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Summary

Neisseria meningitidiss the major cause of meningitis and sepsis, twal laf
diseases that can affect children and young aduttén a few hours, unless a
rapid antibiotic therapy is provided. The meninguad disease dates back to the
16" century. The first description of the disease cdusg this pathogen was
stated by Viesseux in 1805 as 33 deaths occurr€neva, Switzerland [1].

It took about seventy years before two Italians rfgWisafava and Celli) in 1884
identified micrococcal infiltrates within the cerelspinal fluid [2].

The worldwide presence of meningococcal serogreuag vary within regions
and countries.

With the coming of antimicrobial agents, like subplamides, and with the
development of an appropriate health care and pteveprogramme, the fatality
rate cases has dropped from 14% to 9%, although tl%9% of patients
continued to have post-infection issues such asotmgical disorders, hearing or
limb loss [3].

The bacteria can be divided into 13 different seyogs and, among these, up to
99% of infection is ascribed to the serogroups riaeB, C, 29E, W-135 and Y
(Fig. 2). All the serogroups have been listed ins@otypes on the presence of
PorB antigen, 10 serotypes on the presence of Rurdgen, and in other
immunotypes on the presence of other bacteriabpr®tand on the presence of a
characteristic lipopolysaccharide called LOS (liiigmsaccharide) [4].

The transmission from a carrier to an other pewsmmurs by liquid droplet and the
natural reservoir oNeisseria meningitidiss the human throat, in particular it

usually invades the human nasopharynx where isaarive asymptomatically.



The reported annual incidence goes from 1 to 5scpse 100000 inhabitants in
industrialized countries, while in non developedhtinies the incidence goes up
to 50 cases per 100000 inhabitants. More then S508ases occur within children
below 5 years of age, and the peak regards thader time first year of age. This
fact is due to the loss of maternal antibodies H®y newborn. In non-epidemic
period, the percentage of healthy carriers range f£0 to 20%, and notably the
condition of chronic carrier is not so uncommongp,Only in a small percentage
of cases the colonization progresses until thergence of the pathogenesis. This
happens because in the majority of cases spedaifibaalies or the human
complement system are able to destroy the pathagehe blood flow allowing a
powerful impairment of the dissemination.

In a small group of population the colonizationtké upper respiratory tract is
followed by a rapid invasion of the epithelial seland from there bacteria can
reach the blood flow and invade the central nensystem (CNS), inducing the
establishment of an acute inflammatory response.

How the balance between being an healthy carriarinfected patient can change
so rapidly it is still unknown. Some factors thaincplay a role in this switch
could be the virulence of the bacterial strain, thsponsiveness of the host
Immune system, the mucosal integrity, and somerenriental factors [7].
Neisserial heparin binding antigen (NHBA) is a auad- exposed lipoprotein from
Neisseria meningitidighat was originally identified by reverse vaccogy [8].
NHBA in Nm has a predicted molecular weight of 3lak The protein contains
an Arg-rich region (-RFRRSARSRRS-) located at posi296—305 that is highly

conserved among different Nm strains. The protsinspecific for Neisseria



species, as no homologous proteins were found m nedundant prokaryotic
databases.

Full length NHBA can be cleaved by two differenbfgases in two different
manners: NalP, a neisserial protein with serineégase activity cleaves the entire
protein at its C-terminal producing a 22 kDa protgagment (commonly named
C2) which starts with Ser293 and hence comprisesighly conserved Arg-rich
region. The human proteases lactoferrin (hLf) odsaWHBA immediately
downstream of the Arg-rich region releasing a shrdiragment of approximately
21 kDa (commonly named C1) [9] .

Although it is known that a crucial step in the hmajenesis of bacterial
meningitidis is the disturbance of cerebral micsmdar endothelial function,
resulting in blood-brain barrier breakdown, the tbdal factor(s) produced by
Nm responsible for this alteration remains to brmldshed. The integrity of the
endothelia is controlled by the protein VE-cadhenmainly localized at cell-to-
cell adherens junctions where it promotes cell adimeand controls endothelial
permeability [10]. It has been reported that atterma in the endothelial
permeability can be ascribed to phosphorylatiomessenduced by soluble factors
such as VEGF or TGR3 [11] [12].

Our work demonstrates that the NHBA- derived fragm€2 (but not C1)
increases the endothelial permeability of HBMECn(lan brain microvasculature
endothelial cells) grown as monolayer onto the nramd of a transwell system.
Indeed, the exposure of the apical domain of thdo#relium to C2 allows the
passage of the fluorescent tracer BSA-FITC, fromapical side to the basal one,
early after the treatment. Interestingly, the dffe€ C2 on the endothelium

integrity is such to allow the passage of bactefiacoli but, notably, alsd\.



meningitidis MC58from the apical to the basolateral side of tlamdwell and it
depends on the production of mitochondrial ROS. &&ably, we have found
that the administration of C2 to endothelia resinita ROS-dependent reduction
of the total VE-cadherin content. This event reegirafter VE-cadherin
phosphorylation, the endocytosis and the subseglegmadation of the protein.
Collectively our data suggest the possibility tizz might be involved in the
pathogenesis of meningitis by permitting the passddacteria from the blood to

the meninges.



Sommario

Neisseria meningitidi® uno dei patogeni in grado di causare meningjite ohe
sepsi in soggetti infettati, due patologie che s@pno maggiormente bambini e
adolescenti entro poche ore dal contagio a menandi tempestiva terapia
antibiotica. La malattia meningococcica risale atlisesimo secolo. La prima
descrizione della malattia causata da questo agatdgeno avvenne ad opera di
Viesseux nel 1805 come conseguenza di 33 decessiso@ Ginevra, Svizzera
[1].

Circa 70 anni dopo, due italiani (Marchiafava elicakl 1884 identificarono per
la prima volta degli infiltrati meningococcichi niéiido cerebrospinale [2].

La presenza dNeisseria meningitidigel mondo varia in base a paesi e regioni e
risulta essere ciclica. Grazie alla scoperta dinagantimicrobicidi come |
sulfonamidici e grazie alla diffusione di un adeguprotocollo di prevenzione
sanitaria i casi di mortalita’ dovuti a questo dgematogeno sono rapidamente
diminuiti dal 14 al 9%. Cio nonostante una percalgwompresa tra I'11 e il 19%
dei soggetti ha continuato ad avere problemi puszione come disordini
neurologici, o perdita dell’'udito [3].

Esistono attualmente 13 sierogruppi e, di qudst@i9% delle infezioni & causato
dai tipi A, B, C, 29E, W-135 e Y.

| sierogruppi sono stati a loro volta classificeti 20 sierotipi sulla base della
presenza dell'antigene proteico PorB, in 10 sipratilla base dell’antigene PorA
e in altri immunotipi a seconda della loro capaciti indurre una risposta
immunitaria nell’ospite grazie alla presenza direalproteine batteriche del
patogeno, e per la presenza di un particolare dilsgccaride chiamato LOS

(lipooligosaccaride) [4].



Neisseria meningitidisé in grado di colonizzare [I'epitelio della mucosa
orofaringea, dove vi puo sopravvivere in manieratamatica per l'ospite.

La trasmissione inter-individuale avviene attragersecrezioni dell’apparato
respiratorio. L’ incidenza annuale risulta essar&-db casi ogni 100000 abitanti
nei paesi industrializzati, mentre nei paesi anaongda di sviluppo questa sale a
50 casi per 100000 abitanti. Piu del 50% dei agsiarda bambini sotto i 5 anni
d’eta, con un’elevata incidenza per coloro che bameno di un anno di vita.
Questo fatto dipende dall’emivita degli anticorpaterni solitamente in grado di
proteggere il neonato per circa 3-4 mesi dopo kxitea In periodi definiti non-
epidemici la percentuale dei portatori sani vama i 10 e il 20% della
popolazione, e per I'appunto la condizione di pore asintomatico non € poi
cosi infrequente [5, 6]. Soltanto in un numerorei$d di casi la colonizzazione
del batterio progredisce manifestando la patogemesiingococcica: cio € per la
maggior parte dovuto alla presenza di specificicanpi, o per lattivita del
sistema del complemento dell’ospite che e in grdidocontrollare ed eliminare il
patogeno impedendone cosi la sua disseminaziaagetio il flusso sanguigno.
Tuttavia, in un piccolo gruppo della popolaziona, dolonizzazione del tratto
respiratorio superiore e seguita da una rapidasiona delle cellule epiteliali
della mucosa, da dove il batterio € in grado draget nel torrente ematico, e
raggiungere il sistema nervoso centrale inducendw Uorte risposta
inflammatoria.

Quale sia I'evento che perturbi I'equilibrio trasese portatore asintomatico e
paziente infetto ancora non e noto. Alcuni fatteeimbrano giocare un ruolo

chiave in questo cambiamento come la virulenzacdppo batterico, la capacita



della risposta immunitaria dell’ospite, l'integridella mucosa e alcuni fattori
ambientali [7].

La proteina NHBA, Neisserial Heparin Binding Antigee una lipoproteina
esposta sulla superficie del batterio, originariateeidentificata attraverso la
tecnica della “reverse vaccinology” [8].

NHBA in Nm ha un peso molecolare predetto di 5lakDa proteina altresi
contiene una regione ricca in Arginine (-RFRRSARSRRIocalizzata in
posizione 296 -305 ed altamente conservata inogppi di Neisseria [9]. Tale
proteina e altamente conservataNieisseriae non ha omologie di sequenza con
nessun’altra proteina registrata nei database podica

Due diverse proteasi possono tagliare la proteitera NHBA producendo due
frammenti differenti: nel primo caso la proteasitéaca NalP taglia la proteina
intera in posizione C-terminale producendo un framtm di 22 kDa
(comunemente chiamato C2) che inzia con la Ser2§G@iredi comprendendo lo
stretch di Arginine. Invece, nel secondo casoattoferrina umana (hLf) taglia
NHBA immediatamente a monte della sequenza di Amginproducendo un
frammento piu corto di circa 21 kDa (comunementaroato C1). Sebbene sia
risaputo che un passaggio cruciale nella patogenesiiata daNeisseria
meningitidis sia l'alterazione della funzione di barriera deftacrovascolatura
encefalica, che pud dunque risultare in una rotietka barriera emato- encefalica
stessa, non e ancora chiaro quali siano i fati@saiati o prodotti dal batterio in
grado di indurre un simile effetto. L’integrita tehdotelio & controllata dalla
proteina VE-caderina, localizzata sulle giunzioter@nti che regolano il contatto
cellula- cellula. Tale proteina promuove e regolangle la permeabilita

endoteliale [10]. E’ stato ben documentato chetdiralzione della permeabilita
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endoteliale puo essere dovuta a processi di féstoone indotti da fattori solubili
come VEGF o TG [11] [12].

