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The brain and meningeal spaces are protected from bacterial invasion by the blood brain
barrier, formed by specialized endothelial cells and tight intercellular junctional complexes.
However, once in the bloodstream, N. meningitidis crosses this barrier in about 60% of the
cases. This highlights the particular efficacy with which N. meningitidis targets the brain
vascular cell wall. The first step of central nervous system invasion is the direct interaction
between bacteria and endothelial cells. This step is mediated by the type IV pili, which induce
a remodeling of the endothelial monolayer, leading to the opening of the intercellular space.
In this review, strategies used by the bacteria to survive in the bloodstream, to colonize the

brain vasculature and to cross the blood brain barrier will be discussed.

Overview

Neisseria meningitidis (meningococcus) is a Gram-negative coccus restricted to humans that
is responsible for two major diseases, cerebrospinal meningitis and/or purpura fulminans (i.e.
extensive necrotic purpura with massive vascular leakage and multiple organ failure) an
often-fatal condition due to the associated septic shock. Paradoxically, N. meningitidis is a
common inhabitant of the human nasopharynx, and as such is a normal, saprophytic
organism that is transmitted from person to person by direct contact. The mechanisms
responsible for nasopharyngeal colonization and crossing of the nasopharyngeal mucosa
remain mostly unexplained. In a small proportion of colonized subjects N. meningitidis
invades the bloodstream where circulating bacteria can colonize human vessels to cause
meningitis and purpura fulminans. It has been demonstrated that N. meningitidis shows a
tropism for microvessels. This indicates that N. meningitidis adhere to microvessels
endothelial cells throughout the body.

Invasive meningoccal diseases can be classified in distinct clinical presentations (Jensen et
al. 2003; de Greeff et al. 2008; Parent du Chatelet et al. 2011; Brandtzaeg and van Deuren
2012): (i) Meningitis without septic shock is the most frequent presentation that concerns
about 45% of infected people (mortality rate from 1% to 5%); (ii) Meningitis associated with

septic shock are observed in about 15% of the patients; (iii) Shock without meningitis is seen
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in about 15% of the cases, mostly associated with the development of purpura fulminans.
Purpura fulminans has a mortality rate of about 25%. Interestingly, there is a close
relationship between the level of endotoxemia or circulating bacterial DNA and the clinical
presentation of the disease. Indeed, patients suffering from meningitis only have less than
10° DNA copies/mL and less than 0.5 1U/ml circulating lipooligosaccharide, whereas patients
suffering from septic shock have a median of 2.10" DNA copies/mL and 43 IU LPS/mL
(Ovstebo et al. 2004). From these data, it can be speculated that the clinical forms of

meningococcal disease mostly reflect the level of bacteremia.

In this review we will describe specific features of the blood brain barrier (BBB) and discuss the
several steps of meningococcal invasion of the meninges that include (i) proliferation into the
bloodstream, (ii) adhesion to the brain endothelium and formation of the colony, (iii) signaling to

the cells, (iv) crossing of the endothelium and colonization of the surrounding tissues.

I. The Blood Brain Barrier

The blood brain barrier is a unique structure that tightly regulates the exchange of nutrients,
solutes and water between the central nervous system (CNS) and the blood (Ballabh et al.
2004). As front line between the blood and the CNS, the CNS microvasculature is highly
specialized and accounts for this particular BBB features (Reese and Karnovsky 1967).
However, the brain endothelium is not an isolated structure and the blood brain barrier
specificities of CNS endothelial cells are induced, and maintained by the surrounding cellular
structures. It is therefore referred to as the neurovascular unit (Abbott et al. 2006).
Endothelial cells from the CNS microvessels are surrounded by pericytes, which are
themselves encased by the basal lamina (composed of laminins, collagen type IV, heparan
sulfate proteoglycans, and nidogens). Pericytes, which are abundant along brain
microvessels, are perivascular cells with multifunctional activities including maintenance of
vascular homeostasis. The basal lamina of cerebral endothelium is also continuous with

astrocytic end-feet that ensheath the brain microvessels. Astrocytes are considered to be
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supporting cells in the brain providing trophic, metabolic, and structural support for neural
networks (for review see: (Nag 2011)).

The cerebral endothelium forms a continuous cellular layer without any fenestration. The
paracellular barrier is formed by interendothelial junctional complexes that restrict the free
movement of hydrophilic compounds between adjacent cells. Junction complexes in the
blood brain barrier comprise adherens and tight junctions that are concentrated at the apical
side of endothelial cells (Weiss et al. 2009). Adherens junctions, described to initiate
endothelial cell-to-cell contacts and to promote their maturation and maintenance, are
composed of a cadherin—catenin complex and its associated proteins. Tight junctions are
mainly composed of three transmembrane proteins (claudins, occludin, and Junction
Adhesion Molecules) and a number of cytoplasmic accessory proteins including Zonula
Occludens-1, -2, -3, cingulin, and others. Cytoplasmic proteins link membrane proteins to
actin, which is the primary cytoskeleton protein for the maintenance of structural and
functional integrity of brain continuous endothelium (Weiss et al. 2009).

