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3 Introduction

3.1 N. meningitidis, a common commensal and a deadly pathogen

3.1.1 Introduction

In 1887, Weichselbaum (Weichselbaum 1887) was the first to identify the meningococcus from the
cerebrospinal fluid (CSF) of a patient with meningitis. Epidemics of meningococcal meningitis were first
described during the early nineteenth century, in 1805 in Geneva, Switzerland by Vieusseux (Vieusseux
1805), in 1806 in New Bedford, Massachusetts by Danielson and Mann (Danielson 1806) and in the early
1900s in the African meningitis belt (Greenwood 1999). The meningococcus was recognized as a habitant
of the nasopharynx of healthy individuals (Kiefer 1896), especially seen in the setting of military recruits
camps (Glover 1918) at the beginning of the 20" century. Invasive meningococcal disease results from the

interplay of:

a) Microbial factors influencing the virulence of the organism
b) Environmental conditions facilitating exposure and acquisition

c) Host susceptibility factors favouring bacterial acquisition, colonization, invasion, and survival

3.1.2 Classification

N. meningitidis is a gram-negative B proteobacterium and member of the bacterial family of Neisseriaceae.
It is a spherical or kidney-shaped aerobic diplococcus, non-motile, non-sporulating, and usually
encapsulated and piliated. Optimal growth for the bacteria occurs at 35-37 °C with 5-10% (v/v) carbon
dioxide and on different media such as blood agar, trypticase soy agar, supplemented chocolate agar, and
Mueller-Hinton agar. N. meningitidis colonies on blood agar are grayish, nonhemolytic, round, convex,
smooth, moist, and glistening with a clearly defined edge. N. meningitidis, however, tends to undergo

rapid autolysis in stationary phase.

Meningococci are classified according to serological typing (Frasch, Zollinger, and Poolman 1985; Slaterus
1961) and serogrouping is the traditional approach. Further classification into serosubtype, serotype, and

immunotype is based on differences in outer membrane proteins (PorA and PorB respectively) and lipo-
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oligosaccharide structure(Rosenstein et al. 2001).

composition of the capsular polysaccharide, N. meningitidis

Based on the immunogenicity and chemical

strains are classified into 13 different

serogroups: A, B, C, E-29, H, |, K, L, W-135, X, Y, Z, and Z’ (29E) (Branham 1953).

3.1.3 Epidemiology

Meningococcal infection is a global but not uniform problem occurring as sporadic, hyper-sporadic, and

epidemic disease (Fig. 1). There are an estimated 1.2 million cases of meningococcal infection per year,

with a death toll of almost 135,000 worldwide. Disease patterns vary widely over time and between

geographical areas, age groups, and bacterial serogroups. Most disease is caused by a few genetically

defined clonal complexes of N. meningitidis that can emerge and spread worldwide (Maiden et al. 1998).

Norway, 1969
B:B:15:P1.7,16

B,C

Oregon, 1994

Spain, 1974
B:15:P1.716 Spain, 1974

B:4:P1.19,15
B,CY
Cuba, 1980
B:4:P1.19,15

Brazil, 1985
B:4:P119,15
B, C
Chile, 1985 4
15:P1.3

AC

an, 1979
5:P1.7,16

Australia, 1982
B:15:P1.7,16

B,C

New Zealand, 1992 to present

B:4:P14

Fig. 1: Worldwide distribution of
major meningococcal serogroups
and of serogroup B outbreaks by
serotype (shaded in purple). The
meningitis belt (dotted line) of sub-
Saharan Africa and other areas of
substantial meningococcal disease in
Africa are shown  (Stephens,
Greenwood, and Brandtzaeg 2007).

Most of the cases of meningococcal disease worldwide are caused by six serogroups (A, B, C, Y, W-135

and recently, in sub-Saharan Africa, X).

e Serogroup A has been responsible for the largest and most devastating meningococcal outbreaks

in sub-Saharan Africa (Hart and Cuevas 1997). It was the cause of most meningococcal disease in

the first part of the twentieth century in developed countries, but is now rare in the US and

Europe

e Serogroup B is typically associated with a lower incidence of disease when compared to serogroup

A or C, but prolonged outbreaks of serogroup B disease cause significant morbidity and mortality.
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Currently, serogroup B is the most important cause of endemic disease in developed countries,
causing 30-40% of disease in the US and up to 80% in Europe

e Serogroup C is responsible for part of the reported endemic disease and localized epidemic
outbreaks in developed countries, accounting for 30% of disease in the US and Europe (Jackson et
al. 1995). It has occasionally caused large epidemics

e Serogroup Y has emerged in the US and caused more than a quarter of the disease due to
meningococci in the US in the last decade (Rosenstein et al. 1999).

e Serogroup W-135 has emerged in the last 20 years as a cause of epidemic disease and like
serogroup A previously, it has been also important especially in relationship to the Hajj pilgrimage
(Dull et al. 2005).

e Serogroup X has recently been found responsible for meningococcal cases and outbreaks in certain
African countries such as Kenya (Materu et al. 2007), Niger (Boisier et al. 2007), and Ghana
(Gagneux et al. 2002).

3.1.4 Genetics of the Meningococcus

Genome sequences for a number of N. meningitidis strains including MC58 (serogroup B, ST-32) (Tettelin
et al. 2000) Z2491 (serogroup A, ST-4) (Parkhill et al. 2000) and FAM18 (serogroup C, ST-11) (Bentley et al.
2007) have been reported. Based on these data, the chromosome is between 2.0 and 2.2 megabases in
size and contains about 2,000 genes (Schoen et al. 2008). The core meningococcal genome that encodes
for essential metabolic functions represents about 70% of the genome. The meningococcus shares about

90% homology at the nucleotide level with either N. gonorrhoeae or N. lactamica.

3.1.5 Capsule of the Meningococcus

N. meningitidis can be either encapsulated or not. However, N. meningitidis strains causing invasive
disease and isolated from sterile sites such as the blood or the CSF are almost always encapsulated. The

capsule is essential for the survival of the organism in the blood as it provides resistance to
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antibody/complement-mediated killing and inhibits phagocytosis (Uria et al. 2008). Antibodies directed at
capsule play a major part in protection against meningococcal disease and capsule forms the basis for
licensed polysaccharide (Goldschneider, Gotschlich, and Artenstein 1969a, 1969b) and conjugate-
polysaccharide meningococcal vaccines (Snape and Pollard 2005), with the exception of vaccines for

serogroup B, and for the classification of meningococci into serogroups.

The main meningococcal capsular polysaccharides associated with invasive disease are composed of sialic
acid derivatives, except for the serogroup A capsule, which consists of repeating units of N-acetyl-

mannosamine-1-phosphate.

In N. meningitidis , N-acetylneuraminic acid (Neu5Ac), unlike in mammalian cells, is synthesized from N-
acetylmannosamine (ManNAc) and phospoenolpyruvate without phosphorylated intermediates (Blacklow
and Warren 1962). Neu5Ac is the most common form of sialic acid in humans and plays an important role
in intercellular and/or intermolecular recognition (Varki 1997). The incorporation of Neu5Ac into
meningococcal capsules allows the meningococcus to become less visible to the host immune system
(Estabrook, Griffiss, and Jarvis 1997; Kahler et al. 1998) because of molecular mimicry. The most striking
example is observed in the serogroup B capsule (Hobb et al. 2010), an alpha(2-8)-linked sialic acid
homopolymer identical in structure to the human fetal neural cell-adhesion molecule (NCAM). Such
identity is responsible for the particularly poor immune response generated against serogroup B capsule
by humans (Zimmer and Stephens 2006) and drive the researcher to a different approach for the

generation of a MenB vaccine.

In meningococci, capsular genes are clustered within a single chromosomal locus, cps, divided into three
regions. Region A encodes enzymes for the biosynthesis and polymerization of the polysaccharide, and
regions B and C carry the genes responsible for its translocation from the cytoplasm to the cell surface C

(Frosch, Weisgerber, and Meyer 1989).

The capsular polysaccharides of the serogroups B, C, W-135 and Y contain sialic acid [NANA (5-N-
acetylneuramic acid); tab. 1], and cps region A of these serogroups harbors a set of the conserved genes
siaA, siaB and siaC. These are responsible for the synthesis of sialic acid in the form of CMP-NANA,

required for incorporation into the capsular polysaccharide. The fourth gene in this region, siaD, encodes
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a serogroup-specific polysialyltransferase involved in capsule polymerization. In serogroup A, the locus

contains four mannosamine biosynthesis genes designated mynA-D.

Inner Core
LNnT = R

a-chain

L3terminates | _f\--"""

Tab. 1: Schematic diagram showing structural organization of N. meningitidis LPS and some important
determinants of immunotypes. The membrane-located part of meningococcal LPS comprises lipid A bound to two
KDO and two heptose (Hepl and HepIl) moieties. Extended from the membrane are the structurally variable a- and
B-chains of LPS. The different immunotypes of LPS are determined by variations both in the Hepl a-chain
extensions (Glc, Gal, GIcNAc, Gal and sialic acid) and the HeplI B-chain extensions (GIcNAc, PEA and GlIc). These
arise as a result of phase variation in a number of genes shown and account for the antigenic variation of
meningococcal LPS. PEA may be added at position 3 or 6 on Hepll by two distinct enzymes encoded by Ipt3 and
Ipt6. The a-chain structures of the L3, L7 and L8 immunotypes are indicated. LNnT and silaylation: the
immunotypes L7/L9, L2/L4/L5 contain identical a-chains terminating in LNnT (Gal-GIcNAc-Gal-Glc structure
bound to Hepl) which can be sialylated. The L7 immunotype, found in serogroup B and C isolates, refers to the
immunotype lacking sialic acid, whereas L3 is sialylated. Phase variation of the IgtA gene gives rise to the
immunotype L8, which cannot be sialylated (Hill et al. 2010).

3.1.6 Cell Envelope

In gram-negative bacteria, such as N. meningitidis, the subcapsular cell envelope consists of an outer
membrane (OM), a peptidoglycan layer, and a cytoplasmic or inner membrane (Fig. 2). The OM has an
outside layer primarily composed of lipopolysaccharide (LPS), actually a lipooligosaccharide, and proteins
and an inside layer composed of phospholipids (Nikaido 1999) that contains proteins primarily responsible
for regulating the flow of nutrients and metabolic products. The major phospholipid component of
Neisseria membranes consists largely of phosphatidylethanolamine (PE), with varying amounts of

phosphatidylglycerol (PG), cardiolipin (CL), and phosphatidate (PA)(Rahman et al. 2000).
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Fig. 2: Cross-sectional view of the meningococcal cell membrane.
(Copyright® 2001 Massachusetts Medical Society. All rights reserved).

3.1.7 Lipopolysaccharide

Meningococcal LPS [also referred to as LOS (lipo-oligosaccharide)] plays a role in the adherence of the
meningococcus (Kahler and Stephens 1998) and in activation of the innate immune system (Plant et al.
2006). It comprises an inner and outer oligosaccharide core attached to lipid A. The inner core of
meningococcal LPS consists of the diheptose (Hepl and Hepll) attached to lipid A, via one of the two KDOs
(2-keto-3-deoxy-d-manno-2-octulosonic acids). The outer core is heterogeneous, composed of variable
numbers of sugars extending from Hepl, added by glycosyltransferases encoded by Igt genes (Stephens,

Greenwood, and Brandtzaeg 2007).

3.1.8 Adhesins

N. meningitidis strains express a number of surface and secreted proteins that bind to human molecules.
Such proteins include, among others, lactoferrin- and transferrin-binding proteins that enable

meningococci to acquire iron, a crucial growth factor during colonization and disease.
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Neisserial porins, whilst not considered adhesins, interact with numerous human cells and proteins. The in
vitro defined properties of porins could have implications in pathogenesis and generation of an effective
immune response. N. meningitidis expresses two distinct porins, PorA (formerly class 1 protein) and PorB
(formerly class 2/3 protein). Both porins are B-barrel proteins, which associate as trimers in the bacterial
outer membrane through which small hydrophilic nutrients diffuse into the cell. Individual porin vary in
molecular mass with PorA (~46 kDa) being expressed in all strains of meningococci with different level of
expression regulated via an SSM mechanism. PorB is expressed as one of two mutually exclusive forms:

PorB2 (~41kDa) or PorB3 (~38kDa).

Meningococcal adhesins, that enable bacteria to localize on specific host cells, can be divided into major
and minor groups. The major adhesins, pili and the opacity proteins, are expressed in abundance on the
bacterial surface and have been studied for a considerable period. Genome sequencing has led to the
discovery of several other adhesins, which are expressed normally at low levels in vitro; these may be up-
regulated in vivo, but their potential roles in pathogenesis remain to be fully defined. In vitro, several
meningococcal adhesive structures have also been shown to lead to cellular entry and can therefore also

act as invasins (Hill et al. 2010).

3.1.8.1 Major Adhesins
3.1.8.1.1 Pili

The adhesive properties of capsulate N. meningitidis are mediated by pili (Pinner, Spellman, and Stephens
1991), which are long filamentous appendages extending from the bacterial cell surface (Craig et al. 2006).
Meningococcal pili belong to the type 4 pilus family, twitching motility generated by pilus retraction is
important for passage through the epithelial mucus layer, movement over epithelial surfaces, and
microcolonies formation (Merz and So 2000). Piliated meningococci attach to human nasopharyngeal cells
(Stephens and McGee 1981) in greater numbers when compared to meningococci devoid of pili. In
addition, pili are involved in facilitating the uptake of DNA by meningococci (Proft and Baker 2009) and

also enable adherence to endothelial cells and erythrocytes.

13| Page



Tfp are composed of hetero-multimeric pilin subunits, which are assembled into helical fibers (Craig et al.
2006). PilE, the major pilin subunit, constitutes the fiber scaffold and is a source of antigenic variation.
This variation is generated through recombination between the silent loci, designated pilS, and the
corresponding portion of the pilE gene (Coureuil et al. 2014). In addition to the major pilin subunit, the
pilus fiber contains three other pilin-like proteins known as the minor pilins, designated as ComP, PilV,
and PilX, which mediate specific Tfp-dependent functions (Coureuil et al. 2014).

Fig. 3: Neisseria meningitidis type 1V
pilus assembly. The major pilin PilE and

~ the three minor pilins PilX, PilV, and
¢+ ComP are assembled from a platform
1 complex (comprising PilD, PilF, PilM,
3 PilN, PilO, and PilP) and translocated to
e \'t}{ - the ceI_I surface th_rough a pore formed _by
(P"\)‘:c .“an ,E“m: the PilQ secretin. The ATPase PilF
: promotes pilus elongation whereas the
q 090 ATPase PilT is responsible for pilus
il B L Q') 5 }) 0 ,)“) retraction via depolymerization of type
;) 9 9 D& O [mnor® ‘ - IV pili (Tfp). PilC proteins (PilC1 and
= ( PilD \ / \Wa PilC2) are located in the outer membrane
Inner mirahiane — where they control pilus retraction. PilC1
P'f @ is also involved in adhesion to host cells.
T e PilW is an outer membrane protein that is
necessary for PilQ stability. (Coureuil et
Elongation Retraction

al. 2014)

PilE and PilV are involved in adhesion to host cells and recently shown to activate 2-adrenergic receptor
(B2-AR), promoting the endothelial signaling events enabling Neisseria translocation through the brain
endothelium (Coureuil and Marullo 2011; Lecuyer, Nassif, and Coureuil 2012). The mechanism of Type IV
pili adhesion has been further elucidated by Bernard et al. who identified CD147, a member of the
immunoglobulin (lg) superfamily, as receptor for PilE and PilV-mediated adhesion to human brain or
peripheral endothelial cells and shown the role of CD147 in vascular colonization by meningococci
(Bernard et al. 2014). Tfp promote not only the initial adhesion onto endothelial cells but also the
formation of aggregates, which prevents the detachment of bacteria from the colony. The formation of
these aggregates is under the control of PilX, a minor pilin component, which connects the pilus fibers of
adjacent bacteria. Finally, the cytoplasmic PilT protein controls pilus retraction, a phenomenon that
produces a form of movement known as ‘twitching motility’. This mechanism enables bacteria to spread
over the surface of host cells and form microcolonies. Proliferation of N. meningitidis in contact with host

cells increases the production of a transferase that adds a phosphoglycerol to the major pilin PilE. This
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unusual post-translational modification specifically releases Tfp-dependent contacts between bacteria,
favouring their detachment from the colony and bacterial dissemination, a phenomenon that can be

reproduced experimentally when bacteria are grown under a liquid flow (Coureuil et al. 2014).

3.1.8.1.2 Opacity proteins

N. meningitidis strains commonly express two types of OM opacity proteins, Opa and Opc, which impart
an opaque phenotype to agar-grown colonies. While Opc is only expressed by N. meningitidis and
encoded by a single gene, Opa proteins are expressed by both meningococci and gonococci, and encoded
by multiple genes. Opa and Opc are similar in size (27—-31 kDa) and were initially known as Class 5 proteins.
Structurally, the Opa proteins are made up of eight transmembrane domains arranged in a B-barrel and
presenting four surface-exposed loops. The B-barrel constitutes a highly conserved region of these
proteins, whereas three of the four surface loops are variable between different Opa proteins. No crystal
structure has been determined for the Opa proteins, but structurally they resemble Neisserial surface
protein A. Opa expression is subject to antigenic and phase variation and certain Opa types may
predominate in clinical isolates due to their adhesion/virulence properties (Callaghan, Jolley, and Maiden
2006). Opa interacts with multiple members of the CEACAM (carcinoembryonic antigen-related cell-
adhesion molecule) family (Virji et al. 1996); during inflammation high levels of CEACAM are expressed,
facilitating Opa interactions and therefore cellular attachment and invasion. Both Opa and Opc (Virji et al.

1992) also interact with cell-surface associated HSPGs (heparan sulfate proteoglycans) (Virji et al. 1999).

3.1.8.2 Minor Adhesins

Although Pili, OpC, and Opa represent the most important and the most studied adhesins of
meningococcus, additional antigens have been described as having a role in adhesion. Minor adhesins are
molecules that are often expressed at low levels in vitro, but may be upregulated in vivo, and whose

potential roles in pathogenesis are not fully defined. Examples of minor adhesins include: NadA (Neisseria
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meningitidis adhesin A), NhhA (Neisseria meningitidis hia/hsf homologue A), App (adhesion and

penetration protein) and MspA (meningococcal serine protease A).

3.2 Neisseria meningitidis pathogenesis: a multi-step infection

Neisseria meningitidis is a Gram-negative diplococcus considered as an asymptomatic colonizer of the
upper respiratory tract in 8-20% of human population. However, under certain conditions, it can become
invasive by crossing the mucosal barrier, entering into the bloodstream and disseminating to different

organs. Systemic spreading of Nm may eventually lead to rapidly-progressing sepsis or severe meningitidis.

3.2.1 Crossing of the oropharyngeal barrier

Colonization of the upper respiratory mucosal surfaces by N. meningitidis is the first step in establishment
of a human carrier state and invasive meningococcal disease. Meningococcal transmission among humans
occurs largely through respiratory droplets and secretions, but the inoculum size needed for transmission
is unknown. Meningococcal disease usually occurs 1-14 days after acquisition of the pathogen and the

duration of carriage can vary from days to months (Hill et al. 2010).

The human nasopharyngeal mucosa represents also the first line of organism defence against this
bacterium (Trivedi, Tang, and Exley 2011). This physiological barrier consists of highly polarized epithelial
cells, characterized by distinct apical and basolateral plasma membrane domains and specialized
intracellular trafficking machinery which delivers proteins and lipids to their proper destination (Gibson et
al. 1998; Folsch 2008). This peculiar architecture contributes to the preservation of important body
nutrients and to the secretion of antimicrobial compounds. Recent studies have postulated that mucosal
pathogens may manipulate the host cell machinery to favour acquisition of nutrients, evasion from the

immune response and permanence in their preferential niche (Kazmierczak, Mostov, and Engel 2001).

During meningococcal infection Nm is found capable not only to establish an intimate association with the
host cell surface, but to invade cells and to eventually localize within intracellular vacuoles (Criss and
Seifert 2012; Read et al. 1995; Pujol et al. 1997). In particular, Lécuyer and Sutherland have demonstrated
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that Nm crosses the epithelial barrier by an intracellular route that requires a functional microtubular
cytoskeleton and occurs without damage of the tight junctions (TJs) (Lecuyer, Nassif, and Coureuil 2012;
Sutherland et al. 2010). In addition, Barrile et al. suggested that, by reprogramming the host-cell
trafficking system, Nm is be able to traverse the cellular monolayer without affecting the epithelial

integrity (Barrile et al. 2015).

3.2.2 Interaction with the human immune system

The immune system protects humans from attack by microorganisms such as bacteria, viruses, protozoa,
fungi, parasites, and organisms such as helminths. The immune system is very complex and its defensive
response is subdivided into innate and adaptive responses. The innate response triggers an immediate,
nonspecific, general action and is activated by typical signs of infection. The adaptive response is able to
develop a highly specific, extremely accurate action, which is stored in the so-called immune memory

(Medzhitov and Janeway 2000).

3.2.2.1 Innate immune system

The complement system plays a major role in innate immune defence against meningococcal disease and
subjects with terminal complement deficiencies are more susceptible to invasive meningococcal disease
(Figueroa and Densen 1991). There are three main complement pathways: the classical pathway (CP)
which is mediated by the binding of the C1 component to the antigen—antibody complex; the lectin
pathway which recognizes specific microbial patterns composed of saccharides and related molecules and

the alternative pathway (AP) which is mediated by the binding to C3 (Lewis and Ram 2014).

The three pathways involve the cleavage of C3, the central component of the complement cascade. C3b

activation allows to reach three goals (Pangburn, Ferreira, and Cortes 2008):

1. Processing antigen, for adaptive cellular and humoral immunity
2. C5b-9 activation, for disruption of bacterium membrane

3. Phagocytosis, for pathogen killing
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Thanks to several mechanisms, N. meningitidis can escape from the complement system. One of these is
its molecular mimicry of human structures (for instance, the meningococcus B polysaccharide capsule is
constituted by poly-sialic acid, which is present in many mammalian organs during development), in this
way correspondent antibodies do not can be produced and the classical pathway do not can be activated
(Finne, Leinonen, and Makela 1983). The capsule is the most important bacterial structure in the
prevention of bacterium lysis, mediated by the complement system and by phagocytosis. Further, N.
meningitidis secerns a lot of blebs, containing outer membrane components, lipopolysaccharide included.
In this way the microorganism can steer away from its self the defensive mechanisms, including the
complement system (Schneider et al. 2007). In addition, N. meningitidis expresses several surface proteins
(in particular the factor H binding protein) that capture the factor H, and consequently can block the

alternative pathway activation.

In the bloodstream N. meningitidis stimulates cytokine release from phagocytic, lymphocytic and
endothelial cells. One of the consequences of this release is the damage that leads to clinical symptoms,

and, particularly to petechial rash.

3.2.2.2 Adaptive immune system
Antibodies are key effectors in protecting against invasive meningococcal infection. Goldshneider et al.
demonstrated that age disease incidence was inversely proportional to the prevalence of bactericidal

antibodies in the sera (Goldschneider, Gotschlich, and Artenstein 1969a).

Cytokine activation is another important event in the pathogenesis of meningococcal disease (Casey 2000),
and has considerable bearing on the clinical course. A fine balance must be achieved, because under
activation will result in an inadequate immune response, whereas over activation can be extremely
destructive. During the acute phase of meningococcal infection, greatly raised plasma concentrations of
tumour necrosis factor a (TNF-a), IL-1, IL-6, and IL-10 can be demonstrated (Waage et al. 1989; Riordan et
al. 1996; van Deuren, Brandtzaeg, and van der Meer 2000). Furthermore, cytokine values can be related
to clinical severity: high concentrations of TNF-a and IL-6 in severe sepsis are associated with an increased
risk of mortality, as are high concentrations of IL-10 (Waage et al. 1989; Riordan et al. 1996; Casey, Balk,
and Bone 1993).
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3.2.3 N. meningitidis at the blood-brain barrier

N. meningitidis specific interaction with human endothelia enables bacterial access to secondary
anatomical sites (meninges, skin, etc), which promote much of the morbidity and mortality associated
with neisserial infections (meningitis and thrombotic lesions, respectively). To mediate association with
endothelial cells underlying the blood-brain barrier (BBB) and blood-cerebrospinal fluid barrier (BCSFB),

meningococci express a variety of adhesins and invasins (Hung and Christodoulides 2013).

The initial binding of fully encapsulated meningococcci to brain endothelial cells is facilitated primarily by
type IV pili. Though the outer membrane proteins (Opa and Opc) are partially masked by the
polysaccharide capsule, they also efficiently support adhesion and invasion to eukaryotic cells especially

on cells of high receptor density (Bradley et al. 2005).

Although studies have shown that pilus expression is crucial for the initial adhesion of pathogenic strains
to endothelial cells, the endothelial receptor active in this process has been unclear and a subject of
controversial discussion for many years. CD46, an inhibitory complement receptor, was proposed as a
host cell receptor for TfP (Kallstrom et al. 1997), whereas other research groups could not reproduce the
findings of reduced adhesion/invasion in response to CD46 inhibition. Moreover, analysis of several cell
lines with different levels of CD46 expression demonstrated no significant difference in the extent of
adhesion of piliated Neisseriae, indicating that CD46 is not essential for bacterial adherence and invasion
(Kirchner, Heuer, and Meyer 2005; Tobiason and Seifert 2001). Novel data published in recent years has
shed new light on possible pilus receptors on brain endothelial cells. Bernard et al. showed that N.
meningitidis uses CD147, (also known as Basigin, or extracellular matrix metalloproteinase inducer), a
member of the immunoglobulin superfamily, for pilus dependent adhesion to endothelial cells (Bernard et
al. 2014). Interestingly, other pathogens also use this receptor. Earlier studies have shown that CD147 is
an essential receptor in infection of erythrocytes by Plasmodium falciparum, a causative agent of malaria
worldwide (Crosnier et al. 2011). TfP-mediated adhesion to CD147 was shown to involve both PilE and the
minor pilin PilV and interference with pilus/CD147 interactions blocked the binding of meningococci to
human endothelial cells in vitro and, importantly, also prevented colonisation of vessels in human brain
tissue explants ex vivo. Moreover, in vivo PilE- and PilV dependent colonisation of endothelial vessels by N.

meningitidis was investigated using a mouse model grafted with human skin (Bernard et al. 2014). After
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initial binding of N. meningitidis to the cell surface, the bacteria start to proliferate and form small
aggregates, also known as microcolonies. The formation of microcolonies promotes the development of
specific molecular complexes, so-called ‘cortical plaques’, which are structures containing an
accumulation of ezrin, moesin, tyrosine-phosphorylated proteins, ICAM-1/-2, CD44, and epidermal growth
factor receptors (EGFR), as well as localised polymerisation of cortical actin underneath the microcolonies
resulting in microvilli-like cellular projections which penetrate bacterial colonies and thereby confer

resistance to the shear stress elicited by the blood stream (Merz, Enns, and So 1999; Eugene et al. 2002).