Il nostro lavoro documenta come, a differenza datinento C1, il frammento
C2 prodotto dal taglio della proteina intera NHB#a in grado di aumentare la
permeabilita delle cellule endoteliali HBMEC (humarmain microvasculature
endothelial cells) fatte crescere a monostratcasmembrana di un sistema di
transwell. L’esposizione della porzione apicalel'detlotelio polarizzato al
frammento C2 consente il passaggio di un traccitinbeescente, BSA-FITC, dal
lato superiore a quello inferiore del transwell, tempi rapidi a seguito del
trattamento. E’ interessante notare che l'effettcCa@ sull’endotelio é tale da
permettere il passaggio dal lato superiore a quedériore del transwell non solo
di E. coli, usato come modello batterico preliminare, ma andbllo stesso
Neisseria meningitidis MC5& maniera ROS dipendente. Degno di nota etib fat
che abbiamo osservato che la somministrazione diall& cellule endoteliali
provoca una riduzione ROS dipendente del contetatede di VE-caderina. A
seguito della sua fosforilazione, infatti, VE-cadarviene endocitata all’interno
della cellula per poi essere degradata probabilnatttaverso il trasporto di essa
verso il proteasoma.

| nostri dati suggeriscono pertanto che C2 siawwio nella patogenesi della
meningite favorendo il passaggio di Nm attravetdorrente ematico dell’'ospite

verso le meningi.

11



1. Introduction

1.1 Neisseria meningitidis

1.1.1 Features

Neisseria meningitidis the major cause of meningitis and sepsis, twal lof
diseases that can affect children and young aduttsn some hours, except for
the availability of a rapid antibiotic therapy. Theeningococcal disease dates
back to the 18 century. The first description of the disease cdubg this
pathogen was mentioned by Viesseux in 1805 as d8thsleccurred in Geneva,
Switzerland [1].

It took about seventy year before two Italians (8Meafava and Celli) in 1884
identified micrococcal infiltrates into the cereppinal fluid [2]. Neisseria
intracellularis was the first name attributed to this bacterium Agton
Weichselbaum in 1887 after the identification ofmmgococcal infiltrates into
the cerebrospinal fluid (CSF) of six patients wheddof meningitis [13]. Around
the beginning of the former century the morbidiused by this bacteria was up
to 70% of cases. The extreme heterogeneous epiltgyiof the agent, being
able to be sporadic as well as very fast in itsuoence of outbreaks and
epidemics, worsened the situation. Moreover, therldwode presence of
meningococcal serogroups is very different betwesgions and countries, and
cyclical. With the coming of antimicrobial agenli&e sulphonamides, the fatality
rate cases drop to values from14% to 9% togethiér apipropriate health care and
prevention programmes even though 11% to 19% oémist continued to have
post-infection issues such as neurological disasrderaring or limb loss.

The genreNeisseriaincludes two species pathogenic for humaNsgisseria

meningitidisandNeisseria gonorrhoeae
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Fig. 1. Neisseria meningitidis is a Gram-negatiiplacoccus that is one of the most common

causes of bacterial meningitis.

Neisseria meningitidiss a capsulated Gram- negative diplococcum with a
diameter of 0.6-1.@um/coccus (Fig. 1). The best condition for its griowequires
an aerobic microenvironment, with low oxygen coraon, 5% CQ and a
temperature of 35° - 37° C.

The bacterium can be divided into 13 different gevaps, and, among these, up
to 99% of infection is ascribed to the serogrouased A, B, C, 29E, W-135 and
Y (Fig. 2).

All the serogroups are listed in 20 serotypes om blasis of proteic antigen
(PorB), 10 serotypes for the presence of PorA anigand in other immunotypes
for the capability to mount and drive an immunotagiresponse thanks to the
outer membrane proteins localized on the membramtieedbacterium, and to the

presence of a particular lipopolysaccharide cdl®® (lipooligosaccharide) [4].
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Fig. 2. Distribution of the 5 main disease-causs&gogroups of meningococcal bacteria differs

from place to place worldwide.

1.1.2 Virulence Factors

The presence of a capsule is fundamental for thavsll of the bacteria in the
environment before the colonization of the host osac and for the
dissemination of the bacteria into the blood flavd &he cerebrospinal fluid.

A capsule which contains the sialic acid is spedidir serogroups B, C, W-135
and Y.

The cps genic complex express the fundamental enzymestHer capsule

biosynthesisSiaA siaB, siaC andsiaD are the genes involved in this process.

"
COOH

Fig. 3. N-acetylneuraminic acid (Neu5Ac) (presenhéuroinvasive bacteria, human tissues, and
foods).

The most important feature of the serogroup typeisBthat the
polysaccharide mimics the composition of the sialid of several eukaryotic

cells, thus impairing the humoral response of thet {Fig. 3). Moreover, the
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presence of this polymer protects the bacteriumth® action of the C3b
complement factor.

The most important proteins localized within th&ées membrane of the
bacterium are the so-called opacity proteins (Opmh@pc) and the porins (PorA
and PorB). The first ones are able to bind theé B&66, in the case of Opa, or
the heparan-sulfate proteoglycans mainly exposed host epithelial and
endothelial cells, in the case of Opc. The famigngopa codifies for these
proteins. The meningococcal strain has 4- 5 diffeopa loci [14]. A typical 5
tandem repeat unit [CTCTT]n All of these genesédsponsible for the phase
variation.

The phase variation is an efficient tool possessetacteria to evade the
host immune response, and it relies on the randeittleng of phenotype at
frequencies that are much higher (sometimes >1%) thassical mutation rates.
Hence, phase variation contributes to virulence geyerating heterogeneity;
certain environmental or host pressures selecetbasteria that express the best
adapted phenotype.

Opa proteins are made of 8 transmembfgusheets and 4 highly variable loops
exposed [15].

Different N. meningitidisstrains could be serologically differentiated by
Por proteins; both PorA and PorB have been denaipstrto be able to
translocate from the bacterial outer membrane ® st plasma membrane
creating high-voltage channels which destabilize ttansmembrane potential of
the host cell, altering many eukaryotic signallpeghways [16].

PorA belongs to the class 1 OMPs (outer membraoteips) that are different

from the OMPs class 2 and 3 because they have mar&ed loops which
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facilitates the bactericidal activity of antibodiebrected against them [17].
Moreover, they possess highly variable regions VWRR2 and VR3. Of these, the
most important one is the VR2 region responsibleefading the host immune
system response [18]. It is widely known, in fabit this variability is largely
due to insertions, deletions or amino acidic stlsbns in the VR2 or VR1
regions, leading to antigenic variation of the pnot
On the other hand, the class 2 and 3 OMPs areieddtif theporB gene and they
can be considered as two alleles. Bacteria hawe @@ of these two alleles, but
the protein of this type they express, is the mbsindant on the membrane.
Other major components of the outer membrane waebin the virulence
against the host are pili. These structures allwsvidacterial adhesion to the host
cells and the movement of the cocci along the ep#h surface during the
colonization process. They are helicoidal struduemmposed by pilin, a
polypeptide of 18- 22 kDa synthesized as precurgitih a non-conventional
signal sequence that is subsequently processed bg prepilin
peptidase/transmetilase PilD owned by bacteriaoton fthe mature form of the
protein [19]. After the maturation process, othestp trasductional events take
place, such as phosphorylations and glycosylatjafis 21]. The pilar subunits
polymerize inserting the hydrophobic tails insitie tore of the main cylindrical
helix to form acoiled- coil structure, whereas the globular hydrophilic hemds
exposed outside to render the cylindrical surfdd@efilament [22].
The canonical host- pathogen interaction is drigrthe pilC protein, a 110KDa
protein which is bound to the distal tail of théi,piesponsible for the adhesion

process. IMNeisseria meningitidjsthere are two kinds of pilC, pilC1 and pilC2,
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which both have adhesion properties even if th€Jpibrotein is essential for the
pili- mediated adhesion [23].

Such adhesion process is an important event tlthic@s a rearrangement of the
cellular cytoskeleton leading to plasma membratexation and, as a consequence, to
the formation of the so- called cortical- plaqug,vhich the bacterium is able to
enter the cells.

When the colonization of the host mucosa procsessstablished, the
immune response of the host can be triggered tatemact the infection. One of
the very first steps in this defence mechanisnhésproduction of IgA within the
host mucosa. The protective role of IgA is parteiyl relevant if we consider
that, in the sub-Saharan zone, the onset oN#ieseria mediated pathogenesis
occurs together with the peak of the dry- seastie. Aligh concentration of dust,
due to the lack of heavy rains, could interferenviite local secretion of IgA thus
avoiding the correct establishment of the immuspoese.
Neisseria meningitidistself can impair this humoral response producargl
secreting IgA proteases. These proteases inclugesrad endopeptidases that
directly target and degrade the human lgya. genes of differeneisseriastrains
can be subject of phase variation in order to lWgamnically not targetable by the
host response [24].
In Neisseria gonorrhoeadgA proteases, apart from their role in neutratizthe
immunoglobulins secreted by the host, seem to tpeined for the degradation of
LAMP1 (Lysosome Associated Membrane Protein), agmothat regulates the
lysosomal biogenesis. The degradation of this pratehances the survival rate
of the bacteria inside the host epithelial cells, [26].

Lypooligosaccharide is one of the major componeotsthe outer

membrane of Nm. It is composed of the 3-Deoxy-D-nmaact-2-ulosonic acid
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bound to the lipid A and to two internal eptoses: this reason it is named LOS
(lipooligosaccharide). The N-acetylneuramic acid AfM\) constitutes the

variable region together with glucose and galacta§ks is fundamental for the
prevention of the bactericidal activity of the hastrum as well as for the
epithelial cells and the host phagocytes. The migwe system relies on static
repulsion due to the high negative charges ofcseatid. It is well documented
that LOS decreases the activity of the complemgstem and, afterwards, it
interferes with the polymorphonuclear cells (PMMsjivation, thus limiting the

host immune response [27]. This molecule is alsw&mental for the survival
and replication of the bacteria within the blooallor the CSF, as well as in the

enviroNment during the aerial transmission of taghpgen.

1.2 M eningococcal disease

1.2.1 Epidemiology

The transmission from a carrier to another persmuis by liquid droplet, and the
natural reservoir oNeisseria meningitidiss the human throat, in particular it is
able to colonize the human nasopharynx where iscavive asymptomatically.
The reported annual incidence goes from 1 to 5scpse 100000 inhabitants in
industrialized countries, while in non- developedimtries the incidence goes up
to 50 cases per 100,000 inhabitants. More then ®®%ases occur among
children below the age of 5, and the peak regdrdset under their first year of
age. This fact is due to the loss of maternal adids by the newborn. In a non-
epidemic period, the percentage of healthy carniange from 10 to 20%, and
notably the condition of chronic carrier is not gocommon [5, 6]. Only in a

small percentage of cases does the colonizatiogregse until the insurgence of
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the pathogenesis. This happens because in the ityajir cases specific
antibodies or the human complement system aretaldestroy the pathogens in
the blood flow allowing a powerful impairment oktkissemination.
Many studies conducted on the insurgence of epidewents testify how the
meningococcal disease mostly occurs within a feysddter the infection, hence
when still no specific antibodies have yet beerdpoed.

Neisseria meningitidi&\ strain is known for its epidemic capacity inllsti
non developed countries; it is, in fact, very reréNorth America and in Europe.
The most lethal epidemic spreading is localizedfiica and, in particular, in the

so-called meningitis- belt, from Ethiopia to Serld§&y. 4).

