a broad-spectrum proteolytic
activity that digest ECM and components of basal membrane, is an important strategy of
pathogens to cross various barriers. The high concentration of plasminogen found in
plasma and extracellular fluids of approximately 2 μM and the broad proteolytic activity of
plasmin, allow the plasminogen system to offer a highly potential proteolytic system that
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could be utilized by pathogenic bacteria. Upon activation, plasminogen is converted to the
serine protease plasmin that is able to degrade fibrin clots, connective tissue, ECM, and
adhesion proteins. In serum, free plasmin is quickly inactivated by α1-antiplasmin and α2antiplasmin (348), however, the cell surface-associated plasmin is stabilized and
protected against this inhibitory system, therefore able to degrade high-molecular weight
glycoproteins such as fibronectin, laminin, and collagen IV.
Some bacterial species produce plasminogen activators, and possess several
plasminogen and/or plasmin receptors (346, 349-351). Binding of plasminogen onto a
bacterial plasminogen receptor (PlgR) enhances its activation by host plasminogen
activators turning the bacterium into a proteolytic organism. Moreover, it has also been
reported that some bacterial species influence the production of host plasminogen
activators and plasminogen activators inhibitors (349, 352).
Nevertheless, the pathogenic functions and mechanisms associated with these
interactions are not yet fully understood. The importance of plasminogen in infectious
disease is indicated by the surface associated PlgR of a diverse range of human
pathogens (346). Although the number of bacterial species found to express PlgR is
appreciable, the pathogenic function of plasminogen activation has been addressed with a
limited group of invasive bacteria.
We have demonstrated that GBS can bind human plasminogen and that this cell-surface
associated proenzyme is converted into plasmin by host-derived activators, a process
contributing to bacterial virulence (353). Plasmin can also activate other proteases such
as the matrix metalloprotease (MMPs) that are often involved in host tissues destruction in
various inflammatory diseases (346). These molecules could be used to penetrate various
host barriers by enhanced penetration across collagen I, laminin and collagen IV which
are important components of the BBB. This destruction may favor the passage of bacteria
across the vasculature of the CNS and this scenario was proposed as the mechanism of
translocation of B. burgdorferi through the BBB (344).
Thus, the third aim of this thesis was to evaluate if the modulation of the host plasminogen
system by GBS could play a role in the penetration of the BBB and development of
meningitis.
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ABSTRACT
Sepsis is the third most common cause of neonatal death, being Group B Streptococcus
(GBS) the leading bacterial agent. The pathogenesis of neonatal septicemia is still
unsolved. We described that the host susceptibility to GBS infection is due to an early IL10 production. Here, we investigate whether TLR2 triggering by leading to IL-10
production is the main risk to neonatal bacterial sepsis. We observed that neonatal TLR2deficient mice are resistant to GBS-induced sepsis, in contrast to WT pups. Moreover, if
IL-10 signaling was blocked in WT mice, they were also resistant to sepsis. This increased
survival rate was due to an efficient recruitment of neutrophils to infected tissues that
leads to bacterial clearance, thus preventing the development of sepsis. To confirm that
IL-10 produced through TLR2 activation prevents neutrophil recruitment, the pups were
treated with the TLR2-agonist Pam3CSK4 prior to nebulization with the neutrophil
chemotactic agent, LTB4. Neutrophil recruitment into the neonatal lungs was inhibited in
pups treated with Pam3CSK4. However, the migration was restored in Pam3CSK4
treated-pups when IL-10 signaling route was blocked (either by anti-IL10R mAb treatment
or by using IL-10-deficient mice). Our findings highlight that TLR2-induced IL-10
production is the key event of neonatal susceptibility to bacterial sepsis.

INTRODUCTION
Newborns are highly susceptible to a wide variety of infectious diseases. At birth, they
undergo a dramatic transition from the sterile intra-uterine environment to the non-sterile
outside world. Given the limited exposure to antigens in utero and the defects in neonatal
adaptive immunity (1) newborns must rely on their innate immune system to mount a
response against invading pathogens (2). Neutrophils are one of the first blood cells to be
recruited into the site of infection in order to eliminate the microorganisms. Immune cells
are activated by sensing conserved molecular signatures associated with pathogens
through a limited number of germline-encoded pattern-recognition receptors (PRRs)
including the Toll-like receptors (TLRs) (3). Engagement of different TLRs can induce
overlapping yet distinct patterns of gene expression that contribute to an inflammatory
response and the pathophysiology of sepsis (4-8). Among mammalian TLRs, TLR2
recognizes the largest number of ligands (9-14). Thus, during infection in the early period
of life, TLR2 is likely stimulated locally and systemically through a high variety of
microorganisms. The Gram-positive Group B Streptococcus (GBS) is responsible for
severe forms of neonatal disease as pneumonia, sepsis and meningitis (15). Recognition
of GBS surface molecules occurs mainly through TLR2 (16,17). However, beside the well95
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characterized TLR2-mediated inflammation, increasing data indicate that TLR2 signaling
can also lead to the production of the anti-inflammatory cytokine IL-10 (18-20). We have
previously shown that the susceptibility of adult and neonatal mice to GBS infection is
dependent on an early host IL-10 production (21,22). In the present work, we investigated
whether TLR2-induced IL-10 production contributes to the sepsis process by preventing
neutrophil recruitment into infected tissues. Our data identifies TLR2-induced IL-10
production as a key signaling pathway in the innate immune responses to neonatal
bacterial infections.

MATERIAL AND METHODS
Bacterial strains and growth conditions
GBS strains NEM316 (ST23) and COH-1 (ST17), both belonging to the capsular serotype
III, were cultured at 37°C in Todd-Hewitt (TH) broth or agar (Difco Laboratories) containing
5 µg/mL of colistin sulphate and 0.5 μg/mL of oxalinic acid (Streptococcus Selective
Supplement, Oxoid).

Animals
Six- to eight-week-old male and female BALB/c, C57BL/6 and C57BL/B6.129-Tlr2tm1Kir/J
(TLR2-/-) mice were purchased from The Jackson Laboratory. IL-10-deficient BALB/c (IL10-/-) mice were kindly provided by Dr. A. O’Garra (National Institute for Medical Research,
London, U.K.). All animals were kept at the animal facilities of the Institute Abel Salazar
during the time of the experiments. All procedures were performed according to the
European Convention for the Protection of Vertebrate Animals used for Experimental and
Other Scientific Purposes (ETS 123) and 86/609/EEC Directive and Portuguese rules (DL
129/92). All animal experiments were planned in order to minimize mice suffering.

Neonatal mouse model of GBS infection
Neonatal (48 h old) C57BL/6 WT or TLR2-/- mice were infected intraperitoneally (i.p.) with
106 colony-forming units (CFU) of GBS NEM316 or 105 CFU of GBS COH-1, in a
maximum volume of 40 μL. Newborns were kept with their mothers during the entire time
of the experiment. Survival curves were determined in a 30-day experimental period. The
liver, lungs, and brain of infected pups were aseptically removed at indicated time points
96
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and homogenized in PBS. Blood was collected in heparinised containers and centrifuged
to collect the sera. When possible, 10µL of blood were saved for CFU counts. The sera
were stored at -80˚C until analysis. To quantitate the bacterial load, serial dilutions in
sterile saline were plated on TH agar and incubated overnight at 37°C.

Determination of Cytokine Production
Cytokines were quantified in the sera of newborn mice by ELISA (R&D Systems),
according to the manufacturer’s instructions.

RNA extraction and Reverse Transcriptase PCR
Total RNA was extracted from liver tissue with TRIzol (Invitrogen), and reverse
transcription was performed using M-MLV (Moloney Murine Leukemia Virus) Reverse
Transcriptase (Invitrogen), as recommended by the manufacturer. Transcript products
were amplified with Platinum TaqDNA polymerase Supermix (Invitrogen) on a gene Amp
PCR System (Applied Biosystems) using specific primer sets (Integrated DNA
Technologies) (Supplemental Table 1). Amplified products (20 µL) were separated by
electrophoresis on 1.5% agarose gel and the intensity of each band was analyzed using
ImageJ software and corrected relative to β-actin gene expression in the same sample.

Antibody treatments
Antibody treatments were performed in newborn mice 12 h prior to GBS challenge, with
30 µg (i.p.) of goat anti-mouse IL-1 Receptor, rat anti-mouse TNF-α, rat anti-mouse IL-6 or
goat anti-mouse IL-10 Receptor monoclonal antibodies (mAbs) (R&D Systems). Control
animals received the same amount of control isotype IgG’s. Pups from each litter were
randomly assigned to control or to experimental groups, marked, and kept with their
mother.

Flow cytometry analysis
Neutrophil recruitment in the lungs of infected pups was evaluated by flow cytometry
analysis. Briefly, 18 h after GBS infection, the organs were removed, gently homogenized
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in HBSS (Sigma), and passed through glass wool to remove cellular aggregates. FITC
anti-mouse Ly-6G antibody (clone 1A8; BD Pharmingen) was used for neutrophil
detection. Bone marrow (BM) and blood neutrophils were stained with PerCP/Cy5.5 antimouse CXCR2 (clone TG11/CXCR2; Biolegend) together with FITC anti-mouse Ly6G
antibody for neutrophils. The cells were washed, depleted for red blood cells by hypotonic
lysis, and fixed. Fluorescence was analyzed using an Epics XL cytometer (Beckman
Coulter) and data with FlowJo software (TreeStar).

Neutrophil depletion
Newborn mice were depleted from neutrophils by treatment with purified anti-Ly6G
antibodies (clone 1A8, Biolegend). Antibody treatment was performed twice, 12 h before
and immediately after GBS challenge. Each pup was injected with 80 μg of anti-Ly6Gantibodies.

Cell purification
Spleens from neonatal mice (C57BL/6 or TLR2-/-) were removed and mechanically
dissociated.

B

cells

were

purified

by

magnetic

cell

sorting

using

magnetic

CD19+MicroBeads (Miltenyi Biotec). For macrophage differentiation BM and fetal liver
cells were isolated from adult and newborns, respectively, and cultured in the presence of
10% L929 cell-conditioned medium (LCCM) as a source of macrophage-colony
stimulating factor (M-CSF). Purified CD19+ cells, CD19- cells, total splenocytes and
macrophages (5 x 105/mL) were stimulated in vitro with Pam3CSK4 (1µg/mL), for 18 h.
For neutrophil isolation, BM cells were removed from both the femurs and tibias of adult
C57BL/6 mice and flushed on ice with HBSS containing BSA (0.1% w/v) and glucose (1%
w/v). Cells were pelleted and erythrocytes were removed by hypotonic lysis. The BM
preparation was suspended in DPBS, layered on a 3-layer Percoll (GE-Healthcare)
gradient (80%, 65% and 55% in DPBS), and then centrifuged at 1200 g for 30 min at
10ºC. Mature neutrophils were recovered at the interface of the 65% and 80% fractions
and purity was ~85%, as determined by FACS analysis, using anti Ly6G antibodies.
Isolated neutrophils were plated on 96-well plates and stimulated for 4 h with IL-10 (4
ng/mL) and Pam3CSK4 (10 µg/mL).
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Aerosolized LTB4administration
LTB4 (Cayman Chemical), was diluted in a 0.9% NaCl aqueous solution (vehicle), filtersterilized, and administered as described (23) with slight modifications. Two-day old
BALB/c mice, were injected i.p. with 3 µg of Pam3CSK4 (Invivogen) and 3 h after were
exposed for 5 min to LTB4, or vehicle control, in a whole body exposure chamber. Pilot
experiments were previously performed to determine the most effective doses of LTB4 in
recruiting neutrophils into the lungs.

Myeloperoxidase assay
Frozen lung tissues were thawed and homogenized in an iced solution of 0.5%
hexadecyltrimethyl-ammonium and 50mM KPhos (Sigma), pH 5. After centrifugation, the
supernatants were mixed in a solution of hydrogen peroxide–sodium acetate and
tetramethylbenzidine (Sigma). One unit of myeloperoxidase activity was defined as the
quantity of enzyme that degraded 1 µM peroxide per min at 25°C and was expressed as
units per milligram of tissue sampled (U/mg tissue).

Statistical analyses
Student’s unpaired t test was used to analyze the differences between groups. Survival
studies were analyzed with the log-rank test and bacterial counts were analyzed using
Mann-whitney U test. Tests used Prism software (GraphPad). A P value of < 0.05 was
considered statistically significant.

RESULTS
Newborn TLR2-deficient mice are more resistant to GBS-induced sepsis
To explore the role of TLR2 in GBS-induced neonatal sepsis, newborn TLR2-/- and WT
C57BL/6 mice were infected 48 h after birth with 106 GBS NEM316 CFU. When compared
with WT controls, the survival of TLR2-/- mice was markedly increased (Figure A). To
investigate whether the higher survival of TLR2-/- mice was associated with an early
control of GBS growth, organ CFU was determined 6, 18, and 24 h post-infection in both
TLR2-/- and WT pups. Although no differences were detected at the two first time points, at
24 h post infection TLR2-/- pups have significantly lower numbers of bacteria in the
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analyzed organs when compared to WT mice (Figure B). Accordingly, higher bacterial
counts were found in the brain and blood of WT compared to TLR2-/- mice (Figure 1B). In
addition, no bacteria were detected 7 days post infection in the organs of TLR2-/-mice
(data not shown).

Figure 1 | TLR2 deficiency improves neonatal survival and confers protection to GBS
NEM316-induced sepsis.
Neonatal WT (n=24) and TLR2-/-(n=20) mice were infected i.p. 48 h after birth with 106 NEM316
CFU. (A) Kaplan-Meier survival curves. The lethality was monitored during 7 days. The numbers
between parentheses represent the number of animals that survive versus the total number of
infected animals. The data are pooled from four independent experiments. (B) Number of GBS
colony-forming units (CFU) in liver, lungs, blood, and brain of neonatal WT and TLR2-/- mice at
different time points after infection. Results from individual mice are shown. The horizontal bar
indicates the mean for each group. Statistical differences (P values) between groups are indicated.

Newborn TLR2-deficient mice produce less inflammatory cytokines and IL-10 upon
GBS-induced sepsis
Local and systemic over-activation of immune response is critical for the pathogenesis of
sepsis, including organ dysfunction (24,25). Likewise we compared the serum
concentrations of IL-1α, TNF-α, and IL-6 at 6, 18 and 24 h post infection in WT and TLR2/-

mice (Figure 2). IL-1α was quantitated since this cytokine is released from dying cells in

the serum, as observed in case of severe pathological tissue necrosis (26). Significantly
higher levels of serum IL-1α was observed in WT pups, 6 and 18 h post-infection,
declining thereafter to reach a value similar to that of TLR2-/- pups, 24 h after GBS
challenge (Figure 2A). TNF-α was never detected in appreciable levels and was found
almost exclusively in the serum of WT mice (Figure 2A). The serum level of IL-6 was
similar 6 h post-infection in both mice lineages. However, in WT mice, the IL-6 level
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slightly increased to reach a maximum at 18 h but strongly decreased at 24 h while in
TLR2-/- mice, it was barely detectable at these time points (Figure 2A). The relative mRNA
expression of these cytokines in the liver of neonatal WT and TLR2-/- mice was also
evaluated by semi-quantitative RT-PCR assay (Figure 2B and 2C). This analysis revealed
that the expression of IL-1α was only significantly different between WT and TLR2-/newborn mice 24 h after infection, i.e. when almost all WT pups died. This observation is
consistent with the fact that IL-1α is an intracellular cytokine that is not released from
healthy tissues in the absence of cell membrane breakdown (27). The transcription of IL-6
was also significantly lower in the liver of infected newborn TLR2-/- mice, as compared to
WT pups, consistent with what was observed in the serum (Figure 2A and 2C). The level
of TNF-α mRNA was not significantly different in WT and TLR2-/-mice, a finding consistent
with the post-transcriptional regulation of this cytokine (28). The IL-10 serum levels were
also quantified at these time points. We found significantly higher serum levels of IL-10 in
WT than in TLR2-/- newborn mice at all tested time points post-infection (Figure 2A). The
mRNA level of this cytokine in the liver of infected pups was also significantly higher in WT
than in TLR2-/- mice (Figure 2B and 2C).

Figure 2 | TLR2 deficiency mice present lower levels of IL-10 and inflammatory cytokines
upon GBS infection.
WT or TLR2-/- newborn mice were infected i.p. 48 h after birth with 106 NEM316 CFU. Samples
were collected 6, 18 and 24h after infection for quantification of systemic and local inflammatory
cytokines IL-1α, IL-6, TNF-α and IL-10. (A) Serum levels of cytokines were quantified by ELISA. (B)
RT-PCR analysis by agarose gel electrophoresis of mRNAs for IL-1α, TNF-α, IL-6, IL-10 and βactin in liver tissue after GBS infection. (C) Relative levels of IL-1α, IL-6, TNF-α and IL-10 RT-PCR
products shown in (B) and normalized to amplified β-actin mRNA. Data are the mean of four
independent experiments + SEM. Statistical differences (P values) between groups are indicated.
ND, not detected.

101

EXPERIMENTAL RESULTS

Blocking IL-10 signaling reduces mortality in GBS-induced sepsis
To determine the relative importance of inflammatory cytokines or IL-10 in GBS-induced
sepsis, the activity of individual cytokines was blocked in WT mice preceding infection.
Thus, newborn WT mice were treated 12 h prior to the GBS challenge with anti-TNF-α,
anti-IL-1 receptor (IL-1R), anti-IL-6, or with anti-IL-10 receptor (IL-10R) monoclonal
antibodies (mAb). Controls received the same amount of isotype-matched mAb. Anti-TNFα mAb treatment did not improve the survival of newborns challenged with GBS, despite a
slight delay in mortality (Figure 3A). Anti-IL-1R mAb treatment reduced the mortality to
60% whereas anti-IL-6 mAb treatment did not significantly influence survival of GBSinfected mice (Figure 3A). Strikingly, nearly all anti-IL-10R mAb treated mice survived
(9/10) whereas in control, or in anti-TNF-α mAb treated group, all mice died (Figure 3A).
Moreover, pups treated with anti-IL-10R mAb exhibited a statistically higher survival rate
compared to those treated with anti-IL-1R mAb. To directly assess the influence of IL-10
on the outcome of a GBS lethal challenge in TLR2-/- pups, mouse recombinant IL-10 (rIL10) (1 µg) or PBS were administered to TLR2-/- newborns 5 and 12 h post infection. As
expected, rIL-10-treated TLR2-/- pups showed significantly increased mortality compared
to PBS-treated controls (Figure 3B).