In addition, Coureuil et al. provided evidence that N. meningitidis infection stimulates the B2-
adrenoceptor/B-arrestin signalling pathway in endothelial cells. Interaction of PilE and PilV with the B2-
adrenoceptor induces activation of the B-arrestin pathway. Amongst others, B-arrestin activates the Src-
pathway that mediates the formation of actin-rich cellular protrusions and induces the delocalization of
junctional proteins. As result, anatomical gaps are formed and used by bacteria to penetrate into tissues
(Coureuil et al. 2010). Interestingly, the activation of the B2-adrenoceptor/B-arrestin pathway by N.
meningitidis is indeed restricted to endothelial cell lines, and no alteration of the cell-cell junctions can be
seen in epithelial monolayers following meningococcal type IV pilus-mediated colonization (Lecuyer,

Nassif, and Coureuil 2012).

3.3 4CMenB (Bexsero®) vaccine

Despite successful production of multivalent conjugate vaccines for serogroups A, C, W-135 and Y, MenB
has remained an elusive target for immunisation. This is due to the structural homology of the B
polysaccharide to the polysialylated form of the neural cell adhesion molecule (PSA-NCAM). Antibodies
capable of binding to B polysaccharide could theoretically lead to autoimmunity directed against the PSA-
NCAM or cross the placenta and adversely affect the neurological development of the fetus (Finne,

Leinonen, and Makela 1983)

To overcome this problem Pizza et al. implemented the concept of reverse vaccinology by using the
complete genome sequence of a virulent N. meningitidis serogroup B strain as input to identify putative

vaccine candidates followed by a process of elimination to find those which would be successful in a
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vaccine (Pizza et al. 2000). Briefly, from the complete genome of Neisseria meningitidis pathogen strain
MC58, the authors identified 570 open reading frames using computer algorithms, which encoded
potentially novel surface-exposed or exported proteins. Next, by using the polymerase chain reaction,
these DNA sequences were amplified and cloned into Escherichia coli bacteria. A total of 350 recombinant
proteins were successfully expressed, purified and used to immunize mice. The immune sera were then
analysed to verify that the novel antigens were expressed on the surface of cells; this resulted in
confirmation of 91 surface-exposed proteins. The sera were also tested for the bactericidal activity.
Almost one-third (28 proteins) demonstrated the ability to kill the MenB bacteria and 7 of them showed
conservation across multiple different MenB strains. This means that they would be expected to be

effective against many different types of MenB, including those which have not yet caused epidemics.

Fig. 4: Schematic representation of reverse vaccinology applied to Bexsero®

On 14 January 2013 the European Medicines Agency approved Bexsero®, the first recombinant vaccine

against MenB.

The final vaccine is made of 4 components, which were selected so that between them they would

provide a broad coverage of MenB strains. These are:
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Factor H binding protein (fHbp) fused with GNA2091 protein — A major function of fHbp is to

protect the meningococcus from complement by binding factor H, a negative regulator of the
complement cascade. Its inclusion in the vaccine means that complement can be activated leaving
meningococcal bacteria vulnerable to bactericidal activity (Bai, Findlow, and Borrow 2011; Seib et

al. 2009)

Neisseria meningitidis adhesin A (NadA) — see next paragraph

Neisseria _heparin binding antigen (NHBA) fused with protein GNA1030 — NHBA can protect the

meningococcus from complement by binding heparin to the cell surface. Heparin binding is an
indicator of virulence in many bacteria. NHBA induces serum bactericidal activity in humans. Anti-
NHBA antibodies may also act synergistically with antibodies to other meningococcal antigens (Bai,

Findlow, and Borrow 2011; Su and Snape 2011; Serruto et al. 2010)

Outer Membrane Vesicles (OMVs) NZ98/254 — PorAl.4 is the immunodominant portion of OMV

NZ98/254, a tailor-made OMV successfully used as vaccine against a MenB epidemic in New
Zealand in 2004. Although PorA is strain-specific, it has been shown to provide increased
immunogenicity when combined with the other components of the vaccine (Su and Snape 2011;

Bai, Findlow, and Borrow 2011; Vernikos and Medini 2014)
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3.4 Neisseria meningitidis adhesin A (NadA)

3.4.1 Characteristics

Neisseria meningitidis adhesin A (NadA) is one of the antigenic components of Bexsero®, the first vaccine

for the prevention of invasive meningococcal disease caused by serogroup B strains (Giuliani et al. 2006).

The nadA gene is present in ~30% of N. meningitidis major disease-associated strains and is associated
mostly with strains belonging to 3 out of the 4 hypervirulent lineages (Bambini et al. 2014; Comanducci et
al. 2002; Comanducci et al. 2004). NadA can be classified in two groups based on the sequence diversity:
group | comprising protein variants 1, 2 and 3 (vaccine variant), that are frequently associated to
pathogenic strains and highly cross-protective (Bambini et al. 2014; Bambini et al. 2009), and group II,
including variants 4, 5 and 6, that are predominantly found in carrier isolates (Comanducci et al. 2004;

Lucidarme et al. 2010).

Structurally, NadA belongs to the group of trimeric autotransporters and is composed of a C-terminal -
barrel that anchors the protein to the bacterial membrane, a long coiled-coil stalk domain with three
protruding wing-like structures that create an unusual N-terminal globular head domain (Malito et al.
2014). NadA expression levels vary among isolates by more than 100-fold, and are induced by appropriate
niche-specific signals during colonization and infection via the transcriptional regulator NadR, which binds
the nadA promoter and represses transcription. DNA-binding activity of NadR is attenuated by 4-
hydroxyphenylacetic acid (4-HPA), a natural molecule released in human saliva, thus leading to the de-

repression of nadA in vivo (Fagnocchi et al. 2013; Metruccio et al. 2009).

Preclinical and clinical studies have shown its ability to induce a protective immune response in humans
due to the production of neutralizing bactericidal antibodies (Bowe et al. 2004; Ciabattini et al. 2008; Litt
et al. 2004).
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3.4.2 Biological relevance in the pathophysiology of N. meningitidis

NadA has been found to adhere to many cell types. Several works (Capecchi et al. 2005; Montanari et al.
2012) have shown that NadA promotes adhesion to and invasion into Chang epithelial cells. Furthermore,
its binding to human monocytes leads to the production of pro-inflammatory cytokines and chemotactic
factors, as well as inhibition of apoptosis leading to macrophages differentiation (Franzoso et al. 2008).
Recently, our group suggested an additional role at the host peripheral microvasculature and at the brain
blood barrier (BBB) through the identification of a NadA putative receptor whose expression is restricted

to endothelial cells (Scietti et al. 2016).

All considered, NadA is able to interact with all three cell types involved in the bacterium cycle of infection

suggesting a crucial role during Neisseria meningitidis infections.

3.5 Sialic acid-binding immunoglobulin-type lectins

Sialic acid-binding immunoglobulin-type lectins (Siglecs) were discovered through converging studies on
sialoadhesin (also known as Siglec 1 and CD169) and CD22 (also known as Siglec 2). Sialoadhesin was
initially defined as a macrophage adhesion receptor recognizing sialic acids and was then shown to be a
member of the immunoglobulin (Ig) superfamily, whereas CD22 was characterized as a B cell inhibitory
receptor of the Ig superfamily that was later shown to recognize sialic acids (Crocker et al. 1994; Sgroi et
al. 1993). The homology of these proteins with CD33 (also known as Siglec 3) and myelin-associated
glycoprotein (MAG; also known as Siglec 4) led to the establishment of the Siglec family; to date, fifteen

Siglecs have been identified in humans.
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Fig. 6: Schematic representation of Sialic acid-
binding immunoglobulin-type lectins (Siglecs):
(@ Siglecs that lack defined cytoplasmic tail
signaling motifs or a charged transmembrane
residue. The cytoplasmic tail of Siglec 4 has a
tyrosine residue (Y) that does not fit into any
known consensus for signaling

(b)  Siglecs that contain ITIM motifs in their
cytoplasmic tails. Siglec-12 is referred to as
Siglec-XII in humans by convention because the
in-frame human form lacks the crucial arginine for
sialic acid recognition (but the arginine is present
in other primates)

(© Siglecs that contain a transmembrane
lysine (+). Siglec-15 is shown associated with
DAP12; it can also associate with DAP10. (Pillai
etal. 2012)

Siglecs can be divided into two groups: those that are conserved across mammals — such as sialoadhesin,

CD22, MAG and Siglec 15 — and a group of CD33-related Siglecs that are variable across mammals. The

CD33-related Siglecs are thought to have expanded from a primordial cluster of SIGLEC genes that

underwent an inverse duplication event more than 180 million years ago (Cao et al. 2009). Similar to

many other members of the Ig superfamily, Siglecs are cell-surface Type | transmembrane receptors that

are comprised of 2—-17 extracellular Ig domains, including an amino-terminal V-type immunoglobulin

domain that contains the sialic acid-binding site (Crocker, Paulson, and Varki 2007).

Siglecs may also be categorized into three groups based on features of the transmembrane and

cytoplasmic tails of individual Siglecs that likely reflect the major mechanisms by which they mediate their

biological functions:

e The first group is made up of Siglec 1 and Siglec 4, lectins that possess neutral transmembrane

domains

e The second group of Siglecs is the largest and includes members that contain immunoreceptor

tyrosine-based inhibitory motifs (ITIMs) or ITIM-like motif in their cytoplasmic tails

e The third category of Siglecs contains members with a positively charged residue in the

transmembrane anchor region that acts as docking station for adaptors protein such as a disulfide-
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linked homodimer of DAP12 (DNAX-associated protein of 12 kDa), which contains an aspartate
transmembrane residue and a cytosolic immunoreceptor tyrosine-based activation motif (ITAM)

motif

The mammalian glycome contains numerous sialylated glycans that can be potentially recognized as
ligands by Siglecs. It is assumed that this recognition is important for modulating the functions of Siglecs
as regulators of adhesion, cell signalling and endocytosis (Crocker and Varki 2001; Crocker 2002; Varki and
Angata 2006). In general, Siglecs show low affinity (a Kd of 0.1-3 mM) for the sialic acid N-
acetylneuraminic acid (Neu5Ac) alpha2-3 and alpha2-6 linkages to galactose (Neu5Acalpha2—-3Gal and
Neu5Acalpha2—-6Gal) that are commonly found as terminal sequences on glycans of glycoproteins and
glycolipids of most mammalian cells (Blixt et al. 2003). However, as revealed by a variety of methods,
including glycan array analyses (Crocker, Paulson, and Varki 2007), each Siglec has a distinct preference

for binding the diverse types of sialylated glycans (Tab. 2).
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Human Siglec-7

Human Siglec-8

Mouse Siglec-F
(paralogue of
human Siglec-8)

Human Siglec-9

Mouse Siglec-E
(functional
orthologue of
human Siglec-9)

Human Siglec-10

Mouse Siglec-G
(orthologue of
human Siglec-10)

Human Siglec-11

Human Siglec-14

Human and
mouse Siglec-15

Human Siglec-16

NK cells, monocytes
and mast cells

Eosinophils, mast cells
and basophils

Eosinophils, alveolar
macrophages and
activated microglia

Neutrophils, monocytes,
DCs and NK cells

Neutrophils, monocytes,
macrophages and DCs

B cells, monocytes and
eosinophils

B cells and myeloid DCs

Macrophages and
microglia

Neutrophils and
monocytes

Osteoclasts,
macrophages and DCs

Macrophages and
microglia

ITIM and
ITIM-like

ITIM and
ITIM-like

ITIM and
ITIM-like

ITIM and
ITIM-like

ITIM and
ITIM-like

ITIM,
ITIM-like
and
GRB2

ITIM,
ITIM-like
and
GRB2

ITIM and
ITIM-like

None

None'l

None

No

No

No

No

No

No

No

No

Yes

Yes

Yes

lll5|lﬂ~)m.
'ul gﬂd.
lu! FW.

a3 _ P4

¢—o—nm

a8 o a3

L o an®)

Cancer and C. jejuni
infection

Eosinophilia and
asthma

Eosinophilia

Chronic lung
inflammation

Acute lung injury and
neuroinflammation

Lymphoma,
leukaemia,
eosinophilia and
allergy

Tissue damage,
sepsis, graft-versus-
host disease and
autoimmunity

Neuroinflammation

GBS infection and
COPD

Osteopetrosis

Unknown

3,42

66,141

3,70.78

3,137,142

33.40.41,86,97,143

77.78

5,139

131

C. jejuni, Campylobacter jejuni, COPD, chronic obstructive pulmonary disease, DC, dendritic cell; GBS. group B Streptococcus; GRB2, growth factor
receptor-bound protein 2; Ig, immunogilobulin; ITIM, immunoreceptor tyrosine-based inhibitory motif, MAG, myelin-associated glycoprotein; NK,
natural Killer; PRRSV, porcine reproductive and respiratory syndrome virus; SLE, systemic lupus erythematosus.

*Two additional Siglec genes and proteins are found in chimpanzees that are either only expressed in some humans in a form that does not bind
sialic acids (in the case of Siglec-12) or they have been deleted from the human genome (in the case of Siglec-13)147. 148

ISpeciﬁcnies are summarized from the cited references or from glycan array data on the Functional Glycomics Gateway website. Sialoside structures

are shown in diagrammatical form showing linkages (indicated by aX and X, where X is number) between the following residues: N-
acetylneuraminic acid (purple diamond), N-glycolyl-neuraminic acid (light blue diamond), galactose (yellow circle), N-acetylgalactosamine (yellow
square), N-acetylglucosamine (dark blue square), fucose (red triangle). Sulphation is indicated by 'S'.

SDisease relevance is based on animal models or expression on cell types that are involved in disease processes. Additional references for disease
relevance are cited in the main text.

lliconserved tyrosine of unknown function.

Tab. 2: Summary of structural and functional properties of the Siglec family

(Macauley, Crocker, and Paulson 2014)
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The local concentration of sialic acids on surfaces of immune cells is very high. As a consequence of this,
Siglec binding sites are typically 'masked' by cis interactions with other glycan ligands expressed on the
same cell (Freeman et al. 1995; Hanasaki, Varki, and Powell 1995; Razi and Varki 1998). Following
exposure of cells to sialidase, which cleaves the cis-interacting Siglec ligands, or in some cases following
cellular activation, Siglecs become unmasked, which allows them to make interactions with ligands in
trans (Crocker, Paulson, and Varki 2007). Even when Siglecs are masked by cis interactions, trans
interactions might occur during an encounter with another cell or a pathogen expressing higher affinity

ligands that can out-compete the cis interactions.

a Masked b Cell—cell interaction

— Low-affinity

Sialylated glycan Siglec ligand

High-affinity —4
Siglec ligand

Cellular activation

Cell-pathogen interaction
Unmasked Unmasked Pathogen

Fig. 7: Schematic representation of cis and trans interactions of Siglecs
(Crocker, Paulson, and Varki 2007)

Several human bacterial pathogens can display sialic acid-based ligands for Siglecs, including Neisseria
meningitidis, Haemophilus influenzae, Campylobacter jejuni, Pseudomonas aeruginosa and group B
Streptococcus (GBS) (Chang and Nizet 2014). So far, the best evidence that bacterial sialic acids can
subvert immune responses via Siglec interactions is from studies on GBS. This bacterium expresses a
sialylated capsule (where sialic acid is linked to N-acetyllactosamine; Siaa2,3GalB1,4GIcNAc) that is
recognized by Siglec-9 on human neutrophils and its equivalent Siglec-E in mice (Chang et al. 2014, Carlin

et al. 2009). Ligand binding of Siglec-9 suppresses the neutrophil oxidative burst and extracellular trap
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formation, and thus contributes to pathogen survival (Carlin et al. 2009). Certain GBS strains can also
target Siglec-5 and Siglec-14 in a sialic acid-independent pathway via interactions with cell wall-anchored
B-protein (Ali et al. 2014; Chang and Nizet 2014). Similar to Siglec-9 ligation, Siglec-5 ligation by B-protein
suppresses neutrophil killing functions (Chang and Nizet 2014). By contrast, Siglec-14 ligation by B-protein
triggers an activation pathway that counterbalances the inhibitory signalling of Siglec-5. Siglec-14 can also
interact with H. influenzae in a sialic acid-dependent manner, which leads to increased production of IL-8
and tumour necrosis factor, and further supports a host-protective function of this receptor (Angata et al.
2013). Regarding to Neisseria meningitidis data, it has been demonstrated the binding to Siglec 5 thanks
to NeuAca2,3Gal, a terminal capping structure displayed on the lipopolysaccharide (LPS) of the bacteria

(Jones, Virji, and Crocker 2003).

3.5.1 Siglec 5

Type-l transmembrane protein with 551 amino acid residues, consisting of: four Ig-like domains, a
transmembrane domain and a cytoplasmic tail that contains a cytosolic ITIM motif as well as an ITIM-like
motif. Due to the cytoplasmic regions, Siglec 5 interfere with cellular signalling, inhibiting immune cell
activation. The tyrosine contained within the ITIM is phosphorylated and acts as a docking site for SH2
domain-containing proteins, like SHP phosphatases. This leads to de-phosphorylation of cellular proteins,

down-regulating activating signalling pathways.

The gene is located in the chromosome 19, the protein is expressed by monocytic lineage cell (Macauley,
Crocker, and Paulson 2014) and binds equally to alpha-2,3-linked and alpha-2,6-linked sialic acid (Blixt et
al. 2003). In particular an Siglec-5 recognize the Neu5Aca2-3Gal moiety on the LPS of N. meningitidis , and
in vitro studies employing transfected COS cells have shown Siglec-5 to be capable of phagocytosis of this
gram-negative bacteria (Jones, Virji, and Crocker 2003). Siglec-5 has also been implicated in the clearance
of apoptotic bodies by macrophages (Rapoport et al. 2005), but there is little evidence to indicate that
apoptotic cells are more avidly decorated with Neu5Aca2-3Gal moieties (Meesmann et al. 2010;

Malagolini et al. 2009).
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3.5.2 Siglec 14

Type-l transmembrane protein with 396 amino acid residues, consisting of: three Ig-like domains, a
transmembrane domain and cytoplasmic tail. The amino acid sequence of the signal peptide and the first
2 Ig-like domains of Siglec 14 are nearly identical with that of Siglec 5. The third Ig-like domain and beyond,
however, is unique to Siglec 14 (Angata et al. 2006). Siglec 14 contains an arginine residue in its
transmembrane region that allows the binding to ITAM-containing adaptors proteins, such as DAP12.
When bound to its ligand, Siglec-14 leads to activation of cellular signalling pathways via the adaptors

proteins.

The gene is located in the chromosome 19, adjacent to Siglec 5 and, as this receptor, the protein is
expressed by monocytic lineage cell (Macauley, Crocker, and Paulson 2014) and binds equally to alpha-

2,3-linked and alpha-2,6-linked sialic acid (Blixt et al. 2003).

Interestingly, functional Siglec 14 is missing from certain human individuals because of a fusion between
the SIGLECS and SIGLEC14 genes leading to a new gene (SIGLEC5*; hereafter referred to as SIGLEC14/5),
which is identical to SIGLECS in the coding sequence but is expressed under control of the SIGLEC14

promoter (Yamanaka et al. 2009).

3.5.3 Paired receptors

Several inhibitory receptors of the immune system are paired with activating counterparts that share
highly related extracellular domains but differ in the transmembrane and cytoplasmic regions. As shown
for the NK-cell receptor Ly49H, which binds the MHC-like protein m157 of mouse cytomegalovirus (Arase
et al. 2002; Smith et al. 2002), some paired activating receptors may have evolved as a counter-strategy to
bind host-derived pathogen ligands. This is the case of the inhibitory receptor Siglec 5 that is paired with
the activating receptor, Siglec 14 (Ali et al. 2014; Angata et al. 2006). These proteins share more than 99%
sequence identity in their first two immunoglobulin domains (1aa diversity in BLAST alignment) and then
diverge in the rest of their coding sequences; therefore they are expected to deliver opposing signals in

response to the same ligands (Ali et al. 2014; Angata et al. 2006).
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3.6 Low affinity immunoglobulin gamma Fc region receptor II-a

Antibodies produced in response to a foreign antigen are characterized by polyclonality, not only in the
diverse epitopes to which their variable domains bind but also in the various effector molecules to which
their constant regions (Fc domains) engage. Thus, the antibody’s Fc domain mediates diverse effector
activities by engaging two distinct classes of Fc receptors (type | and type Il FcRs) on the basis of the two

dominant conformational states that the Fc domain may adopt (Pincetic et al. 2014).

Type | FcRs belong to the immunoglobulin receptor superfamily and are represented by the canonical Fcy
receptors. Three classes of human receptors have been described on human leukocytes: FcyR1 (CD64),
FcyR2 (CD32) and FcyR3 (CD16) (van de Winkel and Capel 1993; Ravetch and Bolland 2001; Takai 2002).

FeyRI FcyRlla FcRIlb FeRllc | FeRllla FeyRIlib
N AN AR A N
I# L 3 '#

Gene FCGR1A |FCGR2A FCGR2B FCGR2C| FCGR3A FCGRS3B

Locus 1g21 1g23 1923
MW (kDa) 72 40 50-80
Expression Monocytes, |Myeloid Bcells, NKcells | Mds PMNs
Mds, cells, myeloid NK celis,
PMNs DCs, cells, monocytes
(induced) platelets DCs (subset)

Fig. 8: Characteristics and expression profiles of the human receptors known to bind the Fc domain of IgG:
M®, macrophage; PMN, polymorphonuclear leukocyte; NK, natural killer (Pincetic et al. 2014)

To FcyR2 class belong three Fc receptors: FcyR2A, FcyR2B and FcyR2C

a) The FcyR2A, is a low affinity IgG receptor for monomeric IgG (KD ~10° M), but avidly binds
immune complexes of IgG and has critical roles in phagocytosis of immune complexes, activation
of inflammatory cells and destruction of antibody-coated pathogens (Hulett and Hogarth 1994;
Hibbs et al. 1988; Nimmerjahn and Ravetch 2008). This receptor contains an immunoreceptor
tyrosine-based activation (ITAM) motif in its intracellular domain that leads to oxidative burst,

cytokine release and phagocytosis by macrophages (Takai 2002).
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Two allelic variants (high responder [HR] and low responder [LR]) of Fc gamma RIIA that differ in
their ability to ligate human IgG, exist. HR and LR forms differ by two amino acids, both located in
the external domain. In the LR form, a glutamine is substituted by a tryptophan residue at aa
position 63, located in the first Ig-like domain, and an arginine residue by a histidine residue at aa
position 167 in the second Ig-like domain (Warmerdam et al. 1990).

b) Also the FcyR2B binds IgG with low affinity (KD ~107® M), interacting with immune complexes only
at physiological concentration of antibody (Ravetch and Bolland 2001). This receptor is
preferentially expressed in lymphocytes and characterized by immunoreceptor tyrosine-based
inhibitory motifs (ITIMs) in its cytoplasmic domain.

c) The FcyR2C is the product of an unequal crossover between FCGR2A and FCGR2B genes, which
share a high degree of homology (Warmerdam et al. 1993).
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4 Investigating NadA role at oropharyngeal barrier

4.1 Article: Role of ARF6, Rab11 and External Hsp90 in the Trafficking and
Recycling of Recombinant-Soluble Neisseria meningitidis Adhesin A (rNadA)

in Human Epithelial Cells

Abstract

Neisseria meningitidis adhesin A (NadA) is a meningococcus surface protein thought to assist in the
adhesion of the bacterium to host cells. We have previously shown that NadA also promotes bacterial
internalization in a heterologous expression system. Here we have used the soluble recombinant NadA
(rNadA) lacking the membrane anchor region to characterize its internalization route in Chang epithelial
cells. Added to the culture medium, rNadA internalizes through a PI3K-dependent endocytosis process not
mediated by the canonical clathrin or caveolin scaffolds, but instead follows an ARF6-regulated recycling
pathway previously described for MHC-I. The intracellular pool of rNadA reaches a steady state level
within one hour of incubation and colocalizes in endocytic vesicles with MHC-1 and with the
extracellularly labeled chaperone Hsp90. Treatment with membrane permeated and impermeable Hsp90
inhibitors 17-AAG and FITC-GA respectively, lead to intracellular accumulation of rNadA, strongly
suggesting that the extracellular secreted pool of the chaperone is involved in rNadA intracellular
trafficking. A significant number of intracellular vesicles containing rNadA recruit Rab11, a small GTPase
associated to recycling endosomes, but do not contain transferrin receptor (TfR). Interestingly, cell
treatment with Hsp90 inhibitors, including the membrane-impermeable FITC-GA, abolished Rab11-rNadA
colocalization but do not interfere with Rab11-TfR colocalization. Collectively, these results are consistent
with a model whereby rNadA internalizes into human epithelial cells hijacking the recycling endosome
pathway and recycle back to the surface of the cell via an ARF6-dependent, Rab11 associated and Hsp90-
regulated mechanism. The present study addresses for the first time a meningoccoccal adhesin mechanism
of endocytosis and suggests a possible entry pathway engaged by N. meningitidis in primary infection of

human epithelial cells.
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Introduction

Neisseria meningitidis (meningococcus) is a Gram-negative diplococcus that causes severe invasive disease
and represents one of the most devastating bacterial infections. Although fatal if not treated on time,
meningococcus invasion appears to be more an undesirable event of a usually commensal bacterium,
probably due to a combination of host susceptibility and strain specific propensity to invasiveness [1], [2].
The pathophysiology of the bacterium N. meningitidis is a process that requires several steps: penetration
of the epithelial or mucosal barrier, reaching and surviving the bloodstream, crossing the blood-brain
barrier, and eventually causing meningitis through extracellular proliferation [3]. Epithelia are the primary
target of bacterial colonization, an event basically asymptomatic and common to both non-virulent and
virulent strains. Disease is a rare event compared to the extent of meningococcal nasopharynx colonization.
[2], [4], [5]. Experimental data support attachment of the bacterium to nonciliated cells of the respiratory
epithelium [6] and transcellular route of passage through this barrier [6]-[9]. A recent report shows that
bacterial capsule and type 4 pili are important for epithelial cell transcytosis [9] but host and pathogen

players involved in this process are far from being defined.