The BBB controls exchanges between the blood and the cerebral compartment by
preventing passive diffusion of hydrophilic solutes, mediating active transport of nutrients to
the brain (Bickel et al. 2001). It also regulates transendothelial migration of circulating
immune cells and prevents blood-borne pathogens to invade the brain (Engelhardt and
Wolburg 2004).

In addition to the BBB, a second blood/CNS interface is formed by the epithelial cells of the
choroid plexus facing the cerebrospinal fluid (CSF), which constitute the blood CSF barrier
(Ghersi-Egea and Strazielle 2002). A third interface is provided by the arachnoid epithelium,
underlying the dura, and completely enclosing the CNS. It completes the seal between the
extracellular fluids of the CNS and that of the rest of the body. Nevertheless, their relatively
small surface area means that it does not represent a significant surface for exchange

between the blood and the CNS (Abbott et al. 2010).

Il. Where to enter into the CSF?
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Due to the lack of a reliable animal model, most hypotheses regarding the pathogenesis of
meningococcal infections are derived from postmortem studies of patients who died from
meningococcal meningitis or purpura fulminans or from biopsies of skin purpuric lesions (Pron et
al. 1997; Faust et al. 2001; Harrison et al. 2002; Dupin et al. 2012). In the brain, data obtained
from a patient who died of fulminant meningococcemia, at the time bacteria were invading the
CSF, revealed that N. meningitidis adheres onto endothelial cells and forms small colonies in the
lumen of the microvasculature. Bacteria are also found inside cells and in intercellular spaces
(Pron et al. 1997; Mairey et al. 2006). These data suggest that N. meningitidis crosses the BBB
through a direct interaction between bacteria and endothelial cells and do not need a Trojan
horse such as leukocytes to cross the BBB. It has been thought that bacteria may
preferentially enter the CSF via the choroids plexus. However, in this case, meningitis should
theoretically be associated with ventriculitis, which is not corroborated by clinical and
experimental data. Because of their proximity to the subarachnoidal space and their “leaky”
interendothelial structure, the brain postcapillary venules and veins of the subpial and
subarachnoid spaces located at Virchow-Robin spaces (Ransohoff and Engelhardt 2012)
may be the site of passage of bacteria into the CSF (for review see Join-Lambert et al.

2010).

lll. The blood phase
Ill.1 Proliferation into the bloodstream

To reach the brain microvessels N. meningitidis have first to survive in the bloodstream.
Therefore, the bacterial attributes involved in growth and/or survival in the extracellular fluids
are playing an essential role in meningeal invasion by N. meningitidis. Studies aimed at
identifying factors responsible for bacterial survival, multiplication or adaptation in the
bloodstream were based on the screening of libraries of transposon mutants using either an
infant rat model (Sun et al. 2000) or survival in complemented serum (Geoffroy et al. 2003)

as readouts. More recently, a transcriptomic analysis of bacteria grown in human whole
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blood has been performed (Echenique-Rivera et al. 2011). These studies pointed out the
major role of the virulence factors commonly observed in most extra-cellular pathogens.
Beside iron chelation systems that are essential for pathogenic bacteria to obtain the
necessary ferric iron in vivo, the polysaccharidic capsule, the lipooligosaccharide (LOS) and
the recently described factor H binding protein participate in the prevention of bacterial killing

by the complement.

1ll.2 Adhesion: an unknown cellular receptor for an unknown bacterial factor

The particular tropism of bacteria for endothelial cells is a major pathophysiological issue in
meningococcal infection. The three main surface components that have been described to
allow adhesion of N. meningitidis to human cells are type IV pili (Tfp), Opa and Opc proteins
(Virji et al. 1993; Unkmeir et al. 2002; Virji 2009). However, in the bloodstream Opa and Opc
are likely to be hidden under the polysaccharidic capsule and may not be able to interact with
their receptors (Carcinoembryonic antigen-related cell adhesion molecules / CD66 ; and
vitronectin or fibronectin that bind to cellular integrin, respectively). This is confirmed in vitro
by the observation that a capsulated and non piliated strain that expresses Opa proteins is
not able to adhere efficiently to endothelial cell in static or flow condition ((Hardy et al. 2000)
and personal observation, respectively). Thus, in the bloodstream, Tfp are the main bacterial
attributes capable of promoting adhesion. Type IV pili are polymeric filaments found on many
Gram-negative bacteria (Wolfgang et al. 2000). These structures consist of the multimeric
assembly of the major pilin PilE which are continuously assembled into fibers from a platform
in the inner-membrane (for review see (Carbonnelle et al. 2009)). Three other minor pilins
are localized into the fiber: ComP, PilX and PilV. Each minor pilin allow a specific phenotype
i.e. competence for DNA transformation, bacterial aggregation and signaling to human cells,
respectively (Winther-Larsen et al. 2001; Helaine et al. 2005; Mikaty et al. 2009; Brown et al.
2010).