Mauritania r
nall
senegal ~__ Niger Chad

sudan Erltrea
Gambla —= ./ Djibout
Gulnea— ;
Blsseau /;—» e somalla
Gulnea / ﬂﬁmlr@ Migeria 3l African Ethiopia

Slerra Leonea

Liberia
Burkina
Faso

Republic \
Cameroon’, ;
Banin ; Uganda Kenya
Togo

Meningitis belt

Fig. 4. The African meningitis belt. Source: Control ofdgghic meningococcal disease, WHO

practical guidelines, World Health Organization,28) 2nd edition, WHO/EMC/BAC/98.3.

In developed countries, instead, the most commmainsis Neisseria meningitidis
type C, found in Spain, Italy, Greece, Canada akd U

NeverthelessiNeisseria meningitidistrain B is the most important cause
of endemic meningitis in developed countries, @nsd responsible for 30- 40%
of cases in North America and for the most of 8@%urope.
The majority ofNeisseria meningitidistrain B infections show a high seasonal

incidence, with its peak during the winter, affagtimostly children below the
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first year of age. In high contrast to epidemic régethat characterize the
serogroups A and C, those caused by Nm type Bravevik for their slow onset,
as well as for their long duration, which can psrdor over 10 years. This
epidemic has already affected in past years Latimecas, Norway and since
1991 New Zealand, countries in which the epidenhiowsed a 10 time greater
incidence than the “normal” ones, prevalently ie tPacific Islands and among
the Maori population [28, 29].

Since 1990, in the U.S. a high incidence of cdmesbeen identified for
what concerns the Y strain of Nm; this pathogenésis been associated to
patients with a defiance in the complement systanctfonality, aged-persons,
and afro- American people.

Globally, Neisseria meningitidisaffects 1.2 million people per year and, in
particular, 3000 cases are reported in the U.S @D in Europe, where the
bacterium causes the majority of bacterial mensgamong toddlers and
children. Despite several steps forward in prewntdiagnosis, and health-care
programmes for the disease associated to Nm, taktyaremains at high levels,
like 5-15%, and in about 30-50% of survived persgermanent neurological

disorders are reported [30].

1.2.2 Clinical manifestations

Despite the high pathogeniciti. meningitidisis a human common commensal,

found in 10% of adults in the nasopharyngeal mu¢bga 5).
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Fig. 5. Neisseria meningitidis may be acquired thgi the inhalation of respiratory droplets. The

organism establishes intimate contact with norat#id mucosal epithelial cells of the upper
respiratory tract, where it may enter the cells. meningitidis can cross the epithelium either
directly following damage to the monolayer integrir through phagocytes in a ‘Trojan horse’

manner. In susceptible individuals, once inside il@d, N. meningitidis may survive, multiply
rapidly and disseminate throughout the body andlitan. Meningococcal passage across the
brain vascular endothelium (or the epithelium of thoroid plexus) may then occur, resulting in
infection of the meningis and the cerebrospinaidfiEource: Nature Reviews Microbiology 7,

274-286 (April 2009).

In a small group of the population, the colonizataf the upper respiratory tract
is followed by a rapid invasion of the epithelialls, and from this site bacteria
can reach the blood flow and invade the centralmes system (CNS), inducing
the establishment of an acute inflammatory response

Children and infants are the main target of thén@géen, while only 10-20% of
adults develop immunodeficiency correlated with phghogenesis.

It is a matter of fact that some hyper virulenasts can cross the nasopharyngeal
mucosa disseminating in the blood flow leading tenmgococcemia. How the
balance between being an healthy carrier or a teflepatient can change so
rapidly is still unknown. Some candidate factorattbould play a role in this
switch are the virulence of the bacterial stralme tesponsiveness of the host

immune system, mucosal integrity, and other envirental factors [7].
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The host immune system responds tbleisseriainfection by both innate and
adaptive immunity. Moreover the rate and effica€yh® host immune response

could depend on the age of the patient, as walhase virulence of the strain, as

already previously discussed.

Fig. 6. Mechanism of possible brain invasyn
Neisseria meningitidis. Source: Qiagen welyga
https://lwww.giagen.com/gepnbglpathwayview.asp

X ?pathwaylD=50

If bacteria are able to reach the flow, the disess®ciated to Nm infections are
FMS (fatal meningococcal sepsis) and meningocogtahingitis (Fig. 6). The
first one is characterized by the insurgence, uwery short time (6-12 hours), of
high fever, lack of consciousness, and disseminatetl that depends on the
intravascular coagulation and thrombotic eventsnrall vessels. This could lead
to a micro vascular failure that can damage hestigs (Waterhouse-Friderichsen
syndrome) until necrosis of the limbs occurs. lis #tase amputation is required
[31, 32].

At these stages, LOS can have a fundamental raledircing a shock syndrome
much more severe than its vascular concentratibrs Kind of infection leads to
the release of lytic proteins or inflammatory cytas that, instead of being useful
for the clearance of the pathogen, worsen the t®tudy highly damaging the

already compromised tissues with bleeding events emup to 80% of cases,
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result in the death of the host. The majority ofiggds die after 24 hours of
insurgence of the primary symptoms.

Meningitis is led by high fever, headache, photiph, altered state of
consciousness, nape and neck stiffness. The puirimfsttion of the meningis
occurs when, for some still unknown reasons, theeo@ from the blood flow
cross the blood brain barrier (BBB) reaching tigsue where the most important
humoral and cellular immune response systems camuess. In this scenario the
bacterium can freely proliferate leading to a catiinflammation of the CNS. The
fatality rate is not so high, but in 8-20% of pat& there could be permanent
neurological disorders, like mental retardatiorgsdity and loss of sensitivity.
Despite the availability of antibiotics, the moityalrate remains between 5-10%
in industrialized countries, but it can double gvdloping countries, and for these
reasons it is extremely important to have a quankyediagnosis and an effective

highly-specific antimicrobial therapy.

1.2.3 Vaccines

Over the last century, many vaccines have beendfoand developed to
counteract Neisserial infection, with various résul

In many cases, diseases are vaccine-preventabde;fitdt vaccine against
serogroups A and C, was around since the 1960s [33]

A quadrivalent purified polysaccharide vaccineiagiaserogroups A, C,
W-135 and Y was licensed in the U.S. in 1981 [I}cept for type A, this
vaccine was poorly immunogenic in children belowye&ars of age. Another
negative aspect of this vaccine was the short-limachunity, mainly because it

was raised against capsular polysaccharides, knowbe T-cell independent
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antigens, and then, unable to elicit a long terrmdnal response. Repeated
administrations (every 3-5 years) were then requiraoreover these repeated
immunizations could induce antibody hypo- respomsess because of
mechanisms of tolerance instauration.

From that time on, efforts to develop vaccinesitoumvent the limitation
of capsular vaccines were carried on, until theoshiction of conjugate vaccine
against type C strain in UK in 1999 in responseato epidemic event. This
vaccine, administered at 2, 3 and 4 months of ags, protective up to the first
year of age, but not extended beyond the year [B85]ear 2000 a new tetravalent
vaccine (Menveo, or MCV4) conjugated to diphthéooid was licensed in U.S.
for people between 2 and 55 years of age. Thisinagés now recommended for
all those people that travel Meisseriaendemic areas (like the meningitis belt),
military recruits or immunocompromised subjects. t,Buagain, the
immunogenicity of this vaccine for infants is exirely low. A second generation
vaccine conjugated with a mutant diphtheria toxaids recently licensed by
Novartis in U.S.

Moreover, another combined vaccine with influenzaetype B and
meningococcal C and Y capsules, each conjugatedetanus toxoid, is
undergoing clinical trials [36].

There is still no licensed polysaccharide basedcimac againstNeisseria
serogroup type B because of the low immunogendfitye type B strain capsule,
mimicking sialic residues of mammalian cells arssuies. Of course, alternative
strategies have been investigated.

A polysaccharide-tetanus toxoid conjugate was ldgeel, substituting the

sialic acid of type B strain with an N-propyonilogip, to avoid self tolerance.
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Despite being highly immunogenic, no bactericidetivity was found in mice.
Moreover the concern that auto- reactive antibodadd be formed against the
remaining portion of polysialic acid residues waghh However, Granoff et al.
have shown that antibodies raised against epitop#ss vaccine components do
not cross- react with human sialic residues, thusneling the case for further
considerations for the use of this vaccine strai8@y.

OMV (outer membrane vesicle) based vaccines wememgted from
culture supernatants dfeisseriaby detergent extraction of these vesicles. These
kind of vaccines were delivered to different coigstirsuch as Chile, Brazil, Cuba,
Norway, and most importantly New Zealand to cowatea huge epidemic. The
main issue for these preparations is that the ntyjof antibodies are directed
against the protein PorA, which is highly variablaong different meningococcal
strains. It is then evident that these vaccines givotection against only a
particular strain, but the induction of any antigeshift in PorA or mutations in
porA gene would render the vaccine ineffective. A pussidea to take into
consideration, is the production of OMVs vaccinasdal on several PorA variants
to confer wide protection from different circulagitype B strains.

In the year 2000 the discovery of the “Reversecwaidogy” technique
may have overturned the common lines of thought the development of
vaccines. By genome sequencing it has been podsiliteentify novel potential
surface exposed protein antigendNmisseria meningitidis B8, 39].

Among all the protein candidates, 350 were expressE. coli, purified and used
to immunize mice. The collected sera allowed trenidication of those surface
exposed proteins that were highly conserved amewgral strains, and that were

able to induce a bactericidal antibody responsee promising antigens, NadA
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(Neisseriaadhesion A), fHbp (factor H binding protein), NHB@eisserial
Heparin Binding Antigen), GNA2091 and GNA1030 (GemederivedNeisseria
Antigen) were identified, characterized and combingth OMVs to create a
meningococcus recombinant vaccine, called 4MenBnumized mice showed
bactericidal antibodies directed against a panktlsetected serogroup B strains
[40-42]

4MenB vaccine, at the end of November 2012, receavg@ositive opinion from
the Committee for Medicinal Products for Human WS&lMP) of the European
Medicines Agency (EMA) for the use in individual®ri 2 months of age and
older.

Functional characterization of MenB antigens hasnba#escribed for NadA, fhbp
and NHBA. Neisseria adhesin A(NadA) is a pathoggniactor involved in host
cell adhesion and invasion and is reported to lEsgnt in less than 50% of
isolated strains tested; it has a low level of @epntation among carriage isolates
and up to 100% coverage in some hyper virulentatyes [43]. fHBP is a
virulence factor that specifically binds to the hammcomplement-regulating
protein factor H, thereby enhancing serum resistgad, 45]. So far, all isolates
have been shown to harbour an fHbp allele, andutiigen falls into one of three
major variant groups: variant 1 and variants 2 2uu4b].

All isolates possess arhbaallele. The protein binds hepatim vitro through an
Arg-rich region and this property correlates wititrieased survival of the un-
encapsulated bacterium in human serum [9].

The investigation of the role in pathogenesis ef NMHBA cleaved fragments will

be subject of my thesis.
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1.3 NHBA

1.3.1 Features
Neisserial heparin binding antigen (NHBA) is a aod-exposed lipoprotein from
Neisseria meningitidithat was originally identified by reverse vaccogy [8].

All isolates possess amhba allele. The protein binds heparin vitro
through an Arg-rich region and this property cate$ with increased survival of

the un- encapsulated bacterium in human serum.