Figure 3 | Blocking IL-10 signaling protects neonatal WT mice against GBS-induced death.
(A) Kaplan-Meier survival curves of newborn WT mice injected i.p. with 80 µg of anti-TNF-α mAb
(anti-TNFα), anti-IL6 mAb (anti-IL6), anti-IL1R mAb (anti-IL1R), anti-IL10R mAb (anti-IL10R), or
isotype control IgG, 12 h prior to i.p. infection with 106 NEM316 CFU. (B) Kaplan-Meier survival
curves of newborn TLR2-/- mice injected i.p. with 1 µg of rIL-10, or phosphate-buffered saline, 5
and 12 h post-infection with 106 NEM316 CFU. The lethality was monitored during 30 days. The
numbers between parentheses represent the number of animals that survive versus the total
number of infected animals. Results represent pooled data from two independent experiments.
Statistical differences (P values) between groups are indicated.
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TLR2-signaling leads to IL-10 production following infection with a hyper virulent
GBS strain
Mice pups were infected 48 h after birth with 105 CFU of COH-1, a hypervirulent strain of
GBS. All WT pups died within 2 days whereas only 2 out of 19 TLR2-/- infected pups died
within 7 days after infection (Supplemental Figure 1A). These results show that TLR2
deficiency increases survival of neonatal mice even upon infection with a hypervirulent
GBS strain. Moreover, 24 h post-infection, the resistance of TLR2-/- mice to COH1
infection reflects a lower bacterial colonization of their liver, lungs, and brain, compared to
WT pups (Supplemental Figure 1B). Resistance to a lethal COH-1 GBS strain-induced
sepsis associated with a TLR2 deficiency was already reported (29) and TNF-α was
suggested as the molecular mediator of bacterial clearance and septic shock. We
therefore evaluated serum levels of TNF-α and IL-10 in infected WT or TLR2-/- pups, 18 h
post infection (Supplemental Figure 1C). Both cytokines were only detected in the serum
of WT neonates, TNF-α being present at very low levels. Consequently, anti-TNF-α or
anti-IL-10R mAb were administered in WT pups before GBS challenge. Only neutralizing
the IL-10 signaling route increased survival (Supplemental Figure 1D). The host
susceptibility to GBS-induced sepsis is thus associated with IL-10 production through
TLR2-signaling, irrespective of the bacterial strain used.

TLR2-dependent IL-10 production prevents neutrophil recruitment into infected
tissues
Neutropenia is a serious risk factor for neonatal GBS infections (2). Thus, we
hypothesized that TLR2-mediated IL-10 production was inhibiting neutrophil migration into
infected organs. No neutrophil infiltration was detected in the lungs of WT infected pups.
Indeed, the frequency and total number of neutrophils was almost the same as in noninfected pups, 18 h after GBS infection (Figure. 4A and 4B). On the contrary, an efficient
recruitment of neutrophils into infected lungs was observed in TLR2-/- pups (Figure 4A and
4B) with ~4-fold higher numbers of neutrophils compared to WT pups (221.58 ± 39.51
x104 cells versus 57.56 ± 10.30 x104 cells per lung) (Figure 4B). To further substantiate
our hypothesis, newborn WT mice were treated with anti-IL10R mAb prior to GBS
challenge and the total number of neutrophils was evaluated 18 h post infection. In
agreement with our previous results (21), blocking IL-10 signaling re-established
neutrophil migration into the lungs (Figure 4C). Significant lower number of GBS cells
were recovered, at all time points upon infection, in anti-IL-10R treated compared to
untreated mice (Figure 4D). Moreover, since infection of TLR2-/- mice also lead to discrete
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rise in the IL-10 sera concentration (Figure 2A), bacterial load was also determined in
TLR2-/- mice treated with anti-IL10R before infection (Figure 4D and Supplemental Figure
2). Interestingly, although TLR2-/- pups were naturally able to control GBS infection, a
lower bacterial load was observed in neonates treated with anti-IL-10R mAb compared to
those treated with isotype control. These results showed a strong association between the
circulating level of IL-10 and the bacterial load in the organs of GBS-infected neonates.
To further confirm that neutrophils are the effector cells responsible for GBS clearance,
they were depleted with anti-Ly-6G mAbs prior to infection in newborn TLR2-/- mice. As
expected, depletion of neutrophils abrogated the survival advantage of TLR2-/- pups to
GBS-induced sepsis (Figure 4E).
Taken together, these results strengthen our hypothesis that early TLR2-induced IL-10
production in WT mice impaired the clearance of a massive GBS challenge.

Figure 4 | IL-10 prevents neutrophil recruitment into injured organs.
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(A) Flow cytometric analysis of Ly6G expression on total lung leukocyte cells from newborn WT
and TLR2-/- mice 18 h post-infection with 106 NEM316 CFU or the same volume of PBS (control).
The percentage of Ly6G+ cells is indicated. Results are representative of three independent
experiments. (B) Total number of Ly6G+ cells (neutrophils) per lung observed in the different
groups. Data are the mean of three independent experiments + SEM. (C) Total number of Ly6G+
cells in the lungs of newborn WT mice treated i.p. with 30µg of anti-IL10R mAb (anti-IL10R), or
isotype control, 12h before the infection with 106 NEM316 CFU. Data are the mean of three
independent experiments + SEM. (D) Newborn WT and TLR2-/- mice were injected i.p. with antiIL10R mAb (anti-IL10R), or isotype control IgG, and were challenged i.p. 12 h later with 106
NEM316 CFU. The number of GBS CFU in the lungs of WT (upper panel) and TLR2-/- (lower panel)
pups was determined 6, 18 and 24h after infection. Data are the mean of three independent
experiments + SEM. (E) Kaplan-Meier survival curves of newborn TLR2-/- mice injected i.p. with 25
µg of anti-Ly6G antibodies or isotype control 12 h before and immediately after infection with 106
NEM316 CFU. In parentheses are indicated the number of animals that survive versus the total
number of infected animals. Statistical differences (P values) between groups are indicated.

The enhanced neutrophil migration due to anti-IL10RmAb treatment is not
associated with CXCR2 up-regulation
Studies in humans and mice suggested that, during sepsis, down-regulation of CXCR2
expression on neutrophils impaired their migration to infected focus (5,30,31). We
therefore addressed if the enhanced neutrophil recruitment observed after anti-IL-10R
mAb treatment was associated with an increased CXCR2 expression on circulating
neutrophils. As shown in Figure 5, the surface expression of CXCR2 decreased 6 h after
GBS-induced sepsis when compared to uninfected pups. However, circulating neutrophils
from anti-IL-10R mAb treated pups displayed a similar decreased in CXCR2 expression
(Figure 5A-C). At this time point, significantly higher neutrophil migration into the lungs
was observed in pups treated with anti-10R mAb compared to those treated with isotype
control (Figure 5D). Moreover, significant lower numbers of bacteria were recovered from
the liver of anti-IL-10R mAb treated mice compared to isotype-treated pups (Figure 5E).
To further exclude a direct role of IL-10 on CXCR2 down-regulation, neonatal BM
neutrophils were isolated and cultured in the presence of rIL-10 or Pam3CSK4. As shown
in Supplemental Figure 3, Pam3CSK4 treatment reduced the surface expression of
CXCR2 on neutrophils compared to control cells. In contrast, IL-10 treatment did not
inhibit the surface CXCR2 expression (Supplemental Figure 3). The supernatants from
Pam3CSK4 treated neutrophils were also tested for the presence of IL-10 which was not
detected at all time points tested (data not shown).
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These results showed that IL-10 is not directly involved in the downregulation of CXCR2
expression on neutrophils, although it plays a critical role in the impairment of neutrophil
recruitment to the site of infection.

Figure 5 | Anti-IL-10R mAb treatment increases neutrophil migration but does not upregulated cell surface CXCR2 expression during GBS-induced sepsis.
Newborn WT mice were injected i.p. with anti-IL10R mAb (anti-IL10R) or isotype control IgG and
were challenged i.p. 12 h later with 106 NEM316 CFU, or left non-infected. Experiments were
terminated 6 h after infection and blood, lungs, and liver were collected for analysis. (A-C) Blood
neutrophils were analyzed for cell surface CXCR2 expression by FACS. Representative flow
cytometry data in Ly6G+-gated cells (neutrophils) are shown (A). The percentage of CXCR2+ cells
in Ly6G+ cells (B) and mean fluorescence intensity (MFI) of CXCR2 are shown (C). (D) Total
number of Ly6G+ cells per lung observed in the different groups. (E) Colony-forming units of GBS
in the liver of infected pups. Data are the mean of three independent experiments + SEM.

IL-10 production after administration of TLR2 agonist in neonates inhibits
neutrophil migration
TLR2-/- newborns are more resistant to GBS-induced sepsis due to an efficient recruitment
of neutrophils. Based on our results, we propose that systemic activation of TLR2 leads to
IL-10 production that inhibits neutrophil recruitment. Interestingly, as soon as 3 h after
injection, high concentration of IL-10 could be detected in the sera of 2 days-old BALB/c
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mice treated i.p. with Pam3CSK4 (Figure 6A). To substantiate our hypothesis, we
developed an in vivo neutrophil recruitment model in non-infected neonatal mice where
pups were nebulized with the potent neutrophil chemoattractant LTB4 to induce neutrophil
infiltration into the lungs. In this model, the myeloperoxidase (MPO) activity was increased
1 h after stimulation but decreased over time (Figure 6B). We subsequently tested
whether TLR2-dependent IL-10 production induced by injection of Pam3CSK4 could
suppress the pulmonary influx of neutrophils induced by LTB4 treatment. Pam3CSK4 or
PBS (control) was i.p. administrated at time 0; LTB4 was nebulized at 3 h; MPO activity
and total number of neutrophils in the lungs were evaluated at 4 h. A significant inhibition
of LTB4-induced neutrophil migration was observed after Pam3CSK4 treatment (Figure 6C
and 6D). To confirm that this inhibition was IL-10 dependent, pups were treated with antiIL-10R mAb prior to Pam3CSK4 administration. As expected, neonatal neutrophils were
efficiently recruited into the lungs of anti-IL-10R mAb treated pups, as compared to the
lungs of control mice (Figure 6C and 6D). Moreover, when these experiments were
carried out in IL-10 knockout mice (IL-10-/-), we observed an efficient neutrophil
recruitment into lungs after LTB4 treatment that was not affected by Pam3CSK4 injection
(Figure 6E).
These data clearly showed that the migration of neonatal neutrophils to inflamed or
infected organs is modulated by TLR2-induced IL-10.

Figure 6 | TLR2 signaling impairs neutrophil migration through IL-10 production.
(A) Newborn BALB/c mice were treated i.p. with 3 µg of the TLR2 agonist Pam3CSK4, or with PBS
and the serum levels of IL-10 were quantified 3 h later by ELISA. (B) Newborn BALB/c mice were
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nebulized with Leukotriene B4 and the myeloperoxidase (MPO) activity was assessed in the lungs
of these mice 1, 2, and 3 h later. (C, D) Newborn BALB/c mice were treated as indicated 3 h before
LTB4 administration. MPO activity (C) and the total number of Ly6G+ cells per lung (D) of newborn
mice were determined 1 h after treatment with LTB4 aerosolized. (E) IL-10 deficient mice (IL-10-/-)
were treated or not with Pam3CSK4 3 h prior to LTB4 aerosol exposure. One hour later, the MPO
activity in the lungs of the mice were quantified. Data are the mean of three independent
experiments + SEM. Statistical differences (P values) between groups are indicated.

IL-10 production through TLR2 triggering is higher in neonates than in adults
We next investigated whether TLR2-mediated IL-10 production is restricted to the
neonatal context. For that purpose, cultures of splenic cells derived from neonates or
adults were stimulated with Pam3CSK4 and the levels of IL-10 were quantified 12 and 18
h after stimulation. Higher levels of IL-10 were detected in the supernatant of neonatal
cells compared to those from adults (Figure 7, upper left). Moreover, since neonatal B
cells produce high concentrations of IL-10 (32), we sorted this population (Supplemental
Figure 4) from neonatal and adult spleens and quantified IL-10 production after stimulation
with Pam3CSK4. As shown in Figure 7 (upper right), CD19+ cells derived from neonates
produce higher amounts of IL-10 after TLR2 triggering than those derived from adult.
Moreover, we also investigated IL-10 production by non-B cells and found that it was also
detected in higher concentrations in the supernatants derived from neonates, albeit at
lower levels than in the B cell population (Figure 7, lower left). The quantification of IL-10
in macrophage cultures showed that this cell population was not responsible for IL-10
production after TLR2 triggering and similar low levels were found in macrophages
derived from newborns or adults (Figure 7, lower right). Thus, our results demonstrate that
TLR2-induced IL-10 production is higher in neonatal than in adult cells, an important
feature rendering neonate more susceptible to bacterial infection.

108

EXPERIMENTAL RESULTS

Figure 7 | TLR2 triggering of neonatal splenic cells leads to IL-10 production.
Neonatal and adult total splenic cells, CD19+ B cells, CD19- (non-B) cells and macrophages (5x105)
were stimulated with 1 µg/mL Pam3CSK4 for 12 and 18 h. IL-10 was detected in the supernatant at
indicated time points by ELISA. Data are the mean of two independent experiments ± SEM.
Statistical differences (P values) between groups are indicated.

DISCUSSION
Neonatal sepsis remains among the leading causes of death in the world with an
incidence predicted to increase each year. Several reports showed a marked defect in
neutrophil migration into infected organs during severe sepsis, followed by failure of local
bacterial clearance that enables dissemination of infection, and sometimes death (33,34).
Nonetheless, specific underlying mechanisms of lethal outcomes of bacterial infections in
newborns remain poorly understood and up to now therapies aiming at boosting the
granulopoiesis during sepsis failed (35). Furthermore, endogenous G-CSF levels are
already elevated in septic neonates, suggesting that end-organ unresponsiveness may
account for this lack of effect (36). The basal expression of TLR is similar in neonates and
adult (37). However, the neonatal immune response is characterized by a reduced level of
the pro-inflammatory Th1-cytokines and a biased toward Th2-/Th17-polarizing and antiinflammatory cytokine production (2,38,39). Neonates apparently possess regulatory
mechanisms that control the inflammatory response. Accordingly, we recently showed that
GBS infection in neonates leads to a rapid increase in serum of the anti-inflammatory
cytokine IL-10 that is responsible for their susceptibility to this pathogen (21). Moreover, in
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that study, we also showed that abrogation of either IL-10 or IL-10 signaling conferred
protection to neonates against GBS strains (21). Several reports showed that leukocytes
from newborn mice (32,40,41) and human neonates (39,42,43) are highly committed to
produce increased amounts of IL-10 upon infection. Using a model of GBS-induced
neonatal sepsis, we showed here that inhibition of either TLR2 or IL-10 signaling led to an
increased survival of newborns due to an efficient neutrophil migration into infected tissue
and subsequent bacterial clearance. The fact that TLR2-deficient mice are more resistant
to GBS-induced sepsis was previously reported (29) but it was suggested that TNF-α was
the molecular mediator of bacterial clearance and septic shock. Contrastingly, other
studies reported that TNF-α levels were not increased in infants with sepsis (44) and that
abrogation of circulating TNF-α by an anti-TNF-α treatment had little effects on mortality of
GBS-infected animals (45-47). We similarly showed here that anti-TNF-α mAb treatment
did not modify the course of GBS-induced sepsis, whereas treatment with anti-IL-10R
mAb significantly increased the survival of neonatal mice. Thus, in neonates, IL-10
produced through TLR2 triggering has a major role in the immunopathogenesis of
neonatal GBS-induced sepsis. The role of IL-10 in inflammatory-driven pathologies has
been widely studied but its relevance to neonatal sepsis has been underestimated.
Despite the beneficial effects of IL-10 in controlling the degree and duration of
inflammation, the ability of the pathogen to induce host IL-10 production early upon
infection is detrimental to the host as this cytokine contributes to its dissemination.
Unrelated microorganisms can induce TLR2-mediated IL-10 production to evade the host
defense by downregulating its microbicidal functions (40,48) and several reports show that
TLR2 agonists are specialized in inducing IL-10 expression by antigen-presenting cells
(18-20). In this study, an increase in IL-10 serum levels was observed in neonates very
soon after treatment with the TLR2 agonist Pam3CSK4 whereas the LTB4-induced lung
neutrophil migration was significantly inhibited in these pups. Blocking IL-10 signaling was
sufficient to reverse the inhibition induced by the TLR2 agonist. Decreased expression of
the chemokine receptor CXCR2 on neutrophils isolated from septic patients (30) and from
lethal septic mice (49) has been observed. It was recently reported a TLR2-dependant
downregulation of CXCR2 expression on circulating neutrophils recovered from septic
mice (5). However, the impaired neutrophil migration to infectious focus due to IL-10
production could not be related to their CXCR2 expression as this receptor is similarly
downregulated in anti-IL-10R treated pups that displayed normal neutrophil migration. Our
results pointed out that IL-10 produced through TLR2 signaling is responsible for the
abrogation of neutrophil recruitment. This is in agreement with a recent report showing a
significant survival benefit in TLR2-/- mice with polymicrobial sepsis and a downregulation
of CXCR2 expression in peritoneal neutrophils similar to that observed in WT neutrophils
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(50). A prominent role for CXCL12, but not CXCR2, in polymicrobial sepsis was recently
reported (51) which suggest that other neutrophil chemoattractants could be involved.
Among the TLRs, TLR2, TLR4, and TLR9 have been associated with the pathophysiology
of experimental adult sepsis (7,8,52,53) and their roles in the up-regulation of proinflammatory cytokines such as IL-6, TNF-α and IL-1β is well-documented. Interestingly,
all these TLRs could also induce IL-10 production (54) and a prolonged and massive
release of this anti-inflammatory cytokine may lead to the development of an
immunossupressive state called sepsis induced immunoparalysis (55,56). Moreover,
different subsets of B cells display variable and unequal levels of TLR2 expression which,
in consequence, produce different IL-10 levels (57). The ability of B1 cells to produce IL10 is well established (58). As opposed to adults, newborns display abundant levels of B1
cells (41) which may account for their ability to produce higher amount of IL-10 (32). We
showed that stimulation of splenic cell cultures derived from neonates with a TLR2-agonist
lead to higher levels of IL-10 secretion almost exclusively by the B cell population;
moreover, ~30% of this B cells were CD5+ (a B1 cell marker) contrasting with the ~5% in
adults. However, it is worth mentioning that CD19- cell (non-B) population also produce IL10 which indicates that the propensity of neonates to produce this cytokine reflects at
least the size of the CD5+ B cells population and intrinsic differences at triggering TLR2mediated IL-10 production. We therefore hypothesize that neonates are at risk to rapidly
develop an immunoparalysis state after bacterial-induced sepsis as they are committed to
produce IL-10. Accordingly, we showed here that blocking the inflammatory cytokines had
no effect on the infection outcome while blocking of IL-10 signaling rendered neonatal
mice resistant to GBS-induced sepsis.
In summary, our results provide evidence that, in the context of a systemic neonatal
infection, exposure to high levels of bacterial products triggers a TLR2-mediated IL-10
production that prevent neutrophils migration to infected organs and the bacterial
clearance. Thus, IL-10 should be considered as a key molecule in the pathophysiology of
neonatal sepsis.
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ABSTRACT
Group B Streptococcus (GBS) is the leading cause of neonatal meningitis. Morbidity is
high, despite antibiotic therapy, and 25-50% of surviving infants suffer neurological
sequelae. Significant gaps in knowledge of the pathogenesis of this disease still remain
and one plausible explanation is the lack of an animal model that addresses the human
pathogenesis of ascending infection of neonates acquired from the lower genital tract of
their mother. Here we developed a novel animal model of neonatal GBS using an
approach that mimic the human infection. For that purpose, pregnant mice were
intravaginally infected with a hypervirulent GBS strain, strongly associated with meningitis
cases in humans. We observed that mothers were colonized until the delivery day and
that bacterium was transmitted to their offspring. Moreover, the female mouse remains
infected in the gastrointestinal tracts. Importantly, adult mice that survived to GBS
infection presented a decreased learning and memory performance, as well as decreased
locomotor and exploratory abilities,similarly to what has been observed in humans. This
was associated with a significant alteration in the pattern of some neurotransmitters in the
brain of GBS-survivors. Altogether our model correlates highly with what is observed in
human disease. We believe that this model will be useful for the characterization of
cellular and molecular mechanism associated with the neuronal damage observed during
GBS infections, and for the evaluation new therapeutic approaches.