Initial attachment of N. meningitidis adhesion requires both Tfp and adequate flow shear

stresses. In vivo, blood flow generates mechanical forces that vary depending on the
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vessels. Only a very low blood flow, which is present in capillaries and microvessels, will
enable the adhesion of N. meningitidis to the endothelial cells (Mairey et al. 2006). This
highlights the efficacy of N. meningitidis to colonize capillaries in the brain and the skin (Pron
et al. 1997; Faust et al. 2001; Harrison et al. 2002; Dupin et al. 2012). To date, the cellular
receptor responsible for pilus mediated adhesion remains unknown. The CD46 receptor was
proposed as being the adhesion receptor for both Neisseria gonorrhoeae and N. meningitidis
Tfp. However, this finding has not been confirmed by subsequent studies (Kallstrom et al.
1997; Kirchner et al. 2005). The Laminin receptor was also described as a potential receptor
for N. meningitidis. Two bacterial ligands for this receptor have been reported, the PilQ
secretin and the PorA protein (Orihuela et al. 2009). However considering that PilQ is
expressed in non piliated mutants and that non-piliated non-capsulated strains are unable to
interact with endothelial cells, its role remains to be determined. The |-domain-containing
integrins were described to be essential for N. gonorrhoeae adhesion to primary urethral
epithelial cells (Edwards and Apicella 2005), but similar data have not been reported for N.
meningitidis and endothelial cells.

Type IV pili mediated adhesion is dependent on a Tfp associated protein i.e. PilC. It was
suggested that PilC directly interact with the cellular receptor (Rudel et al. 1995). However,
non-adhesive non-piliated isolates of a serogroup B strain with high PilC expression have
been described, as well as piliated adhesive isolates with barely detectable PilC expression
(Virji et al. 1995). This raises doubts about the role of PilC as an adhesin. The minor pilin
PilV was also described to be important for adhesion of gonococci. Interestingly, a PilC
mutant is not able to incorporate PilV into the Tfp (Winther-Larsen et al. 2001). It is therefore

likely that the cell binding domain on the Tfp remains to be identified.

1ll.3 Colonization of the endothelium
To further grow on top of the apical surface of endothelial cells the bacteria must resist shear
stress. This is dependent on both bacterial aggregation and signaling to the endothelial cells

that lead to the formation of microvilli surrounding the colony, protecting it from the flow. The

7
© 2012 Blackwell Publishing Ltd



minor pilin PilX is essential to promote inter-bacterial interactions. Thus, pilX mutants are
unable to form aggregates or colonies on endothelial cells (Helaine et al. 2005), while a
hypo-aggregative strain is also unable to form large colonies (Nassif et al. 1993).
Measurements using optical tweezers showed that retraction of a single Tfp generates forces
of up to 110 pN, in a transient manner for each fiber. Bundles of Tfp, which result from the
association of 8 to 10 pili, act as coordinated retractable units. Thus, bundles can generate
retraction forces in the nanonewton range (Biais et al. 2008). These forces allow the
transition of the tfp into a new conformation, longer and narrower than the usual structure
(Biais et al. 2010). This transition reveals new epitopes like the SM1 epitope (residues 49-53
of mature pilin: EYYLN), previously shown to be buried into the fiber. Brissac et al have
recently shown that upon adhesion to endothelial cells, the SM1 epitope is revealed and this
correlates with Tfp induced signaling to the cell. Interestingly, PilX is required for this
transition to occur (Brissac et al. 2012). A strain lacking the minor pilin PilV is also defective
in cell signaling and cannot resist shear stress in vitro (Mikaty et al. 2009). To detach from
the growing colonies and colonize new niches, bacteria can modulate their aggregative
properties by adding a phosphoglycerol molecule, onto the major pilin protein, that inhibits

the formation of bundles of pili (Chamot-Rooke et al. 2011).

IV. How to penetrate the meninges?

Following the interaction of N. meningitidis with endothelial cells, the bacteria have at least
four strategies to cross the brain endothelium: (i) transcellular transport, (i) paracellular
passage through opened tight junctions, (iii) cytoxic effect on the barrier and (iv) trojan horse
strategy (i.e. infected phagocytes used to be transported across the barrier). Extracellular
pathogens, such as N. meningitidis, do not use leukocytes as vehicles to cross the blood-
CNS barrier. A breakdown of the blood-CNS barrier due to apoptosis or bacterial cytotoxity is
unlikely, since tissue lesions, such as hemorrhages in the subarachnoidal space, are
uncommon during bacterial meningitis. In vitro, Tfp dependent adhesion of N. meningitidis to

endothelial cells promotes a cellular signaling responsible for the formation of microvilli and
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the opening of the intercellular space between cells. Interestingly, a recent study of skin
biopsies indicated that N. meningitidis is able to open the paracellular route in vivo (Dupin et
al. 2012). Thus N. meningitidis is likely to hijack endothelial signaling pathways and open the

paracellular pathway.