NHBA NalP NHBA Naz

Fig. 7. Mechanism of cleavage of full length NHBPhe hLf cleaves the full length protein

downstream an Arg- rich region (red box motif ie hicture) mediating the release of a fragment
called C1. The NalP protease cleaves NHBA proteddiating the release of a longer fragment
called C2, which comprises the Arg-stretch. In botises the N- fragment remains anchored to

the bacterial surface.

Furthermore, two proteases, the meningococcal BatPhuman lactoferrin (hLf),
cleave the protein upstream and downstream from Alng-rich region,

respectively (Fig. 7). Moreover, anti-NHBA antibodficited deposition of
human C3b on the bacterial surface and passivaiegied infant rats against
meningococcal bacteraemia after challenge with Mairs [47]. NHBA was thus

considered a promising candidate for preventiomefingococcal disease.
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The predicted molecular weight of NHBA is 50,558.0he protein has a
signal peptide with a typical lipobox motif (-LXXELand in the Nm MC58 strain
it has an Arg-rich region (-RFRRSARSRRS-) locategasition 296-305, highly
conserved among different Nm strains [9]. The prnote specific forNeisseria
species, as no homologous proteins can be foumbnnA redundant prokaryotic
databases.

Arg and Lys residues are present in the heparidibinsites of different proteins
[48], where they are able to interact with negdyiveharged residues of
proteoglycans. By affinity chromatography with hepaas ligand it was
demonstrated that the full length protein boundkdparin [9, 49]. To define the
role of the Arg-rich region in the interaction, aletion mutant of the Arg-rich
region and another mutant wherein all Arg residwese substituted with a Gly
were generated. Neither of these mutants weretaldd®und heparin confirming
the fundamental role of the Arg- stretch for theding.

Moreover, western blot analysis performed on oatembrane proteins (OMPS)
showed the presence of two NHBA -specific bandstiain MC58, which were
absent in the mutant strain (M@132). The first band, relative to the full leght
NHBA, had a molecular weight of approximately 60a&k[xnd a second band at
approximately 22 kDa was identified in the supeangtsuggesting the processing
of the protein and the release of a fragment. Ratibn and N-terminal
sequencing of the 22-kDa protein fragment showattthis fragment started with
Ser293 and hence corresponded to the C-terminaimred NHBA.

A panel of different meningococcal strains weraeggo screen the specificity of
this band pattern. Western blot analysis revedlattNNHBA was expressed by all

strains tested. However, the protein was cleavetltha C-fragment released in
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the supernatant in only five of 20 strains testwwtiich belongs to the hyper-
virulent clonal complex 32. The presence of thePNpitotease, a phase variable
auto- transporter protein with serine proteasevitygtiwas considered to be a
strong candidate for the processing of NHBA becawal’ has been shown to
process many other surface exposed Nm protein[g0,

A NalP deletion mutant was generated in strain M@b8&st NHBA expression
and processing by immunoblotting of OMP and sugaria. In the NalP- deleted
strain, a higher amount of the NHBA full-length f@io was detected, whereas the
N- and C-fragments were not detectable. The pdat tNHBA could be
processed in only some Nm strains, might correlatie the finding that thealP
gene is prone to phase variation. Together witls #widence, it was also
demonstrated that human lactoferrin (hLf), coulcbgnize and cleave NHBA[52,
53]. Full length NHBA was incubated with hLf pugfli from human milk and by
western blot analysis it has been showed that NHi#s cleaved into two
fragments of approximately 43 kDa (N1) and appratety 21 kDa (C1). The 21-
kDa fragment was subjected to N-terminal sequentwaysis. The sequence
analysis from the 21 kDa fragment obtained (245AEMPL-252) showed that
the cleavage mediated by hLf occurs immediately rdiream of the Arg-rich
region. Other experiments performed by Esposito evltbagues demonstrated
that the recombinant C-his fragment containingAhgrich region is also a target
of hLf and suggests that hLf can act on the fullgiln NHBA as well as on the
secreted C fragment [49].

Moreover in that manuscript, his-tagged forms o th-terminal and the C-
terminal regions generated by the NalP proteasebgnithe hLf cleavage were

used to evaluate their ability to bind heparin. YOtile fragment containing the
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Arg-rich region was able to bind heparin, confirgiihe key role of the region in

this interaction [9, 49, 54].

1.4 VE-cadherin and the regulation of endothelial
per meability

1.4.1 Features

The endothelium is located on the inner side of/@disel types and is constituted
by a monolayer of endothelial cells [55, 56].

Interendothelial junctions contain complex junctibstructures, namely adherens
junctions (AJ), tight junctions (TJ) and gap junats (GJ), playing pivotal roles in

tissue integrity, barrier function and cell-cellnmmunication, respectively (Fig.

8).
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Fig. 8. Transmembrane adhesive proteins at endailhjehctions. At tight junctions, adhesion is

mediated by claudins, occludin, members of thetional adhesion molecule (JAM) family and
endothelial cell selective adhesion molecule (ESAM)adherens junctions, adhesion is mostly
promoted by vascular endothelial cadherin (VE-caii)e which, through its extracellular
domain, is associated with vascular endothelialtgiro tyrosine phosphatase (VE-PTP). Source:
Dejana E,Nat Rev Mol Cell Biol. 2004

The endothelium constitutes a barrier for the viascsystem by controlling and

regulating permeability properties between the thland the underlying tissues.
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As well established, endothelial permeability isdiated by the so-called
transcellular and paracellular pathways by whiablutes and cells can pass
through (transcellular) or between (paracellulamhdaghelial cells [10].
Transcellular passage occurs via specialized peeefénestrae that can control
cellular permeability to water and solutes, or &i@omplex system of transport
vesicles [57-61]. The paracellular pathway, by castt is mediated by the tightly
regulated and coordinated opening and closure dbtéelial cell-cell junctions.
This is of particular importance to maintain encdithl integrity and to prevent
exposure of the subendothelial matrix of blood gks$62-64]. Many soluble
factors can increase permeability, such as hismihrombin and vascular
endothelial growth factors (VEGFs). The process réversible, then not
necessarily affecting endothelial-cell viability @nctional responses for long
periods [11, 65, 66].

The junctional structures located at the endadhdatitercellular cleft are
similar to the epithelial ones with some exceptioi®ir organization is more
variable and, in general AJ, TJ and GJ are ofternmngled and form a complex
zonular system with variations in depth and thigeg7-72].

AJs are formed by members of the cadherin familgdhesion proteins.
Two types of cadherins are the main componentdizechon the apical domain
of endothelial cells: a cell-type-specific cadhe(ME-cadherin) and neuronal
cadherin (N- Cadherin), which is also present imeotcell types such as neural
cells and smooth muscle cells [73]. Other non-tygle-specific cadherins can be

variably expressed in different types of endotheldls [74].
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VE-cadherin is the major determinant of endothelkdl and the regulation
of its activity or its presence is essential totoonthe permeability of the blood
vessels [64].

Cadherins are defined by the typical extracellgkatherin domains (EC-domain)

and mediate adhesion via homophilic?Eaependent interactions.

A Resting conditions B Adherens-junction phosphorylation

Fig. 9. Functional modifications of endothelial Ag5) Under resting conditions, VE-cadherin
clusters at junctions in zipper-like structures;2815- catenin fcat) and plakoglobin (plako) bind
directly to VE-cadherin, whereas catenin gcat) binds indirectly through its association wjith
catenin or plakoglobin. (B) Phosphorylation (P)tgfosine residues of VE-cadherift, catenin,
plakoglobin and p120 reduces AJ strength. The Mihedn complex might become partially
disorganized without any evidence of cell retracti®hosphorylation of VE-cadherin at Ser665
has also been reported. This process is thoughtéaliate VE-cadherin internalization and
increase vascular permeability. Source: E. Dejagtagl. (2008). J Cell Sci, 2115-2122.

Optimal adhesive function of cadherins requireoe@ssion of their C terminus
with cytoplasmic proteins: the catenins (Fig. 9ad8erins bind directly t@-
catenin (alternatively to plakoglobin) and to p1ROcatenin and plakoglobin can
bind toa- catenin, an actin binding protein. For many ye#risas been generally
accepted that linkage of the cadherins via thengageio the actin cytoskeleton is
the mechanism by which catenins strengthen cadheesiated adhesion. The
lack of catenin association with cadherin is cominp@tcepted as a destabilizing

event for the endothelial integrity. Various intedlalar signalling molecules, as
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well as phosphorylation of tyrosine and serinedss of catenins or cadherins,
have been reported to play a role in cadherin edigui.

Several studies focus on the effect of agents thatease vascular
permeability on the organization of endotheliall-cell junctions [66, 75-79].
Some agents, such as histamine or thrombin, agt negridly, and the effect is
quickly reversible once they are removed. By catfranflammatory cytokines
increase vascular permeability if the effect istaumed up to 24 and 48 hours.
Thus, it is clear that the mechanism of action rigary depending on the
factor(s) released or produced to modify the ergl@hpermeability. However, in
many reported cases, the junctional weakness didreftect morphological
alteration of endothelial monolayers; for instantiee internalization of VE-
cadherin or the phosphorylation of AJ proteins oedyunctional strength without

necessarily opening intercellular gaps [65, 76].

1.4.2 Tyrosine phosphorylation of AJ components

Endothelial permeability can be modulated in sdveralecular mechanisms; for
instance, the phosphorylation, cleavage and inlieaten of VE-cadherin are all
thought to affect endothelial permeability (Fig.).1@ has been reported that the
tyrosine phosphorylation of VE-cadherin and oth@mponents of AJs is
associated with weak junctions and impaired barugction. Agents such as
histamine, tumour necrosis factortTNFo), platelet-activating factor (PAF) and
VEGF induce tyrosine phosphorylation of VE-cadhend its binding partnefs
catenin, plakoglobin and p120[65, 80].

The mechanism of VE-cadherin phosphorylation hats yet been fully

clarified. In some manuscripts it is declared ttyabsine kinase Src is probably
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implicated, being directly associated with VE —Cadin Moreover, VEGF-
induced phosphorylation of VE-cadherin is inhibiiedSrc-deficient mice or in
wild-type mice treated with Src inhibitors [66]. &ddition to Src, other kinases
are thought to associate with the VE-cadhd¥in€atenin complex and to

modulate endothelial permeability [81].

VE-cadherin-
p120(1} p-arrestin-2(2) CSKI3) B-catenin(1) interacting proteins
s A Bl ™ e
VE-cadherin
I | | l - Phosphorylated
(Y645)(Y658) (S665)  (Y685) (Y731)(Y733) et
/ SRC \ PAK snc
Rho GTPase SRC, Rho GTPase  SRC, Rho GTPase Possible pathways
Ca2+ PYK2 Ca2+ PYK2 c:ﬂ+ leading to site-specific
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f VEGFR2 VEGFnz \
(6) g
ICAM1 ICAM1 !cnm Icnm
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Lymphocytes Leukocyte L-,«mphacytas Leukocyte Lymphocytes

Fig. 10. Phosphorylation of VE-cadherin. The sidésyrosine (Y) and serine (S) phosphorylation
are shown. The interaction of VE-cadherin with indial proteins can be positively (CSK,
arrestin-2) or negatively (p12@-catenin) regulated by its phosphorylation at sfie@mino acid
residues. Source: E. Dejana, et al. (2008). J Sel| 2115-2122.