INTRODUCTION
Neonatal bacterial meningitis is a serious life-threating disease and a major cause of
disability worldwide, since survivors frequently experience significant long term sequelae.
Group B Streptococcus (GBS) is beyond the neonatal period, the most common cause of
bacterial meningitis, accounting for 86.1% of cases among those under 2 month of age (13). This bacterium is a commensal organism of the genitourinary and/or gastrointestinal
tract of adult humans and is present in the vagina of 20-40% of adult women. Colonized
pregnant women are at risk of transmitting this pathogen to their progeny during the
perinatal period. Neonatal GBS disease is divided in two distinct forms, early-onset
disease (EOD), that occurs at 0 to 6 days after birth, and late-onset disease (LOD), that
starts after the first week of life until day 89 (4). The current prevention strategy is the use
of intrapartum antibiotic prophylaxis (IAP) that markedly reduced the risk of EOD, of 0.25
per 1000 live births in 2010 (4-6). However, the rates of GBS meningitis among patients
under 2 months of age did not change significantly (7) and the case fatality of EOD and
LOD remains high. Moreover, the morbidity associated with LOD have not changed
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substantially over decades (8) remaining unacceptably high, as 25–50% of surviving
infants experience permanent neurologic sequelae, including mental retardation, cerebral
palsy, seizure activity, deafness and/or blindness (1, 8, 9). It has been shown that most of
LOD cases are associated with a singular capsulated serotype III GBS clone, designated
as ST-17 (10-12). The mechanisms that lead to the devastating outcome of GBS-induced
meningitis are not elucidated. Furthermore, it is doubtful that the sophistication of
supportive care now available will substantially improve the high risk for long-term
impairment in patients that survived GBS meningitis. Thus, efforts directed towards a
better understanding of the pathogenesis and pathophysiology of GBS meningitis is
needed. Due to a lack of possibilities for invasive sampling procedures during the disease
there are obvious limitations in clinical meningitis studies, which highlight the need for
appropriate animal models. Although infant and adult rats have largely been employed as
animal models to characterize the disease induced by GBS, all used a non-natural
infection route, such as intraperitoneal, subcutaneous, intracerebral, or intra-cerebrospinal
fluid injection of bacteria (13-15). Despite the values of these studies, an animal model in
which the disease induced closely resembles GBS natural infection in humans is still
missing.
Thus, the aim of this work was the development of a murine model of neonatal GBSinduced meningitis, using an approach that address human pathogenesis of ascending
infection from the lower genital tract to neonates. For that purpose, we defined a specific
window of intervention where intra-vaginal infection of pregnant females with a
hypervirulent ST-17 strain of GBS results in vertical transmission of bacteria to their
progeny. Moreover, in this model, bacteria crossed the blood–brain barriers of neonates,
causing infection of the central nervous sytem (CNS) and leading to meningitis. The
evaluation in the adult life of the survivors to GBS infection showed a neuronal sequalae
similar to the observed with human LOD induced by GBS.

MATERIAL AND METHODS
Bacterial strains and growth conditions
GBS strain BM110, capsular serotype III, and MLST sequence type ST-17 is a wellcharacterized isolates from human with invasive infections. GBS BM110 was cultured at
37°C in Todd-Hewitt (TH) broth or agar (Difco Laboratories) containing 5 µg/mL of colistin
sulphate and 0.5 μg/mL of oxalinic acid (Streptococcus Selective Supplement, Oxoid).
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Animals and Ethics statement
Six- to eight-week-old male and female BALB/c mice were purchased from The Jackson
Laboratory. All animals were kept at the animal facilities of the Institute Abel Salazar
during the time of the experiments. All procedures were performed according to the
European Convention for the Protection of Vertebrate Animals used for Experimental and
Other Scientific Purposes (ETS 123) and 86/609/EEC Directive and Portuguese rules (DL
129/92). All efforts were made to minimize animal suffering and to reduce the number of
animals

Gestation time and pregnancy monitoring
Detection of the vaginal plug and measurement of body weight were jointly used to time
gestation. Two to three females were put together with one male and examined for the
presence of vaginal plug every morning. The finding day of the vaginal plug was
considered as gestation day one (G1) and the pregnancy progression was monitored
every other day by weighting the females.

Neonatal mouse model of GBS-induced meningitis
Pregnant BALB/c mice were intra-vaginally (i.vag.) infected in G17 and G18 with 106 GBS
BM110 cells, in a 30µL volume. The infection period was determined to be the optimal
time point as early infections did not allow reaching pregnancy at term (data not shown).
Pregnant females were allowed to deliver and newborns were kept with their mothers
during the entire time of the experiment. Survival curves were determined in a 30-day
experimental period. Pups were weaned after postnatal day (PND) 30. To assess
bacterial colonization the liver, lungs and brain of infected pups were aseptically removed
at the indicated PND and homogenized in PBS. Serial dilutions were prepared in sterile
saline, plated on TH agar and incubated overnight at 37°C. Blood was collected in
heparinized containers and centrifuged to collect the sera. When possible, 10 µL of blood
were saved for CFU counts. The sera were stored at -80˚C until analysis. At the indicated
times, stools were collected and serial dilutions were plated on selective medium
(Granada) for CFU counts.
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Histopathology
Brain sections were fixed in 10% buffered formalin, routinely processed, and embedded in
paraffin. 4-5 µm-thick sections were cut and stained with hematoxylin and eosin (H&E).

Behavioral assessements
The mice that survived to GBS-induced meningitis were evaluated to determine their
cognitive and motor performance. The behavioral tests were performed in a sound
attenuated, temperature (21±1ºC) and humidity (70%) controlled room with a 12-h light–
dark cycle (lights at 7 a.m.), using male animals at PND 60 (begin of adulthood), from
different litters. The animals were kept at approximately 90% (26.64 ± 1.28 g) of their free
feeding body weight and began training after reaching this weight. During the whole test
time, mice had restricted access to food (they were only fed following testing), their weight
and general health were carefully monitored every day to prevent more than a 10% body
weight loss.

Radial maze test
The cognitive status of the animals as regards spatial learning and memory was assessed
with the 8-arm radial maze. Working and reference memory were assessed
simultaneously through a fixed position reward task, in which half of the arms were baited
and their positions were fixed throughout the training trails. The radial maze consists in a
central area (22 cm in diameter) giving access to eight equally-sized arms in transparent
acrylic (length, 25 cm; width, 6.5 cm). Identical food wells (2.5 cm deep and 3 cm in
diameter) were placed at the distal end of each arm. Commercialized sugar pellets
(Bioserv F0042 - DPP'S 45MG SUGAR 50TH) located at the end of each baited arm were
used as rewards. Two days prior to the beginning of the test, the rewards were placed
once a day in the animal cages, to allow them to explore and eat the pellets. There were
extra-maze clues including free-standing laboratory equipment, and geometric pictures in
walls to help mice navigation. A digital stopwatch was used to record the amount of time
taken to a mouse to complete a trial.
Habituation/training - On the first habituation day, each animal was placed alone in the
center of the starting platform and allowed to freely explore the maze. On the second
habituation day, the mice were allowed to explore the apparatus with randomly placed
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food pellets throughout the maze, for a 5 min period. On the third habituation day, the food
pellets were placed at the distal end of each arm and the animals were allowed to explore
for 5 min. The habituation period ended after the mouse ate at least four rewards or when
5 min had elapsed.
Test – During the test phase, four out of eight arms were baited and randomly assigned
for each mouse, but always constant for the same animal throughout the trial period, and
the mice were given a maximum of 5 min to complete the maze. Geometrical figures
placed on the walls and the researcher were the only visual extra maze cues present. In
each training session, the mouse was placed within a transparent cylinder on the platform
in the middle of the maze for few seconds. The cylinder was then lifted and the animal
was allowed to move freely in the maze. It was considered that an animal had entered an
arm when the four paws and the tail were inside it. Trials ended when the animal had
either eaten all four rewards or 5 min had passed, whichever came first. Once the animal
returned to the central platform and the cylinder was lowered; a minute later the next trial
took place. One session of two trials was performed per day over fourteen days. The
maze was rotated and wiped with a dextran solution at 2% between animals to eliminate
or reduce olfactory cues from different individuals.
Behavioural analysis - There were four measures used in behavioural analysis. The
number of errors made: 1) working memory error, defined as re-entering an arm already
visited within a trial; and 2) a reference memory error, defined as entering a never baited
arm. Trial completion time was also included. It started when the cylinder was lifted, in
which the mouse had full access to explore the maze, and stopped when the animal
entered the fourth baited arm. Response latency was also measured and defined by the
total session duration divided by the number of arms entered (seconds per entry). Seven
blocks were calculated by average measure of four trials per day.

Open field (OF)
Exploratory behavior and general locomotor function were assessed in the open field. In
each session, the mice were placed in the center of the open-field arena (40 x 40 x 40
cm). The OF arena is divided virtually into 16 equal squares, via a 4 x 4 grid to assist with
data analysis. Each session on the OF was registered for 5 minutes. All trials were
recorded by a video camera (SONY DCR-SF 290), suspended above the test arena, and
analyzed afterwards using the software package Observer XT 7.0 (Noldus Information
Technology). The following parameters were assessed: total distance walked, frequency
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and time spent in center or periphery section of the OF. The number of rears (i.e. rat
reared on its hind paws, both on or off the walls), arena exploration and time spend
unmoved were also scored. The apparatus was cleaned between subjects with a solution
of 2% dextran.

Neurotransmitter Determination
After the completion of behavioral studies, mice were killed by decapitation and the brains
rapidly dissected on ice, frozen on dry ice and stored at -80°C until neurochemical
analysis. Amino acid levels and the levels of monoamines and their metabolites were
measured by high performance liquid chromatography, combined with electrochemical
detection (HPLC/EC), using a Gilson instrument (Gilson, Inc.,Middleton, WI, USA) (16).

Amino acids
For

gamma-aminobutyric

acid

(GABA)

and

Glutamate,

the

prefrontal

cortex,

hippocampus, striatum and cerebellum were used. The day before the neurochemical
determination, tissues were thawed, and homogenized in 200 µL of ice-cold 150 mM
potassium buffer with phosphoric acid, through ultrasonication (Sonifier W-250, Branson
Ultrasonics) and centrifuged at 16,000 g, for 10 min at 4ºC. The supernatant was
collected, diluted 1:2 in dilution solution (0.4 N perchloric acid, 0.4 mM sodiumm dissulfite,
0.9 mM EDTA), filtered thought a 0.2 µm nylon microfilter (Corning) at 16,100 g for 5 min,
at 4°C, and stored at -20°C overnight. Afterwards, samples were derivatized by adding
100 μl of NaOH 0.1N and 15 μl OPA (10 mg/mL of OPA, 45.4 M sodium sulphite, 4.5%
absolute ethanol in 327 mM borate buffer at pH 10.4) to 50 μL of sample. Samples were
allowed to react at room temperature in the dark, for 10 min and then injected into the
HPLC system. The mobile phase consisted of 0.06 M sodium dihydrogen phosphate, 0.06
mM EDTA and 20% methanol, pH adjusted to 4.4 with Phosphoric acid and it was filtered
and degassed. The flow was maintained at 0.8 mL/min. Concentrations of GABA and
glutamate were calculated using a standard curve generated with a glutamate and GABA
standard (Sigma-Aldrich). Final results were expressed in terms of amino acid content per
amount of protein.
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Monoamines and their metabolites
Levels of norepinephrine (NE), epinephrine (E), dopamine (DA), 3,4-diydroxyphenylacetic
acid (DOPAC), 5-hydroxyindoleacetic acid (5-HIAA), serotonin (5-HT) and homovanillic
acid (HVA) were determined in the striatum, prefrontal cortex, hippocampus and
amygdala. The different brain regions were ultrasonicated in 200 µL of ice-cold 0.2 M
perchloric acid and centrifuged at 13,000 rpm for 3 min at 4 °C. The supernatant was then
collected and filtered as described above. Aliquots of 120 µL were injected into the HPLC
system, using a mobile phase of 70 mM of potassium phosphate monobasic buffer (pH
adjusted to 3.0 by adding phosphoric acid) in 10% (v/v) of methanol, 1 mM 1heptanosulfonic acid and 107.5 mM Na-EDTA. The flow was maintained at 0.8 mL/min.
Concentrations of neurotransmitters were calculated using standard curves generated
with standard monoamines (Sigma). Final results were expressed in terms of monoamine
content per amount of protein.

Total protein determination
Protein content was determined using the BCA Protein Assay Kit (Thermo ScientificPierce). Briefly, bovine serum albumin (BSA) was used as a standard protein (0.01– 0.5
mg/mL). Ten µL of sample or BSA standard in duplicate were loaded into a microplate and
added 200 µL of working reagent to each well. After 30 min incubation at 37ºC,
absorbance was read at 562 nm using a microplate reader.

Statistical analysis
All graphs were generated using GraphPad Prism software (GraphPad Software). Means
and standard errors of the means (SEM) were calculated. Survival studies were analyzed
with the log-rank test and bacterial counts were analyzed using Mann-whitney U test. The
data from radial maze test were submitted to analyses of variance (ANOVA) with repeated
measures for block sessions. Each block-session was calculated by average measure on
four successive trials. For statistical analysis of open-field data a one-way ANOVA was
used, followed by Tukey post-hoc comparisons, when appropriate. Student’s unpaired t
test was used to analyze the differences between groups, when appropriate. A P value of
< 0.05 was considered statistically significant.
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RESULTS AND DISCUSSION
Vaginal and gastrointestinal tracts of the female mice are colonized with GBS after
delivery
Knowing that GBS transmission to newborns usually occurs either via the ascending
infection followed by premature rupture of the membranes or during the delivery process
by aspiration of contaminated fluids, we sought to develop a similar approach to infect
newborn mice. For that purpose, pregnant BALB/c mice were intra-vaginally infected with
5x105 CFU of GBS BM110, a serotype III GBS hyper virulent strain ST-17 responsible for
more than 80% of neonatal meningitis (12, 17). After several attempts, we defined the 17th
and 18th gestational days as the specific window of intervention to infect intravaginally
pregnant dams. The vaginal colonization was monitored upon delivery by vaginal
washouts, excluding the delivery day due to excess of blood and body fluids. Moreover,
specific GBS PCR primers were used to confirm that the colonies were GBS (18). All
females were highly colonized after birth, with high levels till day 4. Thereafter, the levels
started to decrease and by day 10 no GBS was detected in the vaginal mucosa (Figure
1A). These results demonstrated that GBS was present at the vaginal tract of pregnant
mice during the delivery. This is very important since the presence of GBS upon birth
ensures that all newborns contacted with the infected mucosa.
Since the gastrointestinal tract acts as a reservoir for GBS and is most likely the source of
vaginal colonization in humans (19), we searched for GBS colonization at the feces of
these females mice. Interestingly, the mothers were infected in the gastrointestinal tracts,
as GBS was found in their feces 30 days after birth (Figure 1B).