Independently of adhesion, the B2-adrenergic receptor was shown to be recruited to the site
of bacterial cell interaction and was identified as an important signaling receptor for N.
meningitidis (Coureuil et al. 2010; Lecuyer et al. 2012). Desensitization of the f2-adrenergic
receptor in endothelial cells inhibits meningococcal induced signaling, while the expression of
the B2-adrenergic receptor in an incompetent cell line for signaling is sufficient to promote a
N. meningitidis induced cell response (Coureuil et al. 2010). The B2-adrenergic receptor is a
G protein coupled receptor (GPCR) that signals via the heterotrimeric Gas protein and
B—arrestins. This adrenaline receptor is also known for its role in vascular homeostasis and
disease. It has been shown that PIlE and PilV directly interact with the extracellular N-
terminal domain of the B2-adrenergic receptor to transmit the signal (Coureuil et al. 2010).
This interaction is believed to modify the conformation of the receptor, resulting in the
activation of B-arrestin-mediated signaling without activating the heterotrimeric Gas protein
and the downstream adenyl cyclase/cAMP pathway, a property referred to as biased
activation (Drake et al. 2008; Coureuil et al. 2010). B-arrestins are scaffolding proteins
involved in many cellular processes such as receptor internalization, MAP Kinase activation
and actin polymerization (Scott et al. 2006; DeWire et al. 2007). Accumulated B-arrestins
underneath microcolonies should play a major role in the sequestration of these signaling

molecules.

IV.1 The cortical plaque: accumulation of proteins at the site of bacterial adhesion
Following this initial event of signaling, P2-adrenergic receptor and p-arrestins will

accumulate at the site of adhesion, leading to the formation of a “raft-like” membrane domain
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enriched in cholesterol and PIP2 (Mikaty et al. 2009). Production of PIP2 is critical during
meningococcal induced signaling ((Doulet et al. 2006) and S. Bourdoulous, unpublished
observations). Nevertheless, how PIP2 is produced at the site of bacterial adhesion is
unknown. Two pathways may be involved downstream of the p2-adrenergic receptor and B-
arrestins pathway (B2AR-Barrs), the recruitment of the phosphoinositide 5-kinase (PIP5K)
which catalyze the formation of PIP2 from PIP (Oude Weernink et al. 2007), and the
recruitment of PTEN, via the B-arrestins, which catalyze the production of PIP2 from PIP3
(Lima-Fernandes et al. 2011). Subsequently, the local production of PIP2 is necessary for
the recruitment of ezrin (Fievet et al. 2004). Once activated by the B2AR-Barrs pathway,
(Cant and Pitcher 2005; Coureuil et al. 2010) phosphorylated ezrin sequesters
transmembrane receptors, organizes actin filaments and links the cortical actin network to
the membrane (Doulet et al. 2006; Coureuil et al. 2010; Fehon et al. 2010), thus leading to
the accumulation of many factors in a structure referred to as the cortical plaque (Merz et al.

1999).

IV.2 The activation of the Rho-GTPases controls actin polymerization and opening of
the paracellular pathway.

The formation of the cortical plaque is accompanied by the activation of small GTPases of
the Rho family i.e. Cdc42, Rac1 and RhoA (Eugene et al. 2002; Lambotin et al. 2005).
GTPases control diverse cellular functions such as polarity, migration, endocytosis, and cell
cycle progression. GTPases activate a robust stimulation of actin polymerization that leads to
the elongation of membrane protrusions around bacteria (Eugene et al. 2002). Interestingly,
the formation of such protrusions was also observed in vivo (Pujol et al. 1997). The
pathophysiological role of these projections is believed to be associated with both the
increase of the cell membrane surface to favor adhesion of the bacteria, and the shielding of

growing microcolonies against shear stresses in the bloodstream (Mairey et al. 2006).
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Actin polymerization and the formation of membrane protrusions rely on the recruitment of
the polarity complex Par6/Par3/PKC{ that relocalizes the Cortactin-Arp2/3 complex at the
site of bacterial adhesion (Coureuil et al. 2009). Cortactin (or cortical actin binding protein), is
a perinuclear cytoplasmic protein that is involved in the reorganization of the cortical actin
cytoskeleton. Cortactin interacts directly with the Arp2/3 complex (i.e. an actin nucleation
complex) to promote actin branching and polymerization (Uruno et al. 2001; Coureuil et al.
2009). In addition to its recruitment, cortactin has to be activated. This activation is controlled
by the tyrosine kinase Src that is sequestered in the cortical plaque. Interestingly, Src
recruitment is independent of the Cdc42-Par6/PKCC pathway. After infection, Src is recruited
by direct interaction with the B-arrestins (Luttrell et al. 1999; Coureuil et al. 2010) and
regulated by ErbB2 tyrosine kinase receptor that subsequently regulates cortactin
phosphorylation (Hoffmann et al. 2001). The ErbB2 tyrosine kinase receptor belongs to the
family of the epidermal growth factor (EGF) receptors. The interaction of N. meningitidis with
human endothelial cells leads to ErbB2 activation in the cortical plaque most likely via homo-
dimerization. This is an example of a secondary signaling activated by the accumulation of a
cellular receptor at site of bacterial adhesion that contributes to the formation of the cortical

plaque.