Several publications report on correlations betwgganges in the stability
of VE-cadherin adhesion and changes in the tyrgshusphorylation of the VE-
cadherin catenin complex. It has been suggestedyttsine phosphorylation of
VE-cadherin itself might affect VE-cadherin funet®o Based on permeability
studies of transfected CHO cells, expressing pointated forms of VE-cadherin
with tyrosine residues replaced by either glutan@tephenylalanine, tyrosine
residues 731 and 658 were suggested to participatbe regulation of the

adhesive function of VE-cadherin [82].
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VEGF was found to enhance the permeability of HQMWhaonolayers and

to increase tyrosine phosphorylation of VE-cadheteatenin, and plakoglobin
[76]. Intravenous injection of mice with VEGF wasported to lead within 2 to 5
minutes to the dissociation of a pre-existing carpf the VEGF-receptor 2 with
VE-cadherin angs- catenin, as well as Src- dependent tyrosine giayfation of
VE-cadherin ang- catenin [83].
This complex is most likely important for the regtibn of VE-cadherin mediated
adhesion [84-86]. An alternative mechanism for th@wn regulation was
proposed for VE-cadherin function during VEGF-inddcpermeability. This
process could be based on the phosphorylationrofesé65 in the cytoplasmic
tail of VE-cadherin, leading to endocytosis [87].

VE-cadherin seems to be internalized through age® regulated by a
clathrin-dependent endocytosis [88]. Interestinghg binding of p120 to VE-
cadherin prevents its internalization, introducthg concept that p120 might act
as a plasma-membrane-retention signal.

VE-cadherin is an important determinant of theribarfunction of the
vascular endothelium. From the knowledge of howetkgression and function of
this protein are regulated, it should be possiblddsign specific agents that can
increase or decrease vascular permeability. Fuvtiogk is required, however, to
address important issues such as the relationgtipelen the transcellular and
paracellular permeability pathways and their spedifological roles in different

regions of the vascular tree.
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2. Materials and M ethods

2.1 Reagents

Phosphate-buffered saline (PBS), D-MEM High Glucasd Foetal bovine serum
(FBS) were purchased from Euroclone (Siziano, @Ggntamicin and Hepes were
purchased from Gibco (Scotland ,UK). Endotheliallscgrowth supplement
(ECGS), BSA-FITC, Red Ponceau, tetramethylbenzidindB) and TMB Stop
Solution (0.16 M sulphuric acid), MEM non essenéialinoacids, MEM vitamins,
BSA, gelatine type B, N-acetylcysteine (NAC) , DTand Tween-20 were
obtained from Sigma-Aldrich (St Louis, MO). 5ml Hi$rap HPcolumn,
Nitrocellulose membrane, X-ray film and ECL (enheshcchemiluminescence
system) were purchased from GE Healthcare (Buclkinghire, UK). BCA
protein assay reagent was purchased from Pieragk{étd, IL). Mitosox Redg-
mouse Alexa Fluor 488 and-rabbit Alexa Fluor 594, 4-12% and 10% SDS-
PAGE gels, LDS 4X sample buffer, NUPAGE antioxidadtPAGE MES 20X
Running Buffer, NUPAGE 20x Transfer Buffer were abed from Invitrogen
(San Diego, CA). VEGF was obtained from Immunolagi§ciences (Rome,
Italy). Mitochondria Isolation kit and QIAMP minirpp Kit were purchased from
Qiagen (Hilden, Germany). SU6656 was purchased fidierck-Millipore
(Darmstadt, Germany). Goat polyclonal and monodl@mdi-total VE-cadherin
antibodies and agarose-coupled Protein G were f8amta Cruz Biotechnology
(Santa Cruz, CA). Rabbit polyclonal antibody agaiBEAl was from Abcam
(Cambridge, UK) and monoclonal antibody againstgpihotyrosine (clone G410)
was obtained from Upstate Biotechonolgy. Monoclaai complex Il antibody

was purchased form Mitoscience (Eugene, OR). 8-efelmbers slide, NU-serum
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IV and monoclonal anti-beta catenin was obtainechfBD Bioscences (Franklin

Lakes, NJ).

2.2 Bacterial strainsand cell culture

Escherichia colistrain DH® and Neisseria meningitidistrain MC58 were used
in trans-endothelial migration assayhleisseria meningitidisstrain was a
serogroup B isolate (United Kingdom 1983) of the &Tcomplex characterized
as serotype B:15:P1.7,16. Simian virus 40 largenfigan-transformed human
brain microvascular endothelial cells (HBMEC) w&nedly provided by Novartis
Vaccines and Diagnostics s.r.l (Siena, Italy) aretenmcultured in T75 flasks, in
FBS/NU-serum IV-supplemented DMEM high glucose plasn-essential
aminoacids and vitamins, to a confluent monolayan in vitro permeability
assays, cells were split and seeded on gelatineaobrans-well cell culture
chambers (polycarbonate filters, O8n or 3 um pore size; Corning Costar
Corporation, Cambridge, MA, USA) at a density ok 20" cells per well. Cells

were grown for 5 days before performing permeabdgsays.

VEC+ endothelial cells derived from murine embryonstem cells with
homozygous null mutation of the VE-cadherin geng everexpressing wild-type
human VE-cadherin [89, 90] were kindly provided ByDejana (IFOM, Milan,
Italy). Cells were maintained in culture in T75sks in FBS-supplemented

DMEM high glucose plus heparin and ECGS.

Mouse embryonic fibroblast (MEFs) were maintainectulture in T75 flasks in

FBS-supplemented DMEM high glucose.
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2.3 Construction of plasmids

For the expression of all the recombinant proteiossidered in this study, the
specific DNA fragments were amplified by PCR from iMeningitidis MC58

genomic DNA and cloned into the pET-21b+ expressieator (Invitrogen), as
detailed in Serruto et al., 2010. Briefly, to ohtai recombinant full-length protein
rGNA2132MC58-his, the nmb2132 gene was amplifiesmfthe MC58 genome
using the oligonucleotides 2132-dG-FOR and 2132-Rdiyfested with Ndel and
Xhol restriction enzymes and cloned into the NdatKsites of the pET-21b+
vector, generating pET-GNA2132-MC58-his. The cands for the expression of
C-terminal domains of GNA2132 were prepared by tilgp PCR products,
digested with Ndel and Xhol restriction enzymedp ithe pET21b+ expression
vector. For pETGNA2132-C2-his (recombinant C2-ter@hiregion, aa 293—-488),
the PCR fragment was obtained using the 2132-C-&Q@R2132-REV primers.
Finally, for pET-GNA2132-C1-his (recombinant Clrenal region, aa 307—
488), the PCR fragment was obtained using the ZIBZFOR and 2132-REV

primers.

2.4 Transfor mation of competent Escherichia coli

E. coli BL21(DE3) chemically competent cells which haverdept on -80°C
storage were thawed on ice. 100-200 ng of plasnith Qvere added to the
competent cells and the transformation mix was kegte for 30 min. Cells were
heat-shocked for 30- 40 sec at 42°C and the camtede for 2-3 min. The cells
were incubated for 45 min at 37°C in 50i0of Luria-Bertani (LB) broth (10 g/l
Bacto Tryptone, 5 g/l Bacto yeast extract, 10 @lCN in agitation. The mix was

plated on LB agar plates which contained the aotits ampicillin and
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chloramphenicol that select for transformants. Tplates were incubated

overnight at 37°C. Bacterial colonies were coloiGRPanalyzed.

2.5 Plasmid DNA isolation from bacteria (Miniprep)

E. Coli cells carrying the plasmid of interest were indedaovernight at 37°C at
constant shaking (200-220 rpm) in 5 ml of LB brahpplemented with the
appropriate antibiotic (chloramphenicol 2@/ml). The cells were harvested by
centrifugation at 13,000 x g (microcentrifuge Bigé) Haeraeus) for 3 min, and
the plasmid DNA was isolated using the QIlAprep Smimiprep kit (Qiagen)
following the manufacturer’s instruction. Brieflgellular pellet was resuspended
in 250yl of buffer P1 (Qiagen), then were added 250f buffer P2 (Qiagen) and
the suspension was gently inverted 2-3 times; @56f neutralizing buffer N3
(Qiagen) were added, the suspension was gentlytedvand centrifuged 10 min
at 13,000 x g. Supernatants were applied in thepr@m spin column and
centrifuged 1 minute at 13,000 x g; the column washed two times by adding
750 pl of buffer PE (Qiagen) and centrifuged 1 min af0D® x g. The purified
plasmid DNA was eluted from the column with 0 of sterile water. The
concentration and quality of the purified DNA waseasured with a UV

spectrophotometer at OD 260-280.

2.6 NHBA, C1 and C2 expression and purification

E. coli transformation was carried out according to steshdarotocols.
Escherichia colistrain BL21(DE3)-pLysS containing the expressiectors were
grown overnight at 37°C in 500 ml of LB medium slgmpented with ampicillin

(20 pg/ml) to an OD600 of 0.6. NHBA, C1 and C2 expressias induced by 1

39



mM IPTG. After 3 h, bacteria were pelletted by céngation at 8000g for 10
min and resuspended in 10 ml of lysis buffer (50 mWstPhosphate (pH 8.0),
300mM NaCl, 20 mM Imidazole, plus protease inhitsjo After 5 sonication
passages, for 1 min at 20 mA amplitude, debris wam@ved by centrifugation at
32000g for 30 min at 4°C. Supernatant was filtearedugh a 0.2um syringe filter

and the proteins were eluted from affinity chrongaéphy His Trap HP column
by applying 150mM imidazole. Purity of the proteingas checked by
SDS/PAGE. Protein was concentrated using the iltedfon system Centricon®

(Millipore) and the content was quantified using BICA assay.

2.7 Per meability assays

HBMECs were seeded onto 2% gelatin-coated Trangiltells (0.3um pore size)
at the density of 7 x f@ells per well in a 24-well plate. Cells were ugedays
after seeding onto filters. The formation of intasbnolayer on the insert was
evaluated by adding FITC-BSA (1 mg/ml) to the uppkeamber and measuring
after 5 min the amount of labeled BSA passed ih&® lower chamber by a
Fluostar microplate reader (SLT Labinstruments)answells were used only
when the intensity of fluorescence in the lowernshar was negligible.
Permeability assays were performed after adminisgain the lower or upper
chamber, the following stimuli: pM C1, 5uM C2 or NHBA or 1uM bradikinin
(BK). When required, cells were exposed to 1mM Ktgcysteine (NAC) 30
min before adding the stimuli. FITC-BSA fluorescemas evaluated in the lower
chamber at various time intervals. Calibration egrwere set up measuring the

fluorescence intensity of increasing concentratmisITC-BSA.
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2.8 Evaluation of E. coli crossing through the endothelium

HBMECs were seeded onto 2% gelatin-coated Tranditells (3 um pore size)
at the density of 7 x f@ells per well in a 24-well plate. Cells were uedays
after seeding onto filters. Each Transwell was kbddor the formation of intact
monolayer by adding FITC-BSA to the upper chambasrlescribed abové. coli
strain DH%x , together with the stimuli, BM C2 or C1 or NHBA or 1uM BK,
was added to the upper chamber®(b@cteria/well, MOI: 15). When required,
cells were exposed to 1ImM NAC 30 min before addimgstimuli. After 1 and 2
h-incubation, bacteria-containing medium from tbevdr chamber was collected
and plated onto LB agar plate at 37°C. After 1&dipny-forming units (CFU)

were counted.