Neisseria meningitidis adhesin A (NadA) was identified through genome wide analysis and afterward
proved to be expressed on the bacterial surface [10]-[12]. NadA is a trimeric outer membrane protein
whose gene is present in three out of four known hypervirulent lineages of serogroup B strains [13], [14].
NadA is classified as a trimeric autotransporter adhesion (TAA), a family of outer membrane adhesin,
which are present only in Gram negative bacteria. TAAs differ from classical autotrasporter protein by the

homotrimeric structure hanging on the bacterial surface and the Type Vc¢ secretion system [10], [11], [15]-

[17]. Like other TAA proteins, NadA has a common modular organization, composed of i) a conserved C-
terminal membrane anchor through which the protein is translocated to the cell surface, ii) a long central
alpha helical domain (stalk) with high propensity to form coiled-coil structures, iii) an N-terminal globular
head that has been associated with binding to specific cellular receptors and iiii) a cleavable signal
sequence [18], [19]. Generally, TAAs (previously classified as Oligomeric coiled-coil Adhesins (Oca)
family [20]) mediate bacterial interaction with host cells or extracellular matrix (ECM) proteins or induce
invasion into target cells [21]-[29]. The specificity of the biological function is thought to reside in the
head, while the stalk is thought to ensure adequate exposure of the head from the outer membrane [19].

In previous reports, we have used a NadA heterologous expression system to demonstrate the invasive

ability acquired by an Escherichia coli strain exposing surface NadA. Our data support the role of NadA in
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the uptake of bacteria by Chang cells, a human epithelial cell line [10], [30]. A recombinant NadA (rNadA),
expressed in E. coli and purified in a soluble form in absence of the anchor (translocator) domain, preserves
its immunogenic properties and is included in a multicomponent vaccine against meningococcus B
(Bexsero) [31], [32]. A peculiar feature of rNadA, perhaps unique among all members of the TAA family,

is the ability to preserve a stable trimeric structure in solution [10], [13], [33]. This recombinant soluble

homo-trimer still binds eukaryotic cells [10], [13], [33]-[35]. The gain-of-function phenotype acquired by

heterologous bacteria expressing NadA and the conserved binding characteristics shown by the
recombinant protein provide an opportunity to dissect the function of this adhesin in host-pathogen

interaction(s).

When expressed on the surface of E. coli, NadA promotes bacterial internalization [10], by an undefined
mechanism. Eukaryotic cells internalize a variety of extracellular substances as well as plasma membrane
proteins via a remarkable diversity of endocytic pathways generally classified as clathrin-dependent or
independent according to the involvement of clathrin [36]-[38]. Endocytic vesicles converge into early
endosomes (EES), the main sorting compartment from which most of the cargos are rapidly recycled back
to the plasmamembrane (PM), while some are sorted into late endosomes and destined either to lysosomes
or to the trans Golgi network (TGN) [39], [40]. While lysosome targeting is achieved by clathrin-coated
endosomes, mechanisms of clathrin-independent endocytosis have been identified more recently and are
emerging as complex, multi-pattern processes of internalization still poorly characterized [41], [42]. In
particular, ADP ribosylation Factor 6 (ARF6) has been involved in internalization and sorting of cargos
targeted to recycling endosome [43]. Initially described for the major histocompatibility complex (MHC)
class | trafficking [44], the list of membrane proteins requiring this factor for internalization and recycling
iIs growing [42], [43]. While ARFs coordinate vesicle formation [45], key regulators of endosome
trafficking include the Rabs, a family of small GTPase proteins associated to all kind of vesicles [46]. The
more than 60 Rabs found in eukaryotic cells communicate with each other through recruitment of effectors
that regulate the correct destination of vesicles [39], [47].

In our attempt to identify eukaryotic cell proteins involved in the NadA-mediated interaction of bacteria,
we found that such processes are sensitive to inhibition of Hsp90 activity, and the host chaperone itself was
found to bind NadA in vitro [30]. Hsp90 is a ubiquitous molecular chaperone crucial for maintenance of
cellular homeostasis [48]. The Hsp90 family of chaperones includes organelle specialized isoforms and two
cytoplasm/nucleus localized factors, the inducible Hsp90o and the constitutive Hsp90p. More recently,

several lines of evidence suggest that Hsp90a is also secreted by normal cells in response to stress or insults,
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and by several tumor cell lines (reviewed in [49]). The major functions of this extracellular pool have been
identified as protective response to several kinds of stress, assistance to antigen presentation and promoting
tissue invasion by cancer cells [49]-[52]. Results from our previous study also indicated a protective role of
Hsp90 toward NadA mediated invasion, although we did not differentiate the possible role of extracellular

and intracellular pools of the chaperone [30].

In this report we have used the soluble recombinant NadAa3s1-405 (FfNadA) and demonstrated that it was able
to internalize upon binding to the Chang human epithelial cell line. Evidence is provided on the stability of
the rNadA trimer at 37°C and on the temperature dependence of NadA binding to Chang cells. In our
analysis of the internalization pathway exploited by NadA, we found that the process triggered by NadA
was clathrin independent. As reported for MHC class | internalization and recycling to cell surface, ARF6-
dependence and recruitment of Rab 11 on rNadA vesicles suggested that the adhesin is sorted in a recycling
endosomes pathway. The effect of two Hsp90 inhibitors on the internalization and recycling of the adhesin
indicated that extracellular Hsp90 is involved in the trafficking of rNadA.

Material and methods

Cell culture and transfection

Chang epithelial cells (Wong-Kilbourne derivative, clone 1-5c¢-4, human conjunctiva, ATCC CCL-20.2)
were grown in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 15 mM glutamine, 100
U/ml penicillin, 100 pg/ml streptomycin, 10% FCS and maintained at 37°C in a controlled humidified
atmosphere containing 5% CO,. Transfection of Chang cells was performed using Hiperfect (Qiagen),

JetPEI (Polyplus transfection) or lipofectamine (Invitrogen) according the manufacturer's instructions.

Antibodies, plasmid vectors and reagents

Anti-MHC-1 (Biolegends); anti-EEAL (Novus Biologicals); anti-ARF6 (Santa Cruz Biotechnology); anti-
Rab5 (BD transduction Laboratories); anti clathrin (Sigma); anti-M6PR kindly provided by J. Gruenberg
University of Geneva, Switzerland; anti-HSP90 (SPA-830, Stressgene); Alexa-488-conjugated Phalloidin,
Cy3-conjugated transferrin, Alexa488- and 543-conjugated secondary antibodies (Invitrogen); Alexa488-

36| Page


http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4210143/#pone.0110047-Li2
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4210143/#pone.0110047-Li2
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4210143/#pone.0110047-Binder1
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4210143/#pone.0110047-Montanari1

conjugated anti-MHC-I (Santa cruz Biotechnology). Antibodies against rNadA were previously described
in [53]. Alexa-488-conjugated and Alexa-633 conjugated rNadA were obtained by labelling with Alexa
Fluor Microscale Protein Labeling Kit (Molecular Probes-Invitrogen) following manufacturer instructions.
cDNA expressing the wild type and ARF6-Q67L mutant were kindly provided by J. Donaldson (to M.S.
and A.L.), National Institutes of Health, Bethesda, USA. 17-AAG (17-N-allylamino-17-
demethoxygeldanamycin) and Wortmannin were from Sigma. FITC-GA was synthesized by labogen
(Milan - Italy). The myc-AP180C plasmid containing the C-terminal portion of the AP180 gene fused in
frame with N-terminal myc tag sequence was generated as described elsewhere [54]. Generation of

plasmids coding for C-terminal EGFP fusion Rabs was performed as described previously [55].

Binding of rNadA to human Chang epithelial cells

Chang cells were non-enzymatically detached from the support by using cell dissociation solution (Sigma),
harvested and resuspended in DMEM medium supplemented with 1% FBS. Then 3x10° cells were mixed
with recombinant rNadA (200 pg/ml) for 30 minutes at four different temperatures (RT, 4°C, 30°C and
37°C). After two washes with 1% FBS in phosphate-buffered saline, cells were incubated with the mouse
monoclonal anti-NadA antibody 9F11 (1.25 pg/ml to 160 pg/ml) or IgG mouse isotype control (Sigma) for
1 hr at 4°C. Samples were washed twice and then incubated for 30 minutes at 4°C with Allophycocyanin-
conjugated goat F(ab), antibody to mouse IgG (1:100, Jackson ImmunoResearch) and finally the cells were
analyzed with the FACS-Scan flow cytometer Canto Il. The mean fluorescence intensity for each sample
was calculated. To analyze the time dependence of NadA binding to Chang, 3x10° cells were incubated
with recombinant rNadA (200 pg/ml) at 37°C for different period of time (1 minute to 2 hours), washed
and incubated with the mouse monoclonal anti-NadA antibody 9F11 (20 pg/ml) or 1gG mouse isotype

control for 1 hr at 4°C. FACS analysis was performed as described above.

Size Esclusion-HPLC-multiangle laser light-scattering (MALLS) analysis

Four identical aliquots (100 ul) of rNadA (1,7 mg/ml in 10 mM NaH,P0, 150 mM NaCl pH 7.2) were
heated at 37°C for 30 min, 1, 2 and 4 hrs respectively. For each time point, sample was loaded on an
analytical size exclusion TSK Super SW3000 (4.6x300-mm column of 4 pm and 300 A) with a separation

range on globular proteins from 10 to 500 kDa (Tosoh Bioscience, Tokyo, Japan). Samples were eluted
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isocratically in 0.1 M NaH,P04, 0,1 M NaHSO, buffer at pH 7.0. MALLS analyses were performed in real
time using a multi-angle light-scattering detector Dawn TREOS (Wyatt Corp., Santa Barbara, CA, USA),
with an incident laser of 658 nm; intensity of the scattered light was measured at 3 angles simultaneously.
Data elaboration was performed using Astra V software (Wyatt). Zimm formalism was used to determine
the weight-average molecular mass (MW) in daltons and polydispersity index (MW/Mn) for each oligomer

present in solution.

Full length trimeric NadA purification on size exclusion chromatography

A 300 pl aliquot of rNadA (1,7 mg/ml Buffer 10 mM NaH,P04 150 mM NaCl pH 7.2) was heated at 37°C
for 4 hours. At end of this time period, sample was loaded on the gel filtration column. Size exclusion was
performed using a Superdex 75 10-300 GL (GE-Healtcare) and elution was performed isocratically in 0.1
M NaH,P0; pH 7.2, 0.15 M NaCl. Protein containing fractions were identified by OD at 280 nm and

collected.

Immunofluorescence staining and confocal microscopy

Chang cells were cultured on coverslips to reach 70-80% of confluence, washed three times in medium
without serum and then incubated with rNadA (200 pg/ml) in the same medium supplemented with 1%
FCS. Incubation was performed at 37°C for the indicated times. Cells were then fixed in paraformaldehyde
for 8-10 min at 37°C, permeabilized and incubated with primary antibodies for 1 hr at room temperature.
Afterwards, cells were washed three times with PBS, incubated with fluorophore-conjugated secondary
antibody for 30—45 min at room temperature, washed again three times in PBS and mounted on slides.

In vivo staining of MHC-1 was performed as follows: cells were washed three times in medium without
serum and incubated with a mouse monoclonal antibody against MHC-1 (10-30 pg/ml) for 1 hr at 4°C.
Afterwards, cells were washed 3 times and incubated with recombinant rNadA (200 pg/ml) for 1 hr at 37°C
in a medium supplemented with 1% FCS, then fixed and permeabilized. rNadA was stained following the
standard procedure while MHC-I was revealed using a fluorescence-conjugated secondary antibody

directed against the mouse monoclonal primary antibody.
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In vivo staining of HSP90 was performed as follows: cells were washed three times in medium without
serum and incubated with a rabbit polyclonal HSP90 antibody (50 pg/ml) for 2—4 hrs at 4°C. Afterward,
cells were washed 3 times and incubated with recombinant rNadA (200 pg/ml) for 1 h at 37°C in a medium
supplemented with 1% FCS, then fixed and permeabilized. rNadA was stained following the standard
procedure while HSP90 was detected using a Alexa543-conjugated secondary antibody directed against the

rabbit polyclonal primary antibody.

Samples were analyzed by confocal microscopy (LSM 510, Zeiss) using a 60x oil-immersion objective,
maintaining the pinhole of the objective at 1 airy unit. Images were scanned using an Argon 488 laser, a
HeNe 543 laser and a HeNe 633 laser, under non-saturating conditions (pixel fluorescence below 255
arbitrary units). The colocalization analysis and the quantification of immunofluorescence (IF) intensity of
rNadA in the cells was performed with LSM510-3.2 software (Zeiss). To assess the colocalization we
removed the background immunofluorescence by adjusting the threshold levels and used the histo and
colocalization functions of the above software. This software provides two colocalization coefficients that
ranges from 0 (no colocalization) to 1 (complete colocalization). The colocalization coefficients indicate
the amount of pixels of the channel A that colocalizes with pixels from channel B and viceversa. Finally,
we expressed the colocalization extent as a percentage over the total immunofluorescence per channel. The
immunofluorescence (IF) intensity was calculated as total immunofluorescence of rNadA in the cell

divided by the area of the cell and expressed as arbitrary units (A.U.).

rNadA uptake in the presence of Hsp90 inhibitors

Internalization was performed by adding rNadA to the culture medium at a final concentration of 200
pg/ml and incubating at 37°C for the indicated period of time. Chang cells grown at about 50% confluence
were pre-treated overnight with 0.5 uM 17-AAG and the then incubated with recombinant NadA (200
pg/ml) at 37°C for 1, 4 or 16 hrs in presence of the same concentration of 17-AAG. When 10 uM 17-AAG
or FITC-GA were used, cells were grown to 70-80% confluence and pretreated for 1 hr with the inhibitors
before adding rNadA (200 pg/ml) and subsequently incubated at 37°C for 1,4 or 16 hrs in the continued
presence of the inhibitors. To temporarily permeabilize cells, growth medium was substituted with 0.01%
saponin in PBS for 30 seconds at room temperature. Cells were then washed 3 times with PBS before
adding fresh medium and incubate at 37°C for the indicated time. Afterwards, cells were fixed and labeled

as detailed above.
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AKT detection in Chang cell lysates

Chang cells were seeded on 24-well tissue culture plates (6-8x10* cells per well) and incubated at 37°C
overnight. The following day, cells were treated with HSP90 inhibitors as described above. Total cell
extracts were prepared in RIPA buffer (Sigma) supplemented with complete protease inhibitor (Roche).
Equal amounts of proteins were prepared in NUPAGE SDS Buffer under reducing conditions and separated
on NUPAGE polyacrylamide gels. Proteins were transferred to nitrocellulose membranes for Western blot
analysis. Membranes were then blocked with PBS containing 0.1% Tween 20 (PBST)+10% dried skim
milk at room temperature for 1 h. After extensive washings in PBST, proteins bound on nitrocellulose
membranes were detected with specific anti-Akt rabbit antibody (Cell Signaling Technology) followed by
HRP-conjugated goat anti-rabbit secondary antibody.

Time-lapse Microscopy

Chang cells at 70-80% of confluence on glass-bottom Petri dishes (MatTek Corporation-USA) were
incubated overnight at 37°C. The day after, cells were incubated with Alexa488-conjugated anti-MHC-I
antibody and 2.5 pg/ml Alexa633-conjugated rNadA, or 5 pg/ml of Cy3-conjugated transferrin and 2.5
pug/ml Alexa-488-conjugated rNadA, or pretreated overnight with 0.5 uM of 17AAG and then with Alexa-
488-conjugated rNadA for 60 min at 37°C. Cells were washes three times and supplemented with the
medium buffered with 20 mM Hepes pH 7.2. The Petri dish was then placed on a stage of LSM-510
confocal microscope (Zeiss, Germany) equipped with a thermoregulation device at 37°C. Images were
acquired every 2 (for MHC-I and NadA; movie S1) or 4 seconds (for transferrin and rNadA, movie S2;

rNadA in 17AAG treated or untreated cells, movie S3 and S4 respectively) at 25% laser power intensity.

40 | Page


http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4210143/#pone.0110047.s005
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4210143/#pone.0110047.s006
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4210143/#pone.0110047.s007
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4210143/#pone.0110047.s008

Results

Purified rNadA binds Chang cells in a time and temperature dependent manner

In previous reports, rNadA binds Chang epithelial cells more than other human cell lines [10]. A
temperature dependence has also been suggested, as binding to human monocytes/macrophages was
detectable at 37°C but not at 0°C [35]. We sought to investigate the temperature dependence and Kkinetics of
NadA binding to Chang epithelial cells. Non permeabilized Chang cells were incubated with rNadA and,

after washing, the bound fraction was revealed by FACS analysis with anti-NadA antibody.

At first this analysis was performed after 30 minutes of incubation at different temperatures. The result is
shown in figure 1A. The rNadA binding to Chang cells was temperature dependent, giving the highest
value at 37°C while dropping to about 60% at 30°C (figure 1A). Lowering the incubation temperatures at
20°C caused a decrease of the binding ability at less than 20% of the value obtained at 37°C. However,
even at 4°C the amount of cell-bound rNadA was measurably higher than the background (independent I1gG
used as control) Setting incubation temperature at 37°C, we then analyzed the kinetics of rNadA binding to
Chang cells (figure 1B). The maximum level of surface bound rNadA was observed at 30 minutes of
incubation and decreased at longer incubation times. The time-dependent decrease of surface localized
rNadA was obtained with various monoclonal and polyclonal antibodies used for detection (data not

shown).

Figure 1: Purified rNadA binds
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To exclude a destabilization of the trimeric rNadA structure at 37°C over time, we incubated the
recombinant adhesin for 30 min, 1, 2 and 4 hrs and analyzed the products by analytical size exclusion
chromatography and MALLS (Multi Angle Laser Light Scattering). The results of such analysis, presented

in figure S1 and table S1, showed that the native trimer is the predominant species (about 95%) although

the rNadA preparation include C-terminus deleted forms previously characterized [33]. The 4 hour
treatment at 37°C completely removed these truncated species and the full length homogenous trimeric

population can be purified as shown in figure 1, panels C—E.

The size exclusion chromatography analysis of the sample before and after thermal treatment is shown in
figure 1C and 1D, respectively. The SDS-PAGE of the eluted samples confirmed that all contaminants

were removed from the fractions containing the majority of the trimeric rNadA following 4 hour incubation
at 37°C (fractions 12 and 13 of figure 1C and 1D). The purified full length trimeric rNadA eluted in peak Il
(lane B of figure 1E) was used at least once in all our experiments and challenged with the crude rNadA

preparations. Both samples gave identical results. Thus, trimers of rNadA form a stable structure in solution

which is resistant to the temperature conditions used in our studies.

rNadA internalization into Chang epithelial cells

Having excluded that the time-dependent reduction of rNadA binding to Chang cells was caused by
changes in the trimeric structure or stability of the protein, we investigated a possible internalization

process by confocal immunofluorescence microscopy (figure 2).

rigwre2  FIQUre 2: Time course of rNadA internalization.
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Following 15 minutes of incubation with rNadA, cells showed minor amounts of detectable rNadA
apparently distributed on the cell surface (figure 2). Upon 30 minutes of incubation, rNadA appeared
mostly as dot-like structures. At a longer time of incubation the fluorescence of the dot-like structures
slightly increased (figure 2A and B). Hypothesizing that the dot-like structures are indicative of rNadA

internalization, this phenomenon could explain, at least partially, the observed loss of rNadA fluorescence
observed by FACS analysis at prolonged incubation times. However, the confocal microscopy also
indicated that the intracellular pool of rNadA reaches a steady state level at about 30—60 minutes incubation

time, possibly because it recycles towards the cell exterior or because of intracellular degradation.

Phosphoinositide 3-kinase (PI3K) control of rNadA internalization

Src phosphorylation of several components of the clathrin dependent endocytosis, including cortactin,
arrestin, dynamin and clathrin itself, is essential for internalization [56]. In addition, Src activity is also
required for the alternative caveolar endocytosis [57]. Protein kinase C is involved in the endocytosis of
several G protein coupled receptor through clathrin or caveolae pathways [58], [59]. The phosphoinositide
3-kinase (PI3K) is important in the early steps of endocytosis and and in the regulation of fusion and
maturation dynamics of endocytic vesicles [60]. Here we used inhibitors of the different kinases to better

understand the internalization pathway(s) exploited by rNadA.

Chang cells were incubated with or without kinase inhibitorsfor 1 hour with vehicle, 100 nM wortmannin
(PI3K inhibitor more active on class | enzymes), 100 uM genistein (wide spectrum tyrosine kinase inhibitor
known to prevent the caveolae mediated endocytosis [61]), 10 uM Bisindolylmaleimide 1 (BSMI, a general
PKC inhibitor), and 10 pM SU6656 (Src family kinase inhibitor) and then for an additional hour with
rNadA. The internalization of rNadA was unaffected by the action of the tyrosine kinase inhibitors (data

not shown) whereas wortmannin treatment reduced the internalization of rNadA (figure 3A and B). The

cellular localization of MHC-1 was unaffected by exposure to rNadA, genistein, BSMI and SU6656 (not

shown), whereas wortmannin shifted the localization of MHC-I towards the PM fraction (figure 3A and C).
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Figure 3: PI3K inhibition
impairs rNadA
internalization and
colocalization of rNadA
with  MHC-I: A: Chang
cells were treated with
either vehicle (upper panel)
eomro wormannn OF 100 NM Wortmannin
c (lower panel) for 1 h at
37°C, and then incubated
with 200 pg/ml rNadA for
an additional hour at 37°C
in presence of the inhibitor
or vehicle. Cells were then
povror e r— fixed, permeabilized and
B MHC-1 E T double stained for rNadA
it (green) and MHC-1 (red).
Merged images are also
shown. Scale bar 10
pum. B: Quantification of IF
intensity of rNadA in the
experiment illustrated in
T oweet | mao panel A. Data are mean +
s.e.m representative of two
independent experiments, each assessing 20-25 cells, and expressed as Arbitrary Units (A.U.). ***p<0.001,
compared to control cells (t-test). C: Quantification of IF intensity of MHC-I in the experiment illustrated in panel A.
Data are mean + s.e.m representative of two independent experiments, each assessing 2025 cells, and expressed as
Arbitrary Units (A.U.). *p<0.05, compared to control cells (t-test). D: Chang cells were treated with anti-MHC-I
antibody for 1 h at 4°C and then incubated at 37°C for 1 h with 200 pg/ml rNadA. Cells were fixed and double
stained for rNadA (green) and MHC-1 (red). Scale bar is 10 um. E: Quantification of MHC-I and rNadA
colocalization. MHC-1 column indicate the percentage of MHC-I immunofluorescent pixels colocalizing with rNadA
immunofluorescent pixels. Conversely, rNadA column indicate the percentage of rNadA immunofluorescent pixels
colocalizing with MHC-I immunofluorescent pixels. Data are mean + s.e.m representative of two independent
experiments, each assessing 20-25 cells.

Figure 3

Control

IF intensity rNadA (A.U.)
s 8 8 & 8
o o o o o

(=]

Wortmannin
N w e wn
o o o (=]
o o o o

o
S

o

IF intensity MHC-I (A.U.)

won

80%

=]
=1
> 4

S
o
3

N
]
S

% of colocalizat

o
X

In these experiments, rNadA showed a certain extent of endosomal colocalization with MHC class | and we
decided to further explore this observation. Antibody labelling of MHC-I following cell permeabilization
would show the total pool of MHC-I (PM plus endosomally localized MHC-I). In order to visualize only
the recently internalized MHC-1 we decided to pre-label the PM-localized MHC-1. Chang cells were treated
with an antibody against MHC-1 for 1 hr at 4°C. This incubation allowed binding of the antibody to MHC-I
at a temperature that prevents MHC-I internalization. The cells were then treated with rNadA for 60

minutes at 37°C, a temperature at which internalization is restored. As shown in figure 3D and E, rNadA

appeared to colocalize with MHC-I in endosomes.
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Confocal microscopy analysis of rNadA internalization pathway

In an attempt to elucidate the cellular entry mechanism of rNadA, we performed a confocal microscopy
analysis in search of rNadA colocalization with different endocytic markers belonging to the clathrin-

dependent and -independent pathways.

Chang cells were incubated with rNadA for 60 minutes at 37°C to allow internalization of the adhesin and
then stained for rNadA and the endocytic markers, early endosome antigen 1 (EEAL), small GTPase Rab5,
M6PR. As shown in figure 4A-C and F, rNadA showed a weak colocalization with early endosomal

markers (EEAL, Rab5), as well as with the endo-lysosomal marker M6PR. We also analyzed the
colocalization of internalized rNadA with clathrin itself and the transferrin receptor, a prototype cargo of
the clathrin-dependent pathway. Remarkably, rNadA containing carriers did not associate with the scaffold
protein clathrin, and the colocalization with transferrin receptor was negligible (figure 4D—F). As a control,
we showed that transferrin receptor colocalized with clathrin in Chang cells (figure S2). Since these data
suggested that the main rNadA internalization pathway does not rely on the clathrin- pathway, we sought to
verify this aspect by the analysis of rNadA internalization in presence of an inhibitor of clathrin vesicles
formation. The AP180 protein is a crucial adaptor involved in the early stage of chlatrin-dependent
endocytosis [54].Expression of the C-terminus moiety of this adaptor, known as AP180C, inhibits
transferrin and EGF receptors clathrin-dependent endocytosis by preventing coat formation and leading to
clathrin redistribution [54], [62]. AP180C transfected Chang cells were incubated with rNadA for 60
minutes at 37°C before to be fixed and treated for confocal analysis. As control, we followed TfR
internalization both in absence and presence of the truncated AP180. Results are shown in figure 4G and
quantification of rNadA, TfR and AP180C colocalization reported in graph. As expected, TfR
internalization was severely impaired by AP180C expression while the intracellular vesicular pattern of
rNadA was not affected (figure 4G). Furthermore, the absence of rNadA colocalization with either TfR or
AP180C confirmed that the two proteins follow different internalization pathways.
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rNadA Merge

Figure 4: Colocalization of rNadA with
endosome markers. A: Chang cells were
incubated with 200 pg/ml rNadA for 1 h
at 37°C, then fixed, permeabilized and
double stained for rNadA (green) and
EEAL (A), Rab5 (B), M6PR (C),
Clathrin (D) and TfR (E) (red). Merged
images of the red and green signals are
also shown. Images are representative of
two independent experiments. Scale bar is
10 pm. F: Quantification of rNadA
colocalization with endosome markers.
The black columns indicate the percentage
of rNadA immunofluorescent pixels
colocalizing with the endosomal marker
(EEAL, RAD5, M6PR, Clathrin, TfR as
indicated) immunofluorescent  pixels.
Viceversa the grey columns indicate the
percentage of the endosomal marker
immunofluorescent pixels colocalizing
with rNadA immunofluorescent pixels.
Data are mean * s.e.m representative of
two independent experiments, each
assessing 20-25 cells. G: Chang cells
were transfected with an EGFR-AP180C
" o expressing plasmid or with empty vector
: and incubated 24 hours at 37°C to recover.
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To further explore the internalization pathway used by rNadA, we analyzed the presence of rNadA in the
lysosomal compartment. rNadA showed a very minor colocalization with the lysosomal marker LAMP1
upon 60 minute of incubation as well as at longer incubation times up to 24 hours (not shown). This
observation is consistent with a small presence of the adhesin in the early endosomal compartment and

indicates that internalized rNadA is not directed towards the degradative lysosomal pathway.