Another consequence of the recruitment of the polarity complex Par6/Par3/PKC( is the
opening of the inter-endothelial junctions allowing the transmigration of bacteria through the
paracellular route (Coureuil et al. 2009). The Cdc42-Par3/Par6/PKCEL pathway is usually
involved in the organization of the cellular junctions (i.e. adherens and tight junctions). Here,
the ectopic activation of the polarity complex Par3/Par6/PKC{ leads to abnormal recruitment
of adherens junction proteins (such as VE-cadherin, p120-catenin) that are then
sequestrated underneath bacterial colonies through their interaction with p-arrestins
(Coureuil et al. 2009; Coureuil et al. 2010). Importantly, proteins of cellular junctions are
recruited from the existing pool of proteins present at the cell-cell contact. Thus, these
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molecules are depleted at the intercellular junctions causing endothelial leakage. Adhesion of
N. meningitidis also promotes the cleavage of occludin (a component of the cellular junction)
by the metalloproteinase MMP-8 (Schubert-Unkmeir et al. 2010), thus altering further the

intercellular junctions.

Conclusion

Recent exciting findings have considerably expanded our understanding of the cellular
events involved in meningococcal interaction with cerebral endothelial cells. However, much
remains to be discovered about the recruitment of the initial adhesion receptor and signaling
receptor by Tfp. Binding to these receptors must be a common feature to the invasive
strains, thus it seems important to map the domain of interaction between specific
component of the Tfp and cellular receptors. This will lead to the development of potential
“anti-invasive strain” peptide or vaccine. Another major drawback in the field is the lack of
animal model to study the vascular colonization by N. meningitidis. The development of a
suitable in vivo model would allow to confirm the in vitro observations and to develop new

strategy against meningococcemia.
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FIGURE LEGEND

Interaction of Neisseria meningitidis with endothelial cells

Step 1: Neisseria meningitidis adheres to microvascular endothelial cells through the
interaction between Type IV pili and an unknown adhesion receptor. Step 2: Following initial
bacterial adhesion, type IV pili mediate the recruitment and the activation of the PB2-
adrenoceptor and B-arrestins thus leading to the organization of a specific cytoplasmic
molecular complex, referred to as cortical plaques. The formation of cortical plaques results
from the local accumulation of ezrin, Parrestins, Cdc42 and the polarity complex
Par3/Par6/PKCC. Step 3: This leads to the formation of actin containing microvilli that will
help the bacteria to resist shear stress in the bloodstream. In the meantime, proteins from
cell-cell junctions accumulate at the site of bacterial adhesion. This induces the retraction of
cell and the opening of the paracellular pathway by which the bacteria can invade the brain.
Subsequently, bacteria will modulate their aggregative properties by adding a
phosphoglycerol molecule on pilins and detach from the growing colonies to colonize new

niches.

Acknowledgments

The laboratory of XN is supported by INSERM, Université Paris Descartes, a grant
from “La Fondation pour la Recherche Médicale” and ANR grant # ANR-AAP-2009-06-26.
MC is supported by an ANR grant # ANR-11-JSV3-0002 and a grant from “La Mairie de

Paris - Programme EMERGENCE”.

13
© 2012 Blackwell Publishing Ltd



REFERENCES

Abbott NJ, Patabendige AA, Dolman DE, Yusof SR, Begley DJ]. 2010.
Structure and function of the blood-brain barrier. Neurobiology of
disease 37: 13-25.

Abbott NJ, Ronnback L, Hansson E. 2006. Astrocyte-endothelial
interactions at the blood-brain barrier. Nature reviews Neuroscience
7: 41-53.

Ballabh P, Braun A, Nedergaard M. 2004. The blood-brain barrier: an
overview: structure, regulation, and clinical implications.
Neurobiology of disease 16: 1-13.

Biais N, Higashi DL, Brujic J, So M, Sheetz MP. 2010. Force-dependent
polymorphism in type IV pili reveals hidden epitopes. Proceedings of
the National Academy of Sciences of the United States of America
107: 11358-11363.

Biais N, Ladoux B, Higashi D, So M, Sheetz M. 2008. Cooperative
retraction of bundled type IV pili enables nanonewton force
generation. PLoS biology 6: e87.

Bickel U, Yoshikawa T, Pardridge WM. 2001. Delivery of peptides and
proteins through the blood-brain barrier. Adv Drug Deliv Rev 46:
247-279.

Brandtzaeg P, van Deuren M. 2012. Classification and pathogenesis of
meningococcal infections. Methods Mol Biol 799: 21-35.