2.9 Evaluation of N. meningitidis crossing through the endothelium

Monolayers of HBMEC, prepared as above, were isfé¢br 4 hours with 10 x
10° bacteria/well, strain MC58 (MOI: 30). Infectionsewe carried out in the
presence of NHBA or one of the two recombinantrragts (C1; C2). After 30
min, 1 h, 2 h, 3 h and 4 h the medium of the loaleamber was collected and

plated on Mueller Hinton Medium (MHM) plates forrfaer colony counting.

2.10 Mitochondria isolation

HBMECs were seeded onto T75 flasks and, once cemifluwere exposed to 5
uM C1 or C2 for 5, 15 and 30 min. Cells were cobelctwashed in ice-cold PBS
and processed by Qiagen Mitochondria Isolation Ribtein content of isolated
fractions, corresponding to mitochondria, cytosot anicrosomal fraction, was
determined by BCA assay. g of each fraction were loaded on SDS-PAGE 4-

12% and analyzed by western blot.
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2.11 SDS-PAGE (PolyAcrilamide Gel Electr ophoresis)

Cell extracts as well as isolated fraction or imoprecipitated samples were
diluted in Loading buffer which was prepared asofok:

e 1X NUPAGE® LDS Sample Buffer

e DTT 50 mM
The volume of each sample was brought tqul5'he samples were denaturated
at 99 °C for 10 min. Samples were loaded on SD%-br 10% precast
polyacrylamide gels. The electrophoresis was ruiXnMES Running buffer

containing the antioxidant at 110 mA and 200 V ¢anisfor 45 min.

2.12 Western Blot

After electrophoretic run, proteins were transférfeom gel to nitrocellulose
membranes. The gel and the membrane were equécbmatTransfer Buffer. The
Transfer Buffer was prepared as follows:

* 20X NUPAGE® Transfer buffer

e 10X NuPAGE® Antioxidant

* 10% Methanol
The volume was brought to 1 | with distilled water.
The transfer was obtained by applying a currerit7®f mA and 30 V constant for
1 h. To evaluate the efficiency of the transfeQtpins were stained with Red
Ponceau 1X. The staining was easily reversed byhiwwgswith distilled water.
Once the proteins were transferred on nitrocelkiloembranes, the membranes
were saturated with Blocking Buffer (5% no fat mi&wder solubilizated in PBS
with 0.2% TWEEN-20, or 5% BSA powder solubilizated TBS with 0.1%
TWEEN-20 ) for 1 h at room temperature, and themlrated overnight with the

primary antibody of interest at 4°C. The membrawese then washed 3 times
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with PBS with 0.2% TWEEN-20 (or TBS with 0.1% TWEEXN) at room
temperature and incubated with secondary antibddi*HConjugate, for 1 h at
room temperature. Immunoreaction was revealed bly ERIME and followed

by exposure to X- ray film.

2.13 I mmunopr ecipitation

Murine endothelial cells overexpressing wild-typantan VE-cadherin were
grown in T25 flask. Cell layers were serum-staried 3 days before the
application of stimuli. uM C2 or 10 ng/ml VEGF were added for 15, 30 and 45
minutes. When required, cells were pre-incubated3td min withl mM NAC.
Cells, detached by scraping, were collected, waghéwk-cold PBS and lysed in
RIPA buffer, supplemented with protease and phdsgkainhibitors. Lysates
were centrifuged at 12000 g for 20 min at 4°C. $ogeants were collected and
their protein content determined by BCA assay. p@0cell extract for each
sample was immunoprecipitated with (@ goat polyclonal anti-VE-cadherin
conjugated to 2@l protein G agarose. The immunoprecipitates finedigovered
were run in SDS-PAGE (10% polyacrylamide) for bieth anti-phosphotyrosine
antibody.

The total content of VE-cadherin was assayed uaimggat polyclonal antibody
anti-total VE cadherin and the total content ofabedtenin was revealed by a
specific monoclonal antibody. Western blots werevettgped with HRP-

conjugated anti-lgG followed by ECL.

2.14 M easur ement of changesin mitochondrial ROS production in HBMECs

HBMECs were grown on 24 mm diameter glass disiesdnfluence; medium

was removed and replaced with HBSS buffer plu$* Gad Mg2+, 10 mM
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Glucose and 4 mM Hepes. Cells were incubated fomBOwith 1 uM Mitosox
Red before starting the live imaging recordinglabfescence (10 sec intervals),
at 580 Nm, by Olympus IX81 microscope. Stimuli adideere 5uM C1 or C2;
when required, cells were pre-treated 30 min withM NAC.

Mitochondrial HO, generation in confluent HBMECs was also evaluatedells
transfected with 2 pg mitochondria-targeted HyPer-Mito (Evrogen,
www.evrogen.com), which is a fully genetically eded fluorescent sensor
capable for highly specific detection of mitochaatiH,O, [91]. Following the
application of stimuli (5uM C1 or C2), in HBSS buffer plus &aand Md", 10
mM glucose, 4 mM Hepes, fluorescence emission atMN® was recorded (10
sec intervals) by Olympus 1X81 microscope followiexgcitation at 430 Nm and

480 Nm. When required, cells were pre-treated 30with 1 mM NAC.

2.15 lmmunofluor escence

Murine endothelial cells overexpressing wild-typentan VE-cadherin seeded
(0.5 x 1d/ml) on 8 wells chamber slides (BD Biosciences)eyere- treated with
100 puM chloroquine before to be exposed to C2 fragmenpre-treated for 30
min with NAC before the addiction of C2 fragmenftek 45 min, cells were fixed
with 3.7% formaldehyde in PBS for 30 min, permeabd with 0.01% Nonidet
P40 for 20 min at RT and blocked with PBS 0.5% BSE-cadherin was stained
with a monoclonal anti-VE-cadherin followed by arlEBXA 488-conjugated
anti-mouse secondary antibody. EEA1 was staineld avipolyclonal anti-EEA1
antibody followed by a ALEXA 594-conjugated antbbét secondary antibody.
Cells were visualized with a 63x oil immersion altjge on a laser-scanning
confocal microscope and images were acquired usibgS-AF software (Leica

TCS-SP5, Leica Microsystems, Wetzlar, Germany).giesawere then processed
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using ImageJ software (Research Services Branctiorigd Institute of Mental
Health, Bethesda, MD, USA). Mander’s coefficient fmlocalization analysis
was calculated using Mander’s coefficient plug-inlmmageJ. The quantification

by Mander’s colocalization coefficient was perfodne a blinded manner.

2.16 Cedll-based EL | SA for VE-cadherin expression

Cell-based ELISA was performed as previously reggbrtwith minor
modifications [12]. Briefly, murine endothelial t®loverexpressing wild-type
human VE-cadherin were seeded onto 96-well platesoated with 2% gelatin.
Three days after all cells reached confluence amthéd a contact-inhibited
monolayer, cells were treated withu C2 or 10 ng/ml VEGF for 45 min or 3
hours.When required cells were pre-treated for 30 mirhviitmM NAC or 280
Nm SU6656. Cells weréixed with 3.7% formaldehyde for 10 min at RT and
incubated with blocking buffer (PBS with 10% FB®)y 60 min at 37°C. After
washing with 0.1% Triton X-100 in PBS, cells wareubated with a goat
polyclonal antibody against VE-cadherin (1:500) rovght at 4°C. After washing
with PBS, a secondary HRP-conjugated antibody wide@and incubated for 1 h
at room temperature. After washing again, TMB soflutwas added, incubated
for 15 min followed by the stop solution for 5 mifihe optical density of each
well was read at 450 nm using a plate reader (T dodinite 200 pro, Salzburg,
Austria). Results were expressed as % of the cogmmup (cells exposed to

vehicle).

2.17 Statistical analysis

Statistical significance was calculated by unpaB&ddent’s t-test. Data, reported

as the mean £ S.D., were considered significgoividlues< 0.05.
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Results

3.1 C2 fragment increases brain microvasculature

endothelial per meability

OnceNeisseria meningitidisrosses human epithelial cell, can spread withén t
vasculature, and from there it can escapes tovithedBost tissue in a mechanism
still not fully understood [92]. To verify whethéne two fragments, C1 and C2,
produced upon the cleavage of the full length pnotHBA, are involved in the
alteration of endothelial permeability to allow thassage of bacteria, or of some
bacterial factors, from one side to the other okasel, we seeded human brain
microvasculature endothelial cells (HBMEC) ontoodyparbonate membrane of a
transwell system. This system is composed by twamdiers: the apical one is
separated from the basolateral one by a filterti@nlatter the cells were seeded
and left to grow until they became confluent. Immaeely before the experiment
the tracer FITC- BSA was added in the apical chamtmgether with NHBA, C1,
C2 or bradikine (BK), as positive control, and {h&ssage of the tracer in the
lower chambers was monitored at different time {®iQur results, depicted in
Figure 11 A, revealed that, similarly to BK, C2draent induced an increase of
endothelial permeability already after 15 min, #iea that become stronger after
30 min and even more after 45 min. Notably, neitherC1 fragment nor the full-
length protein NHBA were able to produce a simi&dfect. Moreover, the
alteration of the monolayer integrity occurred onfy C2 fragment was
administrated to the apical side of endothelia, r@ag nothing occurred if the
exposure of the endothelium to the fragment waserhon at the baso-lateral

side (data not shown).
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Figure 11. C2 fragment induces the leakage of HBBHEmed endothelia. A) HBMECs, grown
as monolayer onto the membrane of a Transwell systeere stimulated with agM C2, C1
NHBA, or left untreated (vehicle) M Bradikinin (BK) was used as positive control. Hassage
of BSA the lower chamber at various time intervaiss evaluated. B) HBMECs grown as
monolayer onto the membrane of a Transwell sysiere exposed to (. coli bacteria in the
presence of C2, C1 or NHBA £8). 1 M BK was used as positive control. At the indicatet:
points, medium of the lower chamber was collectati@lated onto agar plates. After 18 h colony-
forming units (CFU) were counted. Values are exggds as means + SD of duplicate

determinations of four separate experiments. *085; **, p < 0.01; *** p < 0.001 vs vehicle.
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Looking at thein vivo situation, this evidence suggests that C2 has twithen
the vasculature to exert its perturbing activitytba endothelium.

Next, we moved to evaluate whether the increasechgebility induced by C2
could allow the passage of bacteria; to addresspbssibility, we repeated the
previous experiment applying, instead of the tr&®A-FITC,E. colias bacterial
model. 18 E. coli were added to the upper chamber of a transwelarapys
together with the single fragments or the full l@mgrotein; after 1 or 2 h, the
entire medium of the lower chamber was collectati@ated on LB agar plates to
permit the bacteria to multiply. After 18 h, coleforming units (CFU) were
counted. Figure 11 B shows that the extent of drediat permeabilization induced
by C2 allowed the passage of bacteria, in a tinpedent manner. According to
the results of the previous experiment, neithem@ALNHBA application resulted
in any appreciable bacteria movement. Remarkaldyfoa the passage of the
tracer, bacteria did not cross endothelium in da8ewas applied at the baso-
lateral side of the endothelium (data not shownlstconfirming the previous
evidence that the fragment has to be presenthetodscular lumen of a vessel to

trigger the alteration event.