Finally, we analyzed the involvement of the clathrin-independent ARF6-regulated pathway. To verify
whether endosomal sorting of internalized rNadA involves the small GTPase ARF6 [60] we monitored the
internalization/recycling of rNadA in Chang cells expressing wild-type, and GTP-locked ARF6 (ARF6-
Q67L). Previous studies demonstrated that ARF6-Q67L transfection leads to the intracellular accumulation
of MHC-I [60]. Indeed, when mutant cells overexpressing ARF6-Q67L were incubated with rNadA
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overnight there was an accumulation of intracellular rNadA, while in cells overexpressing wild-type ARF6

the classical spotted distribution of rNadA was observed (figure 5).

ARF6 rNadA Merge

Figure 5: rNadA intracellular
distribution is affected by ARF6.
Chang cells were transfected in order to
overexpress wild type ARF6 (ARF6-wt)
or dominant-negative ARF6 (ARF6-
Q67L) and then incubated overnight with
200 pg/ml rNadA at 37°C. Afterwards,
cells were fixed, permeabilized and
double stained for rNadA (green) and
ARF6 (red). Merged images are also
shown. Scale bar 10 pum. Images are
representative  of two independent
experiments.

ARF6-wt

ARF6-Q67L

In conclusion, this indicates that the rNadA endosomal trafficking involves the clathrin independent ARF6-
regulated pathway. The carriers generated along this pathway can fuse with the early endosome, or take a
more direct route towards the PM [60], [63], [64]. Indeed, our data suggest that rNadA may use a more

direct recycling pathway without involvement of the early endosomal compartment. This hypothesis would

be consistent with the negligible colocalization with the lysosomal compartment [64].

rNadA, MHC-I and transferrin internalization dynamics in live cells

In order to validate that rNadA uses the MHC-I internalization/recycling route we investigated their co-
internalization in live cells. Chang cells were incubated for 1 hour with fluorescent Alexa633-conjugated
rNadA and fluorescent Alexa488-conjugated anti-MHC-I antibody. Cells were rapidly washed with PBS
and imaged for 5 minutes by confocal microscope. The movies showed the presence of rapidly moving
carriers, containing both rNadA and MHC-I (figure 6A and movie S1). A minor fraction of carriers
contained either rNadA or MHC-I1. This could be due to the previously described dual targeting of surface
MHC class I [65].
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rNadA/MHC-1

rNadA/TfR

Figure 6: Time lapse rNadA internalization. A: Chang cells were incubated for 1 h with Alexa633-conjugated
rNadA (shown in red) and Alexa488-conjugated anti-MHC-I antibody (green). Cells were then washed and live
images were recorded every 2 seconds by confocal microscopy. Five frames from the Movie S1 are shown. Time
(seconds) is indicated in the top right of each panel. B: Chang cells were incubated for 1 h with Alexa488-conjugated
rNadA (green) and Cy3-conjugated transferrin (red). Cells were then washed and live images were recorded every 4
seconds by confocal microscope. Five frames from the Supplementary Movie S2 are shown. Time (seconds) is
indicated in the top right of each panel.

To cross-check that the rNadA internalization route is clathrin-independent, we tested the overlap between
endocytosed rNadA and transferrin, a cargo internalized via the clathrin-dependent pathway. Chang cells
were incubated for 1 hour with fluorescent Alexa488-conjugated rNadA and fluorescent Cy3-conjugated
transferrin. Cells were rapidly washed with PBS and imaged as above. The movies showed the presence of
rapidly moving rNadA or transferrin containing carriers indicating that the intracellular trafficking of

rNadA is essentially different from that of transferrin (figure 6B and movie S2). As expected, only a minor

fraction of carriers showed the presence of both rNadA and transferrin, perhaps as a result of a
sorting/recycling compartment where the clathrin-dependent and independent pathways converge. Taken
together, these observations confirm that the intracellular trafficking route of rNadA is clathrin independent

and mostly overlaps with that of MHC-1.

Functional involvement of intracellular and external Hsp90 in internalization and
trafficking of rNadA

In our recent report [30], we identified Hsp90 as a cellular factor interfering with rNadA-mediated bacterial

infection. Although Hsp90 is an intracellular chaperone, its presence in the extracellular space has also
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been reported [50]. Here, we sought to verify the possible relationship between extracellular Hsp90 and

rNadA internalization.

To this end, we selectively labeled the external Hsp90 in live cells by incubating them with an antibody
against Hsp90 for 1 hr at 4°C. This approach allows the binding of the antibody to Hsp90 present on the
external side of the PM, while the low temperature prevents internalization. Excess unbound anti-hsp90
antibodies were removed and the cells were treated with rNadA for 60 minutes at 37°C. Finally, the cells
were fixed and rNadA was labeled with the appropriate primary and secondary antibodies. The anti-Hsp90
antibodies were revealed using fluorescence-conjugated secondary antibodies. As shown in figure 7A,
externally labelled Hsp90 accumulated intracellularly in compartments containing rNadA, strongly

suggesting that Hsp90 present on the external side of the PM is internalized and colocalizes with the rNadA

(figure 7B).

Figure 7 Figure 7: Colocalization of
rNadA with HSP90.
A:Chang cells, stainedin
B vivo with a rabbit polyclonal
100% anti-HSP90, were incubated
80% 1 with rNadA for 1 h at 37°C,
then fixed, permeabilized and
double stained for rNadA
(green) and HSP90 (red).
20% 1 Panels are taken from two
0% different experiments. Merged
et e images are also shown. Scale
800 - bar 10 um. B: Quantification
of rNadA and  Hsp90
colocalization. rNadA column
indicate the percentage of
rNadA immunofluorescent
200 pixels  colocalizing  with
HSP90 immunofluorescent
0T S N8 o pixels. Conversely, HSP90
ST ST SF columns indicate the
i percentage of HSP90
immunofluorescent pixels
colocalizing  with  rNadA
immunofluorescent pixels.
Data are mean + s.e.m representative of two independent experiments, each assessing 20-25 cells. C: Chang cells
pre-treated overnight with either vehicle (upper panel) or 0.5 uM 17-AAG (lower panel), were incubated with 200
pg/ml rNadA for 1 h, 4 h and 16 hrs as indicated, then fixed, permeabilized and stained for rNadA (red). Intracellular
accumulation of rNadA clusters are indicated by arrows. Scale bar 10 um. D: Quantification of IF intensity of rNadA
in the experiment illustrated in panel C. Data are mean * s.e.m representative of two independent experiments, each
assessing 20-25 cells, and expressed as Arbitrary Units (A.U.). ***p<0.001, compared to 1 h of 17-AAG treated
cells (t-test). *p<0.05, compared to 1 h of 17-AAG treated cells (t-test).

rNadA HSP90

60% 1

40% A

% of colocalization

O

Control

IF intensity (A.U.)
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The functional role of Hsp90 in rNadA internalization was further investigated using the specific Hsp90
inhibitor 17-AAG. Chang cells pre-treated overnight with 0.5 uM of 17-AAG were then incubated with
rNadA for 1, 4 and 16 hours. After 1 hour of rNadA incubation in 17-AAG-treated cells, clusters of rNadA
appeared as dot-like structures as compared to control inhibitor-untreated cells (figure 7C, left panels and
andD).D). At longer times, clusters of rNadA-containing structures increased in size and number resulting
in a remarkable accumulation of rNadA within the cells (figure 7C, central panels and andD).D). At 16
hours the intracellular rNadA amount was roughly double in 17-AAG treated cells compared to control
cells (figure 7C, right panels and andD).D). Finally, we investigated the rNadA dynamics in 17-AAG
treated cells. Chang cells were pre-treated overnight with 0.5 uM 17-AAG, incubated for 1 hour with
fluorescent Alexa488-conjugated rNadA, rapidly washed with PBS and a movie recorded as above. In
contrast to the rapidly moving rNadA containing carriers of the control cells, in 17-AAG treated cells,
carriers containing rNadA appeared less mobile. In addition, their fusion to form larger structures or the
emergence of small rNadA carriers from these aggregate appeared less frequent in 17-AAG than in controls
(movie S3 and S4).

The functional role of external Hsp90 in rNadA internalization was further explored by means of a
synthetic membrane-impermeable inhibitor, the FITC-GA, that specifically target the extracellular
population of the chaperone. To verify that FITC-GA did not enter the cells we used the cellular AKT
levels as a marker for the functionality of the intracellular chaperone [66]. Hsp90 inhibitors (e.g. 17-AAG)
promote the proteasomal degradation of this intracellular kinase. Cells were incubated with medium
containing 2.5 and 10 uM of either 17-AAG or FITC-GA for 1, 4, 24 and 48 hrs. At the end of each period,
cell lysates were prepared and equal amount of proteins were analyzed by electrophoresis and Western blot
to reveal the amount of intracellular AKT. As shown in figure 8A, the levels of AKT did not change until 4
hrs of treatment with the inhibitors (figure 8A, lanes 2—-7). At 24 and 48 hrs the intracellular kinase was
degraded in cells incubated in presence of 17-AAG at both concentrations (figure 8A, lanes 9-10, 13-14)
while its amount was not modified in FITC-GA treated cells (figure 8A, lanes 11-12, 15-16). This result
strongly suggested that the Hsp90 inhibitor FITC-GA do not exert any activity on the intracellular

population of the chaperone.
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Figure 8: Inhibition of Hsp90
influences AKT degradation
and intracellular accumulation
of rNadA. A: Chang cells were
incubated for 1, 4, 24 and 48
hours with either 17-AAG or
FITC-GA at two different
concentrations. At the end of
each period cells were washed,
trypsinized and RIPA-buffer
total lysate prepared. Proteins
from each extract were separated
on NuSieve gel, blotted, and
AKT or Actin (loading control)
were  detected using the
respective primary
antibodies. B: Chang cells were
pre-treated with 0.01% saponin
in PBS for 30 seconds at room
temperature, washed three times
with PBS and then handled as
described in A. C: Chang cells

were pre-treated for 1 hour with either vehicle (upper panels), 10 uM 17-AAG (middle panel) or 10 uM FITC-GA
(lower panel), and then incubated with 200 pg/ml rNadA at 37°C for 1 (left panels) or 4 hours (right panels). Cells
were then fixed, permeabilized and stained for rNadA. The drugs were present during the entire incubation period. IF
intensity was calculated as mean + s.e.m in two independent experiments, each assessing 10-15 cells and expressed

as Arbitrary Units (A.U.). Scale bar 10 pum.

To verify that the membrane-impermeable inhibitor was an efficient Hsp90 inhibitor, we transiently

permeabilized the cells. Chang cells were treated with saponin for 30 seconds in presence of FITC-GA and,

once cell integrity was restored, incubated for 1, 4, 24 and 48 hrs. The amount of intracellular AKT was

then detected as previously described. As shown in figure 8B, intracellular FITC-GA was revealed to be an
efficient Hsp90 inhibitor leading to AKT degradation within 24 hours (figure 8B, lanes 11-18).

Chang cells were preincubated with either 10 uM 17-AAG or 10 uM FITC-GA at 37°C for 1 hr before
addition of rNadA, and were further incubated for 1 and 4 hrs in presence of the inhibitors. Cells were then
fixed, stained and subjected to confocal microscopy analysis (figure 8C). Compared to the control (upper
panel of figure 8C), both inhibitors led to a similar accumulation of intracellular rNadA.

Taken together, the use of these inhibitors confirmed that the rNadA intracellular trafficking is somehow

dependent upon functionally active Hsp90 and emphasized the role of the extracellular pool of this

chaperone.
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Colocalization of rNadA with Rab11 and effect of inhibitors

Our data strongly suggested that rNadA is reclycled back to the plasma membrane and possibly released
back to the cell culture medium. Although several Rabs are known to regulate cellular membrane traffic
[43], [67], Rab11 has been particularly associated with recycling endosomes and vesicular exocytosis at the
plasma membrane [68]. We hypothesized that rNadA was colocalizing with Rab 11. Chang cells were
incubated with rNadA for 1 hr and then stained for rNadA and Rab11. Confocal microscopy revealed that
vesicles containing rNadA were also associated with Rab11 (figure 9A, upper panel) strongly suggesting
that the adhesin moved into a recycling pathway.

s sl — - Figure 9: rNada internalization
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untreated, 17-AAG and FITC-GA cells (from left to right) respectively. B: Rabll, rNadA and TfR
colocalization. A: Chang cells were transfected with EGFP-Rab11 plasmid, incubated 24 hours at 37°C. and then
incubated with 200 pg/ml of rNadA at 37°C for 2 hours. Afterward, cells were fixed, permeabilized and stained for
NadA (Red) and TfR (blu). Rab11l is colored in green. Graphs: rNadA columns indicate the percentage of rNadA
immunofluorescent pixels colocalizing with Rab11 fluorescent pixels (left) or with TfR immunofluorescent pixels
(right). Rabllcolumn indicate the percentage of fluorescent pixels colocalizing with rNadA immunofluorescent
pixels (left) or TfR immunofluorescent pixels (right). TfR columns indicate the percentage of TfR
immunofluorescent pixels colocalizing with Rab11 fluorescent pixels (middle) or with rNadA immunofluorescent
pixels (left). Data are mean * s.e.m representative of two independent experiments, each assessing 20-25 cells.
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We also investigated the Rab11-rNadA colocalization in presence of the two Hsp90 inhibitors. Chang cells
were pre-treated with 17-AAG, FITC-GA for 1 hr before adding rNadA and allow internalization for one
more hr at 37°C in presence of the inhibitors. Confocal microscopy analysis revealed a different cellular
distribution of Rab11 in the presence of either drug (figure 9A, middle and lower panels). In the absence of
inhibitors, Rab11 was mostly localized in vesicular structures (figure 9A, upper panel). In presence of 17-
AAG or FITC-GA the Rabll cellular pattern was more distributed, with a tendency to perinuclear
accumulation (figure 9, middle and lower panels). Interestingly, both 17-AAG (membrane permeable
Hsp90 inhibitor) and FITC-GA (membrane-impermeable inhibitor) treatment resulted in the complete loss
of Rabll-rNadA colocalization (figure 9, compare right panels) whereas intracellular accumulation of
rNadA was observed. Treatment with the Hsp90 inhibitors did not interfere with the co-localization of TfR

with Rab11 positive endosomes (figure S3).

Rabl1

Control

Figure S3: Co-localization of Transferrin receptor with
Rabl11 in presence of Hsp90 inhibitors. The control untreated
Chang cells are shown in the upper panel. Pre-treatment of cells
was performed for 1 hour with 10 pM 17-AAG (middle panel)
or 10 uM FITC-GA (bottom panel). Chang cells were then fixed,
permeabilized and double stained for Rabll (green) and
transferrin receptor (blu). Merged images are also shown. Graph
report the percentage of colocalization obtained by 3
100% independent experiments.

17-AAG

FITC-GA

% of colocalization

TR Rab11
m Untreated 17-AAG 10uM = FITC-GA 10uM

Taken together, these observations indicated that Hsp90 activity was not essential for the formation of
vesicles containing rNadA. Rather, it may affect the recruitment of effector molecules necessary for the

formation of recycling endosomes.
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Due to the high level of colocalization between internalized rNadA and Rabl1, we reasoned that it was
surprising not to have found rNadA-TfR colocalization in our previous experiment (figure 4E—F). Indeed,
TR recycling, has been reported to rely on Rab11 endosomes [43]. To decipher this apparent contradiction,
we performed a simultaneous staining of TfR and Rabl11 during rNadA internalization. Chang cells were
transfected with an EGFP-Rab11 expressing plasmid and 24 hours later incubated with rNadA for 2 hours.
Cells were then fixed and revealed for rNadA and TfR by using specific primary antibodies. Results from
confocal microscopy analysis are shown in figure 9B in which, to better discriminate colocalization
between pair of proteins, two colors at the time are also shown separately. Furthermore, percentages of

colocalization are reported in the graphs of figure 9B.

Confocal microscopy revealed a significant colocalization of rNadA in Rabl11 vesicles (figure 9B, upper
panel and left graph) although the value was lower than previous experiment. This could be due to the

different method used to reveal Rabll in the experiments of figure 9A and 9B. Whereas physiological

levels of Rab11l were detected in figure 9A by specific antibody, overexpression of a fluorescent tagged
protein increase the amount of endogenous GTPase and may justify the lower percentage of association.
Colocalization of TfR with Rab11 was significantly higher, consistent with data from the literature (figure
9A upper panel and middle graph), but rNadA and TfR did not show contemporary presence in Rabl1l
vesicles (figure 9B upper panel and right graph).

These data suggest that the rNadA and TfR enter distinct population of Rabll endosomes. Although
surprising, the existence of separate sub-population of Rabll vesicles has already been observed in a
different cell type [69].
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Discussion

In this report we have shown that a purified bacterial adhesin binds human epithelial cells and triggers its
own internalization. Once internalized, the intracellular trafficking of rNadA avoids lysosome targeting by
entering an endosome recycling pathway and is likely transported back to the extracellular space. The
extracellular pool of the molecular chaperone Hsp90, a cellular chaperone previously shown to bind rNadA
in vitro [30], has been identified as a crucial factor for the intracellular trafficking of the meningococcal
adhesin. The early steps of rNadA endocytosis remain poorly understood and, in particular, we still have
not defined the cellular ligand on the membrane. Binding of rNadA to Chang cells is strongly temperature
dependent and it dramatically drops below 30°C. Internalization of the adhesin is a slow event (about 30
min) compared to general mechanisms of endocytosis. In the last decade, the endocytic process has shown
a surprising diversity of parallel mechanisms in a single cell [38], [70]. The rNadA entry process in human
epithelial cells is clathrin-independent, insensitive to general tyrosine kinases or specific Src inhibitors, and
thus excludes the involvement of a caveolin dependent entry pathway [38]. Treatment with the PI3K
inhibitor wortmannin, in contrast, led to rNadA accumulation at the cell periphery, consistent with the role
played by this kinase in the early steps of vesicle formation [71], [72]. Endocytic vesicles containing
rNadA enter an ARF6-regulated trafficking pathway and over-expression of a constitutively activated form
of this protein (Q67L) led to the rNadA accumulation in vacuolar structures. Activated ARF6 is described
to have a dual role in cells: it promotes internalization at the level of the plasma membrane and is a
targeting factor for recycling of cargo to the cell surface [43], [73]. Our data suggested that rNadA could
avoid the lysosomes by steering into a recycling route. Thus far, a limited number of proteins have been
described to use an ARF6-regulated pathway [43], [63], the list including B1-integrin and MHC-I that are
continuously trafficking from endocytic vesicles back to the plasma membrane. Consistent with our results,
expression of ARF6 Q67L mutant has been shown to induce vacuolar structures and blocks recycling to the
cell surface of both B1-integrin and MHC-I [74]. The hypothesis that rNadA enters a recycling pathway
was further reinforced by its significant colocalization with Rab11l coated vesicles. The small GTPase
Rab11 is a recognized marker of recycling endosomes, and a crucial factor regulating the exocytic fusion

event [43], [67], [68], [75]. Interestingly, stimulation-dependent recycling of B1-integrin follows an Arf-6

and Rab11 dependent pathway [76]. This integrin has been recently indicated as a putative ligand for NadA
by using a heterologous system of invasion [77]. In our hands, the anti-B1 antibody failed to impair both
binding and internalization of rNadA in Chang cells (GB and MM unpublished results) but, due to the
different experimental system used, a role for this integrin in NadA-mediated binding and/or internalization
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cannot be ruled out. Intriguingly, we found that Rab11 positive endosomes containing rNadA are distinct
from Rab11 positive endosomes carrying TfR, although formation of both populations is PI3K dependent.
Although we have not further characterized the identity of these vesicles, the existence of diversified Rab11

endosomes has been recently reported in the rat adrenal phaeochromocytoma cell line PC12 [69].

Our attempts to identify a rNadA cell surface ligand led us to extracellular Hsp90 [30], a finding that was
independently supported by another laboratory [53]. In the present paper, we have shown that external
Hsp90 internalizes and colocalizes with the rNadA containing endocytic vesicles in live cells, strongly
suggesting that the initial interaction between rNadA and Hsp90 takes place in the extracellular milieu. The
extracellular presence of Hsp90 has been controversial for a long time, but it is now accepted that secretion
of this chaperone occurs in both tumor and normal cells. Moreover, the functions of extracellular Hsp90 do
not rely on the classical chaperone ATPase activity [49], [51]. In our previous study we demonstrated a
direct binding in vitro between rNadA and a complex of Hsp90 and ADP or 17-AAG. Meanwhile, in the
presence of ATP, no such binding was observed [30]. Although the internalization of rNadA is not
impaired by interfering with Hsp90, the ensuing intracellular trafficking is affected. Here we show that
rNadA uptake in presence of the membrane-impermeable Hsp90 inhibitor FITC-GA led to intracellular
accumulation of vesicles that contained the adhesin but were unable to engage Rab11. Interaction of rNadA
with external Hsp90, thus, would be required to recruit a pattern of effector molecules for the targeting of
the adhesin to the recycling endosomes. On the other hand, involvement of Hsp90 activity in intracellular
trafficking has been poorly documented in literature. Its activity is required for activation of the Rho family
of small G-protein that are known to regulate cytoskeleton rearrangement and endosomal trafficking [78],
[79]. Very recently, Cortese et al. reported that recycling of ErbB2 is perturbed by cell treatment with the
Hsp90 inhibitor geldanamycin, leading to targeting of the receptor to mixed endosomal compartments [80].
To our knowledge, however, there are no reports on the influence of external Hsp90 on intracellular
trafficking. The data presented in this work led us to hypothesize that the binding of rNadA to extracellular
Hsp90 may influence a selection of the signaling involved in internalization, but further studies are required
to elucidate this aspect. The role of adhesins in meningococcal pathogenesis is thought to be confined to
securing the bacteria to the host cell surface, whereas their contribution to bacterial trafficking is
unaddressed [4]. We believe that the model exploited in this work, through the dissection of the pathways
employed by an individual adhesin, has shed new light on the possible role that “minor” adhesion factors
may have in the pathogenesis of bacterial invasion and, in the context of N. meningitidis, in transcellular

passage through the epithelial barrier.
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4.2 Material and methods
4.2.1 Hydrogen and deuterium exchange (HDX)

4.2.1.1 Sample preparation for HDX-MS analysis

The hydrogen-deuterium exchange (HDX) experiments of NadA, with and without the recombinant Hsp90,
were performed in the same experimental session. The antigen/interactor complex was formed by adding
250 pmol NadA3 vaccine antigen (NadAassi405) to Hsp90, using a molar ratio of 1:1 and incubated for 30
minnutes at room for the equilibration step. The labelling was initiated by adding the proper deuterated
buffer at pH of 7 (300 mM KCl; 10 mM MgCl,; 0.81 NayHPO,4; 0.19 mM KH,PO4; 13.7 mM NaCl, plus the
addition of 50mM ADP and 1mM DTT final), reaching a deuterium excess of 93.3%. The labelling reaction
was performed at room temperature. Over the time course of the experiment (ranging from 30 seconds
to 1 hour), 30 mL of the sample was removed and quenched with the same volume of an ice-cold 200 mM
sodium phosphate buffer added with 4 M guanidinium chloride, to dissociate the antigen/interactor
complex and to lower the pH to 2.4. In parallel, a control experiment without Hsp90 was prepared using
the same conditions previously described (PBS was used instead of the interactor preparation). All
guenched samples were immediately flash frozen in liquid nitrogen, stored at -80°C and treated for

analysis within the following 24 hours.

4.2.1.2 Local HDX-MS analysis

Labelled samples were thawed rapidly to 0°C and injected into a nanoacquity ultra-performance liquid
chromatography (UPLC) system (Waters, Milford, MA, USA) with HDX technology. The injector, switching
valve, columns, solvents and all associated tubings were kept at 0°C to limit back exchange. For local HDX-
MS, protein samples were online digested for 2.5 minutes at 20°C with a flow rate of 200 pL/min using a
Poroszyme Immobilized Pepsin Cartridge (2.1 x 20 mm; Applied Biosystems, Foster City, CA, USA)
equilibrated with 100% buffer A (0.1% formic acid in water). The generated peptides were immediately
trapped, concentrated, and desalted using a VanGuard ethylene bridged hybrid (BEH) pre-column (1.7 um,
2.1 x 5mm; Waters). The 2.5 min digestion and desalting step allows deuteron atoms located at fast
exchanging sites (e.g., side chains, exposed loops, and N/C termini) to be replaced with hydrogens.

Peptides were then separated on an Acquity UPLC BEH C18 reverse-phase column (1.7 um, 1.0 x 100 mm;
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Waters) with a linear gradient from 15 to 45% solvent B [acetonitrile:water (9:1), 0.1% formic acid] over

6.8 min at 40 uL/min.