Figure 1 | Colonization of the vaginal and the gastrointestinal murine tracts by GBS.
Pregnant BALB/c mice were intra-vaginally infected with 5x105 CFU of GBS BM110, at the 17th and
18th gestational day. (A) Upon birth, the number of GBS colony-forming units (CFU) in vaginal tract
was determined, by vaginal washouts with PBS. Data are the mean of 10 independent experiments
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± SEM. (B) Conventional PCR assay for the detection of GBS (153-bp amplicon) in anal specimens
from BALB/c female mice, 30 days after delivery (lanes 2-4). Lane 1 shows a 100 bp ladder
molecular-size standard. Lane 5 and 6 shows positive and negative controls, respectively.

GBS is transmitted to neonates by colonized mothers
GBS emerged as an important pathogen for human neonates in the 1970s with high rates
of case fatalities [1,2]. Therefore, we started by determining the survival rates of newborn
pups born from intra-vaginally infected mothers. As shown in Figure 2A, approximately
40% of pups born from GBS infected females died after birth. Of these, 14% died in the
first 24 h after birth. After day 4, no more deaths were registered (Figure 2A). Interestingly,
the percentage of death observed in these pups is similar to what had been observed in
human babies, prior to the implementation of IAP to prevent perinatal GBS disease (4,
19). Moreover, the bacterial load, at indicated post natal days (PND), in the lungs, blood,
liver and brain of the pups were assessed. Newborn mice had high and sustained levels
of GBS in the lungs, up to one week after birth (Figure 2B). Due to infected vaginal fluids
aspiration, the newborn lung is the most probable initial organ infected by GBS, in human
babies (20) as in our model. GBS were also detected in the blood of newborn mice,
reaching a maximum level at PND1 and decreased thereafter (Figure 2C). By PND7, GBS
was no longer detected in the blood of these mice. This indicates that GBS is able to
cross the pulmonary epithelial barrier, accessing directly into the bloodstream. The
systemic infection were confirmed by the presence of bacteria in the liver of these pups
(Figure 2D). Importantly, bacterial were also found in their brains (Figure 2E), indicating
that GBS traversed the blood-brain barrier and infected the central nervous system.
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Figure 2 | Murine model of neonatal GBS meningitis.
6

Pregnant BALB/c female mice were intra-vaginally infected with 10 CFU of the ST-17 hyper
th

th

virulent strain BM110, in the 17 and 18 gestational days. (A) Kaplan-Meier survival curves of
neonatal mice born from intra-vaginally infected dams, monitored during a 7 days period. The
numbers between parentheses represent the number of animals that survive versus the total
number of infected animals. Results represent data pooled from ten independent experiments. (BE) Bacterial counts of GBS in lungs, blood, liver, and brain of neonatal mice at different time points
after birth. Data points are shown as the mean (n=16) pooled from independent experiments ±
SEM.

A recent published data suggest that the intestinal portal of entry might be involved for
the initiation of LOD (11). This is supported by the fact that 60 to 40% of the human
neonates asymptomatically colonized with GBS at birth remain positive for bacteria at the
rectal level 4 and 12 weeks of life, respectively (21). Therefore we searched for the
presence of this bacterium in the feces of the survivors to GBS infection. The obtained
results showed that 64% of the mice that survive to GBS infection were colonization in the
feces, independently of their gender, for up to six months of live. This data sustains the
idea that the gastrointestinal tract is the reservoir for GBS being the prevalence of GBS in
the rectum higher than in the vaginal tract (22-24).
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Histopathological changes associated with meningitis
Histopathological analysis of brain tissue sections from infected pups with GBS exhibited
meningeal detachment, edema, venous congestion, and signs of hemorrhage. All these
histological features were consistent with those of the disease observed in humans.
Moreover, influx of inflammatory cells was also observed in the brains of GBS-infected
pups, when compared to age-matched controls (Figure 3A and B).

Figure 3 | Histopathology of brains from mice neonate infected with GBS.
6

Pregnant BALB/c female mice were intra-vaginally infected with 10 CFU of the ST-17 hyper
th

th

virulent strain BM110, in the 17 and 18 gestational days. Brains of the offspring from infected
and uninfected progenitors, at PND3 were harvested, and the brain sections were subjected to
H&E staining. Representative individual pups infected with GBS (A lower panel and B) at PND3,
compared with uninfected control (A upper panel). Black arrows depicting edema, venous
congestion, hemorrhage and leukocyte infiltration. Magnification, 400x.

All the above results showed that our murine model of GBS-induced meningitis mimics the
course in human pathogenesis of ascending infection to neonates, acquired from the
lower genital tract of their mothers.
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Behavioural alterations in survivors of GBS-induced meningitis.
Despite antibiotic therapy, numerous sequelae have been observed in humans that
survived to GBS LOD, including memory and learning impairments (9, 25-27). To access
if in our proposed model, the offspring that survived to infection experienced permanent
neurological sequelae, we characterised their cognitive and motor performance in an early
developmental period. The effects of GBS infection on learning and memory
performances were examined by their ability to execute tasks in the radial arm maze. As
shown in Figure 4A and B, there were significant differences in the reference and working
memory performance in the radial arm maze, between GBS-survivors animals, when
compared to uninfected controls. In the control group, a significantly decreased average
errors over the days were observed, indicating learning. However, the number of working
and reference memory errors in the GBS-survivors was not significantly different over the
days, meaning that they were unable to learn the task. Furthermore, there were
significantly differences between groups regarding latency to arms enter the first arm in
the first four block sessions (Figure 4C). GBS-survivors showed significantly slower arm
choice responses than controls.

Figure 4 | Effects of neonatal GBS meningitis on learning and memory performances in the
8 arm radial maze, in adulthood.
Pregnant BALB/c mice were intra-vaginally infected with 106 CFU of the ST-17 hyper virulent strain
BM110, in the 17th and 18th gestational days. Offspring that survived to infection, or uninfected
controls, were examined by their ability to execute tasks in the radial arm maze at PND60. Number
of reference (A) and working (B) memory errors, and latency (C) in the radial arm maze task. Each
point represents the mean ± SEM, from 8 mice per group. *, P < 0.05.

To verify if this increased latency was associated to reduced mobility, the mice were
further assessed for evaluation of exploratory behavior and general motor function, in the
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OFT. The OFT opposes a mouse’s innate curiosity to explore a novel area with its
aversion to center open spaces. The total distance travelled by GBS-survivors was
significantly decreased when compared to control group (Figure 5A). As shown in Error!
Reference source not found.B and C, analysis of the overall activity of GBS-survivors
revealed that these animals spent significantly more time in the periphery when compared
to uninfected controls. Moreover, the former animals have shown a decreased central
ambulation activity, when compared to age-matched controls. The frequency of
movement, either into the periphery or into the central area was significantly decreased in
GBS-survivors (Figure 5B and C). When analyzing the exploratory activity of GBSsurvivors animals, data revealed that these animals had a significantly higher immobility
time and frequency than uninfected controls (Figure 5D and E). The exploratory vertical
rearing of the mice was also quantified. Comparisons showed that the GBS-survivors
spent significantly less time rearing compared to the uninfected controls (Figure 5E). We
also analyzed rearing and exploration frequency, as an index of investigative behavior. As
shown in Figure 5D, GBS-survivors mice had significantly decreased rearing and
exploration frequency relatively to uninfected controls. Overall, the locomotor and
exploratory abilities of GBS-survivors were decreased.
Our results are in agreement with human reports regarding the long-term outcomes of
GBS meningitis. Though contemporary data are scarse concerning this issue, a recent
study showed that despite reduced mortality, acutely long-term outcomes of GBS
meningitis were remarkably similar to a report from 1985 (9, 26). These studies showed
that among the survivors of an initial episode of GBS meningitis, evaluated at the age of 6
years, one half presented global or mild-to-moderate mental retardation, including learning
disabilities, and language deficits, with associated neurologic abnormalities (9, 26).
Similar levels and incidence of long-term morbidity have been reported in a prospective
study in 5-year old children born in England and Wales in 1996-7 (27). Mild-to-moderate
disabilities were more common (44%), and included especially neuromotor disabilities,
seizure disorders, and intellectual impairment (27). In this study, though it included
meningitis induced by several microorganisms, severe disability was significantly more
common in infants with meningitis associated with GBS (27).
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Figure 5 | Effects of neonatal GBS-induced meningitis in the locomotor and exploratory
behaviors in adulthood, in the open-field.
Pregnant BALB/c mice were intra-vaginally infected with 106 CFU of the ST-17 hyper virulent strain
BM110, in the 17th and 18th gestational days. Offspring that survived to neonatal GBS infection, or
uninfected controls, were tested in an open field (OF) test at PND60. (A), total distance travelled in
centimeters; (B-C), frequency and time spent in the periphery and center of OF apparatus; (D-E)
frequency and time of exploratory behavior. Each column represents the mean + SEM, from 8 mice
per group, from 1 of 2 independent experiments *p<0.05; **p<0.001.

GBS-induced meningitis leads to an altered neurotransmitter pattern
Next we tried to understand whether differences in the levels of neurotransmitters such as
amino acids and monoamines could explain the behavioral profile of the GBS-survivors.
Thus, we analyzed their levels in different brain regions involved in learning and memory
acquisition, as well as in motor control. The hippocampus is an area of the brain involved
in spatial processing, memory formation, cognitive function, special processing, and mood
regulation (28, 29). The functional consequences on this brain region are of high
importance, given the significant learning and memory deficits found in children that
survive to meningitis (30). The amino acid glutamate is recognized as the primary
excitatory neurotransmitter in the mammalian CNS and plays a crucial role in learning and
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memory formation (31). GBS-survivors presented a clear difficulty in the learning task
(Figure 4), which was further confirmed by the significantly decreased levels of glutamate
observed in their hippocampus (Figure 6A). The dopaminergic system is usually
associated with the control of movement and the reward system (32), but the
dopaminergic inputs into the hippocampus and the frontal cortex is also relevant in
learning, attention and decision making (32). In accordance, the levels of DA and its
metabolite DOPAC were significantly decreased in the hippocampus from GBS-survivors
(Figure 6B and C). Importantly, this data is in agreement with the significant learning and
memory deficits found in children that survive to meningitis (30).

Figure 6 | Effects of neonatal GBS-induced meningitis in glutamatergic and dopaminergic
function.
Pregnant BALB/c mice were intra-vaginally infected with 106 CFU of the ST-17 hyper virulent strain
BM110, in the 17th and 18th gestational days. Levels of Glutamate (A and G), DA (B and D), DA
metabolites DOPAC (C and E) and HVA (F) in the hippocampus (A-C), striatum (D-F) and
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thalamus (G) of the offspring that survived to neonatal GBS infection, or uninfected controls, were
determined by HPLC-EC, at PND60. HVA levels were below the detection limit (data not shown).
Relative levels are shown and normalized to total proteins (A-C). Data are the mean + SEM, from 8
mice per group. *p<0.05; **p<0.001.

The dopaminergic projections to the striatal region are involved in motor control (32). As
shown in Figure 6, the offspring that survived to GBS infection, presented reduced global
activity, which is concomitant with decreased levels of the DA metabolites DOPAC and
HVA, in the striatum (Figure 6E and F), indicating reduced DA metabolism. Of note, this
can lead to decreased influx of glutamate from the thalamus to the motor cortex and result
in hypokinesia. In accordance we detected significantly lower glutamate levels in the
thalamus from GBS-survivor animals (Figure 6G). Of note, reduced glutamate levels were
previously associate with hypokinesia in a rodent model of encephalopathy (33).
Globally, GBS infected mice presented a meaningful number of alterations in learning
ability as well as in the spontaneous behavior, which is in agreement with the observed
decreased in glutamatergic and dopaminergic function in the hippocampus and in the
striatal-thalamic circuit.

CONCLUDING REMARKS
The precise mechanism leading to the devastating outcome of GBS-induced meningitis is
not fully elucidated. Until now the routes used to study GBS-induced meningitis bypass
the normal bacteremia-meningitis sequence (13-15, 34). Our mouse model mimics the
natural course in human pathogenesis of ascending infection to neonates, acquired from
the lower genital tract of their mothers. All the obtained results were consistent with those
observed in humans. Moreover, this model brings new insights about the transmission
associated with LOD. We believe that this is the first experimental study to report motherto-child transmission to explain the cases of LOD. This new mouse model will contribute
to a better characterization of the CNS inflammatory response and neuronal damage
induced by GBS infection.
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ABSTRACT
Group B Streptococcus (GBS) is the leading cause of meningitis in neonates. We have
previously shown that plasminogen, once recruited to the GBS cell surface and converted
into plasmin by host-derived activators, leads to an enhancement of bacterial virulence.
Here, we investigated whether plasmin(ogen) bound at the GBS surface contributes to
blood-brain barrier penetration and invasion of the central nervous system. For that
purpose, GBS strain NEM316 preincubated with or without plasminogen plus tissue type
plasminogen activator was analyzed for the capacity to adhere to, invade and
transmigrate the human brain microvascular endothelial cell (hBMEC) monolayer, and to
penetrate the central nervous system using a neonatal mouse model. At earlier times of
infection, plasmin(ogen)-treated GBS exhibited a significant increase in adherence to and
invasion of hBMECs. Later, injury of hBMECs were observed with plasmin(ogen)-treated
GBS that displayed a plasmin-like activity. The same results were obtained when
hBMECs were incubated with whole human plasma and infected with untreated GBS. To
confirm that the observed effects were due to the recruitment and activation of
plasminogen on GBS surface, the bacteria were first incubated with epsilon-aminocaproic
acid (ACA), an inhibitor of plasminogen binding, and thereafter with plasmin(ogen). A
significant decrease in the hBMECs injury that was correlated with a decrease of the GBS
surface proteolytic activity was observed. Furthermore, plasmin(ogen)-treated GBS
infected more efficiently the brain of neonatal mice than the untreated bacteria, indicating
that plasmin(ogen) bound to GBS surface may facilitate the traversal of the blood-brain
barrier. A higher survival rate was observed in offspring born from ACA-treated mothers,
compared to untreated mice, and no brain infection was detected in these neonates. Our
findings suggest that capture of the host plasmin(ogen) by the GBS surface promotes the
crossing of the blood-brain barrier and contributes to the establishment of meningitis.

INTRODUCTION
Group B Streptococcus (GBS), a common designation for Streptococcus agalactiae, is the
leading cause of neonatal infectious diseases comprising pneumonia, sepsis, and
meningitis (1). Despite antibiotic therapy, the associated mortality remains high
(approximately 10%) and up to 50% of surviving infants experience permanent
neurological sequelae as deafness, seizures, hydrocephalous, cerebral palsy, and
cognitive deficits (2-4). How GBS causes meningitis remains incompletely understood (5)
and efforts should be made to characterize the underlying pathogenic mechanisms that
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are essential for crossing the blood–brain barrier (BBB). The functional site of the BBB is
the endothelial lining of the brain capillaries constituted by microvascular endothelial cells
(BMECs). Blood-borne pathogens may enter the central nervous system (CNS) through
multiple mechanisms of transmigration across the brain vasculature such as intercellular
(paracellular) and/or transcellular passage, disruption of the endothelial barrier, and
leukocyte-facilitated transport by infected phagocytes (also named Trojan horse) (6, 7).
GBS interaction with hBMECs is the primary step in the pathogenesis of meningitis where
bacterial transcytosis, endothelial injury, and inflammatory mechanisms may combine to
disrupt the BBB (8).
It has been recognized that several human bacterial pathogens gain a survival advantage
by interacting with components of the host plasminogen system (9, 10). Plasminogen is a
central component of the fibrinolytic system and is found in plasma and extracellular fluids
at concentrations of approximately 2 μM. Upon activation, plasminogen is converted to the
serine protease plasmin that is able to degrade fibrin clots, connective tissue, extracellular
matrix (ECM), and adhesion proteins. However, several pathogenic microbes manipulate
the host plasminogen system to promote their dissemination across several host tissue
barriers (9-12) including the endothelium (13, 14). Acquisition of a surface-associated
plasmin activity by a pathogen likely increases its ability to penetrate the ECM and
disseminate to distal sites in the host, a process well documented in the case of
Streptococcus pyogenes (15, 16), Borrelia burgdorferi (17, 18), and Yersinia pestis (12,
19). We have demonstrated that GBS can bind human plasminogen and that this cellsurface associated proenzyme is converted into plasmin by host-derived activators, a
process contributing to bacterial virulence (20). Plasmin is a broad-specific protease that
can also activate other proteolytic enzymes such as the matrix metalloprotease that
degrades the tight junction components of microvascular endothelial cells (9). This
destruction may favor the passage of bacteria across the vasculature of the CNS and this
scenario was proposed as the mechanism of translocation of B. burgdorferi through the
BBB (14). We hypothesized that modulation of the host plasminogen system by GBS
could play a role in the penetration of the BBB and development of meningitis. In this
study, we showed that the presence of plasmin(ogen) on GBS cell surface increases its
ability to adhere to, invade, and traverse hBMECs, and enables a high brain penetration in
infected neonates. The bacterial invasiveness was reduced following treatment with
epsilon-aminocaproic acid (ACA), a lysine analogue that efficiently inhibits the specific
binding of plasminogen to cells by competing with lysine-binding-sites (21). Moreover,
addition of ACA to the drinking water of mothers conferred protection to their progenies
against GBS infection. This study identifies the interaction of GBS with the host
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plasminogen system as a key mechanism involved in the BBB transmigration and
subsequent CNS invasion. It opens new avenues for the development of innovative
strategies to prevent bacterial invasion of the CNS.

MATERIAL AND METHODS
Bacteria strain
Group B Streptococcus (GBS) serotype III virulent strain NEM316 (serotype III, ST-23)
was cultured at 37˚C in Todd-Hewitt (TH) broth or agar (Disco Laboratories) containing 5
μg/mL of colistin sulphate and 0.5 μg/mL of oxalinic acid (Streptococcus Selective
Supplement, Oxoid).