Brissac T, Mikaty G, Dumenil G, Coureuil M, Nassif X. 2012. Meningococcal
minor pilin PilX is responsible for type IV pilus conformational
changes associated with signalling to endothelial cells. Infection and
immunity.

Brown DR, Helaine S, Carbonnelle E, Pelicic V. 2010. Systematic
Functional Analysis Reveals That a Set of Seven Genes Is Involved
in Fine-Tuning of the Multiple Functions Mediated by Type IV Pili in
Neisseria meningitidis. Infect Immun 78: 3053-3063.

Cant SH, Pitcher JA. 2005. G protein-coupled receptor kinase 2-mediated
phosphorylation of ezrin is required for G protein-coupled receptor-
dependent reorganization of the actin cytoskeleton. Molecular
biology of the cell 16: 3088-3099.

Carbonnelle E, Hill DJ, Morand P, Griffiths NJ, Bourdoulous S, Murillo I et
al. 2009. Meningococcal interactions with the host. Vaccine 27 Suppl
2: B78-89.

Chamot-Rooke ], Mikaty G, Malosse C, Soyer M, Dumont A, Gault ] et al.
2011. Posttranslational modification of pili upon cell contact triggers
N. meningitidis dissemination. Science (New York, NY 331: 778-782.

Coureuil M, Lecuyer H, Scott MG, Boularan C, Enslen H, Soyer M et al.
2010. Meningococcus Hijacks a beta2-Adrenoceptor/beta-Arrestin
Pathway to Cross Brain Microvasculature Endothelium. Cell 143:
1149-1160.

14
© 2012 Blackwell Publishing Ltd



Coureuil M, Mikaty G, Miller F, Lecuyer H, Bernard C, Bourdoulous S et al.
2009. Meningococcal Type IV Pili Recruit the Polarity Complex to
Cross the Brain Endothelium. Science (New York, NY 325: 83-87.

de Greeff SC, de Melker HE, Schouls LM, Spanjaard L, van Deuren M.
2008. Pre-admission clinical course of meningococcal disease and
opportunities for the earlier start of appropriate intervention: a
prospective epidemiological study on 752 patients in the
Netherlands, 2003-2005. Eur J Clin Microbiol Infect Dis 27: 985-
992.

DeWire SM, Ahn S, Lefkowitz RJ, Shenoy SK. 2007. Beta-arrestins and cell
signaling. Annual review of physiology 69: 483-510.

Doulet N, Donnadieu E, Laran-Chich MP, Niedergang F, Nassif X, Couraud
PO, Bourdoulous S. 2006. Neisseria meningitidis infection of human
endothelial cells interferes with leukocyte transmigration by
preventing the formation of endothelial docking structures. The
Journal of cell biology 173: 627-637.

Drake MT, Violin JD, Whalen EJ, Wisler JW, Shenoy SK, Lefkowitz RJ.
2008. beta-arrestin-biased agonism at the beta2-adrenergic
receptor. The Journal of biological chemistry 283: 5669-5676.

Dupin N, Lecuyer H, Carlotti A, Poyart C, Coureuil M, Chanal J et al. 2012.
Chronic Meningococcemia Cutaneous Lesions Involve Meningococcal
Perivascular Invasion Through the Remodeling of Endothelial
Barriers. Clin Infect Dis.

Echenique-Rivera H, Muzzi A, Del Tordello E, Seib KL, Francois P, Rappuoli
R et al. 2011. Transcriptome analysis of Neisseria meningitidis in
human whole blood and mutagenesis studies identify virulence
factors involved in blood survival. PLoS pathogens 7: €1002027.

Edwards JL, Apicella MA. 2005. I-domain-containing integrins serve as
pilus receptors for Neisseria gonorrhoeae adherence to human
epithelial cells. Cellular microbiology 7: 1197-1211.

Engelhardt B, Wolburg H. 2004. Mini-review: Transendothelial migration
of leukocytes: through the front door or around the side of the
house? Eur J Immunol 34: 2955-2963.

Eugene E, Hoffmann I, Pujol C, Couraud PO, Bourdoulous S, Nassif X.
2002. Microvilli-like structures are associated with the internalization
of virulent capsulated Neisseria meningitidis into vascular
endothelial cells. Journal of cell science 115: 1231-1241.

Faust SN, Levin M, Harrison OB, Goldin RD, Lockhart MS, Kondaveeti S et
al. 2001. Dysfunction of endothelial protein C activation in severe
meningococcal sepsis. The New England journal of medicine 345:
408-416.

Fehon RG, McClatchey AI, Bretscher A. 2010. Organizing the cell cortex:
the role of ERM proteins. Nature reviews 11: 276-287.

Fievet BT, Gautreau A, Roy C, Del Maestro L, Mangeat P, Louvard D, Arpin
M. 2004. Phosphoinositide binding and phosphorylation act
sequentially in the activation mechanism of ezrin. The Journal of cell
biology 164: 653-659.