4.2.1.3 Mass spectra acquisition and interpretation

Mass spectra were acquired in resolution mode (m/z 100-2000) on a Waters SynaptG2 mass
spectrometer equipped with a standard electrospray ionization source. Mass accuracy was ensured by
continuously infusing a green fluorescent protein solution (600fmol/uL in 50% acetonitrile, 0.1% formic
acid) through the reference probe of the electrospray ionization source. The identity of each peptide was
confirmed by mass spectrometry elevated energy analyses. All fragmentations were performed using
argon as collision gas. Data were processed using ProteinLynx Global Server 2.5 (Waters), and each
fragmentation spectrum was manually inspected to confirm the assignment. Only peptic peptides present
in at least 3 repeated digestions of the unlabelled proteins were considered for the analysis. Deuterium
uptake of each peptide is calculated as the difference between extracted centroid mass of each
undeuterated peptic peptide and respective deuterium-labeling time point peptide using DynamX

software (Weis, Engen, and Kass 2006).
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4.3 Results

4.3.1 Identification of the NadA/Hsp90 interacting region

To locate accurately the NadA region involved in the binding with Hsp90, mapping by hydrogen—
deuterium exchange (HDX)-MS was performed. The HDX approach is based on the differential rate of
deuterium incorporation by an antigen when it is free or bound to the partner protein/receptor following
incubation in appropriate deuterated solvents. The rate at which backbone amide hydrogens exchange in
solution is directly dependent on the dynamics and structure of the protein. When a protein complex
forms, the interface between the binding partners can occlude solvent accessibility, reducing the
exchange rate (Hager-Braun and Tomer 2005). Mapping by HDX-MS was performed in 2 parallel steps as
described above. Deuterium incorporation was performed on NadA alone (reference experiment) and on
the complex with Hsp90. Both samples were digested by pepsin, and deuterium incorporation was
monitored for 73 peptides covering 98% of NadA sequence (data not shown) and compared. HDX-MS
analysis of NadA revealed that H-D exchange was reduced in the presence of Hsp90 for the three
consecutive peptides (Ala®*-Ala®’; Val**-Asp® and 11e®’-Leu®). In addition the NadA peptides Phe’*-Asp™®
and Thr'%-Leu® were not affected by deuterium protection when bound to Hsp90 (Fig. 9). As result the
binding region involved the NadA segments AIa24-GIy50; lle®-Ala” and Glygs-Leu93 forming a
conformational region of interaction located in the head domain of the protein, as mapped on the NadA3

homology model (Fig. 9).
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Fig. 9: Time course of deuterium incorporation for the peptides covering the NadA head domain. Deuterium
uptake of each peptide is calculated as the difference between extracted centroid mass of each undeuterated peptic
peptide and respective deuterium-labeling time point peptide using DynamX software. The blue curves are derived
from complex NadA-Hsp90, whereas the red curves are derived from NadA alone. The 3 peptides showing a
significant difference in deuterium uptake between the free and bound NadA forms are Ala**-Ala®"; Val**-Asp* and
l1e®-Leu® while the 2 peptides not affected by deuterium protection are highlighted with a black bar (peptide Phe®'-
Asp® and Thr’2-Leu®®). The figure also reports the amminoacid sequence and the in silico model of NadA variant 3
head domain built from the X-ray structure of NadA variant 5. Dashes show regions with low sequence homology or
unknown secondary structure (Malito et al. 2014). The NadA/Hsp90 interacting region (peptide la**-Gly*’; lle®®-Ala"™
and Gly*-Leu®) is colored in red.
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5 Investigating NadA role in the bloodstream

5.1 Material and methods

5.1.1 NadA and NadA constructs cloning, expression, purification and

characterization

The nadA gene fragments from N. meningitidis strain 2996 were cloned by PCR, using the polymerase
incomplete primer extension (PIPE) method, as described previously (Malito et al. 2014). The cloned
fragments, lacking of the first 23 residues of NadA which encode a signal peptide, were inserted into a
pET-21 vector (Novagen), enabling cytoplasmic expression of the NadA proteins with a C-terminal 6xHis

tag, and expressed in Escherichia coli BL21D3 (T1%) as described by Scietti et all (Scietti et al. 2016).

5.1.2 Protein microarray construction, processing and data analysis

The Genomics Institute of the Novartis Research Foundation protein microarrays (GNF PATH) were
generated by spotting about 7000 recombinant soluble proteins (almost 6500 human and 500 mouse
proteins) (0.5mg/mL in a final glycerol concentration of 40%) from the GNF library, which were produced
as described by Gonzalez et al. (Gonzalez et al. 2010)). Each protein was spotted in duplicates per array
onto ultra-thin nitrocellulose coated glass slides (PATH slides; Grace Bio Labs) using the ink-jet spotter
Marathon (Arrayjet) resulting in spots of ~150 um in diameter. Printing was performed in a cabinet with
controlled humidity and temperature (55-60% and 12°C respectively). A Chrompure human IgG (Jackson
IR 009-000-003) was printed at 0.4 fmol per spot several times on each single block and served as a

printing control and to define the blocks.

Since all proteins of the library have a 6-His tag and approximatively 1/3 have an additional mouse Fc-tag,
the printing efficiency of the proteins and the microarray quality was evaluated by probing the
microarrays with a mouse anti-His antibody (Sigma H1029) followed by a detection using AlexaFluor®647-

conjugated anti-mouse IgG secondary antibody (Jackson Immunoresearch).

69| Page



Nonspecific binding was minimized by preincubating arrays with a blocking solution (Blocklt, Arraylt) for 1
hour. rNadA was diluted in Nap-PBS at final concentration of 1uM and overlaid on the arrays at RT for 1 h.
After washing with 0.1% Tween 20 in PBS buffer (TPBS), arrays were incubated with rabbit polyclonal
serum against NadA (diluted 1:2000) at RT for 1 h. Slides were washed again as before and interactions
were detected by incubating with an AlexaFluor®647-conjugated anti-rabbit 1gG secondary antibody
(Jackson Immunoresearch). Fluorescence images were obtained using Power scanner (Tecan Trading AG,
Switzerland) and the 16-bit images were generated with PowerScanner software v1.2 at 10 um/pixel
resolution and spot fluorescence intensities were determined using ImaGene 7.0 software (Biodiscovery
Inc.). Microarray data analysis was performed using in-house developed software. For each protein, the
mean fluorescence intensity (MFI) of replicated spots was determined, after subtraction of the

background value surrounding each spot.

Proteins with a high coefficient variation (CV) between the two replicates were discarded. All obtained
MFI score (excluding the ones found in the control microarray where the AlexaFluor®647-conjugated anti-
rabbit IgG alone were probed to determine its non-specific binding to the printed proteins) were classified

in four categories:

High reactivity: MFI>30000

Medium reactivity 15000>MFI>30000
. Low reactivity 5000>MFI>15000

. No reactivity MFI<5000

5.1.3 RNA extraction, cDNA synthesis and sequencing

Total RNA was used as a template for cDNA synthesis in RT-PCR. Total RNA was extracted from THP-1
monocytic cells with the Purelink RNA mini kit (Ambion 12183018A) according to manufacturer’s protocol.
Briefly, cells were lysed in Lysis buffer with addition of B-mercaptoethanol and homogenized passing the

lysate 5-10 times through an 18-21-gauge needle attached to an RNase-free syringe. 70% ethanol was
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added to the sample and the mixture transferred to a Spin Cartridge. Total RNA was recovered after two

washes of the column followed by elution with RNase—Free Water.

In order to remove contaminating DNA from RNA preparation a DNase treatment was performed using
the RQ1l RNase-Free DNase kit (Promega Cat.# M6101). The integrity and quantity of total RNA was

checked spectrophotometrically and by gel electrophoresis.

The SuperScript™ 1l Reverse Transcriptase (Invitrogen) was then used for first-strand cDNA synthesis.
Following manufacturer’s instructions a 20 ul reaction volume was realized by adding 1 pl random primers
(50 ng/ul) (Invitrogen), 10 pg to 5 pug total RNA, 1 ul dNTP Mix (10 mM) and sterile RNase—Free Water to
13 pl. The sample was heated at 65°C for 5 min, incubated on ice for at least 1 min and then 4 pl 5X First-
Strand Buffer (250 mM Tris-HCI [pH 8.3], 375 mM KCI, 15 mM MgCl,), 1 ul DTT (0.1M), 1 ul RNaseOUT™
Recombinant RNase Inhibitor (40 units/ul) and 1 ul of SuperScript™ Il RT (200 units/ul) were added. The
mixture was incubated at 25°C for 5 min followed by a second incubation at 50°C for 50 min. The reaction
was then inactivated by heating at 70°C for 15 min and the resulting cDNA was used as a template for

amplification in Reverse Transcription polymerase chain reaction (RT-PCR).

5.1.4 Plasmid construction

The full-length coding region of Siglec 5, Siglec 14 and Siglec 9 (GenBank accession N° NP_003821.1;
NP_001092082.1; NP_055256.1 respectively) were obtained from GeneCopoeia as pEZ-M14 FLAG-tag
vectors while the full-length coding region of human and mouse FcyRIIA (GenBank accession N°
NP_001129691.1 and N° XP_006496722.1 respectively ) were obtained from GeneArt as pCDNA3.1 Strep-

tag vector.

In order to express the full-length proteins with a fluorescent tag the full-length coding regions were
subcloned into the mammalian expression vector pEYFP_N1 and pECFP_N1 with the use of PCR. The
ligation products were transformed into E. coli DH5a (Invitrogen). DNA cloning and E. coli transformations
were performed according to the standard protocols (Sambrook et al.,, 1989). All the constructs were

confirmed by sequencing prior use.
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5.1.5 Expression and Purification of the Recombinant Soluble proteins

The cDNA encoding the Siglecs predicted extracellular domain (Siglec 5 residues 1-437; Siglec 14 residues
1-352; Siglec 9 residues 1-330) were subcloned into a pFUSE-IgG1-Fc2e3 vector (Invivogen, San Diego, CA,
USA) containing sequences encoding the mouse IL-2 signal peptide and a modified Fc region of human
IgG1; while the human and mouse FcyRIIA (residues 34-217 and 38-216 respectively) into a pSecTag2 B
vector (Invitrogen) containing sequences encoding the murine Ig k-chain V-J2-C signal peptide and a

myc/6xHis tag.

All described constructs were expressed into Expi293F cells according to the manufacturer’s instructions
(Life Technologies). Briefly, 30 ug of DNA were transfected into 30 mL culture containing 75 x 10°
Expi293F cells using ExpiFectamine 293 Reagent. Cells were incubated at 37°C, 125 rpm, 8% CO, and after
24 h, ExpiFectamine 293 Transfection Enhancer 1 and 2 were added. Cells were further incubated at 37°C
for 144 h. Aliquots of cultures were harvested every 24 h and analysed for protein expression by Western
Blot. Seventy-two and 144 h after transfection, cell cultures were centrifuged at 800 rpm for 8 min and
the protein-containing supernatants were harvested, pooled, clarified by centrifugation, filtered through a

0.22 um filter, and stored at 4°C until purification.

Fc tagged recombinant Siglec were purified by protein A affinity chromatography using hiTrap rProtein G
Columns (GE Healthcare) while FcyRIIA with a Ni.Nta superflow (Qiagen). Fractions of interest were
pooled and were concentrated by using 10 kDa cutoff spin concentrator (Millipore Amicon Ultra); sodium
dodecyl sulphate-poly-acrylamide gel electrophoresis (SDS-PAGE) was performed to check purity and

samples aliquotated and stored at -20°C for further analysis.

5.1.6 BioLayer Interferometry (BLI)-based OCTET analysis

Octet QKe (ForteBio, Pall Science) was used for binding studies. Streptavidin (SA) biosensors (ForteBio)
were used to immobilize biotinylated proteins in a 600 seconds loading. The equilibration time was 300
seconds to achieve a sufficient baseline signal. Immediately before analysis, tips were prewet in kinetic

buffer HBS-P, composed by 10 mM HEPES, 150 mM NacCl, 0,02% P-20 Surfactant, pH 7.4 (GE Healthcare
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Life technology). To calculate affinity of Human rSiglec-5/Fc Chimera (R&D System - 1072-SL-050) and
Human rSiglec-14/Fc Chimera (R&D System - 4905-SL-050) on immobilized biotinylated NadA,4.34, (25
ug/mL in kinetic buffer), serial dilutions (from 500 nM to 7,81 nM) were tested. Kinetic was then
monitored. A ligand-loaded biosensor was used in association with kinetic buffer as baseline. During the
entire kinetic assay the sample plate was kept at 30°C shaking 1000 rpm. Reference subtracted BLI
response curves were used for the affinity constant determination. Inter-step correction and Y-alignment
were used to minimize tip-dependent variability. KD was calculated at response at 1190-1195 seconds,

using the Data Analysis Software v7.1 (Forte Bio).

For the binding characterization after 180 sec baseline in kinetic buffer, SA biosensor tips were directly
immersed in ligand solution for 600 sec loading (biotinylated NadA,4342, NadAy4.170 and NadAgi.34» at
25ug/mL diluted kinetic buffer) and a second 300 sec baseline in kinetic buffer was performed and kinetic

was monitored. During the entire kinetic assay the sample plate was kept at 30°C shaking 1000rpm.

5.1.7 Hydrogen and deuterium exchange (HDX)

5.1.7.1 Sample preparation for HDX-MS analysis

The hydrogen-deuterium exchange (HDX) experiments, with and without recombinant Siglec 5, were
performed in the same experimental session. The antigen/receptor complex was formed by adding 200
pmol NadA3 vaccine antigen (NadAassi.405) to Siglec 5, using a molar ratio of 1:1 and incubated for 30
minutes at room temperature for the equilibration step. The labelling was initiated by adding the proper
deuterated buffer (PBS at pH of 7.4), reaching a deuterium excess of 84%. The labelling reaction was
performed at room temperature. Over the time course of the experiment (ranging from 30 seconds to 30
minutes), 30 mL of the sample was removed and quenched with the same volume of an ice-cold 200 mM
sodium phosphate buffer added with 4 M guanidinium chloride, to dissociate the antigen/receptor
complex and to lower the pH to 2.4. In parallel, a control experiment without Siglec 5 was prepared using
the same conditions previously described (PBS was used instead of the receptor preparation). All
quenched samples were immediately flash frozen in liquid nitrogen, stored at -80°C and treated for

analysis within the following 24 hours.
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5.1.7.2 Local HDX-MS analysis

Labelled samples were thawed rapidly to 0°C and injected into a nanoacquity ultra-performance liquid
chromatography (UPLC) system (Waters, Milford, MA, USA) with HDX technology. The injector, switching
valve, columns, solvents and all associated tubings were kept at 0°C to limit back exchange. For local HDX-
MS, protein samples were online digested for 1 hour at 60°C with a flow rate of 200 pL/min using a
Poroszyme Immobilized Pepsin Cartridge (2.1 x 20 mm; Applied Biosystems, Foster City, CA, USA)
equilibrated with 100% buffer A (0.1% formic acid in water). The generated peptides were immediately
trapped, concentrated, and desalted using a VanGuard ethylene bridged hybrid (BEH) pre-column (1.7 um,
2.1 x 5mm;Waters). The 1 hour digestion and desalting step allows deuteron atoms located at fast
exchanging sites (e.g., side chains, exposed loops, and N/C termini) to be replaced with hydrogens.
Peptides were then separated on an AcquityUPLC BEH C18 reverse-phase column (1.7 um, 1.0 x 100 mm;
Waters) with a linear gradient from 15 to 45% solvent B [acetonitrile:water (9:1), 0.1% formic acid] over

6.8 min at 40 uL/min.

5.1.7.3 Mass spectra acquisition and interpretation

Mass spectra were acquired in resolution mode (m/z 100-2000) on a Waters SynaptG2 mass
spectrometer equipped with a standard electrospray ionization source. Mass accuracy was ensured by
continuously infusing a green fluorescent protein solution (600fmol/uL in 50% acetonitrile, 0.1% formic
acid) through the reference probe of the electrospray ionization source. The identity of each peptide was
confirmed by mass spectrometry elevated energy analyses. All fragmentations were performed using
argon as collision gas. Data were processed using ProteinLynx Global Server 2.5 (Waters), and each
fragmentation spectrum was manually inspected to confirm the assignment. Only peptic peptides present
in at least 3 repeated digestions of the unlabelled proteins were considered for the analysis. Deuterium
uptake of each peptide is calculated as the difference between extracted centroid mass of each
undeuterated peptic peptide and respective deuterium-labelling time point peptide using DynamX

software (Weis, Engen, and Kass 2006).
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5.1.8 Cell culture

5.1.8.1 Human THP-1 monocytic leukemia cells

The human THP-1 monocytic leukemia cells (ATCC® TIB-202™) were cultured at 37°C under 5% CO, at a
density of 2-9 x 10°/mL. The cell culture medium was RPMI-1640 (Gibco) supplemented with 0.05 mM 2-
mercaptoethanol, 1 mM Sodium pyruvate, 10% heat-inactivated fetal bovine serum (iFBS), 100 U/mL
penicillin, 100 mg/mL streptomycin. Differentiation was achieved by suspending cells in complete growth
medium with addition of 100 ng/mL phorbol 12-myristate 13-acetate (PMA) (Sigma). PMA was prepared
as a stock solution (5 mg/mL) in DMSO (Sigma); stocks were diluted with medium to obtain the final
concentrations. Differentiated, adherent THP-1 cells, derived from 72-h treatment, were submitted to

recovery conditions for further 24-h in PMA-free complete medium before proceeding with experiments.

5.1.8.2 Peripheral blood monocyte cells

Peripheral blood mononuclear cells (PBMC) were isolated from buffy coats using Ficoll Paque (GE
healthcare) density gradient. Buffy coats from healthy donors were obtained from the Blood Transfusion
Section, Empoli Hospital. Informed consent was obtained before all blood donations. The study protocol
was approved by the GSK Research Center ethical committee and conforms to the ethical guidelines of

the 1975 Declaration of Helsinki.

5.1.8.3 Chinese hamster ovary CHO-K1 cells

Chinese hamster ovary CHO-K1 cells (ATCC® CCL-61™) were grown in F-12K Medium supplemented with
100 U/mL penicillin, 100 mg/mL streptomycin, 10% iFBS and maintained at 37°C in a controlled humidified
atmosphere containing 5% CO,. Transfection was performed using Lipofectamine® LTX Reagent with

PLUS™ Reagent (Life technologies) according the manufacturer’s instructions.
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5.1.9 Fluorescence-activated cell sorting (FACS) experiments

In order to assess the expression of selected proteins on cell’s surface, approximately 3X10° cells were
mixed with blocking solution (phosphate-buffered saline (PBS) + 1% iFBS) for 30 min at 4°C. Cells were
then incubated with specific polyclonal primary antibody (diluted in PBS + 1% iFBS) for 1 h at 4°C, and with
Allophycocyanin (APC)-conjugated secondary F(ab)2 antibody (diluted in PBS + 1% iFBS; Thermo scientific)
for 30 min at 4°C. Cells were analysed with a FACS-Scan flow cytometre (Beckton-Dickinson). The mean
fluorescence intensity (MFI) for each population was calculated using FlowJo software (version 9.8; Tree

Star, Inc, Ashland, OR).

Binding assay was performed as previously described (Comanducci et al. 2002). Briefly, normal or
transfected cells were non-enzymatically detached using cell dissociation solution (CDS, Sigma), harvested
and suspended in RPMI-1640 (Gibco) medium supplemented with 1% iFBS. Approximately 3X10° cells
were mixed with 200 ug/mL rNadA or blocking solution (PBS + 1% iFBS) alone for time and temperature
indicated in the graph. Cells were then incubated with mouse polyclonal serum against NadA (diluted
1:1000) for 1 h at 4°C, and with Allophycocyanin (APC)-conjugated goat F(ab)2 antibody to mouse Ig
(diluted 1:100; Thermo scientific) for 30 min at 4°C.

To enzymatically modify cell surface proteins, 3x10° cells were pre-incubated with three concentrations of
pronase (1000, 500, 250 mg/mL) (Sigma) or phospholipase A, (800, 200, 50 mg/mL) (Sigma) in FBS-free
medium for 30 min at 37°C in 5% CO,, and subsequently incubated with 200 pg/mL rNadA or blocking

solution alone for 30 min.

For inhibition of the binding experiments cells were incubated with 50 ug/mL of selected antibody prior to

rNadA incubation.

Antibodies used in the study: Anti-Siglec 5 (N-term) antibody produced in rabbit (SAB1303597 Sigma);
Anti-Siglec 5 (C-term) antibody produced in rabbit (SAB1304846 Sigma); Anti-Siglec 14 (N-term) antibody
produced in rabbit (SAB1303894 Sigma); Human Fc gamma RIIA/CD32a Antibody (AF1875 R&D System);
IgG from human serum (12511 Sigma); Mouse IgG1 pure (349040 BD Biosciences); Anti-Flag tag antibody
produced in mouse (Sigma F3165).
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5.1.10 Bacterial strains, growth conditions

5.1.10.1 Escherichia coli BL21(DE3)T1R

Escherichia coli BL21(DE3)T1? (New England BiolLabs) was the strain used to express full-length NadA
(variant 3) following transformation with pET21b-NadA, as previously described (Capecchi et al. 2005), or
the empty vector as control. E. coli was cultured at 37°C in Luria—Bertani (LB) broth supplemented with
100 pg/mL ampicillin. Surface protein expression for full-length NadA was achieved without addition of

IPTG exploiting the expression due to the leakage in the induction system.

5.1.11 Confocal immunofluorescence microscopy

3 x10° THP-1 cells were incubated with 200ug/mL rNadA in blocking buffer (PBS + 5% iFBS) for 30 min at
37°C before staining with primary and secondary antibodies in PBS + 1%iFBS for 60 minutes at room

temperature.

Antibodies used in the study: Anti-Siglec 5 (N-term) antibody produced in rabbit (SAB1303597 Sigma);
Anti-Siglec 14 (N-term) antibody produced in rabbit (SAB1303894 Sigma); Human Fc gamma RIIA/CD32a
Antibody (AF1875 R&D System); Alexa Fluor—conjugated secondary antibodies (1/300). Image acquisition
and analysis were performed with a Zeiss LMS 710 confocal microscope and images were captured using
ZEN software (Carl Zeiss, Oberkochen, Germany). Three-dimensional (3D) reconstructions and
quantification histograms were obtained using Imagel software (NIH). Each experiment was repeated at

least 3 times in triplicate.

5.1.12 Statistical Analyses

All experiments were performed at least three times in triplicate. All data were graphed using Microsoft

Excel 2010 software and show mean and standard deviation.
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5.2 Results

5.2.1 rNadA binds human monocytes via a proteinaceous receptor

rNadA cell labelling of peripheral blood mononuclear cells (PBMCs) from human blood was performed and
anti-NadA staining was subsequently used to search for specific NadA targets. Results showed that a
single subpopulation, corresponding to monocytes, efficiently binds the adhesin (Fig. 10A). The
interaction was also confirmed using the human monocytic cell line THP-1 (Fig. 10B). Furthermore, to
explore the biochemical nature of the interaction, we treated both PBMC and THP-1 with pronase or
phospholipase A2, to modify the protein or lipid content of the cell membrane respectively (Okuma et al.
2001). Subsequently, the binding of rNadA was determined by FACS analysis. Only the pronase treatment
was able to reduce the capability of rNadA to bind to monocytes (Fig. 10C-D) suggesting that a protein

receptor is likely to mediate the interaction.
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Fig. 10: Characterization of the binding of rNadA to human monocytes: (a) Fresh human PBMC or (b) human
immortalized THP-1 monocytic cells were incubated with rNadA (200 pg/mL) for 30 minutes at 37°C prior to
FACS analysis using an anti-NadA antibodies. (c)/(d) THP-1 and human PBMC were treated with medium alone
(black bars), pronase (1000, 500 and 250 mg/mL) or phospholipase A2 (800, 200 and 50 mg/mL) and subsequently
incubated with rNadA (200 pg/mL). In both cases, the binding was analysed by FACS using an anti-NadA antibody.
The values are reported as net mean fluorescence intensity (MFI)
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5.2.2 Protein microarray revealed novel human monocytes interactors for NadA

In order to identify proteins that mediate the NadA interaction with monocytes, a large scale protein
microarray screening was performed spotting almost 6500 human recombinant proteins from the GNF

library. rNadA was used at 1 UM and interactions were detected using specific anti-NadA antibody.

Among all the identified hits (Fig. 11), we obtained high score interactions with three proteins expressed
on the monocyte/macrophages surface; two replicates of the Sialic acid-binding immunoglobulin-type
lectins receptor 14 (Siglec 14) with a MFI score of 65477 and 65471 respectively, the Sialic acid-binding
immunoglobulin-type lectins receptor 5 (Siglec 5) with a MFI score of 58551 and the Low affinity
immunoglobulin gamma Fc region receptor Il-a (FCYR2A) with a MFI score of 46609. Interestingly the B
isoform of FCyR2 did not give a positive signal for the interaction with rNadA (MFI score of 4019), as well
as the Sialic acid-binding immunoglobulin-type lectins receptor 9 (Siglec 9) (MFI score of 47) that we

decided to use as Siglec negative control in our experiments.

In addition to these proteins, further putative hits were identified; in particular we confirmed the
interaction with the Oxidized low density lipoprotein (lectin-like) receptor 1 (Lox-1) already described by

Scietti et al. (Scietti et al. 2016).
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Fig. 11: Screening for NadA interactors. Plotting of MFIs of spotted human and mouse proteins tested against
NadA at 1 uM. Red bars represent high reactivity proteins (MFI>30000), orange bars represent medium reactivity
proteins (15000>MFI>30000), yellow bars represent low reactivity proteins (5000>MFI>15000) and grey bars no
reactivity proteins (MFI<5000). Inset table shows protein acronym, name and the respective MFI values of the
relevant interactions.
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5.2.3 Restore of the NadA binding in CHO-K1 non-permissive cells

In order to validate the interactions between NadA and the monocytic receptors Siglec 5 & 14 and FcyR2A,
binding assays on eukaryotic cell line were performed. FACS analysis confirmed that CHO-K1 cells are not
permissive to NadA binding (Fig. 12A left panel) and do not constitutively express these receptors (Fig.
12A right panels). CHO-K1 cells were transiently transfected with vectors expressing the putative
receptors as single species (Siglec 5; Siglec14 and FcyR2A) or the control ones (Human Siglec 9 and Mouse
FcyR2A). The surface exposure of the receptors was checked by FACS and confocal analysis using specific
antibodies (data not shown). Transiently transfected cells were then incubated with rNadA and analysed
by FACS. The anti-NadA staining showed that only cells expressing the putative receptors were able to
bind rNadA (Fig. 12B blue curve) while no rNadA binding was observed on cells transfected with control
receptors. Pre-incubation of transfected cells with polyclonal anti-receptors antibodies prior to rNadA
incubations, inhibit the binding (Fig. 12B pink curve). All together, these results indicate a specific
interaction between the receptors and the meningococcal adhesin validating, in a cellular context, the

finding of the protein array.
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5.2.4 Characterization of rNadA receptors on THP-1 monocytic cells

In order to assess the presence of the identified rNadA receptors on THP-1 monocytes, FACS analysis with

specific anti-receptor antibodies was performed. As shown in figure 13A, THP-1 monocytes express Siglec

5, Siglec 14 and FcyR2A on the surface. In particular, RNA extraction followed by cDNA synthesis and

sequencing, highlighted that the FcyR2A allelic variant on THP-1 presents a glutamine at aa position 63

(inside the first Ig-like domain) and an histidine residue at aa position 167 (inside the second Ig-like

domain), therefore the same variant of the recombinant protein spotted on the GNF protein microarrays

(Fig. 13B).
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5.2.5 Characterization of the binding specificity between rNadA and Siglec 5&14

To assess the binding kinetics between NadA and Siglec 5 and Siglec 14 receptors, BLI technology was
used. rNadA was first immobilized onto the BLI biosensor, and each receptor used individually as analyte.
Results of these experiments are shown in Fig. 14A-B. The calculated KDs were 6.20E-08 M for Siglec 5
and 2.60E-07 M for Siglec 14 indicating a very strong interaction between NadA and its cellular targets on
monocytic cells. Furthermore, these analyses assessed that the binding was effective also in solution with

the recombinant soluble proteins.