Mice
Male and female BALB/c mice, purchased from Charles River Laboratories (Barcelona,
Spain), were bred at the animal facilities of the ICBAS (Porto, Portugal).

Ethics statement
This study was carried out in strict accordance with the recommendations of the European
Convention for the Protection of Vertebrate Animals used for Experimental and Other
Scientific Purposes (ETS 123) and 86/609/EEC Directive and Portuguese rules (DL
129/92). The animal experimental protocol was approved by the competent national
authority Direcção Geral de Veterinária (DGV) (Protocol Permit Number: 0420/000/000/
2008). All animal experiments were planned in order to minimize mice suffering.

Culture of human endothelial cells
Human brain microvascular endothelial cell (hBMEC) line was derived from primary
cultures of hBMEC transfected with SV40 large T antigen (22) and was cultured as
previously described (23). Cell culture flasks or twenty-four well tissue culture plates were
precoated with rat tail collagen (BD Pharmingen) to support the hBMEC monolayers.
Viability of hBMEC was assessed by examining cellular morphology and trypan blue
exclusion. Cultures were incubated at 37°C in a humid atmosphere of 5% CO2 and split in
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1:5 ratio by using trypsin-EDTA (Sigma-Aldrich) when semiconfluence was reached.
HBMECs were transferred into a collagen-coated 24-well tissue culture plate at a seeding
density of 105 cells in growth medium and left for at least 12 hours (h). Prior to each assay,
the monolayers were washed three times with Hanks Balanced Salt Solution (HBSS)
(Sigma-Aldrich).

Plasminogen binding and activation on GBS cell surface
Log-phase GBS cells were pelleted, washed three times in sterile PBS, and approximately
2x108 GBS cells were incubated for 1 h at 37°C with 1 μg/mL of purified human
plasminogen (Calbiochem) or human plasma. Thereafter, the bacteria were washed with
sterile PBS to remove unbound plasminogen and, when incubated with purified
plasminogen, tissue plasminogen activator (tPA) (Sigma-Aldrich) was added (20 nM in
PBS) for an additional 1 h to convert plasminogen into plasmin. In some experiments,
GBS cells were treated for 30 min at 37ºC with 200 mM ACA (Sigma-Aldrich) before
incubation with plasminogen plus tPA to inhibit GBS cell surface binding. The bacteria
were then washed three times in sterile PBS and resuspended at the desired density in
serum-deprived fresh cell culture medium without antibiotics.

Detection of plasminogen bound to GBS cell surface
Plasminogen conjugation with FITC was performed by incubation for 1h at 30 °C in
darkness of 400 μg of human plasminogen with 40 μg of FITC (Sigma-Aldrich) in 500 μl of
1M sodium carbonate buffer, pH 9.2. GBS cells were cultured to log- phase, washed twice
in PBS and then fixed in PBS containing 1% paraformaldehyde. After an incubation period
of 20 min at 4°C, fixed bacteria were washed twice with PBS and incubated for 30 min at
37 °C with different amounts of FITC-conjugated human plasminogen (10, 20 and 50 µg)
in 100 µL (final volume). Thereafter, the cells were washed, resuspended in PBS, and
analyzed by fluorescence-activated cell sorter (FACS) on an Epics XL cytometer
(Beckman Coulter). Data were analyzed using the Expo32 software.

Bacterial growth curves
Approximately 106 GBS cells, with or without pre-incubation with human plasminogen plus
tPA, or pre-incubated with human plasma, were suspended in hBMEC growth medium
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without antibiotics, and plated on a 24-well tissue culture plate. GBS cells were quantified
at different time intervals (15, 30, 45 minutes and every hour up to 6 h) by platting
appropriate dilutions of the suspension onto agar plates.

Bacterial adherence and invasion assays in hBMECs
HBMECs invasion and adherence assays were performed as previously described (24)
with the following modifications. HBMECs were infected with either 106 cells of
plasmin(ogen)-treated GBS, plasma-treated GBS or untreated GBS in 0.5 ml of serumdeprived fresh cell culture medium without antibiotics to give a multiplicity of infection
(MOI) of 10 (10 bacteria per hBMEC). In a separate experiment, hBMECs were incubated
in human plasma and infected with 106 cells of untreated GBS. The cultures were
maintained at 37°C in a humidified chamber containing 5% CO2 and, at indicated time
points, were washed three times with HBSS to remove any nonadherent bacteria. For
invasion assays, the cultures were further incubated for additional 2 h at 37°C in 5% CO2
with 0.5 mL of hBMEC culture medium supplemented with antibiotics (penicillin 5 µg/ml
and streptomycin 100 µg/ml) to kill extracellular bacteria. After this incubation period, the
monolayers were washed with HBSS, 0.1 mL of trypsin-EDTA solution was added, and
the mixture was incubated for 10 min at 37°C. Then, 0.4 mL of 0.025% Triton X-100 was
added and each hBMEC monolayer was disrupted by repeated pipetting to release
intracellular bacteria. For adhesion assay, total hBMEC-associated (invasive plus surface
adherent) GBS were quantified as for the cellular invasion assay but the 2-h incubation
with antibiotics was omitted. The number of invasive and adherent bacteria was
determined by plating appropriate dilutions of the lysate onto agar plates that were
incubated overnight at 37°C. The number of adherent GBS to hBMECs was then
determined by subtracting the intracellular bacteria from the total cell-associated
(intracellular plus surface-adherent).

HBMEC injury assay
HBMECs were infected, as in the previous assay, with 106 cells of plasmin(ogen)-treated
or untreated GBS in 0.5 ml of serum-deprived fresh cell culture medium without antibiotics
to give a MOI of 10. In a separate experiment, hBMECs were incubated in human plasma
and infected with 106 cells of untreated GBS. At indicated time-points of infection, the cells
were gently washed with pre-warmed PBS. Adherent cells were dyed with Neutral Red
medium (40 µg/mL in complete medium) and incubated for further 3 h at 37°C in a
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humidified chamber containing 5% CO2. The medium was then carefully removed and the
cells were washed twice with pre-warmed PBS. The dye in each well was extracted with
de-staining solution (1% acetic acid / 50% ethanol) and the cells were allowed to stand for
10 min at room temperature. The absorbance was read with a spectrophotometer at a
wavelength of 540nm. The cell injury was evaluated by the percentage of viability
observed in infected cells relative to uninfected cells. In some experiments, the hBMEC
injury was confirmed by measuring the release of lactate dehydrogenase (LDH) into the
supernatant of the hBMEC infected cells. In this case, hBMECs were incubated with
plasmin(ogen)-treated and untreated GBS for 120 min, and the culture supernatant was
collected and centrifuged for 10 min at 12,000 g to remove the cells. LDH activity was
determined using a commercial kit (Sigma-Aldrich) according to the manufacturer’s
guidelines.

Migration assay of GBS across hBMEC
A endothelial BBB model in vitro was established by cultivating the hBMECs on collagencoated polycarbonate transwell membrane inserts with a pore size of 3 µm (Corning). This
in vitro model of the BBB allows separate access to the upper chamber (blood side) and
lower chamber (brain side) and mimics GBS penetration into the brain. The hBMEC
monolayer was grown by seeding 500 µL of growth medium containing 5×105 cells in the
upper channel and 1,500 µL growth medium in the bottom chamber of 12-well tissue
culture inserts. The hBMEC were grown to confluence for at least 5 days at 37°C in a
humidified chamber containing 5% CO2. At this point, the transendothelial electric
resistance (TEER) of this monolayer was around 200–250 Ω cm−2, as measured with a
Millicell ERS-2 (Electrical Resistance System) meter (Millipore). In our experiment, only
monolayers with TEER greater than 200 Ω cm−2 were used. Prior to the assay, hBMECs
were washed and serum-free culture medium without antibiotics was added. Log-phase
GBS cells (106 CFU) untreated or treated with human plasmin(ogen) were applied to the
apical chamber (total volume of 500 µl) and the monolayers were incubated at 37°C in a
humidified chamber containing 5% CO2. At 1 and 2 h post-infection, the lower chamber
medium was entirely removed and plated onto TH agar to enumerate the number of
bacteria crossing the hBMEC monolayer. Simultaneously, the integrity of the hBMEC
monolayer was assessed by TEER measurement. Three measurements were made at
each time-point for every sample.
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Determination of GBS cell surface plasmin-like activity
HBMECs cultured in 24-well plates were infected with 106 cells of plasmin(ogen)-treated
or untreated GBS resuspended in growth medium, or with 106 cells of untreated GBS in
whole human plasma. In some experiments, GBS cells were incubated for 1 h at 37ºC
with 200mM ACA before plasminogen and tPA treatment. The cultures were incubated at
37°C in a humidified chamber containing 5% CO2. At the desired time point post-infection,
the supernatant was removed and centrifuged for 10 min at 12,000 g to recover GBS
cells. The bacterial cells were then washed once in PBS and resuspended in the
chromogenic plasmin substrate Val-Leu-Lys-p-nitroanilide (400 µM final concentration)
(S2251, Chromogenix). Following a 24 h incubation period at 37oC, the cells were pelleted
and the optical density of the supernatant was read at 405 nm using a microplate reader.
All samples were loaded into triplicate wells. At each time-point, the bacterial growth in the
supernatant was also quantified by plating appropriate dilutions of the supernatant onto
TH agar plates.

Challenging infections of newborn mice
2-days old BALB/c mice were infected intraperitoneally (i.p.) with 5x106 cells of
plasminogen-treated and untreated GBS in a maximum volume of 40 μL. The brain of
infected pups, aseptically removed at indicated time points, was homogenized in PBS and
serial dilutions were plated on TH agar to enumerate bacterial Colony-forming units
(CFU). To inhibit plasminogen binding to GBS, ACA was added (12 g/L) to the drinking
water of pregnant female BALB/c mice from the gestational day 15 to the end of the
experiment (sacrifice of the pups). As control experiment, normal water was given to
pregnant female. The neonates were kept with their mothers throughout the end of the
experiments. Females were monitored closely during gestation and the day of delivery
was recorded. Two days after the birth, the pups were infected with 5x106 cells of
untreated GBS and the numbers of CFU in blood, liver, lung, and brain were determined
18h post-infection. The organs aseptically removed at indicated time points were
homogenized in PBS and serial dilutions were plated on TH agar to enumerate bacterial
CFU. Survival curves were determined in a 7-day experiment period.
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Statistical analysis
All graphs were generated using GraphPad Prism software (GraphPad Software). Means
and standard errors of the means (SEM) were calculated. Student’s t test was used to
analyze the differences between groups. Survival studies were analyzed with the log-rank
test. Both tests used GraphPad software. A P value of < 0.05 was considered statistically
significant.

RESULTS
Role of plasminogen system in adhesion and invasion of the human brain
endothelial cells by GBS
GBS adherence to BMECs constitutes the initial step in the invasion into the CNS (24)
and increased invasiveness is observed when plasmin(ogen) is bound to GBS surface
(20). Therefore, we set out to determine whether the plasminogen system plays a role in
the invasion of CNS by GBS. For that purpose, an hBMEC line that maintains the
morphological and functional properties of primary brain endothelium (25, 26) was used to
evaluate the adhesion, invasion and injury of hBMECs after infection of GBS preincubated
with or without human plasminogen and tPA. We first demonstrated that human
plasminogen efficiently binds to GBS cell surface (Figure 1A) and that the growth rates of
the plasmin(ogen)-treated and untreated GBS were identical (Figure 1B). We next
performed the adhesion and invasion assays in hBMECs by plasmin(ogen)-treated or
untreated GBS. At all time points tested, a significant increase in the percentage of
bacterial cells adhered to endothelial cells was observed with plasmin(ogen)-treated GBS,
compared with untreated bacterium (Figure 1C). Moreover, at 30 and 60 min postinfection, invasion of hBMECs was only observed with plasmin(ogen)-treated bacteria
(Figure 1D) and, 90 min post-infection, the percent invasion was significantly higher with
plasmin(ogen)-treated GBS compared to untreated bacteria. These results show that
plasmin(ogen) bound to GBS surface increase the ability of the bacterium to adhere to
and invade hBMECs.
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Figure 1 | Plasmin(ogen)-coated GBS displays enhanced abilities to adhere to and invade
hBMECs in vitro.
(A) GBS cells were incubated with FITC-labeled human plasminogen (hPLG) (grey filled histogram)
or PBS (white dotted histogram). Plasminogen binding was measured by a FACScan cytometer as
the increase in FITC mean fluorescent intensity (MFI). Each histogram shows cell number as a
function of relative fluorescence obtained for 10,000 events per population. Results are shown for
10, 20, and 50 µg of FITC-conjugated hPLG. (B) Representative growth curves of GBS
preincubated without (untreated GBS) or with (PLG-treated GBS) plasminogen plus tPA in
complete hBMEC growth medium. Data are from a experiment performed in triplicate that is
representative of three independent experiments. Each point is the mean of three samples ± SEM.
(C and D) HBMEC monolayers were infected with 106 cells of GBS preincubated without (untreated
GBS) or with (PLG-treated GBS) plasminogen plus tPA (MOI of 10 bacteria per cell). (C) HBMECs
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surface adherent GBS cells and (D) intracellular bacteria were isolated and enumerated after 30,
60, and 90 min of infection. The percentages of hBMECs surface adherent GBS and intracellular
bacteria are expressed relative to the initial inoculums. Data are the mean + SEM of three
independent experiments. Statistical differences (P values) are indicated; ND – not detected.

Plasmin(ogen) bound to GBS surface induces hBMEC injury
We have previously shown that plasminogen recruited to the GBS cell surface by
plasminogen receptors is converted into plasmin by host-derived activators, thus
generating a proteolytic bacterium (20). Therefore, we next questioned whether GBS
surface-bound plasmin(ogen) induced the hBMECs monolayer disruption. The cell viability
was assessed after infection of GBS preincubated with or without plasminogen plus tPA.
The quantification of hBMECs viability, assessed 120 min post-infection by the neutral red
uptake assay, showed that the percentage of viable hBMECs infected with untreated GBS
was greater than 95% (Figure 2A, lower left panel). In contrast, a noticeable increase in
hBMECs detachment was observed at 120 min post-infection with plasminogen-treated
GBS that was associated with a 50% decrease in hBMECs viability (P < 0.0001).
However, when GBS cells were incubated with ACA before plasminogen and tPA
treatments only 20% of decrease in hBMECs viability was observed (Figure 2A, lower left
panel). Moreover, the release of LDH by hBMECs was significantly higher with
plasmin(ogen)-treated GBS compared with untreated bacteria (Figure 2A, lower right
panel). Cell surface-bound plasmin is exploited by bacteria for proteolytic degradation of
components of the ECM, basal membrane, and host tissues (27). We therefore
determined the plasmin-like activity of GBS cell surface when hBMECs were infected with
plasmin(ogen)-treated or untreated GBS. As shown in Figure 2B, the bacteria coated with
plasmin(ogen) displayed a significantly greater proteolytic activity at the time point tested,
which is abrogated when the GBS cells were incubated with CA before plasminogen
and tPA treatments. These results indicate that the cell surface-bound plasmin(ogen)
endows the bacteria with proteolytic activity that promotes disruption of hBMECs
monolayer.
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Figure 2 | Plasmin(ogen)-coated GBS induces hBMECs detachment and injury.
GBS cells were preincubated without (untreated GBS) or with (PLG-treated GBS) plasminogen
plus tPA, or pre-treated with εACA prior to plasminogen plus tPA incubation (εACA-treated GBS).
HBMECs monolayers were infected with 106 CFU (MOI of 10) of untreated GBS, PLG-treated GBS
or εACA-treated GBS, for 120 min at 37°C; uninfected cells were used as negative controls. (A)
Upper panel: representative microscopic photos of the average cell density were taken at x100
magnification for visualization purposes. Lower left panel: percentage of viable cells, determined by
the neutral red assay, expressed relative to the number of viable cells observed in uninfected
control. Lower right panel: Cell viability determined by measuring the LDH release. Data represents
mean the values normalized to the mean 100%-death control + SEM from an experiment
performed in triplicate that is representative of three independent experiments. (B) Plasmin-like
activity in bacterial cell surface. The plasmin activity in GBS surface was assessed following
incubation with its specific chromogenic substrate S-2251 and determination of the absorbance at
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405 nm. Data represents mean + SEM from an experiment performed in triplicate that is
representative of three independent experiments.

Human plasma incubation increases the ability of GBS to invade and degrade
hBMECs
Numerous unrelated streptococcal surface proteins are involved in the binding of
plasminogen including the glycolytic enzymes enolase, phosphoglycerate kinase,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and phosphoglycerate mutase
(28). We have previously shown that plasma plasminogen is efficiently recruited at the
GBS cell surface (25) and, more recently, have identified several plasminogen-binding
receptors on the GBS surface among which enolase and GAPDH were predominant in
binding plasminogen (Magalhães et al., unpublished data). To provide a more
physiologically relevant experimental set-up, the invasion and hBMECs viability assays
were studied following incubation of the hBMECs monolayer in whole human plasma that
contains plasminogen at a physiological concentration (2 μM) (29). GBS invasion of the
hBMECs was significantly greater at all time points analyzed when the bacteria were
pretreated with human plasma compared to untreated cells (Figure 3A). This difference
was not due to increased bacterial growth since untreated GBS or human plasma-treated
GBS displayed similar growth rates (data not shown). We next determined whether the
interaction of GBS with human plasma in the presence of hBMECs can lead to acquisition
of cell surface plasmin activity. The proteolytic activity on the GBS cell surface was
assessed using the chromogenic substrate S2251 at different time points (60, 120, 180,
240, and 300 min) of co-culture. As shown in Figure 3B, GBS co-cultured with hBMECs in
human plasma acquired an increasing surface plasmin-like activity over the incubation
period that reflects bacterial growth. To ensure that the observed GBS cell surface
plasmin activity was due to binding and activation of the plasminogen present in human
plasma, we determined at 300 min post-infection the proteolytic activity of GBS cells
previously incubated with ACA prior to hBMECs infection. As shown Figure 3C, preincubation of GBS with ACA significantly (P = 0.0231) inhibited the acquisition of cell
surface plasmin activity by GBS. The inhibition was not complete, presumably because
plasmin(ogen)-coated GBS can arise after bacterial multiplication in the plasma. No
difference between the bacterial CFU at this time point was observed between ACAtreated and untreated GBS indicating that the ACA treatment did not modify the bacterial
growth (data not shown). Moreover, as shown in Figure 3D, infection of hBMECs with
GBS in human plasma leads to a significant cell detachment, as observed at 240 and 300
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min post-infection. These experiments showed that plasminogen present in plasma is
recruited to the bacterial cell surface and is converted into plasmin by host-derived
activators leading to hBMECs injury.