3.2 C2 localizes within mitochondria

In order to address how C2 elicited endothelia ysbdtion, we moved to
investigate its subcellular localization within h@ndothelial cells. As first, we
took advantage of informatic softwares capableraaliot a possible localization
of a peptide within cells. Among them, we used Mitot software

(http://ihg.gsf.de/ihg/mitoprot.html), which defimevhether an N-terminal protein

region contains a mitochondrial targeting sequefddes software attributes a
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score value ranging from 1 to 0, depending on wdretihe sequence analyzed is
more or less compatible to a mitochondria locaiiratin case of C2, MitoProt
scored a value of 0.7152 which strongly suggestmit@chondrial localization. In
accordance with the prediction, the N-terminal dontd C2 is enriched in basic
residues (arginine), that usually confer to a prnotdhe ability of targeting
mitochondria [93]. On the contrary, for NHBA and ®ltoProt gave a score of
0.205 and 0.0199 respectively.

In order to verify whether the bioinformatic pretthen was exact, we incubated
HBMECs with C2, before proceeding with the isolati@f mitochondrial,
microsomal and cytosolic fractions, at differemhéi points. The protein content
of all the fractions was analyzed by western biotdvaluating the presence of C2
and possibly defining its intracellular traffickingigure 12 shows that, after 5
min, C2 was detectable both in microsomes anddrcytiosol, while, 15 min after
its administration, a quote of C2 accumulated itootiondria. After 45 min, C2
was entirely confined in the latter organelle. Tehebservations, which confirm
the bioinformatic prediction, suggest that C2 phdpan virtue of the arginine-
rich domain behaves as a trojan peptide. Notabigdependently from the
subcellular localization, C2 always maintained tNeterminal domain, as
demonstrated by the fact that the protein was tedelay a policlonal antibody
raised specifically against the arginine-rich pespti

Trojan peptides are cell-permeable peptides abteatwslocate into cells without
deleterious effects and polycationic homopolymsigh as short oligomers of
arginine, effectively enter cells [94-96].

To further support the specific localization of @#hin mitochondria, the same

subcellular fractionation and analysis was caraedHBMECs exposed to C1; in
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this case, not only the peptide did not show amyalation in mitochondria, but
it was undetectable also in the other two fracti@Figure 12). This result, which
probably reflects a week ability of C1 to interadgth the cells, confirms once

again the crucial role of the arginine domain off@2its biological activity.

5 min 15 min 45 min

Mt Mf C Mt Mf C Mt Mf C

[Untreated
C1 o NHBA
o Arg-sequence
G2 o COXII
o Calnexin
o GAPDH

Figure 12. C2 fragment accumulates in mitochondd&MECs, grown to confluence in a T75
flask, were exposed to B C2 or C1. After 5, 15 and 45 min mitochondrialt{Mmicrosomal
(Mf) and cytosolic (C) fractions were isolated amebcessed for Western blot analysis. A mouse
polyclonal anti-NHBA antibody was used to reveahbG1 and C2 peptides. The latter was also
revealed by a polyclonal antibody specific for #irginine-rich domain. Monoclonal antibodies
anti-COXII, anti-calnexin and anti-GAPDH were ustedcheck the purity of each fraction. HRP-
conjugated secondary antibodies were used beforeldging in chemiluminescence.

3.3 Mitochondrial ROS production

It is established that the integrity of endothepalmeability can be perturbed by
ROS [11]. This has been demonstrated to occurXamele when endothelia are
exposed to VEGF, which, in fact, induces ROS prtidac[11]. Although the

relationship between ROS and endothelial permégbi#imains to be precisely
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defined, it is known that an event of phosporylatud VE-caherin an@-catenin,
both proteins of the adherence junctions, follomesgroduction of ROS.

On the basis of the localization of C2 in mitochaadwe moved to verify
whether the increased endothelial permeability edusy the fragment could
follow ROS production within the organelle: inde¢kde mitochondrial electron
transport chain has been recognized as one of #jermellular generators of
reactive oxygen species, which include superoxijelrogen peroxide and the
hydroxyl free radical [97-99]. Moreover, the protlan of ROS can be further
enhanced by toxins, such as rotenone, that inbanitplex | and antimycin A that
inhibits complex Il [100, 101].

Microscopic imaging applied to HBMECs, loaded wiltie fluoroprobe MitoSOX
Red [102], that permits quantitative detection oftochondrial superoxide
production, demonstrated significant increase intoamondrial fluorescence
intensity in the cells, following the administrati@f C2, but not of C1 (Figure
14A). Notably, ROS started to increase after 3 nain,time interval that is
apparently in contrast to the fact that C2 was teuable in mitochondria 5 min
after its administration (Figure 12). However, ddesing the sensitivity
limitation of the western blot technique, we canexatlude that a small amount of
C2, sufficient to promote the initial ROS produatieeached mitochondria in the
first minutes. As expected, pre-treatment of thiésagith the ROS scavenger N-
acetylcysteine (NAC) fully prevented the C2-inducBdorescence increase,

confirming that it was due to an increase in ROegation (Figure 13 B).
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Figure 13. C2 induces mitochondrial ROS formation HBMECs. A) HBMECs, grown as
monolayer, were loaded with AM MitoSOX Red, just before live-imaging recording. the
indicated time point (arrow) cells were exposedbtoM C1, C2, or saline (vehicle) as negative
control. B) Cells were pre-treated or not with 1 nMMC before being exposed to C2 as in A).
Cells were excited by laser at 514 nm and fluoneseeemitted was recorder at 560 nm every 10
sec for 30 min. Data are expressed as fold changemiean fluorescence intensity compared to
cells exposed to saline (vehicle). N= 3 for eachdition.C) HBMECSs, grown as monolayer, were
transfected with the Hyper-dMito vector. After 24flexpression, cells were exposed dbC1,

C2, or saline (vehicle). D) Cells were pre-treatadnot with 1 mM NAC before being exposed to
C2 as in C). Fluorescence intensities were recorelagly 10 sec for 1 h. Normalized fluorescence
ratio changes (430/480 nm) was calculated as measirHO, production. N= 3 for each

condition.

Mitochondrial HO, generation in confluent HBMECs was also evaluatedells

transfected with mitochondria-targeted HyPer-dMudnich is a fully genetically
encoded fluorescent sensor capable for highly 8petgtection of mitochondrial
H,0, [91]. In the presence of a basal level of ROS,iabe has two excitation

peaks at 430 nm and 480 nm and one emission pe&kGanm. Upon ROS
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induction, the excitation peak at 430 nm decreasepgortionally to the increase
of the peak at 480 nm, allowing ratiometric measeet.

As shown in Figure 13 C, cell exposure to C2 fragimeas characterized by a
decrease of the ratio between the two excitatiak@ewhile on the contrary, it
remained constant following C1 administration adlvas in case of vehicle-
exposed cells.

As before, pre-incubation of HBMECs with NAC pretesh HO, induction:

accordingly, the ratio remained constant (Figur®).3

3.4 Reactive oxygen species are fundamental in the
alteration of the integrity of endothelial monolayers

induced by C2

Next we moved to verify whether ROS induced by Cerevinvolved in the
alteration of endothelial integrity; to this aim wepeated the experiments with
HBMECs seeded on transwells and we evaluated lh&tpassage of BSA and
that of bacteria, but in presence or absence of NAC

Results shown in Figure 14 A and 14 B reveal thang time point considered,
ROS scavenger significantly reduced the accumulaifd8SA and bacteria in the
lower chamber of the apparatus: both return tol¢egenilar to C1 which, as
before, did not affect endothelial permeability amehained insensitive to the

presence of NAC.
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Figure 14. ROS-induced by C2 are essential for #fteration of endothelial permeability.
HBMECSs, seeded onto the membrane of a Transwedkraysvere exposed to M C2 or C1
fragment together with BSA-FITC, A) or E. coli, BYhen required, HBMECs were pre-treated
with 1 mM NAC for 30 min. The accumulation of B®# hacteria in the lower chamber was
performed as detailed in Figure 1. Values are egpeel as means = SD of duplicate

determinations of four separate experiments. *085; **, p < 0.01 vs C2 + NAC.

Collectively, these data support the conclusiort hexturbation of endothelial
cells due to C2 requires intracellular accumulawbrROS; the latter are mainly
produced within mitochondria where C2, after emigihe cells probably directly

through the plasma membrane, localizes.
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3.5 C2 inducesVE-cadherin phosphorylation in a ROS-

dependent manner

It has been reported that VEGF leads to the gdnaraf ROS which, in turn,
elevates the tyrosine phosphorylation of VE-cadhemltimately regulating
adherence junction integrity [63]. Phosphorylatioh VE-cadherin and of its
partnersB-catenin, plakoglobin and p120 is linked to thetion of endothelial
permeability in case of other mediators than VE&kch as such as histamine,
tumour necrosis factar-(TNFo) and platelet-activating factor (PAF) [65, 80, 103
104].

We sought to determine if the C2-induced increasmicrovascular permeability
was also associated to some change in the tyrgsnosphorylation of VE-
caderin. To this aim, we used endothelial cellsvéer from murine embryonic
stem cells with homozygous null mutation of the Wé&therin gene and
overexpressing wild-type human VE-cadherin [90]lIC&ere serum-starved for
72 h, in order to abolish the basal phosphorylataie that commonly occurs in
cells as part of the turnover that involves senasoe partially damaged proteins
[105], before being exposed to C2. After VE-cadmemmunoprecipitation the
phosphorylation state of the protein tyrosines exaduated by Western blot.

Fig. 15 A shows that, already after 15 min of tneat, VE-cadherin was highly
phosphorylated in cells exposed to C2 fragment, thedphosphorylation level
increased further up to 30 min, before decreasird anin.

To determine if ROS were required for C2-inducedd&gherin phosphorylation,
HBMECs were pre-treated with NAC before exposing fttells to C2 and

evaluating the level of VE-cadherin phoshorylati@®2 was no longer able to

55



cause phosphorylation of VE-cadherin after treatméth NAC (Figure 15 B),

suggesting that ROS are required for the phospéatoyl of the protein.
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Figure 15. C2 induces VE-cadherin phosphorylatidh Murine endothelial cells overexpressing
wild-type human VE-cadherin were grown to confleehefore being serum-starved for 72 h and
exposed to 5uM C2. After 15, 30 and 45 min cells were harvested processed for
immunoprecipitation with a polyclonal antibody aWE-cadherin. Phosphorylation state of the
protein was determined in western blot by develgpiith anti-phosphotyrosine antibody. Total
VE-cadherin was used as loading control. NT, netted cells: cells exposed to saline. B) Cells
were pre-treated with NAC for 30 min (left panalwoth the Src kinase inhibitor SU6656 for 2 h
(right panel), before the administration of C2.

Notably, pre-treatment of cells with the Src kinaskibitor SU6656 also fully
prevented the phosphorylation of VE-cadherin (Fegl B), as already reported

for VEGF that, similarly to C2, increases endothighermeability [66].
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3.6 C2 decreases VE-cadherin intracelular content

It has been recently reported for T@F-another cytokine that increases
paracellular permeability of endothelia, that itfeet results from a change in the
total cell content of VE-cadherin [12].