To identify the NadA region involved in the binding, we first screened the ability of two different NadA
constructs to interact with the receptors still using BLI technique. In addition to the soluble NadA full
length, we expressed and purified: a) the NadA “Head domain” comprising aa 24-170 and b) the NadA
“Stalk domain” spanning aa 91-342 (Fig. 14C). Both constructs were demonstrated to produce trimeric

species in solution (data not shown).

Results from these experiments, shown in Fig. 14D, indicate that the interaction between NadA and Siglec

receptors occurs via the Head domain.
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To accurately locate the NadA region involved in the binding with Siglec 5, mapping by hydrogen—
deuterium exchange (HDX)-MS was performed. Epitope mapping by the HDX approach is based on the
differential rate of deuterium incorporation by an antigen when it is free or bound to the partner
protein/receptor following incubation in appropriate deuterated solvents. The rate at which backbone
amide hydrogens exchange in solution is directly dependent on the dynamics and structure of the protein.
When a protein complex forms, such as antigen—receptor complex, the interface between the binding
partners can occlude solvent accessibility, reducing the exchange rate (Hager-Braun and Tomer 2005).
Mapping by HDX-MS was performed in 2 parallel steps as described above; deuterium incorporation was
performed on NadA alone (reference experiment) and on the complex with Siglec 5 receptor. Both
samples were digested by pepsin, and deuterium incorporation was monitored for 95 peptides covering

96.3% of NadA sequence (Malito et al. 2014) and compared.

In Fig. 15A, the HDX-MS results have been simplified reporting only the extent of deuterium uptake for 5
sequential peptide fragments covering the head domain of NadA. HDX-MS revealed that H-D exchange
was reduced in the presence of Siglec 5 for two nonconsecutive NadA peptides, allowing mapping of the

interaction region involving segments VaI36—GIy50 and Ile®-Ala’.

In summary, HDX-MS analysis revealed the location of the binding region of Siglec 5 on the head domain
of NadA, in agreement with BLI-based OCTET measurements. In addition, this finding strongly suggests a
conformational nature of the region of interaction as highlighted by the 3D view on NadA3 homology

model (Fig. 15B).
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Fig. 15A: Time course of deuterium incorporation for the peptides covering the NadA head domain. Deuterium
uptake of each peptide is calculated as the difference between extracted centroid mass of each undeuterated peptic
peptide and respective deuterium-labeling time point peptide using DynamX software. The red curves are derived
from complex NadA-Siglec 5, whereas the blue curves are derived from NadA alone. There are 2 peptides showing a
significant difference in deuterium uptake between the free and bound NadA forms (peptide Val**-Gly> and 1le®-
Asp”) while the 3 peptides not affected by deuterium protection are highlighted with a black bar (peptide Phe-
Asp®, Thr'%-Leu® and Val™®-Leu®). The figure also reports the amminoacid sequence and the in silico model of
NadA variant 3 built from the X-ray structure of NadA variant 5. Dashes show regions with low sequence homology
or unknown secondary structure (Malito et al. 2014). The NadA/Siglec 5 interacting region (peptide Val**-Gly*® and
l1e®°-Ala™) is colored in red.
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Fig. 15B: NadA/Siglec 5 interaction
region highlighted on the in silico
model of NadA variant 3 head
domain. NadA/Siglec 5 interaction
region is reported in red on the top and
surface views of the in silico model of
NadA variant 3 head built from the X-
ray structure of NadA variant 5. Dashes
show regions with low sequence
) homology or unknown secondary
== NadA/Siglect interaction structure (Malito et al. 2014).
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Comparison studies (Fig. 15C) highlighted the overlapping nature of the NadA/Siglec 5 binding region with
the NadA epitopes recognized by the bactericidal murine monoclonal antibody 33E8 (Malito et al. 2014)

and the NadA interaction region with Hsp90 (see 4.3.1 paragraph).

C NadA/ Siglec5 NadA/ mAb 33E8 NadA / Hsp90
Interactionregion Interactionregion Interactionregion

NadA interaction with HDX region
Siglec 5 Val36-Gly50 ||e60-AlaT! |
mAbs 33E8 Val¥#-Gly0 |lef0-Ala’ |
Hsp90 Ala4-Gly?0 |lef0-Ala’! Gly8>-Leu%? \

Fig. 15C: Comparision between the NadA binding region with Siglec 5, mAb 33E8 and Hsp90. The NadA
region involved in the binding are decribed in the table and highlighted in red on the in silico model of NadA variant
3 head built from the X-ray structure of NadA variant 5. Dashes show regions with low sequence homology or
unknown secondary structure (Malito et al. 2014).

To further validate the interaction between NadA and the monocytes receptors in a cellular context, a co-
localizations analysis on THP-1 cells was conducted. Cells were incubated with rNadA or PBS alone prior to
anti Siglec 5 & 14 and anti FcyR2A antibody staining. Confocal analysis of the control samples revealed a
co-localization between Siglec 5 & 14 and FcyR2A signals, suggesting the proximity of these receptors
inside the cells, likely within the same lipid raft (Fig. 16A). Regarding samples incubated with rNadA a
strong co-localization signal was achieved with both receptors, confirming the interaction within a

III

“natural” cellular context (Fig. 16B).
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Figure 16A&B: Co-localization analysis of rNadA binding to THP-1. THP-1 cells were incubated with PBS alone
(Fig. A) or 200 pg/mL rNadA (Fig. B) for 30 minutes at 37°C, then fixed and stained for rNadA (red), Siglec 5 & 14
(blue), FcyR2A (green) and nuclei (grey). Merged images of all signals are shown as well as the merge for all the
couples. Images are representative of three independent experiments. Scale bar is 20 um. The dark/light grey graphs
report the quantification of rNadA co-localization with the receptors signals. The dark grey columns indicate the
percentage of rNadA immunofluorescent pixels co-localizing with the receptors (Siglec 5 &14 or FcyR2A as
indicated) immunofluorescent pixels. Vice versa the light grey columns indicate the percentage of receptors
immunofluorescent pixels co-localizing with rNadA immunofluorescent pixels. The black/grey graph reports the

quantification for the Siglecs/[FcyR2A co-localization signals. Data are mean + s.e.m representative of three
independent experiments, each assessing 25-30 cells.

A more accurate characterization of the binding to THP-1 was achieved incubating monocytic cells with a
high concentration of human or mouse IgG, alone or together with anti-Siglec antibodies, prior to rNadA
incubation. NadA binding was then measured by FACS analysis. Results indicate that incubation with
human IgG alone drastically reduce the NadA binding to cells while, when anti-Siglec antibodies are added

in the incubation mixture too, the binding is almost abolished (Fig. 17A right panel). The control
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experiment, using mouse IgG, highlighted no effect of these immunoglobulins on the rNadA binding while,

as expected, a partial inhibition is obtained with the addition of anti-Siglec antibodies (Fig. 17A left panel).

We have previously shown that the NadA binding to epithelial cells is temperature dependent and is
almost undetectable at temperature below 15°C (see paragraph 4.1 (Bozza et al. 2014)). We performed a
temperature dependence analysis also of the NadA binding to THP-1. To separate the binding to either
receptor, FcyR2A was blocked by pre-incubating cells with human 1gG (or mouse 1gG as control) allowing
the observation of the binding to Siglec 5 & 14; on the contrary, pre-incubation with anti Siglec antibodies
allowed to observe only the NadA binding to FcyR2A. The binding was then performed at 4°, 25° and 37°C
and revealed by FACS as previously described. The results, shown in Fig. 17B, suggest that the binding
between NadA and Siglec 5 & 14 is influenced by temperature while no dependence is observed for the

binding to FcyR2A.
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Fig. 17: Characterization of the binding to THP-1. (a) Human immortalized THP-1 monocytic cells were
incubated with PBS alone or in combination with: human IgG (pink curve), human 1gG and anti Siglec 5&14
antibodies (violet curve), mouse 1gG (light green curve) or mouse 1gG and anti Siglec 5&14 antibodies (dark green
curve) prior to 30 minutes incubation with rNadA (200 pg/mL) at 37°C. Samples were analysed by FACS analysis.
(b) Human immortalized THP-1 monocytic cells were incubated with PBS alone or in combination with: human 19gG
(orange curve), mouse IgG (pink curve) or anti Siglec 5&14 antibodies (light green curve) prior to 30 minutes
incubation with rNadA (200 pg/mL) at different temperatures (4°C, 25°C and 37°C). Samples were analysed by
FACS analysis and the values reported as net mean fluorescence intensity (MFI).
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6 Investigating NadA role at blood brain barrier

6.1 Article: Exploring host-pathogen interactions through large-scale protein

microarray analysis

Abstract

During bacterial pathogenesis extensive contacts between the human and the bacterial extracellular
proteomes take place. The identification of novel host-pathogen interactions by standard methods using a
case-by-case approach is laborious and time consuming. To overcome this limitation, we took advantage
of large libraries of human and bacterial recombinant proteins. We applied a large-scale protein
microarray-based screening on two important human pathogens using two different approaches: (1) 75
human extracellular proteins were tested on 159 spotted Staphylococcus aureus recombinant proteins
and (ll) Neisseria meningitidis adhesin (NadA), an important vaccine component against serogroup B
meningococcus, was screened against =2300 spotted human recombinant proteins. The approach
presented here allowed the identification of the interaction between the S. aureus immune evasion
protein FLIPr (formyl-peptide receptor like-1 inhibitory protein) and the human complement component
Clq, key players of the offense-defense fighting; and of the interaction between meningococcal NadA and
human LOX-1 (low-density oxidized lipoprotein receptor), an endothelial receptor. The novel interactions
between bacterial and human extracellular proteins here presented might provide a better understanding

of the molecular events underlying S. aureus and N. meningitidis pathogenesis.

Introduction

Protein-protein interactions (PPIs) play a fundamental role in initiating and sustaining bacterial infections
in the human body. PPIs are key to penetration of host barriers, from colonization of mucosal epithelia to
invasion of host cells and tissues, as well as to evasion of host innate and adaptive immune responses?.
Despite the biological relevance of PPIs at the host-pathogen interface, their systematic characterization is

still challenging.
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Microarrays represent a powerful tool for large-scale screenings, and this technology has been successfully
applied to the identification of novel PPIs in different organisms. However, only a few examples exist
where interactions between extracellular proteins from human and pathogen libraries were tested. The
highest throughput was achieved by Wright and collaborators in studies reporting the systematic screen for
interactions involved in the recognition of the host erythrocyte by the blood stage of the malaria parasite,
where 40 human erythrocyte receptors were screened against 35 Plasmodium falciparum extracellular
proteins and led to the identification of two novel erythrocyte receptors for P. falciparum parasites®>4,
Similar studies were carried out to identify bacterial/human interactions, but involved a very limited

number of human proteins>®.

A large collection of human recombinant proteins exists at the Genomic Institute of the Novartis Research
Foundation (GNF)”. In its current version, the GNF library consists of 2300 distinct proteins that have
been prioritized from approximately 3500 human genes in silico predicted to code for secreted or single-
pass transmembrane proteins. Such a large collection of recombinant human extracellular proteins
represents a rich source of targets for bacterial effectors. In the present work, we describe a large-scale
screening of such a library against relevant bacterial proteins of two important pathogens, i.e.
Staphylococcus aureus and Serogroup B Neisseria meningitidis (meningococcus B, N. meningitidis group

B) to identify new interactions.

S. aureus is a gram-positive bacterium and opportunistic pathogen living as a commensal in human skin
and nasal cavities in 20% of the human population®. Several human proteins are targeted by S. aureus
extracellular proteins®. In recent years it also became evident that staphylococcal evasion molecules may
have multiple targets:®. This suggests a complex network of interactions between S. aureus and the human

extracellular proteome, providing the rationale for further investigations at the host-pathogen interface.

N. meningitidis group B is a Gram-negative encapsulated bacterium and commensal of human nasopharynx,
which can become an aggressive pathogen leading to fulminant sepsis and meningitis. Recently, a four
component protein-based vaccine (Bexsero®) was licensed by Novartis vaccines (now a GSK company).
The Bexsero formulation contains the Neisserial adhesin A (NadA) which constitutes a key determinant of
the vaccine-induced immunity™:. NadA is a trimeric coiled-coil outer membrane protein constituted by an
N-terminal “head” domain, a coiled-coil “stalk” and a transmembrane domain that anchors the protein to
the bacterial membrane®2. The gene is present in three out of four known hyper virulent lineages of N.

meningitidis group B strains and several studies already demonstrated its importance during bacterial

89 |Page


http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4908583/#b2
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4908583/#b3
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4908583/#b4
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4908583/#b5
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4908583/#b6
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4908583/#b7
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4908583/#b8
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4908583/#b9
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4908583/#b10
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4908583/#b11
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4908583/#b12

pathogenesis>*£2 In addition, the crystal structure of a soluble ectodomain fragment of NadA variant 5
was recently solved. Nevertheless, a global picture of the NadA interactions with the human extracellular
proteome is still missing and might help in the understanding of N. meningitidis group B pathogenesis.

To our knowledge, we report here the largest microarray screening carried out so far between human and
bacterial extracellular proteins using two different approaches. The S. aureus extracellular proteome was
screened against a selection of human complement factors and extracellular matrix proteins, and led to the
identification of the human complement factor C1q as a new target for the well-known staphylococcal
immune evasion protein FLIPr. In a second experimental set-up, the complete library consisting of 2354
human extracellular proteins was screened to identify novel human receptors for NadA, and the oxidized
low-density lipoprotein receptor LOX-1 was identified as the first putative endothelial receptor for this

important neisserial adhesin.

Methods

Selection, Cloning and Purification of SA Surface Proteins

The staphylococcal proteins printed on the arrays belong to the S. aureus strain NCTC 8325 and were
selected in silico using a combined bioinformatics approach. They were first selected for the presence of
extracellular signals, e.g. signal peptides, lipoprotein motifs, transmembrane regions and cell wall
anchoring sequences—the so-called “surfome” and “secretome™*—and then for the presence of “protectome”

signatures, i.e. specific functional/structural features occurring in bacterial vaccine protective antigens®.

Genomic DNA coding for the mature portion of the S. aureus proteins were cloned into the pET21b
expression vector (Novagen) after PCR amplification using Escherichia coli BL21(DE3) (Novagen) as
competent strain. Recombinant proteins (108 as single constructs and 10 as multiple constructs for a total of
159), obtained as C-terminal His or Glutathione S-transferase (GST) tag fusions, were expressed in High
Throughput Medium Complex (HTMC) (3% yeast extract, 40 mM KH,PO4, 90 mM K,;HPO,4, 2 mM
MgSQ,, 1.5% glycerol, pH7.4) auto-inducing medium for 30 h at 27 °C and cell were then harvested at
6500 x g for 1 h. Bacterial lysis was obtained using B-PER buffer (Thermo Scientific) and the lysate was
clarified by centrifugation at 30.000 x g for 30 min. The soluble fraction was loaded onto a His Multitrap
HP 96-well plate system (GE Healthcare), washed with phosphate buffer (50 mM sodium phosphate,
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300 mM NaCl, 20 mM imidazole pH 8.0) and the protein was finally eluted with the same buffer containing
250 mM imidazole as previously described®’. GST tagged proteins were purified using a GST Multitrap HP
96-well plate system (GE Healthcare), washed with phosphate buffer (50 mM Tris, 300 mM NaCl pH 8.0).
The proteins were eluted with the same buffer containing 10 mM reduced glutathione. Proteins purified in a
tagless form were obtained as described by Klock et al. (27). Briefly, the PCR product of the portion of the
gene coding for the mature protein was cloned using the Polymerase Incomplete Primer Extension (PIPE)
method into plasmid pSpeedET, which encodes an expression and purification tag followed by a tobacco
etch virus protease site (MGSDKIHHHHHHENLYFQG) at the N terminus of the protein. E. coli strain
HK100 was transformed with the plasmid coding for the protein and was grown in Luria-Bertani (LB)
arabinose-containing broth until ODgy = 0,4-0,6. Protein expression was achieved using IPTG (Isopropyl-
B-D-thiogalactopyranosid) 1 mM for 3 h at 25 °C. Cells were harvested at 6500 x g for 1 h and lysed in B-
PER buffer (Thermo Scientific). Lysate was clarified by centrifugation at 30.000 x g for 30 min and the
protein contained in the soluble fraction was purified using an automated AKTA x-PRESS system on a
nickel affinity column, followed by a desalting step using 3 x 5 ml HiTrap Desalting columns equilibrated
in 50 mM HEPES pH 8.0, 1 mm tris(2-carboxyethyl)phosphine (TCEP). Purified protein was digested
overnight at 4 °C with 1 mg of tobacco etch virus (TEV) protease/10 mg of eluted protein and was passed
over a nickel affinity column collecting the flow-through. Purified proteins were stored at —20 °C and
analysed by SDS-PAGE and Matrix-Assisted Laser Desorption lonization-Time Of Flight (MALDI-TOF)
to assess their integrity, identity, and purity level (range of purity 60-90%).

Staphylococcal Surface Protein Microarray construction, imaging and data analysis

The Staphylococcal protein microarray was generated by spotting purified recombinant proteins (0.5 mg/ml
in a final glycerol concentration of 40%) in 16 replicates on nitrocellulose coated slides (FAST slides;
Whatman) using the ink-jet spotter Marathon (Arrayjet) resulting in spots of ~110 um in diameter. Printing
was performed in a cabinet with controlled humidity and temperature (55-60% and 12 °C respectively). A
standard curve made of eight concentrations (twofold dilution from 0.5 to 0.004 mg/ml) of an amino
terminal FLAG-tagged protein (P7582 Sigma) was used to assess comparison of replicate experiments
(Supplementary Fig. S6A). Mean fluorescence intensities (MFI) of FLAG-tagged protein spots obtained

after detection with Cy5-conjugated anti-FLAG were fitted best by sigmoid curves, showing a signal

dynamic range of about 2 logs of fluorescence intensity values and a lower detection limit corresponding to
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ca. 0.03 ng (Supplementary Fig. S6B). The MFI value (63000) of the two highest points of the control dots
was arbitrary set as 100%. For each of the spotted protein, the obtained MFI was normalized and expressed
as a percentage of the reference spots using the following formula: (MFI of the protein x 100)/63000.
Fluorescent BSA Cy3/Cy5 conjugated at 0,5 mg/ml and a standard curve of mouse IgGs were used to
obtain eight replicates of a fluorescence standard curve to assess array coordinates. Meningococcal factor H

binding protein (fHbp) was printed as a positive control for interaction with human factor H.

Each S. aureus protein was printed in 16 replicates all over the slide in a random fashion to minimize
detection of false-positives that might occur by possible contamination between adjacent spots. Preliminary
slide validation experiments, in which the slides were probed with mouse anti-GST and anti-6xHis
monoclonal antibodies followed by detection with a Cy5-conjugated anti-mouse 1gG secondary antibody,

were performed to confirm the efficiency and reproducibility of the protein deposition on the chips.

Nonspecific binding was minimized by preincubating arrays with a blocking solution containing NAP
blocker (G-Bioscences) diluted 1:3 in PBS (Nap-PBS) for 1 hour. Human tagged proteins were diluted in
Nap-PBS at final concentration of 10 pg/ml and overlaid on the arrays (1 pg protein per slide) at RT for 1 h.
After washing with 0.1% Tween 20 in PBS buffer (TPBS), arrays were incubated with mouse anti-FLAG
(1:200- Sigma Aldrich) at RT for 1 h. Slides were washed again as before and interactions were detected
by incubating with a Cy5 labeled anti-mouse antibody (Jackson Immunoresearch). Fluorescence images
were obtained using Power scanner (Tecan Trading AG, Switzerland) and the 16-bit images were generated
with PowerScanner software v1.2 at 10 um/pixel resolution and spot fluorescence intensities were
determined using ImaGene 7.0 software (Biodiscovery Inc.). Microarray data analysis was performed using
in-house developed software. For each protein, the mean fluorescence intensity (MFI) of replicated spots

was determined, after subtraction of the background value surrounding each spot.

MFI values greater than 3000 (equal to the mean signal of the controls spots after detection with anti-Flag
and anti-mouse alone, plus ten times standard deviation values) were considered as a positive interaction.
Three arbitrary MFI thresholds were also assigned for low (3000 to 15000 MFI), medium (15000 to 30000
MFI) and high (30000 to saturation) reactivity between two interacting proteins.

Negative control experiments were represented by slides incubated with anti-FLAG and anti-mouse

antibodies only; the measured signals for each spot of the negative control slide was subtracted from those
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obtained for the same spot in the slides probed with human proteins. The average of the 16 spots replicates

constitutes the mean fluorescent intensity (MFI) value taken in consideration for the validation experiments.

FLIPr expression and purification

To obtain an amount of protein in a mg range, FLIPr (25-133) was expressed in BL21 E. coli (DE3) cells
in HTMC autoinducing media (3% yeast extract, 40 mM KH,PO4, 90 mM K;HPO,4, 2 mM MgSO,, 1.5%
glycerol, pH7.4). Bacteria were grown for 30 h at 27 °C and cell were then harvested at 10000 x g for 1 h.
Bacterial pellets were suspended in lysis buffer (50 mM NaH,;PO4 pH 8,2, 300 mM NaCl supplemented
with Roche EDTA-free protease inhibitors) lysate was clarified by centrifugation at 30.000 x g for 30 min.
The histidine-tagged protein was purified using a nickel column (His Trap FF, 5 ml-GE Healthcare)
following the manufacturer’s instructions. An additional step on Superdex 75 26/60 (GE Healthcare) was
performed to remove possible aggregates. Sample purity was checked by 4-12% SDS-PAGE and SE-
UPLC.

Construction of a flipR mutant

Primers for mutant and complementing plasmid construction are listed in Table 1. For the construction of

an unmarked in-frame deletion mutant in flipR (NWMN _1067), a 1004 bp long fragment upstream of flipR
and comprising the first six nucleotides of the gene as well as a 1029 bp fragment downstream of flipR and
comprising the last six nucleotides of the gene was amplified from S. aureus strain Newman by PCR using
KAPA HiFi DNA polymerase (Kapa Biosystems is based in Wilmington, Massachusetts, USA) and
primers NWMN 1067 —998 Kpnl F2 and NWMN 1067 +6 R or primers NWMN 1067 +397 F and
NWMN 1067 +1425 Sacl R2, respectively. The two flanking regions were then fused by PCR using
primers NWMN 1067 —998 Kpnl F2 and NWMN 1067 +1425 Sacl R2 by combining equimolar
ratios of the flanking regions and cycling without primers for five cycles followed by another 30 cycles
after addition of the primers. The resulting product was digested by Kpnl and Sacl, cloned into pIMAY=3!
passaged through RN4220 and transformed into the S. aureus USA300 strain LAC. Recombination and
excision of the plasmid were performed as described previously®. In brief, the transformed strains were
grown in TSB in the presence of 10pug ml™' chloramphenicol at 28 °C and 250 rpm overnight and

integration of the plasmid into the genome triggered by incubating overnight at 37 °C and 250 rpm. The
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culture was then streaked out onto TSA + chloramphenicol and incubated overnight at 37 °C. To promote
excision of the plasmid cultures were then grown at 28 °C for 8 h and serial dilutions were plated onto TSA
supplemented with 1 ug ml™' anhydrotetracycline to select for loss of the plasmid. Ten large single colonies
were screened by colony PCR using primers NWMN 1067 —1144 F and NWMN 1067 +1542 R
confirming the deletion of flipR. Loss of the excised plasmid was confirmed by plating onto TSA alone and

TSA supplemented with chloramphenicol.

Primer name Sequence (5'-3")
NWMN_1067_-998 _Kpnl_F2 AAGCTGGGTACCCCATTGAATTAAATGCTCTAAAACGAC
NWMN_1067_+6_R GTATGTTTTTTAATATTTCATAATAAGTTCTCCCTGTAAAATAAATTTG
NWMN_1067_+397_F CTTATTATGAAATATTAAAAAACATACTGAATTAAATAGTTGTACGC
NWMN_1067_ +1425_Sacl_R2 GAATTGGAGCTCGATAACCCTATATGGTTGAATCATGTTG
NWMN_1067_-313_EcoRI_F ATCCGGGAATTCGGAGTGTTTGTCTATCCAACTTAGCAAAC
NWMN_1067_+467_Pstl_R GCTTGGCTGCAGGCACGCCAATACGTTAGCATTG
NWMN_1067_-1144 F GTGACCCAGCTAATGATTAACGTTG

NWMN_1067_+1542_R GGAGGTCGTGTCATGAATGTTTG

Table 1: Primers used in this study

Complementation of the flipR mutant

In order to complement the flipR deletion mutant, the flipR gene including 313 bp upstream of the start
codon was amplified using primers NWMN 1067 —313 EcoRI F and NWMN 1067 +467 Pstl R
(Table 1) and cloned into the EcoRI and Pstl restriction sites of pOS132. The complementing plasmid and
the empty control plasmid were passaged through RN4220 and then transformed into S. aureus strain
USA300 AflipR.

Assessment of in vitro complement activity

The assessment of in vitro complement activity was analysed using a complement screening kit (Wieslab
COMP300). This enzyme based immunoassay was developed for the in vitro determination of complement

dysfunctions in patients. The system relies on the specific activation of the three distinct complement
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pathways (CP, MBL pathway and AP) through activators immobilized on the microtiter wells, using the
deposition of the terminal MAC (C5-9) complex as readout. Buffers containing specific blockers to ensure
the activation of the respective pathway were used to dilute the samples. For our purposes, serial
concentrations (5 uM, 1 uM and 0.2 uM) of FLIPr in HBS buffer (20 mM HEPES, 150 mM NaCl pH 7.3)
were added to human serum previously diluted as suggested by supplier. Positive control was constituted
by diluted serum and HBS buffer only, while negative control was constituted by heat inactivated serum.
Additional control is represented by HBS buffer pre-incubated with serum. The amount of complement
activation correlates with the colour intensity measured as OD49s nm. The value for the positive control was
defined as 100%; the value for negative control as 0%. All measured values were expressed as relative % of
complement activation using the following formula: (sample value —negative control value)/(positive
control value—negative control value) X 100. Student’s t test was used for comparison of paired means of

two groups. P values of 0.05 were considered significant.