Figure 3 | Incubation with human plasma increases the ability of GBS to invade and degrade
hBMECs
(A) HBMECs monolayers were infected with 106 GBS CFU (MOI of 10) pre-incubated or not with
whole human plasma and bacterial invasion was determined at the indicated time points and
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expressed in log 10 CFU/ml (left) or in percentage of intracellular bacteria relative to the initial
inoculum. (B) HBMEC monolayer were infected with 106 GBS CFU (MOI of 10) in whole human
plasma and the plasmin-like activity of GBS cells was assessed as described in Figure 2C (bars
are the mean values of plasmin activity + SEM) and the bacterial CFU were determined at the
same time points (line represents the mean numbers of bacterial CFU ± SEM). (C) HBMECs
monolayers were infected with 106 GBS CFU (MOI of 10) preincubated (GBS + ACA) or not (GBS)
with 200 mM ACA in whole human plasma for a 300 min period at 37°C. The acquisition of cell
surface plasmin activity was detected as described in Figure 2C and results are the mean values +
SEM of the plasmin activity determined in one experiment performed in triplicate. These data are
representative of three independent experiments. Statistical differences (P values) are indicated.
(D) Upper panel: representative microscopic photos of the average cell density after 300 min of
infection (for visualization purposes, magnification was at 100X). Bottom panel: the percentage of
viable cells, assessed by the neutral red assay, was determined as described in Figure 2A. Data
are the mean + SEM and are representative of three independent experiments. Statistical
differences (P values) are indicated.

GBS-surface bound plasmin(ogen) promotes transmigration across hBMECs
It was reported that GBS adheres to and invades hBMECs (24), but the factors that
contribute to the penetration of the BBB remain to be characterized. To investigate the
role of plasminogen system in this process, an in vitro assay mimicking GBS migration
across the BBB was performed in a transwell system. As shown in Figure 4, a timedependent increase in GBS crossing through the hBMECs monolayer was observed both
with untreated and plasmin(ogen)-treated bacteria. However, plasmin(ogen) captured by
the GBS cell surface significantly increased the ability of this bacterium to traverse across
the hBMECs monolayer. After 60 and 120 min of infection, plasmin(ogen)-treated bacteria
displayed a 3- and 2-fold increase in their ability to migrate through the hBMECs
monolayer, respectively, as compared to untreated GBS cells (Figure 4A). Consistently, a
significant reduction of the trans-epithelial electric resistance (TEER) was observed when
GBS cells were incubated with plasmin(ogen), as compared to untreated bacteria, and
this effect was abolished by ACA (Figure 4B). These results suggest that the
plasminogen system contributes to GBS migration across the hBMEC monolayer by
disrupting the cellular integrity.
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Figure 4 | Transmigration of GBS across hBMECs.
(A) Confluent hBMECs monolayers grown in the upper chamber of Transwell inserts were infected
for a 2 h period with 106 GBS cells preincubated without (untreated GBS) or with (PLG-treated
GBS) plasminogen plus tPA. The total lower chamber medium was collected at the indicated time
points and total GBS CFU were enumerated. (B) The integrity of the HBMEC monolayers infected
with 106 GBS CFU previously incubated with plasminogen plus tPA (PLG-treated GBS), untreated
(untreated GBS) or pre-treated with εACA prior to plasminogen plus tPA incubation (εACA-treated
GBS) was monitored by measuring the change in TEER. Data are the mean values + SEM of at
least two experiments. Statistical differences (P values) are indicated.

Role of the host plasminogen system in BBB penetration in a murine model of
infection
The in vitro results described above support our hypothesis that interaction of GBS with
the host plasminogen system enhances the ability of this bacterium to invade the CNS in
vivo. To confirm this hypothesis, neonatal mice were infected by intraperitoneal route
(i.p.), 48 h after birth, with 5x106 cells of plasmin(ogen)-treated or untreated GBS. The
bacterial load was determined at 6 h and 18 h post-infection in the brains of the neonatal
mice from both groups. As shown in Figure 5A, 6 and 18 h after infection, the brains of the
neonates mice challenged with plasmin(ogen)-treated GBS displayed higher bacterial
counts than those challenged with untreated GBS (P = 0.0450 and P = 0.0289,
respectively). No difference in bacterial counts was observed in the blood of pups infected
with untreated or plasmin(ogen)-treated GBS, excluding the possibility that increased
brain penetration was due to increased levels of bacteremia (data not shown).
We further tested whether the increased entry of plasmin(ogen)-treated GBS into the brain
of infected pups was associated with cell-surface plasmin(ogen) binding. Based on the
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knowledge that orally administered ACA is almost entirely absorbed from the
gastrointestinal tract and is rapidly detected in plasma (30), we developed an in vivo
assay in which plasminogen binding to GBS was blocked by adding ACA in the drinking
water of pregnant mice, while the control group was given normal water. Pups born from
ACA–treated or control females were infected i.p., 48 h after birth with 5x106 untreatedGBS cells. The pups were maintained with their mothers throughout the experiments. Ten
out of the 12 mice born from ACA–treated mothers survived the infection (83.3%
survival) whereas all but two infected pups succumbed to GBS challenge in the control
group (16.7% survival) (P = 0.0067) (Figure 5B). Moreover, as depicted in Figure 5C, a
significantly lower CFU of GBS were recovered 18 h after infection from the liver of pups
born from ACA–treated mothers, as compared to the control group. Importantly, no
bacterial counts were detected 18 h after GBS infection in the lung and brain of pups born
from ACA–treated mothers (Figure 5C). Moreover, in pups born from ACA-treated
mothers, no CFU were detected in all blood samples, while the blood samples of some
control pups were found to have CFU.
Altogether, our results indicate that interaction of GBS with the host plasminogen system
contributes to successful crossing of the BBB and penetration into the CNS.
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Figure 5 | Plasmin(ogen)-coated GBS displays enhanced abilities to invade the central
nervous system.
(A) Neonatal BALB/c mice were infected i.p. at 48 h after birth with 5x106 CFU of GBS incubated
with (PLG-treated GBS) or without (untreated GBS) plasminogen plus tPA. GBS CFU were
determined in the brain of neonates at 6 and 18 h post-infection. Results from individual mice are
shown. Statistical differences (P values) between groups are indicated. (B and C) Pregnant BALB/c
mice, from the gestational day 15 until the end of the experiment, were given drinking water
containing ACA (12 g/L) or normal water (control group). The newborns were kept with their
mothers throughout the experiments. Two days after the birth, the pups were infected with 5x106
cells of untreated GBS. (B) Kaplan-Meier survival curves of neonatal mice born from ƐACA-treated
or control mothers. The numbers between parentheses represent the number of animals that
survive versus the total number of infected animals. Results represent data pooled from two
independent experiments. (C) GBS CFU recovered at 18 h post-infection in the liver, lungs, blood
and brain of pups. Results from individual mice are shown. Statistical differences (P values)
between groups are indicated. ND – not detected.

DISCUSSION
A major limitation to advances in the prevention and treatment of CNS infection is our
incomplete understanding of the pathogenesis of this disease and the associated BBB
dysfunction. The development of in vitro models of BBB crossing and in vivo animal
models of experimental haematogenous meningitis have shed some light on the
mechanisms of microbial traversal of the BBB, the key step leading to CNS infections.
Concerning the pathophysiology of GBS, the precise mechanisms whereby this bacterium
leaves the bloodstream and access to the CNS remain incompletely understood. A
number of GBS surface proteins including pili (31), the fibrinogen adhesin FbsA (32), the
serine-rich repeat glycoprotein Srr1 (33), the hypervirulent GBS adhesin HvgA (6, 34), the
laminin-binding protein Lmb (35), and the lipoteichoic acid anchoring enzyme LagA (36),
have been shown to promote in vitro adhesion to or invasion of BMECs. A recent study
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identified the surface glycosaminoglycans as host receptor molecules that interact with the
GBS alpha C protein to facilitate the bacterial entry into CNS (37).
We previously reported that GBS can specifically bind human plasminogen that can be
subsequently activated to plasmin by host activators, such as uPA and tPA, and generate
a proteolytic bacterium that is more virulent (20). As reported in other bacteria (38, 39)
including streptococci (28) we have identified the GBS enolase and GAPDH as
predominant cell surface plasminogen binding proteins (Magalhães et al., unpublished
data). As these proteins are essential for bacterial growth, the corresponding genes could
not be deleted. The ability of invasive pathogens to recruit plasmin(ogen) on their surface
constitutes a well described strategy for translocation through tissue barriers and
dissemination (9, 10, 12, 40). In the present study, we demonstrated that GBS utilizes the
host plasminogen system to promote bacterial migration across BBB and entry into the
CNS. We showed that, early after infection, GBS surface-bound plasmin(ogen) increased
the bacterial adherence to and invasion of hBMECs monolayer and subsequently induced
hBMECs injury and disruption by endowing the bacteria with host-derived proteolytic
activity. Plasmin bound to GBS cell surface is enzymatically active, as measured by the
degradation of chromogenic specific plasmin substrate. Several studies have shown that
the acquired and surface-bound proteolytic activity endows the bacterium with the
capacity to degrade components of the ECM (41) and penetrate endothelial monolayers,
including the BBB (13, 14, 42-44). Accordingly, plasmin-mediated penetration of tissue
barriers leading to brain invasion was reported in the case of B. burgdorferi (42). Another
important factor for the development of meningitis is the ability of pathogens to cross the
BBB as live organisms. Transmission electron microscopy studies with extracellular
pathogens (e.g., Escherichia coli and GBS) revealed that they transmigrate across
hBMECs monolayer in membrane-bound enclosed vacuoles (24, 45). Our results suggest
that these two potential mechanisms can function sequentially. The increased
internalization detected early during the infection process should favor the bacterial
transcytosis, as reported by others (22, 46), and the cell injury and detachment of
hBMECs observed later should favor bacterial transmigration between injured cells. The
loss of BBB integrity had also been reported with the toxicity of bacterial products and/or
the activation of host inflammatory mediators (47, 48). Here, we provide evidences that
hijacking of the host plasminogen system to generate a proteolytic bacterium constitutes
another mechanism enabling endothelial cell injury. Indeed, we showed that incubation of
hBMECs and GBS in human plasma resulted in the acquisition of a plasmin activity at the
bacterial surface. This surface modification should facilitate the GBS traversal of the
extracellular matrix barriers and the tissue penetration and, consequently, led to increased
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bacterial invasiveness. Our in vitro results were confirmed in vivo in a neonatal murine
model of GBS infection where an increased CNS dissemination was observed in neonates
infected with GBS cells exhibiting surface-bound plasmin(ogen). This indicates that
recruitment of the host plasminogen to the bacterial surface generates a proteolytic
bacterium that, after conversion to plasmin, possesses an increased ability to traverse the
BBB. Since ACA has been used as an anti-fibrinolytic agent in humans, this molecule
was added to the drinking water of mother’s mice. The liver of GBS-infected pups born
from ACA-treated mothers was much less colonized than those born from untreated
progenitors. Remarkably, no bacterium was recovered from the lungs and the brains of
pups born from ACA-treated mothers, whereas those of pups from untreated mothers
were found to possess detectable CFUs. Moreover, pups born from ACA-treated mothers
were free of detectable bacteremia which could indicate that GBS-associated
plasmin(ogen) facilitate bacterial access to the vasculature with systemic spread, as
described for Group A Streptococcus [16]. Remarkably, the treatment of mothers with
ACA improved neonatal survival from 16.7 to 83.3%. Our results combined with previous
reports suggest that the ability to recruit the host plasmin(ogen) could constitute a strategy
utilized by unrelated meningeal pathogens such as GBS (this work), Streptococcus
pneumoniae (49) , and B. burgdorferi (13, 14).
Overall, our findings suggest that plasmin(ogen) bound at GBS surface facilitates bacterial
penetration of CNS. To our knowledge, this is the first report that identifies the interaction
of GBS with the host plasminogen system as one of the key events in the pathogenesis of
CNS infections. Moreover, our results suggest that therapies aimed at neutralizing the
activation of plasminogen system at GBS surface could be beneficial in preventing
development of meningitis.
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General Discussion
Sepsis is associated with substantial mortality in all age groups (1). However, the
incidence of sepsis is 10 times higher in infants under 1 month of age (2-4), peaking in
premature infants where mortality can approach 50% (5). The majority of all neonatal
sepsis-related deaths (75%) occur during the first week of life, and 25% to 45% occurs
within the first 24 hours of life for a term baby (6). Surprisingly, the last two decades of
advances in antimicrobials, modern intensive care units, and standardized treatment
guidelines have not significantly improved survival in severe sepsis and it remains a major
challenge and a major public health problem. An important question is: do we really
understand the pathology of sepsis under the pediatric period? In my opinion, no! The
unique characteristics of pediatric sepsis demonstrate significant differences, when
compared to adult sepsis and must be accounted for when attempting to prevent,
recognize, and treat pediatric sepsis. It is common that clinicians’ extrapolate from the
results obtained from adult clinical research trials, in order to treat critically ill pediatric
patients. Although this may be a useful therapeutic strategy for certain medical problems,
the use of several promising therapies has proven to be extremely dangerous and rather
disappointing in the case of neonatal sepsis (7). Trials with recombinant human activated
protein C (drotrecogin alfa), have reduced mortality in critically ill adults with severe sepsis
(8), from 30.8% in the placebo group to 24.7% in the drotrecogin alfa activated group (8).
The same approach was also tested in pediatric patients with sepsis, however the
pediatric phase III study was interrupted early, due to an association of serious brain
hemorrhage, without improving patient survival, in infants receiving treatment, especially
in those who weighed less than 4 Kg, and younger than 60 days (9, 10). These results
further highlight that although both pediatric and adult patients with sepsis have a
substantial depletion in protein C (11), they cannot be seen as similar.
Therefore, to induce a positive change on the outcome of pediatric sepsis, new
approaches to pediatric sepsis research are needed. Pediatric patients are not small
adults! Therefore, an understanding of the pathophysiology of neonatal sepsis and the
resultant immune responses in vivo is required. This was the first aim of my thesis project:
to provide an advance in the knowledge of the molecular basis of neonatal sepsis.
Moreover, GBS, is the most common cause of bacterial meningitis within the neonatal
period, accounting for 86.1% of cases among those under 2 month of age (12, 13), which
also raised two additional important question:
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Are we using the correct approach to study the pathophysiology of GBS-induced
meningitis? (the second aim);



How is GBS translocating through the BBB and gaining access into the CNS?
(the third aim).

Newborns have an increased risk for the development and progression of a systemic
infection. As reviewed in detail in the introduction of this thesis, neonatal protection
against pathogens is highly dependent on their innate immune system. Nonetheless, the
specific underlying mechanisms of protective immunity in neonates remain poorly
understood. TLR sensor function is well developed in newborns (14). The expression of
TLRs, as well as downstream signaling molecules, in mononuclear cells of healthy infants
over the first 5 years of life is comparable to the adult (15, 16). Additionally, human
newborns diagnosed with bacterial sepsis are able to upregulate TLR expression on
peripheral blood mononuclear cells (15). In contrast to findings from adult mice, the
adaptive immune system does not participate in the protective host response to sepsis in
neonatal mice. In animal models of adult sepsis, correction of adaptive immune
dysfunction by prevention of lymphocyte apoptosis or treatment with agonistic
glucocorticoid-induced tumor necrosis factor (TNF) receptor antibody (anti-GITR) to
stimulate effector T-cell function, improves survival (17, 18). The adaptive immune system
undoubtedly participates in host immunity to sepsis in adult animals (17, 19, 20).
Nevertheless, the same treatment with anti-GITR in neonatal mice did not improve
survival to polymicrobial sepsis (21). Moreover, the use of RAG-1–deficient neonatal mice,
without adaptive immune system, did not exhibited a worst or increased survival in a
model of generalized polymicrobial sepsis, when compared to control (21). In addition,
bacterial infections caused by the most relevant neonatal pathogens, demands an efficient
and early innate cellular defense, due to their very fast replication rate, putting the innate
immunity in major focus.
Neonates are highly committed to IL-10 production (22-26) and we have showed that the
susceptibility of neonatal mice to GBS infection is dependent of an early IL-10 production
(27). It is well documented that TLR triggering can lead to IL-10 production (28-36). TLR2
has been shown to be involved in the recognition of a broad range of microbial products
(37-46). It is then conceivable that during infection in the early period of life, TLR2 is likely
to be stimulated locally and systemically, through a high variety of microorganisms. Given
the importance of this receptor under the neonatal period, we used a model of GBSinduced sepsis, to better understand the neonatal immune response to an infectious
pathogen. When TLR2-deficient pups were infected with a lethal inoculum of GBS, though

170

GENERAL DISCUSSION

the level of pro-inflammatory cytokines were lower than the ones observed in WT mice,
the activation induced by bacteria rendered them resistant to infection while all WT pups
died from sepsis. Moreover, inhibition of either TLR2 or IL-10 signaling led to an increased
survival of newborns. This increased survival was due to an efficient recruitment of
neutrophils into injured organs eliminating the bacteria (Manuscript 1).
The initiation of the inflammatory process has several beneficial effects to eliminate the
infectious agent. Once a scavenger cell, as a macrophage, senses a pathogen through a
PRR, it will release cytokines, chemokines and other inflammatory mediators. This will
lead to an increased vascular diameter, with concomitant decrease in the velocity of blood
flow and increase in the permeability of the local blood vessels. Activation of the
endothelial cells lining the blood vessel walls is also important, as they will increase the
expression of several cell-adhesion molecules that will promote the binding of circulatory
cells to the endothelial wall. The combination of slowed blood flow and the expression of
adhesion molecules on the endothelial cells, as well as conformational changes in the
adhesion molecules expressed on leukocytes, allows them to attach to the endothelium
and migrate into the site of infection. Peripheral blood neutrophils constitute a first line of
defense against bacterial infection (47, 48) constituting the main cell type seen in the
initial phase of an inflammatory response. Both neutrophils and macrophages are known
as inflammatory cells. These phagocytic cells are able to recognize, ingest and destroy
many pathogens without the aid of an adaptive immune response. They recognize
pathogens by means of cell surface receptors. Phagocytosis with concomitant intracellular
destruction of a pathogen by neutrophils is of extremely importance to restrain bacterial
growth. Microbes are internalized into phagosomes, which fuse with lysosomes to form
phagolysosomes, where the pathogen is killed by the action of reactive oxygen and
nitrogen species and proteolytic enzymes (47, 49). In addition to this, neutrophils can
extrude extracellular fibrillary networks termed neutrophil extracellular traps (NETs), which
act as a mesh that traps microorganisms and, in turn, facilitates their interaction with
neutrophil-derived effector molecules (50, 51). However, if the pathogen induces a strong
systemic inflammatory response this cause severe damage to the host, as it is described
with sepsis.
Our results sustain that the inflammation that is triggered upon infection, in the TLR2deficient mice is enough to initiate the events that will lead to bacterial clearance and to an
improved outcome. In TLR2-deficient mice, an efficient recruitment of neutrophils into
infected tissues was observed, with the concomitant bacterial clearance. This is
responsible for the increased host survival. Interestingly, the same result was obtained in
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WT pups when the IL-10 signaling route was blocked (Manuscript 1). Thus, although
neonates exhibit specific immunologic limitations in vivo, their neutrophil population is
equally capable of clearing pathogens, as adult neutrophils. Our data pointed out that
systemic TLR2 activation leads to IL-10 production that prevent neutrophil recruitment and
this is the key event that induce neonatal sepsis in mice.