15
© 2012 Blackwell Publishing Ltd



Geoffroy MC, Floquet S, Metais A, Nassif X, Pelicic V. 2003. Large-scale
analysis of the meningococcus genome by gene disruption:
resistance to complement-mediated lysis. Genome research 13:
391-398.

Ghersi-Egea JF, Strazielle N. 2002. Choroid plexus transporters for drugs
and other xenobiotics. Journal of drug targeting 10: 353-357.

Hardy SJ, Christodoulides M, Weller RO, Heckels JE. 2000. Interactions of
Neisseria meningitidis with cells of the human meninges. Molecular
microbiology 36: 817-829.

Harrison OB, Robertson BD, Faust SN, Jepson MA, Goldin RD, Levin M,
Heyderman RS. 2002. Analysis of pathogen-host cell interactions in
purpura fulminans: expression of capsule, type IV pili, and PorA by
Neisseria meningitidis in vivo. Infection and immunity 70: 5193-
5201.

Helaine S, Carbonnelle E, Prouvensier L, Beretti JL, Nassif X, Pelicic V.
2005. PilX, a pilus-associated protein essential for bacterial
aggregation, is a key to pilus-facilitated attachment of Neisseria
meningitidis to human cells. Molecular microbiology 55: 65-77.

Hoffmann I, Eugene E, Nassif X, Couraud PO, Bourdoulous S. 2001.
Activation of ErbB2 receptor tyrosine kinase supports invasion of
endothelial cells by Neisseria meningitidis. The Journal of cell
biology 155: 133-143.

Jensen ES, Schonheyder HC, Lind I, Berthelsen L, Norgard B, Sorensen
HT. 2003. Neisseria meningitidis phenotypic markers and
septicaemia, disease progress and case-fatality rate of
meningococcal disease: a 20-year population-based historical
follow-up study in a Danish county. J Med Microbiol 52: 173-179.

Join-Lambert O, Morand PC, Carbonnelle E, Coureuil M, Bille E,
Bourdoulous S, Nassif X. 2010. Mechanisms of meningeal invasion
by a bacterial extracellular pathogen, the example of Neisseria
meningitidis. Progress in neurobiology 91: 130-139.

Kallstrom H, Liszewski MK, Atkinson JP, Jonsson AB. 1997. Membrane
cofactor protein (MCP or CD46) is a cellular pilus receptor for
pathogenic Neisseria. Molecular microbiology 25: 639-647.

Kirchner M, Heuer D, Meyer TF. 2005. CD46-independent binding of
neisserial type IV pili and the major pilus adhesin, PilC, to human
epithelial cells. Infection and immunity 73: 3072-3082.

Lambotin M, Hoffmann I, Laran-Chich MP, Nassif X, Couraud PO,
Bourdoulous S. 2005. Invasion of endothelial cells by Neisseria
meningitidis requires cortactin recruitment by a phosphoinositide-3-
kinase/Racl signalling pathway triggered by the lipo-
oligosaccharide. Journal of cell science 118: 3805-3816.

Lecuyer H, Nassif X, Coureuil M. 2012. Two Strikingly Different Signaling
Pathways Are Induced by Meningococcal Type IV Pili on Endothelial
and Epithelial Cells. Infection and immunity 80: 175-186.

Lima-Fernandes E, Enslen H, Camand E, Kotelevets L, Boularan C, Achour
L et al. 2011. Distinct functional outputs of PTEN signalling are

16
© 2012 Blackwell Publishing Ltd



controlled by dynamic association with beta-arrestins. The EMBO
journal 30: 2557-2568.

Luttrell LM, Ferguson SS, Daaka Y, Miller WE, Maudsley S, Della Rocca GJ
et al. 1999. Beta-arrestin-dependent formation of beta2 adrenergic
receptor-Src protein kinase complexes. Science (New York, NY 283:
655-661.

Mairey E, Genovesio A, Donnadieu E, Bernard C, Jaubert F, Pinard E et al.
2006. Cerebral microcirculation shear stress levels determine
Neisseria meningitidis attachment sites along the blood-brain
barrier. The Journal of experimental medicine 203: 1939-1950.

Merz AJ, Enns CA, So M. 1999. Type IV pili of pathogenic Neisseriae elicit
cortical plaque formation in epithelial cells. Molecular microbiology
32: 1316-1332.

Mikaty G, Soyer M, Mairey E, Henry N, Dyer D, Forest KT et al. 2009.
Extracellular bacterial pathogen induces host «cell surface
reorganization to resist shear stress. PLoS pathogens 5: €1000314.

Nag S. 2011. Morphology and properties of astrocytes. Methods Mol Biol
686: 69-100.

Nassif X, Lowy J, Stenberg P, O'Gaora P, Ganji A, So M. 1993. Antigenic
variation of pilin regulates adhesion of Neisseria meningitidis to
human epithelial cells. Molecular microbiology 8: 719-725.