Whole blood phagocytosis assay

S. aureus survival in presence of FLIPr was assessed through whole blood phagocytosis assay. For such
purpose an overnight culture of S. aureus cells from USA 300 LAC strain in BHI, was diluted 1:40 and
grown at 37 °C with shaking 180 RPM to ODgpo =0.300. The bacteria were then diluted in BHI and 50 pl of
the bacterial suspension (2.5 x 105CFU) were added to 1ml of fresh blood from healthy donors
supplemented with anticoagulant lepirudin 50 mg/L (20 pul/ml of blood) and previously preincubated for
30 min at 37 °C with different amount of FLIPr (0.4-3 uM), or with FLIPr KO (AflipR), or the AflipR
mutant harboring the empty control plasmid or with PBS. A portion of this culture was plated on BHI-agar
to determine the input CFU. The blood samples were incubated with bacteria at 37 °C for 2 h with shaking
180 RPM. Aliquots were then incubated for 3 min on ice with a final concentration of 0.5% of saponin-PBS
to lyse neutrophils. The number of viable bacteria was determined by serial tenfold dilutions in BHI and
plating on BHI- agar plates. Colonies were counted after incubation of the plates at 37 °C for 18 h. Control
was the blood sample preincubated with PBS. Normal freshly drawn human blood was obtained from
healthy volunteers and informed consent was obtained from all participants. The methods described were
carried out in accordance with the approved guidelines and experimental protocols were approved with the

recommendations of the local ethical committee of the University of Pavia (permit 19/9/2013).
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Bacterial supernatant analysis

The determination of FLIPr in bacterial supernatants has been evaluated by western blot analyses.
Staphylococcus aureus Newman WT was grown overnight in TSB (17 g/l bacto tryptone, 3 g/l bacto
soyone, 2.5 g/l glucose, 5 g/l NaCl, 2.5 g/l Dipotassium Hydrogen Phosphate) medium at 37 °C until it
reached the ODgpo= 11,7 (stationary phase) and cell-free supernatant was harvested by centrifugation and
filter sterilized. For the western blot analyses, supernatant has been concentrated 40 times with Amicon
CutOff 3kDa and protein content quantify by BCA assay (Thermo Scientific). 5ul of concentrated
supernatant have been loaded into a 4-12% SDS-PAGE gel (Invitrogen) and western blot assay was
performed using affinity purified monoclonal antibody against FLIPr produced in mouse and anti-mouse
HRP 1:5000.

GNF Protein microarray construction and processing

The GNF protein microarrays were generated by using 2354 human recombinant proteins from the GNF
library, which were produced as described previously”. Each protein of the library was spotted in duplicates
in 24 blocks per array onto ultra-thin nitrocellulose coated glass slides (PATH slides; Grace Bio Labs)
using a contact printer (MicroGrid Il; Digilab). Printing was performed at room temperature and ambient
relative humidity. Proteins were diluted % in arraying buffer (100 mM NaCl, 0.05% TritonX and 5%
Glycerol in PBS) and printed between 10 amol to 75 fmol per 150 pm diameter spot. A Chrompure human
IgG (Jackson IR 009-000-003) was printed at 0.4 fmol per spot several times on each single block and
served as a printing control and to define the blocks. Eight empty blocks were available to print additional
antigens and relevant controls such as biotinylated BSA. Since all secretomics proteins have a 6-His tag
and approximately 1/3 have an additional mouse Fc-tag, the printing efficiency of the proteins and
microarray quality was evaluated by probing the microarrays with a mouse anti-His (Sigma H1029)
antibody followed by a detection using a mix of a Cy5 conjugated F(ab’), goat a-mlgG Fc specific (Jackson
IR 115-176-071) and a Cy5 conjugated goat a-hlgG F(ab’), specific secondary antibody (Jackson IR 109-
175-097). The last secondary antibody (Jackson IR 109-175-097) was systematically used in the assays to
detect the human 1gG control spots printed on the arrays in order to define the blocks. Bexsero® vaccine
antigen NadA, was biotinylated using EZ-Link Sulfo-NHS-LC-Biotin (Thermo Scientific) following
manufacturer’s instruction. The mass of the proteins and degree of biotinylation was checked with Liquid

chromatography coupled to mass spectrometry (LC-MS). The incubation of protein microarrays with NadA

9% |Page


http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4908583/#b7

was performed using an automated hybridization station (HS400; Tecan), programmed with an internal
protocol. First, the protein microarrays were incubated with a PBS blocking solution containing 1% BSA
and 0.1% Tween20 for 1 hour at 23 °C to reduce non-specific binding. Then, NadA, diluted in probing
buffer (2.5% glycerol, 1% BSA, and 0.05% TritonX in PBS) at final concentrations of 150 nM and 1 uM,
were incubated for 1h at 23 °C. After a washing step with probing buffer, the microarrays were probed
with Cy5-Streptavidin (Invitrogen SA1011) combined with Cy5-goat a-hIgG F(ab’), specific (Jackson IR
109-175-097) diluted in probing buffer at 7.5 ug/ml final concentration. Finally, after two washing steps
using probing buffer and Milli-Q water, the microarrays were dried under a flow of nitrogen at 30 °C for
4 min. In parallel a control microarray slide probed with buffer and the mix of the detection antibodies was

performed.

GNF Microarray imaging and data analysis

Microarray image acquisition was done using a fluorescence microarray scanner (GenePix Professional
4200 A; Molecular Devices) equipped with a red laser (635 nm) at a resolution of 10 pm/pixel and images
were analyzed using the GenePix Pro v6.1 software (Molecular Devices). Data analysis was performed
using in-house developed software. For each protein, the mean fluorescence intensity (MFI) of replicated
spots was determined, after subtraction of the background value surrounding each spot. The MFI value of
the control dots (biotinylated BSA) was arbitrary set as 100%. For each of the spotted protein, the obtained
MFI was normalized and expressed as a percentage of the reference spots. Proteins with a high coefficient
variation (CV) between the two replicates were discarded. All signals with MFI score equal or greater than
25% were considered as positive hits, excluding the ones found in the control microarray where the Cy5-
Streptavidin alone was probed to determine its non-specific binding to the printed proteins.

NadA and NadA constructs cloning, expression, purification and characterization

The nadA gene fragments from N. meningitidis strain 2996 were cloned by PCR, using the PIPE
(polymerase incomplete primer extension) method, as described previously. The cloned fragments lacked
the first 23 residues of NadA which encode a signal peptide for protein export. The fragments were inserted
into a pET-21 vector (Novagen), enabling cytoplasmic expression of the NadA proteins with a C-terminal

6-His tag. The residue numbering employed refers to the full-length NadA protein, Uniprot code Q8KH85.
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All NadA proteins were produced in E. coli BL21D3 (T1r) cells (Invitrogen) and were purified at room
temperature (RT, 18-26°C) using an AKTA purifier 10 system (GE Healthcare) by Ni-affinity
chromatography (5 mL HiTrap Ni-NTA column) and by size-exclusion chromatography on a HilLoad
(16/60) Superdex 75 column equilibrated in 20 mM Tris—HCI, 150 mM NaCl pH8.0. The quality of the
final NadA samples was checked using 4-12% SDS-PAGE gradient gels in MES buffer and also by size-
exclusion high-performance liquid chromatography (SE-HPLC), revealing a high level of purity (estimated
to be >97% for all proteins) and a lack of any aggregated species. SE-HPLC was performed at RT on an
analytical size exclusion TSK Super SW3000 column by loading 20 ul of each sample at a concentration of
~40 uM. Samples were eluted isocratically in 0.1 M NaH,POy, 0.4 M (NH,4),SO, buffer at pH 6.0. Coupling
SE-HPLC with Multi-angle laser light scattering (SE-HPLC/MALLS) NadA samples were analyzed for
molecular size. Data analyses were carried out using Astra V software (Wyatt) to determine the weight-
average molecular mass (MW) in Daltons and the polydispersity index (MW/Mn) for each oligomer

present in solution.

BioLayer Interferometry (BLI)-based OCTET analysis

Octet QKe (ForteBio, Pall Science) was used for binding studies. SA (streptavidin) and AR2G (amine
reactive 2nd generation) tips were obtained from ForteBio and were used respectively to immobilize
biotinylated proteins and to covalently attach ligand protein using amine based chemistry. Immediately

before analysis, tips were prewet in kinetic buffer.

For the FLIPr-C1q characterization, after 180 sec baseline in kinetic buffer (10 mM HEPES, 300 mM NaCl,
0,02% P-20pH 7.4), the biosensor tips were activated for 300 sec using a freshly mixed solution of
200 mM EDC in 50 mM NHS further diluted 1:20 in dH,O and the tips were then immersed in ligand
solution for 600 sec loading (Clq 12.5ug/ml in 10 mM NaH,PO,4 pH 6.5 or FLIPr 50 ug/ml in 10 mM Na
acetate pH 5). Excess reactive groups were blocked with 1 M ethanolamine pH 8.5 for 300 sec and a second

300 sec baseline in kinetic buffer was performed and kinetic was monitored.

For the NadA/LOX-1 characterization after 180 sec baseline in kinetic buffer (10 mM HEPES, 150 mM
NaCl, 0,02% P-20 pH 7), AR2G tips were activated for 300 sec using a freshly mixed solution of 200 mM
EDC in 50 mM NHS further diluted 1:20 in dH,0O. The tips were then immersed in ligand solution (LOX-1

at 12.5 pg/ml in acetate pH 5.5) for 600 sec. Excess reactive groups were blocked with 1 M ethanolamine
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pH 8.5 for 300sec and a second 300 sec baseline in kinetic buffer was performed and kinetic was
monitored. For NadA constructs characterization, SA biosensor tips after 180 sec baseline in kinetic buffer,
were directly immersed in ligand solution for 600 sec loading (biotinylated NadA, NadAz4 170 and NadAg;
342 at 25 pg/ml diluted kinetic buffer) and a second 300 sec baseline in kinetic buffer was performed and
kinetic was monitored. Recombinant LOX-1 ectodomain produced in mammalian cells was purchased from

R&D systems.

During the entire kinetic assay, the sample plate was kept shaking 1000 rpm. A column of biosensors where
no ligand protein was loaded, was activated and quenched (where necessary) to be used as parallel
reference control in association with the analyte titration; a ligand-loaded biosensor was also used in

association with buffer as baseline.

Reference subtracted BLI response curves were used for the affinity constant determination. Inter-step
correction and Y-alignment were used to minimize tip-dependent variability. Data were globally fitted in a

1:1 model using the Data Analysis Software v7.1 (Forte Bio).

Dot blot assays

NadA,4 170 (head&neck), NadAgi 34 (stalk) and NadA protein constructs (200 ng) were spotted and
adsorbed onto nitrocellulose membrane strips. The strips were blocked in PBS containing 3% (w/v) milk
and 0.1% Tween 20 (v/v), and then incubated with the mAbs 9F11, 1C9/A9 and 3C11/H7 at 1 ug/ml for 1 h
at 37 °C, respectively. Membranes were washed with PBS containing 0.1% Tween 20 (v/v), (T-PBS), and
then incubated with sheep anti-mouse horseradish peroxidase-conjugated 1gG diluted 1:5000 in milk/T-
PBS. Membranes were washed and signals were revealed with the SuperSignal WestPico
Chemiluminescent Substrate Kit (Thermo Scientific Pierce, Waltham, MA, USA).

mAbs selection and binding competition

For competition experiments, a preliminary screening to select high-affinity anti-NadA mAbs was
performed. Protein G biosensors tips were pre-wet in kinetic buffer (10 mM HEPES, 150 mM NaCl, 0,02%
P-20pH 7.4). After 180 sec baseline, tips were directly immersed in each mAb (diluted at 50 pg/ml in
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kinetic buffer) for 600 sec. A second 300 sec baseline in Kinetic buffer was performed. NadA was tested as
analyte at 200 nM. Competition experiments were performed immobilizing LOX-1 as above. NadA was
pre-incubated with an excess of mAb (1:3) overnight at 4 °C and the mix was used as analyte in the same

assay conditions as above.

Dynamic Light Scattering (DLS) measurements

For DLS analysis DynaPro® Plate Reader Il (WYATT Technology) with 96 Well Plates was used. NadA,
LOX-1 and the complex mixed in a 1:1 molar ratio were diluted in HBS-P buffer in a final concentration of

5 uM. A cut off from 0, 1-100 nm was applied. Results are mean of 30 measurements per sample.

FACS binding experiments

To perform binding assay, LOX-1 transfected and non-transfected CHO cells were detached using trypsin
(CDS, Sigma), harvested and suspended in F12-K medium supplemented with 10% FBS. Approximately
1 x 10° cells were incubated with 200 pug/ml NadA or PBS alone for 30 minutes at 4 °C. Cells were then
incubated with 5 pg/ml of anti-NadA 9F11 mouse monoclonal antibody for 1hour at 4 °C, and with
Allophycocyanin (APC)-conjugated goat F(ab)2 anti-mouse Ig (diluted 1:100; Jackson ImmunoResearch
Laboratories) for 30 minutes at 4 °C. Cells were stained with Live/Dead Aqua (Invitrogen) diluted 1:400
for 20 minutes in the dark and analyzed with a Canto II analyzer (Becton Dickinson, Pharmingen, San

Diego, CA). Flow-cytometric analysis was performed using FlowJo software (Treestar Inc.).
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Results

Two different microarray-based set-ups were applied to the discovery of novel host-
pathogen interactions

The overall strategy for the microarray-based identification of new interactions between human and
bacterial extracellular proteins is reported in Fig. 1. Two different microarray screening setups were
designed for the two pathogens, trying to answer different biological questions. The first setup had the
primary objective of acquiring a picture of the reciprocal interactions between staphylococcal and human
extracellular proteins. A complete unbiased approach in this setup would have allowed the screening of
381,600 different interactions, i.e. 159 staphylococcal proteins tested against 2400 human proteins. To
show the feasibility of the approach, a subset of the human library consisting of major components from the
complement system and extracellular matrix was selected for expression and purification, since these
protein classes represent the first line of interaction at the host-pathogen interface. The resulting 75
recombinant proteins were tested against the staphylococcal library, leading to the remarkable number of
11,925 different interactions screened. The second set-up had the main goal of identifying new
soluble/cellular receptors for the meningococcal adhesin NadA. In an unbiased approach, the complete

library was expressed and NadA screened against it.
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Protein microarray led to the identification of 17 interactions with high Mean
Fluorescence Intensity (MFI) between S. aureus and human proteins

The protein microarray screening was performed testing 159 purified recombinant S. aureus proteins
spotted onto nitrocellulose coated glass slides against 75 human recombinant proteins that include human

complement factors and extracellular matrix proteins (Fig. 2a and Supplementary Table S1). The S. aureus

proteins printed on the arrays represent surface and secreted factors selected in silico using a combined
bioinformatics approach”2. A total of 114 unique proteins were spotted, of which 104 were included as
single constructs and 10 as multiple constructs for a total of 159 recombinant constructs (Fig. 2b and
Supplementary Table S2). Supplementary Fig. S1 and supplementary Table S3 show the results obtained;
out of 11766 possible binary interactions, 11168 (94.92%) resulted below the background threshold and

were thereby considered as negative, while 598 (5.08%) resulted positive. Among these, 518/598 (4.40%)
were ranked as low, 61/598 (0.52%) as medium and 19/598 (0.16%) as highly reactive (Supplementary Fig.

S1, upper left panel) based on their MFI signals. Within the top 19 interactions (Supplementary Table S4),

factor H binding protein (fHbp) variants 1 and 3 - which constituted the positive controls - were found
when tested with human complement factor H. Among the tested human proteins, ficolin-2 showed
medium/high binding signals with 80 out of the 159 bacterial proteins tested (Fig. 2c). Although we cannot
exclude that a specific binding may occur between ficolin-2 and some staphylococcal proteins, this result
seems to suggest that components other than the specific proteins spotted on the chip are recognized. In fact,
ficolin-2 is known to bind to N-acetylglucosamine (GIcNAc) sugar residues*® and our analysis may have
been compromised in this case by the presence of residual GIcNAc-containing LPS in the staphylococcal
recombinant proteins produced in E. coli. Similarly, since the detection system relies on the use of
antibodies and several human proteins were fused to an Fc-tag, the putative hits of the staphylococcal
protein A (SpA) were not considered for further validation, knowing its ability to bind immunoglobulins.
The rest of the highly reactive hits were shared between the staphylococcal glycyl-glycine endopeptidase
LytM (4 hits), the conserved staphylococcal antigen 1D (CsalD) (1 hit), and the FPRL1 (formyl peptide
receptor-like 1) inhibitory protein (FLIPr) (6 hits). LytM (Fig. 2d) showed high reactivity signals with the
complement factor P (CFP) (MFI score of 95%), adiponectin protein (ADIPOQ) (MFI score of 67%), the
complement component 1g subcomponent like 4 (C1QL4) (MFI score of 52%) and the matrix remodelling
associated protein 8 (MXRAS8) (MFI score of 50%). CsalD was instead highly reactive with ficolin-1
(FCNZ1). FLIPr showed several interesting putative interactors (Fig. 2e): the intercellular adhesion molecule
5 (ICAMS) (MFI score of 89%), the heat stable enterotoxin receptor (GUCY2C) (MFI score of 84%), the

complement component 1g subcomponent-like 4 (C1QL4) (MFI score of 76%), the matrix remodeling
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associated protein 8 (MXRAS8) (MFI score of 66%), the complement component 1q subcomponent B
(C10B) (MFI score of 61%) and the bone sialoprotein 2 (IBSP) (MFI score of 59%). Interestingly FLIPr
showed signals of medium intensity also with the complement component 1q subcomponent A (C1QA -

MFI 24%), the complement component 1q subcomponent-like 2 (C1QL2 - MFI 16%) and the complement

component 1g subcomponent C (C1QC — MFI 13%). Most identified interactions are novel and require

further validation since they involved loosely characterized proteins. Since the interaction between FLIPr

and the human C1qg subcomponents involved key players of the bacterial offense and host defense, this

interaction was further validated at the biochemical and functional level.
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spotted FLIPr. Inset table shows MFI values, protein name and gene symbol of the first 20 human proteins. C1qB
subcomponent is highlighted in green.
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FLIPr binds in vitro the Cl1q subcomponents and the Cl1q complex purified from human
plasma

To validate the FLIPr/C1q interaction the BLI (BioLayer Interferometry) technology was used. FLIPr
protein was immobilized on the BLI biosensor and C1gA, C1gB and C1qC subunits, previously used in the
screening, were tested as analytes in serial dilutions. The three subcomponents showed low nanomolar
affinity for FLIPr (equilibrium dissociation constant, Kp, of 3.2nM, 2.1 nM and 9.9 nM respectively—Fig.
3a-c). In biological conditions, however, the three C1gA, C1gB and C1qC subunits are super-organized to
constitute the C1q complex. Binding experiments between FLIPr and the human C1q complex purified
from human plasma were therefore performed. When immobilized, FLIPr showed picomolar affinity for
the Clg complex (Kp=62pM-Fig. 3d). Conversely, when the Clq complex was immobilized, the
measured affinity was in the high nanomolar range (Kp = 679 nM—Fig. 3e).
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Biophysical and functional characterization of the FLIPr-C1q interaction

Bio-layer interferometry (BLI) blank subtracted sensograms of (a) C1gA (200-3.1 nM), (b) C1gB (200-3.1 nM)
and (c) C1qC (200-12.5nM) subcomponents tested on covalently immobilized FLIPr. (d) BLI blank subtracted
sensograms of FLIPr (5-0.15 uM) on immobilized C1q complex and (e) of C1q complex (3-0.09 nM) on immobilized
FLIPr. The amount of ligand associating with the analyte was measured in nanometres (nm). Association and
dissociation curves were fitted in a 1:1 model. (f) Summary table of the measured affinity constants
(KD). (g) Complement classical pathway influence by FLIPr in WIiELISA assay. Relative % of complement
activation is shown for each sample. Results are mean of three replicates. P values <0.05 were considered
significant. (h) FLIPr-mediated dose dependent increase of S. aureus survival in whole blood assay. Relative survival
was monitored through CFU count. (i) Survival in human blood of S. aureus USA 300 LAC wt, flipR deletion mutant
(AflipR) and flipR deletion mutant complemented with empty (AflipR+pOS1) and with plasmid bearing

the flipR insert (AflipR + pOS1-flipR). Results are mean of three replicates. P values<0.05 were considered
significant.
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FLIPr reduces classical complement pathway activation and increases S. aureus survival in
whole human blood (WHB)

In order to clarify whether the binding of FLIPr to C1q could influence activation of the complement
classical pathway, a WIELISA (Wieslab) complement system screening kit was used. The complement
classical pathway was investigated, and different amounts of FLIPr were pre-incubated with human serum.
FLIPr at 1 uM reduced the complement classical pathway activation to ~56% and to ~26% when used at
5uM (Fig. 3 g). FLIPr expression in S. aureus bacterial supernatant was confirmed by western blot assay
using anti-FLIPr antibodies (Supplementary Fig. S2). To improve the understanding in FLIPr contribution

to bacterial pathogenesis, S. aureus survival in whole human blood (WHB) was monitored in presence and
absence of FLIPr. WHB pre-incubation with FLIPr significantly increased S. aureus survival (Fig. 3 h):
FLIPr at 1.4 uM and 2.8 uM lead to a S. aureus survival rate of respectively 80% and 100%. A S. aureus
knock out (KO) mutant for FLIPr was generated in order to corroborate the survival assay in whole blood.
Loss of FLIPr resulted in a significant reduction of bacterial viability in WHB relative to the wild-type
strains. Conversely, introduction of a plasmid borne copy of flipR restored viability of the bacteria

compared to either the AflipR mutant or the AflipR mutant harboring the empty control plasmid (Fig. 3i).

Screening of NadA by protein microarray revealed 8 novel putative human interactors

In order to identify human proteins interacting with the Neisserial adhesin NadA, a large-scale protein
microarray screening was performed spotting 2354 human recombinant proteins from the GNF library.
Biotinylated NadA was used at 150nM and 1 uM, and interactions were detected using fluorescently
labeled streptavidin. The obtained MFI was normalized for each of the spotted proteins and expressed as a
percentage of the reference spots (biotinylated BSA). The results of the screening at 150 nM showed
several putative human interactors (Fig. 4a). In particular, isoform 1 and 2 of the Vasoactive Intestinal
Peptides (VIP) showed an MFI score of 153% and 60% respectively, and the Protein Tyrosine Phosphatase
Receptor type Sigma isoform 4 (PTPRS) with an MFI of 64% were highlighted as strong hits. Two
replicates of the low-density oxidized lipoprotein receptor 1 (LOX-1) showed an MFI score of 45% and
37% represented potentially relevant hits. These data were substantiated when NadA was tested at 1 uM.
All five hits identified in the 150 nM screen were confirmed (Fig. 4b). In addition to these proteins, further
putative hits were identified: the Stromal interaction molecule 1 precursor (STIM1), the Natriuretic Peptide
Precursor C (NPPC), the sperm acrosome-associated protein 7 precursor (SPACA7) and the Interleukin 6
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precursor (IL-6). Among all the identified hits, LOX-1 represented an interesting candidate for further

20,21

validation processes since it is known to be involved in bacterial adhesion and invasion and its deletion

enhances bacterial clearance?.
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Screening for NadA interactors
(a) Plotting of MFIs relative percentage of spotted human proteins tested against NadA at 150 nM and (b) 1 uM. Red
bars represent human proteins above the 25% cut-off threshold defining relevant interactions. Blue bars represent
human proteins above the 4% cut-off threshold. Inset table shows gene symbol, protein name and MFI values of the
relevant interactions.

LOX-1 binds to the N-terminal region of NadA

To validate and characterize the binding kinetics between NadA and LOX-1 BLI was used. LOX-1
recombinant protein was first immobilized onto the BLI biosensor, and NadA was used as analyte. The
calculated Kp was approximately 5nM (Fig. 5a). This value was also confirmed when the system was
reverted (Fig. 5b). Dynamic light scattering (DLS) analysis was carried out to study the interaction in
solution (Supplementary Fig. S3): the proteins were first analyzed alone, resulting in a hydrodynamic

radius of 4.2 nm and 6.2 nm for LOX-1 and NadA, respectively. The two proteins were then mixed at a
final concentration of 5 uM (each component) in a 1:1 molar ratio (trimeric NadA and dimeric LOX-1)
prior to DLS analyses. As a result, a single peak with hydrodynamic radius of 8.9nm and low
polydispersity index, i.e. 13.4% was obtained. Nevertheless, the rod-shaped structure of both NadA and
LOX-1 may have led to an overestimation of the hydrodynamic radii and therefore also to an
overestimation of the protein MWs, thus hindering a precise determination of the size and stoichiometry of
the complex. However, the low polydispersity and the absence of peaks corresponding to single protein
radii or aggregates in the complex solution, is consistent with a 1:1 complex between one NadA trimer and

one LOX-1 dimer.
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Biophysical characterization of the NadA/LOX-1 interaction.

(a) Blank subtracted sensograms of NadA (500 - 7.8 nM) tested on covalently immobilized LOX-1 and (b) of LOX-1
(250 - 7.8 nM) tested on biotinylated NadA immobilized on SA biosensors. Association and dissociation curves were
fitted in a 1:1 model. (c) Schematic representation of the NadA constructs used to determine NadA binding site on
LOX-1. NadA gene, NadA (green), NadA,4 170 (blue) and NadAg;_s4(yellow) structure are shown. NadA,, g head
construct is represented only as a cartoon (rectangles) since it is not trimeric and not folded. Signal peptide (light blue)
and membrane anchor (orange) are shown in the cartoon. (d) Blank subtracted sensograms of LOX-1 (200 nM) on
biotinylated NadA (blue), NadA,s 170(green), NadAg; s (yellow) and NadAos g (red). (e) Binding competition
between LOX-1 and anti-NadA mAbs. Binding between NadA and LOX-1 is shown (blue). mAb 9F11 mapping
NadA stalk does not inhibit the binding with NadA (red). mAb 3C11/H7 (violet) and mAb 1C9/A9 (green) mapping
on NadA head abrogated NadA binding on LOX-1.