To confirm that IL-10 produced through TLR2 triggering was responsible for the inhibition
of neutrophil migration, we treated the pups with TLR2 agonist before the nebulization
with the potent neutrophil chemoattractant LTB4. The results showed that the recruitment
of neutrophils was prevented if the neonatal mice were treated with TLR2 agonist. But, the
absence of IL-10 signaling, either with anti-IL10R mAbs or by using IL-10 deficient mice,
was sufficient to reverse the inhibition induced by the TLR2 agonist (Manuscript 1). Thus,
we proved that IL-10 produced through TLR2 triggering prevents neutrophil migration into
injured organs.
The TLR2 activation by GBS induces IL-10 production that leads the neonatal mice to an
exuberant anti-inflammatory state. This is in accordance with a study showing that
systemic TLR2 activation converts low-dose bacterial infection into lethal sepsis (52).
The treatment with TLR4 and TLR7/8 agonists has been showed to increase and
abbreviate the early neonatal inflammatory response following polymicrobial sepsis (21).
The authors showed that the therapy with TLR4 (LPS) and TLR7/8 (resiquimod) agonists
prior to sepsis induction, improved neonatal sepsis survival (21). They demonstrated that
treatment with LPS increased the recruitment of peritoneal neutrophils and enhanced their
production of ROS, whereas the treatment with resiquimod improved peritoneal
phagocytic function. Among these TLR, at least TLR4 activation, leads to IL-10 production
(53). This could seem to be contradictory with our results. However, the agonist was given
24 h prior to the initiation of sepsis, and therefore IL-10 is unlikely to be in circulation.
Another plausible explanation is that IL-10 expression is autoregulated, i.e. IL-10 can
induce a downregulation of IL-10 expression. This has been showed in a study with
Kupffer cells, in which exogenous and endogenous IL-10 administration effectively
terminated IL-10 gene expression, via a negative autoregulatory loop (54). Accordingly,
studies from our laboratory showed that BMMɸ cultures stimulated with TLR2 or TLR4
agonists, led to IL-10 production. However, if the cultures were treated with rIL-10 up to 24
h prior to TLR2 or TLR4 stimulation, a significant reduction in IL-10 production was
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observed (Madureira P., unpublished data). This data indicates that IL-10 exogenously
administrated negatively regulated IL-10 gene expression.
There is an assumption that TNF-α is the primary molecular mediator in the
pathophysiology and susceptibility to sepsis, either in mice and humans (55, 56).
Notwithstanding the relevance in adult sepsis, its role in neonatal infections is very
questionable (57, 58). Incomprehensively, the vast majority of pediatric clinicians and
researcher seem to be very resistant to change that idea in spite of has been reported that
TNF-α levels were not increased in infants with sepsis (57) and the treatment with antiTNF-α mAb did not work (59).
In an experimental study of septic shock, TNF-α was suggested as the molecular mediator
of septic shock. In this study the absence of TLR2 was similarly reported to protect mice
from lethal GBS-induced sepsis (60). However, the abrogation of circulating TNF-α by an
anti-TNF-α treatment only moderately increased the survival time with little effects on
mortality of GBS infected animals (61, 62). Our results are in accordance with these last
reports, since we showed that anti-TNF-α mAb treatment did not modify the course of
GBS-induced sepsis since all treated pups died (Manuscript 1). This is in agreement with
several unsuccessful attempts at interventional therapy, with the use of IL-1R antagonist
and anti-TNFα (59).
Authors also referred other pro-inflammatory cytokines, IL-6 and IL-1β, as having a
deleterious role in neonatal sepsis. However, our study showed that the neutralization of
these cytokines only moderately increased the survival of pups (Manuscript 1). The
majority of the authors look for IL-10 as a beneficial molecule. Having in account that
neonates are more committed to IL-10 production, we believe that this cytokine is the risk
factor when its production is induced very soon after infection. Indeed, the treatment with
anti-IL-10R mAb significantly increased the survival of neonatal mice (Manuscript 1). The
rapid production of IL-10 leads to an immunoparalysis state.
We showed that only the inhibition of IL-10 but not the inhibition of pro-inflammatory
cytokines TNF-α, IL-6 and IL-1β has proved to be protective against GBS-induced sepsis
(Manuscript 1).
The ability of a pathogen to induce IL-10 production through TLR2 has been described
with several microbes (33, 63-72). This is the case of Y. enterocolitica infection when LcrV
antigens interact with TLR2, leading to IL-10 secretion by stimulated cells (63). IL-10
subsequently induced a hypo-responsive state upon TLR2-mediated cell activation,
leading to a dampening of inflammatory cytokine production and the regulation of
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inflammatory responses. This LcrV-induced TLR immunosuppressive state was abrogated
in cells isolated from IL-10-deficient mice, confirming a role for IL-10 in this process (63).
IL-10 is a critical biomarker for poor disease outcome during infection with the intracellular
parasite L. donovani (64). Like Y. pestis, L. donovani stimulates IL-10 production via
TLR2- and TLR4-mediated pathways, leading to suppressed IL-12 secretion and
increased susceptibility (65). TLR2-mediated pathogen recognition has also been
implicated with the susceptibility of the host to fungal pathogens Histoplasma capsulatum
(66) and C. albicans (33). Thus, TLR2-deficient mice are more resistant to infection with
C. albicans than wild-type mice, which correlate with increasing levels of IL-10 in vivo (33).
For mycobacterial infections, the outcome of depleting IL-10 is more variable. However,
purified M. tuberculosis antigens, or the whole mycobacterium, can be recognized via
TLR2, which results in TNF and IL-10 production in vitro (67, 68). Interestingly, the culture
of human-monocyte-derived macrophages with lipid fractions from the hypervirulent
Beijing strain of M. tuberculosis, compared to lipid from a less virulent strain, led to
increased IL-10 production that downregulated the expression of TLR2, TLR4, and MHC II
molecules on the cell surface (68). It is unclear whether less virulent strains of M.
tuberculosis drive the production of IL-10 via lipid-TLR2-associated pathways; however,
additional mycobacterial antigens have also been shown to interact with other PRRs and
to influence the production of IL-10 (69-72).
The role of IL-10 in inflammatory-driven pathologies has been widely studied but its
relevance to neonatal sepsis has been underestimated is spite of the failure of several
clinical trials with anti-inflammatory agents [reviewed in (73)].
We cannot take aside that pediatric sepsis has unique developmental features, which are
different from adult sepsis. However, even in adults, IL-10 can contribute to an increased
susceptibility to sepsis. Among the TLRs, TLR2, TLR4 and TLR9 have been associated
with the pathophysiology of experimental adult sepsis (74-77). These adult sepsis models
included approaches that stimulate different TLR: TLR4 with E. coli (75) and LPS from
Gram-negative bacteria (77), TLR2 with LTA and Gram-positive bacteria (52), or TLR9 in
a cecal ligation and puncture (CLP) model in which TLR9-deficient mice are highly
protected (74). Interestingly, all these TLRs have been shown to induce IL-10 production
(53). These data pointed out that IL-10 may also have a central role in the susceptibility of
the adults to sepsis. In agreement, it was described that the development of an aberrant,
prolonged and massive release of IL-10 lead to an immunossupressive state, that result in
an inability to eradicate the primary infection and/or to the development of new secondary
infections in adults sepsis. (78).
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IL-10, produced by cells from both arms of immunity, has been described as an antiinflammatory cytokine with a broad range of suppressive actions over the innate and
adaptive immune responses [reviewed in (79)]. IL-10 regulates many functional activities
of neutrophils. In normal conditions, circulating neutrophils are unable to respond to IL-10
due to the lack of IL-10R1 on the cell surface. However, under septic conditions,
neutrophils synthesize IL-10R1 de novo and, in turn, acquire the ability to respond to IL-10
(80). It has been shown that IL-10 inhibits LPS-induced proinflammatory cytokine
production, inhibits neutrophil oxidative burst, negatively modulates the production of
several chemokines by neutrophils, and the reduction of neutrophil expression of the
inducible isoform of cyclooxygenase COX-2 has also been reported (81-85). Moreover, IL10 also inhibits production of several chemokines implicated in the recruitment of
neutrophils (86).
Several reports showed an impaired amplification, mobilization, and function of
neutrophils during severe sepsis, followed by failure of local bacterial clearance that
enables to the dissemination of infection, and sometimes death (87, 88). Up to now,
therapies aiming at boosting the granulopoiesis during sepsis have generally not proved
as successful as hoped. In particular, myeloid-specific growth factors including
granulocyte-colony stimulating factor (G-CSF) and granulocyte/macrophage colony
stimulating factor (GM-CSF) had been used in several clinical trials for the treatment of
septic infants, but they have not shown their effectiveness in improving overall survival
(89). Furthermore, endogenous G-CSF levels are already elevated in septic neonates,
suggesting that end-organ unresponsiveness may account for this lack of effect (90).
Neutrophil migration is tightly regulated by signaling mechanisms activated by chemokine
gradients that are present in a temporally and spatially defined manner, which act through
chemokine receptors on the cell surface (91-93). Chemokine receptors are specific G
protein–coupled receptors (GPCR) present at the cell surface (94). Upon engagement of a
specific chemokine to its receptor, an intracellular signaling cascade is initiated resulting in
the integrin activation (95). Neutrophils express different chemokine receptors on their
surface, but CXCR2 has been the focus of especial attention, as it plays an essential role
in the regulation of neutrophil homeostasis (96, 97). There are several high affinity ligands
for CXCR2, as CXCL1, 2, 3, 5, 6, 7 and 8 (96, 97). Among, CXCL6 and CXCL8 have
higher affinity (98), however rodents do not express CXCL8 (99).
A study from Cummings et al, showed that the expression levels of CXCR2 on circulating
neutrophils from septic patients are decreased by approximately 50%, when compared to
healthy controls (100). Desensitization of the GPCR family of chemokine receptors, by
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downregulation of its expression on cell surface, is common as a negative feedback to
regulate the intensity and duration of agonist stimulation (94). A similar effect in CXCR2
expression on the surface of neutrophils was observed in a murine model of CLP-induced
sepsis (101). In addition, decreased CXCR2 expression was shown to be partially
dependent on TLR2 signaling, as TLR2 deficiency prevented the down-regulation of
CXCR2 on circulating neutrophils from mice with severe polymicrobial sepsis (102). In the
same study, it is also showed that upon TLR2 activation, CXCR2 is internalized due to an
increased expression of the GPCR kinase (GRK)-2 (102). These kinases induce GPCR
phosphorylation and, thereby, signal GPCR desensitization (103).
However, in our study, the failure of circulating neutrophils to migrate into infected tissues
is not only a consequence of the loss of CXCR2, as we observed similar decrease of
CXCR2 expression in the anti-IL-10R treated pups that present an efficient neutrophil
recruitment into infected organs. Therefore, we showed that TLR2-dependent IL-10
production is responsible for the abrogation of neutrophil recruitment, but it is not
mediated by a direct effect on CXCR2 expression (Manuscript 1). Our data is in
agreement with a recent report showing a significant survival benefit in TLR2-deficient
mice compared to WT mice that presented an equally downregulation of the CXCR2
expression in peritoneal neutrophils induced by polymicrobial sepsis (104). Possibly other
neutrophil chemokine could be involved. In accordance, a recent report showed a
prominent role for CXCL12 in polymicrobial sepsis (105). This study showed that
neutrophil mobilization from the bone marrow is not dependent on CXCR2 pathway
signaling but is dependent on CXCL12 signaling. The bone marrow provides a large
reserve of neutrophils that are released into the peripheral circulation when needed (105,
106). Under homeostatic conditions, CXCL12 is highly expressed in bone marrow stromal
cells, maintaining neutrophil population within the marrow compartment (107). Under
septic conditions, using an adult murine CLP model of polymicrobial sepsis, CXCL12
expression in the bone marrow is suppressed, while blood and spleen levels remain
constant, triggering the release of neutrophils into circulation (105). In the same study it
has been demonstrated that bone marrow neutrophil mobilization is not dependent on
TLR4, MyD88, TRIF, IFNARα/β, or CXCR2 signaling pathways (105). In contrast,
CXCL12 blockade prevented the release of neutrophils from the bone marrow during
sepsis, resulting in a failure to increase blood and peritoneal neutrophil counts (105).
Of interest, CXCR2 has also been shown to have deleterious effects in sepsis, as blocking
or elimination the receptor, decreased liver injury and mortality in a murine model of CLPinduced sepsis (108). They observed a delay in neutrophil recruitment into the
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peritoneum, but bacterial elimination was not affected (108). Therefore, despite that
CXCR2 was demonstrated as a marker of septic neutrophils (101, 102), our results
pointed out that the decreased surface expression of CXCR2 on neutrophils cannot be
associated with the severity of disease. We currently don’t know which chemokine, or
chemokine receptor is responsible for the observed suppression of neutrophil migration.
This is going to be addressed in the future, through microarrays analysis.
The results obtained in manuscript 1, allow us to propose the model depicted in Figure 1
to explain why neonates are highly susceptible to microbial pathogens recognized by
TLR2 and efficiently cleared by neutrophils.

Figure 1 | Immune mechanisms associated with neonatal susceptibility to bacteria-induced
sepsis.
Upon bacterial infection, TLR2 triggering leads to an inflammatory response, with the expression of
cytokines, chemokines and other inflammatory mediators. This will lead to neutrophil migration into
infected tissues, resulting in bacterial clearance (upper scheme). However, in the context of
neonatal infection, TLR-2 triggering will lead to a rapid production of high levels of IL-10, which
prevents neutrophil migration. This will favoring bacterial colonization and the development of
sepsis (lower scheme).
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The recruitment of neutrophils to areas of inflammation is one of the major consequences
of IL-17 signaling, which give to this cytokine a key role in diseases of several types. The
main effect of IL-17 is the propagation of proinflammatory cytokines as well as neutrophil
chemoattractants (such as CXCL1, CXCL2, CXCL5 and CXCL8) (109-112). IL-17 also
induces endothelial cells to upregulate several adhesion molecules, which enable
neutrophils to exit the vasculature (113), synergizes with other cytokines, as IL-1, IL-6 and
TNF-α, to promote activation of tissue infiltrating neutrophils.
Of interest, we observed IL-17 in the blood of infected neonatal mice, associated with an
increased expression of IL-17 mRNA (data not shown); though the levels were more
pronounced in the WT pups, IL-17 was detected in both mice strains, similarly to the
observed with the other pro-inflammatory cytokines.
Despite the extensive study on CD4+ αβTCR+ Th17 cells, IL-17 production is not an
exclusive characteristic of this population (114). IL-17A can also be produced by
unconventional T cells, such as γδ T [reviewed in (115)] and CD3+ invariant natural killer T
(iNKT) cells (116, 117), as well as some non-T cells, macrophages (118) and even
neutrophils (119). The γδ T cell subset are an unique and conserved population of
lymphocytes with an important role at the mucosal tissues and peritoneal cavity, being
relatively rare in the blood of adults (120). This cell population are the first T cells to
develop in every vertebrate in which T cell ontogeny has been examined, generated in the
thymus in the embryonic stages (121, 122). Furthermore, Hayday and colleagues
suggested that human neonatal γδ T cell population is highly active and may contribute to
immunoprotection in the absence of mature conventional T cells (123). Micro-arrays
revealed no differences in functional expression of TLR1, 2, 4, 5 RNA in newborn γδ T cell
population when compared with the ones from adults (123), which suggest that they may
function as sentinels in newborns. Interestingly, the same study revealed that neonatal γδ
clones have a heightened functional competence to produce IL-10, when compared to the
adult-derived γδ clones (123). Surprisingly, no human γδ clones examined, produced IL17 (123). This strengthens the commitment of neonates for the IL-10 production.