Orihuela CJ, Mahdavi J, Thornton J, Mann B, Wooldridge KG, Abouseada N
et al. 2009. Laminin receptor initiates bacterial contact with the
blood brain barrier in experimental meningitis models. The Journal
of clinical investigation 119: 1638-1646.

Oude Weernink PA, Han L, Jakobs KH, Schmidt M. 2007. Dynamic
phospholipid signaling by G protein-coupled receptors. Biochimica et
biophysica acta 1768: 888-900.

Ovstebo R, Brandtzaeg P, Brusletto B, Haug KB, Lande K, Hoiby EA,
Kierulf P. 2004. Use of robotized DNA isolation and real-time PCR to
quantify and identify close correlation between levels of Neisseria
meningitidis DNA and lipopolysaccharides in plasma and
cerebrospinal fluid from patients with systemic meningococcal
disease. Journal of clinical microbiology 42: 2980-2987.

Parent du Chatelet I, Taha MK, Lepoutre A, Maine C, Deghmane AE, Lévy-
Bruhl D. 2011. Les infections invasives a méningocoques en France
en 2010. Bulletin Epidemiologique Hebdomadaire: 475-480.

Pron B, Taha MK, Rambaud C, Fournet JC, Pattey N, Monnet JP et al.
1997. Interaction of Neisseria maningitidis with the components of
the blood-brain barrier correlates with an increased expression of
PilC. The Journal of infectious diseases 176: 1285-1292.

Pujol C, Eugene E, de Saint Martin L, Nassif X. 1997. Interaction of
Neisseria meningitidis with a polarized monolayer of epithelial cells.
Infection and immunity 65: 4836-4842.

Ransohoff RM, Engelhardt B. 2012. The anatomical and cellular basis of
immune surveillance in the central nervous system. Nat Rev
Immunol 12: 623-635.

17
© 2012 Blackwell Publishing Ltd



Reese TS, Karnovsky MJ]. 1967. Fine structural localization of a blood-
brain barrier to exogenous peroxidase. The Journal of cell biology
34: 207-217.

Rudel T, Scheurerpflug I, Meyer TF. 1995. Neisseria PilC protein identified
as type-4 pilus tip-located adhesin. Nature 373: 357-359.

Schubert-Unkmeir A, Konrad C, Slanina H, Czapek F, Hebling S, Frosch M.
2010. Neisseria meningitidis induces brain microvascular endothelial
cell detachment from the matrix and cleavage of occludin: a role for
MMP-8. PLoS pathogens 6: e1000874.

Scott MG, Pierotti V, Storez H, Lindberg E, Thuret A, Muntaner O et al.
2006. Cooperative regulation of extracellular signal-regulated kinase
activation and cell shape change by filamin A and beta-arrestins.
Molecular and cellular biology 26: 3432-3445.

Sun YH, Bakshi S, Chalmers R, Tang CM. 2000. Functional genomics of
Neisseria meningitidis pathogenesis. Nature medicine 6: 1269-1273.

Unkmeir A, Latsch K, Dietrich G, Wintermeyer E, Schinke B, Schwender S
et al. 2002. Fibronectin mediates Opc-dependent internalization of
Neisseria meningitidis in human brain microvascular endothelial
cells. Molecular microbiology 46: 933-946.

Uruno T, Liu J, Zhang P, Fan Y, Egile C, Li R et al. 2001. Activation of
Arp2/3 complex-mediated actin polymerization by cortactin. Nature
cell biology 3: 259-266.

Virji M. 2009. Pathogenic neisseriae: surface modulation, pathogenesis
and infection control. Nature reviews Microbiology 7: 274-286.

Virji M, Makepeace K, Ferguson DJ], Achtman M, Moxon ER. 1993.
Meningococcal Opa and Opc proteins: their role in colonization and
invasion of human epithelial and endothelial cells. Molecular
microbiology 10: 499-510.

Virji M, Makepeace K, Peak I, Payne G, Saunders JR, Ferguson D], Moxon
ER. 1995. Functional implications of the expression of PilC proteins
in meningococci. Molecular microbiology 16: 1087-1097.

Weiss N, Miller F, Cazaubon S, Couraud PO. 2009. The blood-brain barrier
in brain homeostasis and neurological diseases. Biochimica et
biophysica acta 1788: 842-857.

Winther-Larsen HC, Hegge FT, Wolfgang M, Hayes SF, van Putten JP,
Koomey M. 2001. Neisseria gonorrhoeae PilV, a type IV pilus-
associated protein essential to human epithelial cell adherence.
Proceedings of the National Academy of Sciences of the United
States of America 98: 15276-15281.

Wolfgang M, van Putten JP, Hayes SF, Dorward D, Koomey M. 2000.
Components and dynamics of fiber formation define a ubiquitous
biogenesis pathway for bacterial pili. The EMBO journal 19: 6408-
6418.

18
© 2012 Blackwell Publishing Ltd



figure 1

Brain microvessels

x unctional
proteins

Blood brain barrier