In a cell-based ELISA on post-confluent murine ghdbal cells overexpressing
wild-type human VE-cadherin, we found that expodor€2 for 45 min resulted
in reduced levels of VE-cadherin, of about 20%t there maintained similar at 3
h. Instead, NAC pre-treatment almost fully prevdntee C2-induced protein

disappearance (Figure 16 A).
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Figure 16. C2 lowers cellular VE-cadherin conteurine endothelial cells overexpressing wild-
type human VE-cadherin were grown to confluencerbdieing exposed to/M C2. After 45 min

and 3 h a cell-based ELISA was performed for euvaigathe total cell content of VE-cadherin.
Where indicated, cells were pre-treated with 1 mAMCNor 30 min, A) or with SU6656 for 3 h, B).
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Values are expressed as mean percentage (x Sheadlisorbance readings at 450 nm in groups
exposed to saline (vehicle). *, p < 0.05; ** ,<p.01, for C2 vs vehicle and for C2 vs C2 + NAC.

As we demonstrated that C2 induced phosphorylatiorE-cadherin and that the
latter was abolished when Src kinase was inhibiteel,wondered whether the
phosphorylation of the junctional protein was regdifor reducing its cellular
content in cells exposed to the fragment. To datexrthis, we pre-treated cells
with SU6656; as shown in Figure 16 B, the blockadeSrc significantly
prevented the reduction of VE-cadherin.

Collectively, our data suggest that C2 leads togéeeration of ROS which, in
turn, elevates the tyrosine phosphorylation ofjtimetional protein VE-cadherin;
the latter event, probably mediated at least in jpgrSrc kinase, culminates in the

reduction of the VE-cadherin cell content.

3.7 C2 promotes VE-cadherin endocytosis

VE-cadherin endocytosis is part of a normal reguiatmechanism that
endothelial cells utilize to control the adhesiveogerties of the plasma
membrane. The internalized VE-cadherin is procesbesugh the endosome-
lysosome pathway and requires an active proteasystem for its degradation
[106].

Based on the reduction of VE-cadherin content ifiscexposed to C2, we
addressed whether this resulted from the interai@iz of the junctional protein.
To this aim we performed an immunofluorescence yaiml on the cells
overexpressing human VE-cadherin that were preeeaith cloroquine before

the exposure to C2: this drug prevents the fusioandlosomes and lysosomes,
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therefore it permits to visualize endocytosed pnste avoiding their final

degradation.
Figure 17 shows that in cells exposed to salinbi¢le), VE-cadherin was mainly
concentrated at the plasma membrane, with only all gpnoportion of protein

localized within endocytic compartments, reflectitigg basal cellular turnover

process.
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Figure 17. C2 induces VE-cadherin internalizatidx). Murine endothelial cells overexpressing
wild-type human VE-cadherin were grown to confleerells were pre-treated for 2 h with 100
u4M chloroquine and, when required, with 1 mM NAC 36rmin. Cells were exposed ta8 C2
fragment for 45 min, before being fixed and pernieadd. VE-cadherin was labelled with a
monoclonal anti-VE-cadherin antibody while earlydesomes were labelled with polyclonal anti-
EEAL antibody. A secondary anti-mouse Alexa488ugatgd antibody and an anti-rabbit Alexa
594-conjugated antibody were used. Confocal imagese acquired using LEICA microscope
with a 63X oil immersion objective. Images weregredrusing ImageJ software. B) Mean = S.D.
(n = 3, 10 cells per independent experiment) obcalization data from A). *** p <0.001, for C2
vs vehicle and for C2 vs C2 + NAC.

Interestingly, in C2-exposed cells there was aiiagmt redistribution of VE-
cadherin, which was massively present within endesand only in a minimal
amount at the plasma membrane as suggested by-itscalization with the
endosomal specific marker EEA1. On the contranNAC pre-treated cells VE-
cadherin distribution was comparable to that oftc@rcells, supporting the result
showed above on the role of ROS in the C2-inducettedise of cellular VE-
cadherin content.

A gquantitative analysis of the re-distribution oE\adherin within endosomes,
was performed using the Mander's co- localizatiodex. According to the
immunofluorescence analysis the Mander’s indexalegkethat the co-localization
of VE-cadherin and early endosomes was signifigdmtiher compared to saline-

treated cells and NAC plus C2 treated-cells (FigBL

3.8 C2 allows Neisseria meningitidis MC58 endothelial

crossing
To verify whether the enhanced endothelial permigaknduced by the rC2

could affect theN.meningitidistranslocation capacity, we infected the HBMEC

intact monolayer with Mc58 [41, 107], a virulent darnwell-charaterized
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encapsulated serogroup B strain, in the presen@bsence of the rC1, rC2 or
rNHBA. The recombinant proteins were maintainedirdyrall the infection

experiment while the medium in the lower chambers veallected every 30
minutes and further plated for colony counting.shewn in Figure 18, Mc58 was

able to significantly cross the cellular monolaye# hours while in control cell

medium.
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Figure 18. C2 improvehl. meningitidis translocation through the endotheli HBMECs, grown
as monolayer onto the membrane of a Transwell systeere apically infected with N.
meningitidis strain MC58 (MOI of 304t the indicated time points, medium of the lowsmber
was collected and plated onto agar plates. Afteth1l&lony-forming units (CFU) were counted.

Graph shows mean valuesS.D. of one representative experiment done in tripésat

When the rC2 was present in the apical medium, Me&&led only one hour to
reach the same level of crossing rate while at4tke hour of infection the
bacterium shown 4 fold incremented crossing ratéefVthe infection was
conducted in the presence of the other recombiprateéins we did not notice any
significant variation. Additionally we tested thech8 KO mutant for NHBA

(Mc58ANHBA) in a separate experiment (data not shown) Tutant strain

showed very similar results when compared withwild type Mc58. When the

rC2 or the rNHBA were incubated with the McB8HBA strain we did not
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observe any significant difference. These resuitsasthat MenB do not require
NHBA for moving across the endothelium and furtherenthe contribution of the
C2 fragment to the bacterial crossing does not mpmn the presence of the

membrane exposed full-length antigen.
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Discussion

Neisseria meningitidigNm) is an encapsulated, Gram negative bacteriuah th
colonizes the nasopharynx of 8-20% of healthy iidials. Occasionally, the
bacterium, from its natural niche in the nasophgeah mucosa of healthy
patients, crosses the epithelium and enters thabteeam where it multiplies and
causes a form of sepsis characterized by an impeeghdothelial disruption
responsible for the disseminated intravascular wiaéign (DIC). From the blood,
the bacterium can cross the blood-brain barrier aalise meningitis.
Meningococcal sepsis is a devastating disease degpite the availability of
effective antibiotics, it can kill children and yog adults within hours. Vaccines
containing purified polysaccharide antigens aralabke against four of the five
pathogenic serogroups. The capsular polysacchafiddéeningoccus serotype B
(MenB) is widely expressed in humans, thus rendetire strategy adopted for
the other strains not suitable for MenB. The olletacas overcome by a new
approach, adopted by Novartis Vaccines in the Y80 and named reverse
vaccinology. Such a bio-informatic method, combineith molecular biology
and biochemical techniques, led to the discoveryseveral new conserved
antigens of MenB potentially interesting as vacaandidates.

Among these antigens, there was Neisserial Hepimaing Antigen
(NHBA elsewhere called GNA2132). NHBA stimulatese thproduction of
antibodies able to confer protection in humans @mkring a wide spectrum of
the MenB strains [108]. NHBA is a surface exposeatgn characterized by an
arginine-rich domain, responsible for the bindiogheparin and heparansulfate

[9]. NHBA can be cleaved upstream or downstrearthefarginine-rich region by
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bacterial or host proteases. When NHBA is cleavgdtie surface exposed
Neisseriapeptidase NalP, it generates a fragment, calledh@® maintains the

arginine-rich domain; alternatively, NHBA can beeaved by the human
lactoferrin, generating the fragment named C1, lmctv the arginine-rich domain

is absent [9]. Since C2 fragment conserves the doreaponsible for the binding
to heparin [9, 49], it is plausible that this fragmh might interact with secreted or
cell-associated proteoglycans in order to exerbwts biological role; if this was

the case, lactoferrin would have a protective fotehe host.

Till now, nothing was known about the biologicalla of these two
different fragments in the pathogenesidNeisseriaassociated diseases.

The present study was aimed to verify whether GllarC2 were involved in the
escape of Nmfrom the blood lumen towards peripheral tissuesluttiog
meninges.

To this end, we examined the ability of the fragiseto increase the
endothelial permeability, by ann vitro assay applied to human brain
microvasculature endothelial cells grown as morelawe demonstrated that the
C2 fragment, provided by the arginine-rich domauyt not C1, increases
endothelial permeability in such a way to permit ooly the movement of
soluble factors across endothelia, but also th&trof Notably, the effect exerted
by C2 requires its contact with the luminal sidetteé endothelium: accordingly,
its application at a baso-lateral side of endotimlidoes not culminate in any
alteration.

The effect of C2 on endothelial permeability relien the induction of
mitochondrial ROS production; indeed, pre-treatmehtcells with the ROS

scavenger, N-acetylcysteine (NAC), prevents thectfdf C2. The involvement of
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ROS in altering endothelial barrier is establishx: example, the angiogenic
factor VEGF actually promotes an increase of ergl@hpermeability via the
induction of oxygen radicals’ production [11].

Although it remains to be established the molacmachanism by which
ROS affect endothelial integrity, it has been dest@ted that the
phosphorylation of VE-cadherin, a glycoprotein &fe tadherence junctions,
follows and requires the production of oxygen ratliand results in an enhanced
endothelial leakage [9, 10, 62, 64, 109]. Accordmghis evidence, we found that
also C2 fragment promotes VE-cadherin phosphoopaéind the latter requires
ROS and the activity of Src-kinase. Moreover, wendestrated that, upon C2-
induced VE-Cadherin phosphorylation, the glycoprotés internalized via
endocytic route and degraded. Accordingly, a cotepledistribution of the
junctional protein is observed in cells exposedfbfragment, with the protein
confined within endosomes; internalization of VEHearin is fully prevented in
the presence of the ROS scavenger NAC.
Collectively our data suggest the possibility tizz might be involved in the
pathogenesis of meningitis by permitting the passddacteria from the blood to
the meninges and we hypothesize that the folloveiognario may occur: Nm
colonizes human nasopharyngeal mucosa; for somsonsa that nowadays
remain obscure, bacteria spread in the blood. ttuesiof the entire NHBA
protein, Neisseriawould establish a close contact with the luminahmbrane of
the endothelium. The subsequent activity of thedyad protease Nalp on NHBA
would result in the release of C2, which could heachigh concentration in the
areas where endothelial cells and bacteria aréosed proximity. C2, in turn, by

causing the alteration of endothelial integrity,ulcbhelp the bacteria in escaping
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from the blood towards the brain. Once here, beGtéogether with a strong
inflammatory process, would lead to the fatal ooteo

Another intriguing consideration emerges from oaitad C2 fragment is the solely
portion of NHBA with a biological activity functial to the spreading of
Neisseria C1 fragment, released from NHBA by lactoferrirdadentical to C2
but lacking the N-terminal arginine-rich domaingedmot exert the same activity.
Therefore, it is possible to speculate that lactofeabundant in all the mucosa
secretions, may represent a host defence mechaoipnevent the generation of

the virulent factor.
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