Whether IL-17-producing γδ T cells in either mice or humans are playing a role in the
susceptibility of neonates to acute bacterial infections is yet to be shown. Furthermore,
their ability to produce IL-10 in newborns in the context of infection, and its relationship
with resistance versus susceptibility was never explored. This will be stressed by us in
future work.

178

GENERAL DISCUSSION

The neonatal sources of IL-10 soon after TLR triggering clearly require further
investigation. It has been reported that neutrophils produce IL-10 (124). However, it
doesn’t seem to auto regulate their migration into infected sites, since neutrophils from IL10-/- mice were recruited into the lungs of BCG infected mice as well as the WT
counterparts (124). Moreover, we have showed that neutrophils from neonates do not
secrete IL-10 upon stimulation with Pam3CSK4 (Manuscript 1).
The tendency of neonatal B cells to produce IL-10 and the high frequency of CD5+ B cells
suggests a regulatory role of these cells in controlling acute systemic inflammation (22),
turning those cells as good candidates for the early production of IL-10 during neonatal
sepsis.
In the early 1990s, O’Garra et al. reported that mouse peritoneal CD5+ B-1 cells were the
main source of IL-10 following LPS stimulation, raising the possibility of these cells having
immunoregulatory activities (125). This innate-like B cell population is distinct in
development, repertoire, and tissue location from the majority of conventional or B-2 cells.
B-1 cells are in many ways analogous to intraepithelial γδ T cells; they arise early in the
embryonic development, they use a distinctive and limited set of gene rearrangements,
they are self-renewing in tissues outside the central lymphoid organs, and they are the
predominant lymphocyte in a distinctive microenvironment – the peritoneal and pleural
cavities (126).
CD5+ B-1 cells have a different tissue distribution in neonates and adults. As opposed to
adults, in which the B-1 population accounts for approximately 2% of the B cells in the
spleen (126), in 7-day-old neonatal mice, the B1 population constitutes more than 30% of
splenic B cells (24). CD5+ B-1 cells are also abundant in the liver and blood, and CD5+ B-1
cells represent most innate-like B cells during the neonatal period.
The ability of B-1 cells to produce IL-10 is well established (125) and its association with
the high abundance of B-1 cells in the newborn (24) may account for their ability to
produce higher amount of IL-10 (22).
Different subsets of B cells display variable and unequal levels of TLR2 expression which,
in consequence, produce different IL-10 levels (127). In the context of TLR 2, 4, 7 and 9
agonist, neonatal CD5+ B-1 cells produce high amounts of IL-10 (22, 24). These studies
uncovered a critical role for CD5+ B-1 cells in the regulation of neonatal inflammation and
immunity. We similarly showed that stimulation of splenic cell cultures derived from
neonates, with a TLR2-agonist lead to higher levels of IL-10 secretion almost exclusively
by the B cell population (Manuscript 1). However, it is worth mentioning that we were
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able to detect IL-10 produced by CD19- cell (non-B) population (Manuscript 1). This
indicates that the propensity of neonates to produce this cytokine reflects at least the size
of the CD5+ B cells population and intrinsic differences at triggering TLR2-mediated IL-10
production. These possibilities are currently being investigated; however, in either
scenario, newborns produced higher levels of IL-10 upon TLR2 stimulation and this is
correlated with their susceptibility to bacterial infection.
Thus, neonatal innate B cells could play a paradoxical role in immune regulation:
(i) Beneficial effect: avoid an overwhelmingly lethal inflammation (newborns are
constantly being stimulated);
(ii) Detrimental effect: impair the ability of the neonates to generate sufficient immunity
against invading pathogens.
Throughout the world, early recognition and diagnosis of sepsis continues to be a great
medical challenge. Failure to recognize the signs and symptoms of sepsis and to institute
timely and appropriate care leads to higher mortality rates in children and adults.
Studies addressing the genome-wide expression profile across the pediatric sepsis,
particularly with regard to up-regulation of genes that correspond to innate immunity,
demonstrated that these pediatric patients had a prominent and persistent up regulation of
genes within the IL-10 signaling pathway (128). These data associated with our own
results concerning IL-10, are clear indicators that IL-10 plays a central role in the
susceptibility across the pediatric group and should be considered as a bad prognostic to
sepsis.
A question remains: Which cells are producing IL-10?
Figure 2, outlines briefly what is known about the ontogeny of mouse lymphocytes and
their profile of cytokine production (15, 16, 126, 129-131).
Aside from what was previously discussed, inflammation has also an essential role in
combating infection, which is to induce local blood clotting that provides a physical barrier
to the spread of the infection into the bloodstream. In bacterial pathogenesis, the interplay
between blood coagulation and inflammation is considered to be an essential part of the
host defense against infectious agents (132, 133). Alterations in coagulation and
fibrinolytic system are common in both critically ill children and adults with sepsis.
Actually, the development of an uncontrolled pro-coagulant response to infection during
sepsis can subsequent lead to disseminated intravascular coagulation [for further
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knowledge, see ref (134-136)], contributing to severe tissue damage and even end-organ
dysfunction (137). Disseminated intravascular coagulation is associated with increased
risk mortality in critically ill children (138, 139) and adults with sepsis (135, 140). Although
newborns contain all the essential factors of the coagulase cascade, it is known that the
amounts of each individual component are decreased relatively to adults (141).

Figure 2 | Age-dependent waves of lymphocytes and cytokine production after TLR
stimulation.
(A) The diagram illustrates the ontogeny of mouse lymphocytes. During T cell ontogeny, ɣδ T cells
mature before αβ T cells and predominate at early stages (day 14 to day 18 after conception in
mice) of fetal development. At birth, the neonatal ɣδ cells include a higher proportion of Vɣ6 clone
that decline thereafter. After birth, the αβ T cell lineage becomes dominant and, although γδ are
still produced, they are a much more heterogeneous population. The B-1 also arises early in the
embryonic development (as early as day 8.5 of mouse embryonic development). Mature B-2 cells
are essentially absent in neonatal mice until after the first week of life. The marginal zone and its
populating B cells are not found until 1–2 weeks after birth. (B) Adapted from, T R Kollman et al
(15). Age dependent changes in TLR-induced cytokine production. At birth, newborns produce
large amounts of the anti-inflammatory cytokine IL-10, but low amounts of proinflammatory
cytokines, as TNF-α and IL-1. Higher amounts of IL-6 and IL-23 upon TLR stimulation is also
observed in newborns, supporting TH17 differentiation. After birth, there is a gradual increase in the
ability to produce of TNF-α and IL-1, paralleled by a decline of IL-10, IL-6 and IL-23.

Invasive bacterial pathogens have developed a variety of strategies to subvert blood
coagulation and its counterpart fibrinolysis. The host plasminogen system plays a central
role in fibrinolysis, being present in high concentrations within human plasma, as well as
in tissues (142, 143). The function of fibrinolytic system is to break down the existing
fibrin-containing clot and is an important constituent of wound-healing mechanisms (144).
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Plasmin is the main enzyme involved in the fibrinolytic process. Plasmin orchestrates
degradation of the extracellular matrix. The broad spectrum of ECM substrates of plasmin
includes fibronectins, thrombospondins, and laminins, as well as fibrin [reviewed in (145)].
In addition, plasmin can activate the latent matrix metalloproteases (MMP) which are
capable of degrading collagens and other constituents of ECM (146).
Several, if not all, bacteria recruit plasminogen to their cell surface, by plasminogen
receptor [reviewed in (147)]. Thereafter the plasminogen can be activated to plasmin by
their own bacterial plasminogen activators or by host physiological activators urokinasetype plasminogen activator (uPA) or tissue plasminogen activator (tPA) (148, 149). This
endows the bacteria with host-derived proteolytic activity. The sequestration of
plasmin(ogen) on the bacterial surface facilitates the degradation of the layer of fibrin that
is deposited by the host around the site of infection. This promotes the release of bacteria
from the fibrin clot, and allows further degradation of ECM (150), and as a consequence
bacteria dissemination into deeper tissues, including the penetration of endothelial
monolayers, as the BBB (151-155). Plasmin(ogen)-coated B. burgdorferi promotes the
degradation of soluble and insoluble components of ECM (150) and penetrates
endothelial monolayers (151) including the BBB (152). The invasion of BBB by
Cryptococcis neoformans was also enhanced by functional interation with plasmin(ogen)
(156). We similarly showed that GBS exploits the host plasminogen system to promote
bacterial migration across BBB and entry into the CNS (Manuscript 3).
uPA-mediated plasmin generation results in the proteolytic activation of MMP, other ECM
proteinases, and growth factor (157, 158). Through activation of MMP, plasmin(ogen)coated bacteria can break down ECM, facilitating the spread of bacteria (159). It was
observed that surface-bound plasmin in S. aureus activates MMP-1 (160). We didn’t
address if this was the case for GBS infections. However, in multiple studies involving
children with septic shock, MMP-8 has consistently been the highest expressed gene,
relative to normal controls (128, 161-164). Using a mouse model of sepsis, inhibition of
MMP-8, either pharmacologically or genetically, conferred a significantly survival
advantage to those mice (165). We have shown that if the plasminogen system was
inhibited, the neonates were protected against GBS-induced sepsis (Manuscript 3).
Studies with humans and with animal models of endotoxemia or sepsis have consistently
reported the presence of sustained increase in plasma levels of the procoagulant factor,
plasminogen activator inhibitor-1 (PAI-1) (166, 167). PAI-1, which acts as an acute phase
protein in periods of acute inflammation during sepsis, counteracts the fibrinolytic activity
of plasmin (168, 169). Although this might seem contradictory to our results concerning
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the fibrinolytic system (Manuscript 3), a simultaneous increase in tPA was also reported
(166, 167). Moreover, newborns possess reduced levels of procoagulant factors,
decreased capacity to generate thrombin, and decrease circulating levels of coagulation
inhibitors (141). Additionally, GBS cultured in human plasma resulted in the acquisition of
a plasmin activity at the bacterial surface (Manuscript 3), suggesting that GBS is able to
overcome the natural plasminogen inhibitor present in plasma.

Our data also demonstrated that the presence of plasmin(ogen) on GBS cell surface
increases its ability to adhere, invade, traverse hBMECs, and enables a high brain
penetration in infected neonates (Manuscript 3). However, despite this finding and
though experimental studies have amplified our understanding of how GBS leaves the
bloodstream and gains access to the CNS, significant gaps remain and need to be
addressed. One possible explanation for this lack of knowledge is the recurrent use of
neonatal rat models. We believe that the use of a mouse model, rather than a rat model,
as it has been extremely employed, would open the perspective of using transgenic or
knockout

animals

to

evaluate

the

involvement

of

different

molecules

in

the

pathophysiology of brain damage, which in turns, may allow the identification of
mechanisms by which bacteria can cause neuronal damage during meningitis. Another
possible explanation is the route of infection used. The information obtained from an
animal model of bacterial meningitis strongly depends on the site of inoculation. A nonrelevant infection route, such as intraperitoneal, subcutaneous and intracisternal
inoculation of bacteria (170-172), bypass the normal bacteremia-meningitis sequence and
is, therefore, “artificial”. Although these models have been very valuable research tools,
an animal model in which the disease induced, closely resembles GBS natural infection in
humans, is still missing.
As it is known that GBS-mediated infection in neonates usually occurs during passage
through the vagina at birth or by aspiration of contaminated amniotic fluid (173), we used
the intravaginal route to infect pregnant dams. Our data show that it is possible to get
mothers intra-vaginally colonized until the delivery day and that bacteria passes to their
progeny (Manuscript 2). Approximately 40% of the offspring died from GBS colonization.
Importantly, the bacteria were able to chronically infect the intestinal tract of the offspring
(Manuscript 2). The long term sequelae are common in up to 52% of the survivors and
include sensory-motor deficits and impairment of learning and memory (12, 174). It is
known that the hippocampus is an important structure for learning and memory. The
functional consequences on this brain region are of high importance, given the significant
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learning and memory deficits found in children that survive to meningitis (175).
Accordingly, in our model, GBS-survivors were unable to learn a task in an 8-arm radial
maze, in the adulthood. When relating this data with the neurotransmitter pattern, GBSsurvivors had a significant decrease in the glutamate levels within the hippocampus. This
will lead to a decreased long term potentiation and therefore will inhibit the memory
formation. Furthermore, the locomotor and exploratory abilities of GBS-survivors were
decreased, which is coincident with a decreased HVA and DOPAC in the striatum, a brain
region known to be involved in the pattern of motor activity (Manuscript 2). To our
knowledge, this is the first model for infection with GBS that mimics the human infection
during birth. This could be a very relevant model to understand the mechanisms of
infection and possibly prevent the serious consequences of meningitis in newborns.
In conclusion, the data presented in this thesis, extends the current knowledge of how
newborns are more susceptible to infections, establishes a murine model that uses a
relevant route of infection and opens new possibilities to further characterize and explore
the cellular and molecular immune mechanisms involved in the pathogenicity of GBSinduced meningitis.
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Supplemental Table 1 | Primer sequences used for RT-PCR reactions
Sense

CTCTAGAGCACCATGCTACAG

Anti-sense

TGGAATCCAGGGGAAACACTG

Sense

CATCCAGTTGCCTTCTTGGGA

Anti-sense

CATTGGGAAATTGGGGTAGGAAG

Sense

ATGCAGGACTTTAAGGGTT

Anti-sense

ATTTCGGAGAGAGGTACA

Sense

GGCAGGTCTACTTTGGAG

Anti-sense

ACATTCGAGGCTCCAGTG

Sense

GTGGGGCGCCCCAGGCACCA

Anti-sense

CTCCTTAATGTCACGCACGATTTC

IL-1α

IL-6

IL-10

TNF-α

β - actin
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Percent of Survival

A

100

(17/19)

80
60

P < 0.0001

40
20
0

TLR2-/WT

(0/15)

0

1

2

3

4

5

6

7

Days post infection

B

24 h
5
P = 0.0039

4
3
2
1

2
1
0

WT
4

TLR2-/-

3
2

P = 0.0003

1
0

18 h

pg / mL

150

400

TNF - 

IL-10

300

100

WT
TLR2-/-

200
50

100
N.D.

Percent of Survival

0

D

P = 0.0083

3

0

C

5

4

log10 CFU / Brain

log10 CFU / Lungs

log10 CFU / Liver

5

N.D.

0

100

(13/16)

Isotype control

80

anti-IL10R

60

anti-TNF
P < 0.0001

40
20
0

(0/11) (0/8)

0

1

2

3

4

5

6

7

Days post infection

Figure S1 | TLR2 deficiency protects newborns against GBS COH1-induced sepsis.
WT or TLR2-/-newborn mice were infected i.p. 48 h after birth with 105 CFU of the ST-17 hyper
virulent strain COH-1. (A) Kaplan-Meier survival curves. The lethality was monitored during 7 days.
The numbers between parentheses represent the number of animals that survive versus the total
number of infected animals. Results represent pooled data from three independent experiments.
(B) Colony-forming units number of GBS in liver, lungs and brain of neonatal WT and TLR2-/- mice
24 h after i.p. infection. Data points are shown as the mean of three independent experiments +
SEM. (C) Quantification of cytokine by ELISA in the blood 24 h after i.p. infection. Data are the
mean of three independent experiments + SEM. (D) Kaplan-Meier survival curves of newborn WT
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mice injected i.p. with 30 µg of anti-TNF-α mAb (anti-TNFα), anti-IL10R mAb (anti-IL10R), or
isotype control IgG 12 h prior to i.p. infection. The lethality was monitored during 7 days. The
numbers between parentheses represent the number of animals that survive versus the total
number of infected animals. Results represent pooled data from two independent experiments.
Statistical differences (P values) between groups are indicated. ND, not detected.

A
TLR2-/-

WT
log10 CFU / Liver

3

P = 0.0100

P = 0.0005

P = 0.0098

isotype control
anti-IL10R

2

log10 CFU / Liver

4

4

1

isotype control
anti-IL10R

P < 0.0001

3

P < 0.0001

2
1
0

18

6

0

6

18

24

24

Hours post infection

B
TLR2-/-

WT

log10 CFU / brain

P = 0.0001

3
2
1

isotype control
anti-IL10R

log10 CFU / brain

4

4

isotype control
anti-IL10R

3
2

P < 0.0001

1
N.D.

0

0

6

6

18

18

24

24

Hours post infection

Figure S2 | Blocking IL-10 signaling confers protection against neonatal GBS-induced
sepsis.
Newborn WT or TLR2-/- mice were injected i.p. with anti IL10R mAb (anti-IL10R) or isotype control
IgG and 24 h later were challenged i.p. with 106 NEM316 cfu. The number of GBS cfu in liver (A)
and brain (B) of neonatal WT (upper panel) and TLR2-/- (lower panel) mice was determined 6, 18
and 24 h after infection. Data are representative from three independent experiments + SEM.
Statistical differences (P values) between groups are indicated.
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100
80

P < 0.0001
P < 0.0001

60
40
20
0

Control rIL-10 Pam3CSK4

Figure S3 | rIL-10 treatment does not up-regulate CXCR2 expression on neutrophils.
CXCR2 expression in BM neutrophils from 5-day-old pups upon TLR2 and IL-10 stimulation. BM
neutrophils were isolated and stimulated with TLR2 agonist Pam3CSK4 (10 µg/mL), recombinant
mouse IL-10 (rIL-10) (4 ng/mL) or untreated (control) for 1 h. The expression of CXCR2 was
analyzed by FACS.

A

B

Figure S4 | Magnetic cell separation of neonatal and adult B cells
B cells were magnetically separated from (A) neonatal and (B) adult spleens using microbeads
conjugated to anti-mouse CD19 antibodies. Represented are the dot plots from total spleen cells
(Pre-sort), purified B cells (B post-sort) and the B-cell depleted fraction (Non-B post-sort). The
percentage of CD19+CD5- and CD19+CD5+ cells present in each fraction is depicted in the dot plots
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