To identify the binding region for LOX-1, the NadAy4 170 (head&neck), NadAg; 342 (stalk) and NadA,4 g9
(head-only) constructs, designed based on the recently published crystal structure®, were produced as his-
tagged recombinant proteins (Fig. 5¢). The NadA,4 170 and NadAg; 342 constructs were shown to be trimeric
and well-folded according to size-exclusion high-performance liquid chromatography (SE-HPLC) with

Multi-angle laser light scattering (MALLS), while the NadAj4 g9 resulted monomeric and unfolded

(Supplementary Fig. S4), also in accordance with differential scanning calorimetry (DSC) experiments

reported previously*®. BLI binding experiments revealed the retained capability of the NadA4 170 construct
to bind LOX-1. The binding was instead not observed for the NadAg 34, and NadA4 g9 constructs (Fig. 5d).
Binding competition experiments using BLI were also performed in order to understand the potential
ability of anti-head monoclonal antibodies (mAbs) to inhibit the NadA/LOX-1 interaction. Anti-NadA

mADbs were selected based on their binding site on NadA constructs using dot blot (Supplementary Fig. S5).

BLI binding assay (Fig. 5e) showed a marked ability of mAbs (3C11/H7 and 1C9/A9) mapping to the
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NadA head&neck region to inhibit the binding with LOX-1. By contrast the 9F11 mAb, which maps to the
NadA stalk, did not inhibit the binding to LOX-1, confirming the NadA head&neck region as the one
involved in LOX-1 binding.

NadA binds LOX-1 transfected CHO cells

To further validate the interaction between LOX-1 and NadA, binding assays on eukaryotic cell lines were
performed. Western blot analysis confirmed that CHO (Chinese Hamster Ovary) cells do not constitutively
express LOX-1 (data not shown). CHO cells were transiently transfected with a pEYFP-N1 vector
expressing human LOX-1 and FACS analysis showed that transfected cells exposed the receptor on the cell
surface (Fig. 6, bottom left panel). Non-transfected cells did not bind NadA (Fig. 6, upper right panel).
NadA binding was observed selectively on the entire LOX-1 expressing cell population (Fig. 6, bottom
right panel). These data are consistent with a specific interaction of NadA with human LOX-1

recapitulating in the cellular context the results obtained with protein array and BLI analysis.
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Discussion

S. aureus and N. meningitidis possess a wide variety of molecules specifically produced to adhere to and
penetrate host tissues, evade the immune system and invade the host during pathogenesis. The main players
in these processes are the host and bacterial extracellular proteomes. Recent studies pointed out the
importance of a deeper understanding of the molecular mechanisms which underlie bacterial immune
evasion and pathogenesis®. To this aim, we have applied a systematic large-scale protein microarray-based

approach to identify novel host-pathogen interactions.

S. aureus is considered a master of complement evasion, with an impressive ability to persist within diverse
microenvironments in the human body by using a number of secreted proteins that contribute to its
pathogenesis. In order to discover novel interactions between the human and the S. aureus extracellular
proteins, we screened 159 extracellular S. aureus proteins against 75 human extracellular components
consisting of key effectors of the innate immune system as well as extracellular matrix proteins. The
screening resulted in the identification of a novel target for a well-known S. aureus effector. We report for
the first time the identification and biochemical/functional characterization of the interaction between
FLIPr, a protein already described to be involved in S. aureus immune evasion process?, and the

subcomponents of human complement factor C1qg.

When tested by label-free BLI technology, C1gA, C1gB and C1gC showed low nanomolar equilibrium
dissociation constants with FLIPr, indicating a high affinity interaction with each of the subcomponents.
Additional binding experiments were performed using the assembled C1q complex purified from human
plasma, confirming that FLIPr is able to bind the assembled complex, and not only its single recombinant
subcomponents. The measured affinity for the interaction between FLIPr and C1q complex was different
depending on the binding orientation. The reason for the latter discrepancy was not investigated. It is
conceivable that since the C1g complex likely possesses multiple binding sites for FLIPr, the apparently
tighter binding when FLIPr is immobilized may be due to an avidity effect of the Clq complex, as
previously shown for other bacterial C1g-binding proteins®. FLIPr is a staphylococcal virulence factor able
to interfere with opsonophagocytosis by targeting the Fcy receptor (FcyR) and formyl-peptide receptor
(FPR) on phagocytes®#. Our data show the human complement C1q complex as an additional target for
this important protein; we show that FLIPr is able to interfere with the classical complement pathway
activation in a cell-free complement assay in presence of human serum and to increase S. aureus survival in

blood, while loss of FLIPr resulted in a significant reduction of bacterial viability in WHB relative to the
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wild-type strains. This latter result may, in the first instance, be considered the result of a synergistic effect
between the simultaneous inhibition of FcyR and FPR on phagocytes surface, and the inhibition of the
complement mediated killing through C1q binding. Despite this, the phagocytosis inhibition exerted by
FLIPr has been shown to dramatically decrease at near-physiological serum concentrations®*. This effect
might be described with a complement receptor-dependent phagocytosis, while only at low serum
concentrations the process would be dependent on FcyR. Since the conditions we used presuppose
physiological serum concentrations, we can exclude that the increased survival we see is dependent on
decreased phagocytosis (dependent on FPR and Fcy receptor). Rather, we think that the increased survival
depends on complement perturbation and therefore on the interaction between FLIPr and C1lg. What we
hypothesize, combining the literature data and the data shown in this work, is a dual role of FLIPr during
infection and pathogenesis; on one hand, in those environments at low serum concentrations like the
interstitial tissue, through the binding of FcyR and FPR, FLIPr would allow to evade phagocytosis. On the
other hand, in serum rich environments like the bloodstream, through the binding of Clqg, FLIPr would
instead allow to escape complement and complement receptor-mediated killing, but not phagocytosis.
Moreover, an intracellular lifestyle at this last step may constitute a preferential mechanism for S. aureus

survival and spreading.

As a further proof-of-concept of the experimental approach, a completely unbiased large-scale screening
was carried out in order to identify novel human receptors for the Neisserial adhesin NadA by screening a
library of 2354 human extracellular proteins spotted on slides. NadA is considered to be involved in the
initial adhesion to epithelial cells®3, but may act also on different cell types, including
monocytes/macrophagesﬂ. It has also been recently reported to bind human B1 integrins that are widely
distributed in different human cells®. Interestingly, the microarray screening here described revealed new
putative NadA receptors involved in endothelial permeabilisation and bacterial pathogenesis, i.e. the VIP
peptides and the inducible oxidized LDL receptor LOX-12%2 | 0X-1, in particular, is known to be
involved in the translocation of low-density lipoprotein vesicles and even bacteria across the endothelial

barrier?.

BLI binding experiments carried out using NadA stalk and head&neck constructs identified the latter as the
major binding region. This data was also confirmed by competition experiments using anti-NadA mADbs.
The mAbs targeting NadA head showed competition with LOX-1 for NadA binding. Furthermore, the
binding test with the unfolded NadA4 g9 construct revealed that a structured head domain is required to
accomplish the binding, suggesting a conformation-dependent protein-protein interaction. The binding
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between LOX-1 and NadA was further corroborated by cellular binding assay in which the CHO cells

transiently expressing LOX-1 were able to bind recombinant NadA.

The identification of the interaction between NadA and LOX-1 was reported here for the first time, and
suggests an intriguing new role for the Bexsero® vaccine component NadA in meningococcus B
pathogenesis. In fact, NadA has been described so far as having mainly epithelial targets, with a role in the
colonization/invasion of the epithelial barrier. Here we report the identification of its first endothelial
receptor, LOX-1, mainly reported as the receptor for oxidized low-lipoproteins and responsible for their
internalization in endothelial cells. Recently, a specific interaction between the meningococcal pili type 1V
and host CD147 has been reported to be essential for meningococcal adhesion to human endothelial cells
and colonization of human blood vessels?®, but other receptors might be necessary to allow bacterial
invasion and pathogenesis. Meningococcus B might take advantage of the internalization mechanism
exerted by LOX-1 to cross the blood-brain barrier, as also previously described for other pathogens?22-%,
Although further studies are necessary for a deeper understanding on NadA/LOX-1 role in endothelial
crossing, our findings indicate that NadA is actually active far beyond the first meningococcal pathogenesis

step and can have a crucial role at a later stage in the blood stream.

To our knowledge, this is the first time a microarray approach has been applied to the investigation of
staphylococcal and meningococcal proteins targeting the human extracellular proteome. Moreover, this is
the most extensive study carried out so far on protein-protein interactions at the host-pathogen interface for
any human pathogen, including bacteria and parasites, raising the number of human proteins screened from
a few tens up to more than 2300 that has driven the identification of novel host-pathogen interactions,

providing novel insights on the molecular events that underlie S. aureus and N. meningitidis pathogenesis.
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6.2 Material and methods
6.2.1 Cell culture

6.2.1.1 Blood-Brain Barrier hCMEC/D3 cell line

hCMEC/D3 cells, a brain endothelial cell line immortalized by transduction with hTERT and SV40 large T
were obtained from Millipore (SCC066). Cells were grown on Collagen type | (Becton-Diskinson 354-236)
coated flask in EBM-2 medium (Lonza) supplemented with 2.5% iFBS, 100 U/mL penicillin, 100 mg/mL
streptomycin and 10mM HEPES, VEGF, IGF-1, EGF, FGF, ascorbate, hydrocortisone (EGM-2 BulletKit Lonza
CC-3162/6) as recommended by the furnisher. Cells were maintained at 37°C in a controlled humidified

atmosphere containing 5% CO,.

6.2.1.2 Human Dermal Microvascular Endothelial Cells (HDMEC)

Primary Human Dermal Microvascular Endothelial Cells (HDMEC) were isolated from the dermis of
juvenile foreskin and adult skin (different locations). Since the dermis contains blood and lymphatic
capillaries, HDMEC comprise Blood and Lymphatic Microvascular Endothelial Cells. Both have a common
origin and can be identified by several markers. HDMECs were purchased from Promocell and grown in
endothelial cell growth medium MV (Promocell) supplemented with 10% iFBS, endothelial cell growth
medium supplement mix (Promocell), 100 U/mL penicillin and 100 mg/mL streptomycin. Cells were

maintained at 37°C in a controlled humidified atmosphere containing 5% CO,.

6.2.1.3 EA.hy926

EA.hy926, an immortalized endothelial cell line, was obtained from ATCC (CRL-2922™) and cultured in
Dulbecco's Modified Eagle's Medium (ATCC 30-2002) supplemented with 10% iFBS, 100 U/mL penicillin
and 100 mg/mL streptomycin. Cells were maintained at 37°C in a controlled humidified atmosphere

containing 5% CO,.
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6.2.2 Fluorescence-activated cell sorting (FACS) binding experiments

Binding assay was performed as previously described (Comanducci et al. 2002). Briefly, cells were non-
enzymatically detached using cell dissociation solution (CDS, Sigma), harvested and suspended in RPMI-
1640 (Gibco) medium supplemented with 1% iFBS. Approximately 3X10° cells were mixed with 200 pg/mL
rNadA or blocking solution (phosphate-buffered saline (PBS) + 1% iFBS) alone for time and temperature
indicated in the graph. Cells were then incubated with primary antibodies for 1 h at 4°C, and with Alexa
Fluor-labelled F(ab’)2 for 30 min at 4°C. Cells were analysed with a FACS-Scan flow cytometre (Beckton-
Dickinson). The mean fluorescence intensity (MFI) for each population was calculated using BD

FACSDIVA™ software.

For inhibition of the binding experiments cells were incubated with different concentrations of anti-Lox1

antibody prior to rNadA incubation.

Antibodies used in the study: Polyclonal anti-Lox-1 antibody produced in rabbit (SAB1410858 Sigma);

Mouse polyclonal serum against NadA (produced in house).

6.3 Neisseria meningitidis strains, growth conditions

Neisseria meningitidis 2C4.3 (C:22:NST:L3,7,9), a piliated capsulated Opa-Opc- variant of the serogroup C
meningococcal strain 8013 (Nassif et al. 1993; Eugene et al. 2002), were cultured in Chocolate Agar Base
(GC medium, Difco) medium at 37°C, 5% CO,. When required, antibiotics were added at the following

concentrations: Kanamycin (100 pug/mL), Erythromycin (2 ug/mL), Chloramphenicol (6 pg/mL).

The wild-type nadA, nadR and pilE locus were inactivated through transformation of chromosomal DNA
with a previously described (Geoffroy et al. 2003) aphA3—insertionally inactivated endogenous gene
derivative and selected with the corresponding antibiotics (ANadA — Kanamycin; ANadR — Kanamycin;
APIlE — Erytromycin). For the ANadAANadR mutant, the Kanamycin resistance cassette within the NadA
gene was replaced, thanks to the Gibson Assembly method (Gibson 2011; Gibson et al. 2009), with an

Erytromycin resistance cassette prior to Nm transformation.
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6.4 N. meningitidis adhesion assay

2.5 x10° HCMEC/D3 cells were seeded, in antibiotics-free complete medium, in a 24 well plate coated with
500 pL collagen (Rat Tail Collagen type | (Becton-Diskinson 354-236, stock at 3,4 mg/ml) at a 1:30 dilution
in water for 30min at 37°C and were allowed to grow for 24 h. For adhesion analysis, bacteria were grown
to OD 0.2 and each well was infected with 5x10° bacteria. Infection was carried out for 30 minutes at 37°C
and 5% CO,. The total number of cell-associated colony forming units (CFU) was determined after
extensive washing of the cell monolayer followed by scraping the cells from the dish before plating

dilutions.

6.5 Transmission Electron Microscopy Immunogold technique

The relative amount and surface distribution of the NadA molecules on wildtype and mutated Neisseria
meningitidis 2C4.3 bacteria was assessed with Transmission Electron Microscopy Immunogold (IG-TEM)
technique. The entire protocol was performed at room temperature. Almost 10 colonies from overnight
cultures were dissolved into 100uL of PBS and 100uL of PFA added to fix bacteria. After 15 minutes of
incubation, 5uL of bacterial suspension was directly loaded onto a nickel commercial 300-square mesh
grid of carbon/formvar (Agar Scientific) and let dry for 5 min, while 10uL were plated on GC plate and
incubated overnight at 37°C, 5% CO,to check bacteria inactivation. Soaked off the excess of the solution
by Whatman® filter Paper No.1 (SIGMA-Aldrich), the grid was incubated with PBS-BSA 0.1% for 30
minutes to block the unspecific sites and stained with a mouse polyclonal serum against NadA (produced
in house) for 1 hour. An anti-mouse secondary antibodyconjugated with 5nm gold particle was diluted
according to manufacturer’s instructions (Agar Scientific) in PBS-BSA 0.1% and used to detect the surface
adhesin. The sample was then washed 5 times for 5 minutes each in PBS 1X and negatively stained using
2% of Uranyl Acetate in water solution for 45 seconds. The excess of the stain was soaked off and the grid
left to air dry for 5 minutes. The images were acquired using a TECNAI-G2 Spirit TEM operating at 120 KV
and equipped with a TVIPS Olympus Morada 2Kx4K CCD Camera, corresponding to a pixel size of 3.8

A/pixel on the specimen.
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6.6 Results

6.6.1 Lox-1 expression and NadA binding ability of human endothelial cells

In the work of Scietti (Scietti et al. 2016) we suggested an additional role for NadA at the host peripheral
microvasculature and at the brain blood barrier (BBB) through the identification of an interaction
between the soluble recombinant adhesin and the Lectin-like oxidized low-density lipoprotein receptor-1
(Lox-1). In spite of the strong biochemical evidence of the NadA/Lox-1 binding, the biological outcome of
this interaction was not approached. In order to identify the most suitable model to study this interaction,
cells were firstly screened in order to assess the surface expression of Lox-1. We used an anti-Lox-1
antibody to analyse Lox-1 surface expression on non permeabilized cells by FACS analysis, both in non-
stimulated and TNFa stimulated conditions. Results of such analysis are shown in Fig. 1 and allow us to

conclude that:

e HDMEC and hCMEC/D3 present a basal expression of the receptor increased following TNFa
stimulation

o EA cells do not express the receptor neither is induced by TNFa

With the purpose of evaluating the ability to bind rNadA, non-stimulated and TNFa stimulated cells were
incubated with the recombinant adhesin. Surprising the amount of rNadA cell-bounded was comparable
between all three cell types, thus independent by the surface level of Lox-1. This result suggests the

presence of additional interacting proteins at the cell surface (Fig.18).

HDMEC hCMEC/D3 EA.hy926 Fig. 18: Screening of

s Lox-1 expression and

NadA binding ability

of human endothelial

cells. Three different

human endothelial cells

Negative Control (HDMEC, hCMEC/D3

Bl | o EAnyes) were

cultured in medium

alone (pink area) or with

the addition of 10ng/mL

— TNFo (blue area). In

the upper portion of the

figure FACS plots represent the result of a surface staining against Lox-1; while in the lowest parts, of 30 minutes
incubation with rNadA (200 pug/mL) at 37°C followed by staining with anti-NadA antibodies.

Count
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6.6.2 Characterization of rNadA binding to human endothelial cells

We investigated the temperature dependence and kinetics of NadA binding to human endothelial cells
using Blood-Brain Barrier hCMEC/D3 cells as model. Non-permeabilized cells were incubated with rNadA
and, after washing, the bound fraction was revealed by FACS analysis with anti-NadA antibody. At first this
analysis was performed after 30 minutes of incubation at different temperatures. The result is shown in
Fig. 19A. The rNadA binding to hCMEC/D3 cells is temperature dependent, giving the highest value at 37°C
while dropping to about 60% at 25°C. Lowering the incubation temperatures at 4°C resulted in a signal

comparable to the background (independent IgG used as control).

Setting incubation temperature at 37°C, we then analysed the kinetics of rNadA binding (Fig. 19B). The
maximum level of rNadA surface bound was observed at 1 hour and decreased at longer incubation times.

The binding kinetics, thus, is similar to what observed on epithelial cells (see section 4.1)

To verify if rNadA binding occurred through the endothelial receptor Lox-1, we pre-incubated cells with
specific anti-Lox1 antibodies at different concentrations prior addition of rNadA. Although the rNadA
binding was reduced, especially at higher antibodies concentrations, it was not completely abolished
suggesting the presence of additional rNadA interactor (Fig. 19C). This result is consistent with the

observation above that NadA is still able to bind Lox-1 non-expressing endothelial cells.

Figure 19: rNadA binds
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400 i o e Conte! pmg/mL rNadA and then
200 . washed with PBS — 1% FBS.
i e &S E Binding was detected using
2N R e P P . . .

Temperature fime anti-NadA antibodies and
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6.6.3 The role of NadA in adhesion of N. meningitidis to endothelial cells

In order to assess the NadA contribution to N. meningitidis adhesion to endothelial cells, infection
experiments on hCMEC/D3 cells were conducted. After 30 minutes of incubation with bacteria, cells were
extensively washed and the total number of cell-associated colony forming units (CFU) was determined by
scraping the cells from the dish and plating dilutions. Results, shown in Fig. 20, revealed no difference in
adhesion between wild type and ANadA bacteria, while, bacteria overexpressing NadA (ANadR mutants),
adhere about 3,5 fold more. The same experiment was repeated with not piliated mutants. As expected,
Tfp resulted as the master factor driving adhesion to endothelial cells, however NadA overexpressing
mutants still adhere about 3,5 fold more compared to the wild type or ANadA. Taken together, this data

suggest a role of NadA in the bacterial colonization of endothelial cells, likely cooperating with Tfp.
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Fig. 20: Role of NadA in the adhesion of meningococcus to endothelial cells. (a) Association of wild-type and
mutated N. meningitidis 2C4.3 to hCMEC/D3 cells after 30 minutes of incubation (MOI 100). The number of
associated bacteria is expressed as percentage of adhesion on inoculated bacteria. Values represent the mean +
standard deviation of one out of three experiments performed in triplicate.

In the previous experiment, the adhesion of the wild type and ANadA bacteria provided similar results in
adhesion and we sought to explore deeper this point. We speculated that NadA could have been present
at very low level on the surface of wild type N. meningitidis 2C4.3 making no much difference with KO

strain. It is known that nadA gene expression is induced by appropriate niche-specific signals, via the
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transcriptional regulator NadR, that could not be present when bacteria are grown in laboratory medium
(Fagnocchi et al. 2013; Metruccio et al. 2009). To assess this point, IG-TEM of the three mentioned
bacteria was performed. As it can be seen in figure 3, the wild type and ANadA bacteria did not show
much difference in NadA expression (Fig. 21 panel A and B respectively) whereas the overexpressing

mutant showed a consistent presence of the adhesin on the surface (Fig. 21 panel C).

N. Meningitidiswild type

A . B

N. Meningitidis ANadA

IS

N. Meningitidis ANadR

1 Nm 2C43 ANadA
2 Nm 2C43wt
3 Nm 2C43 ANadR

Fig. 21: Transmission Electron Microscopy Immunogold on N. meningitidis 2C4.3. Micrographs of the

immunogold assay to detect the surface expression of NadA on (a) wild type, (b) ANadA and (¢) ANadR bacteria. (d)
Western blot analysis against NadA of bacteria lysate.
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7 Discussion and conclusion

The overall goal of my PhD thesis is the understanding of the molecular basis exploited by Neisseria

meningitidis Adhesin A to contribute in the complex pathophysiology of N. meningitidis.

NadA represents a good model to study the mechanisms underlying the host-pathogen interaction

because:

e |t is an important virulence factor included among the key recombinant antigens of Bexsero, the
first N. meningitidis serogroup B vaccine;

e |dentified as an adhesin, it shows additional features at least on epithelial cells where we
demonstrated its involvement in cellular internalization (Montanari et al. 2012; Bozza et al. 2014);

e |t shows the peculiar characteristic of maintaining the quaternary structure as soluble
recombinant product;

e |t is expressed and correctly localized in heterologous bacteria (among which E. Coli) inducing a

NadA-driven cell attachment and internalization.

Knowledge of the NadA function is not as accurate as its immunological potential. From the early reports,
NadA was shown to target human epithelial cells promoting adhesion (Capecchi et al. 2005; Comanducci
et al. 2002). Later on our group demonstrated a direct interaction of the external molecular chaperone

Hsp90 as important to direct NadA-driven epithelial intracellular trafficking (Montanari et al. 2012).

During the first part of my PhD, | participated to a project focus on the understanding of the
mechanism exploited by NadA to enter human epithelial cells, thus a lane to traverse the epithelial barrier
(Bozza et al. 2014). Our experiments indicate that the soluble recombinant NadA is able to enter into
Chang epithelial cells thanks to a PI3K-dependent endocytosis process regulated by ARF6. The
extracellular secreted pool of Hsp90 is involved in the intracellular trafficking so much so that cell
treatments with Hsp90 inhibitors lead to intracellular accumulation of rNadA. In addition, thanks to
hydrogen—deuterium exchange (HDX)-MS analysis performed with rNadA in complex with Hsp90, we

identified peptides located in the NadA Head domain as crucial for the interaction.
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Our data indicate that, in non-polarized Chang epithelial cells, the adhesin avoid the lysosome pathway
hijacking the recycling endosome and it is usually recycled back to the surface throughout Rab11 positive
vesicles. Using polarized cells, Barrile et al., reported that meningococcus is able to subvert the host cell
architecture and intracellular trafficking system as a strategy to overcome the nasopharyngeal barrier
without affecting the monolayer integrity (Barrile et al. 2015). As described, we have generated KO and
over-expressing NadA N. meningitidis and we plan to test these strains on polarized epithelial cells in

order to elucidate the contribution of this adhesin in the bacteria crossing towards the bloodstream.

In order to understand deeper the molecular mechanisms exploited by NadA to enter host cells
and as logical pursuing of the studies described above, | started a project aimed to identify NadA
receptors. Apart from interacting with human epithelial cells, in fact, NadA was also found to target
human monocytes inducing the production of pro-inflammatory cytokines and chemotactic factors, as
well as the inhibition of apoptosis leading to macrophages differentiation (Franzoso et al. 2008). |
approached this target by performing an unbiased large-scale screening of two libraries, a first one
including about 2500 and a second of more than 6000 human surface protein spotted on a microarray.
With this method a discrete number of putative NadA interactors were identified and the effective
binding was confirmed for 4 of them with different techniques. One of the identified proteins (Lectin-like
oxidized low-density lipoprotein receptor-1 or Lox-1) is a receptor predominantly express on endothelial
cells while the other three are mainly expressed on cells of myeloid origin and better characterized on
monocytes/macrophages. Unfortunately none of the candidates is expressed by epithelial cells and the

identity of the NadA receptor on this cell type is still missing.

Although spending part of my time on Lox-1 recognition by NadA (see below), in the second part of my
PhD | focused my attention to the characterization of the NadA binding to monocytes in order to elucidate
the contribution of this N. meningitidis antigen in this step of the bacteria pathogenesis. As anticipated,

the protein microarray identified three different monocytic receptors involved in the NadA binding:

a) Sialic acid-binding immunoglobulin-type lectins receptor 5 (Siglec 5)
b) Sialic acid-binding immunoglobulin-type lectins receptor 14 (Siglec 14)

c) Low affinity immunoglobulin gamma Fc region receptor Il-a (FcyR2A).
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Siglec 5 and Siglec 14 are described to be paired receptors (Ali et al. 2014); the high sequence similarity of
their first two immunoglobulin domains allow them to respond to the same ligands, while, the opposite
immunoreceptor tyrosine-based motif in the tails, provide a balance of signalling inside the cell (Ali et al.
2014). Siglec 5 has already been described (Jones, Virji, and Crocker 2003) to bind the terminal capping
structure displayed on the lipopolysaccharide (LPS) of N. meningitidis. Here we report evidence of a novel
interaction with a Nm surface protein suggesting a model in which meningococcus sialic acid acts as
tethering factor whereas NadA establish a stronger adhesive interaction. It will be interesting to establish
whether the NadA-mediate binding results in an internalization or induce a colonization niche analogous
at what observed for endothelial cells (Coureuil et al. 2014). Also the FcyR2A, thanks to its
immunoreceptor tyrosine-based activation motif (ITAM) motif in the intracellular domain, is involved in
the same signalling pathway suggesting a complex scenario in which bacteria, through the NadA antigen,

exploit multiple and alternative way to target host monocytes.

The putative interactions were further corroborated by cellular binding assays in which non-permissive
CHO-K1 cells were able to bind rNadA after transient expression of the receptors. These data were
confirmed by the ability of polyclonal anti-receptor antibodies to abrogate the binding. In order to
characterize the interactions from a biochemical point of view, BLI binding experiments allowed the
identification of a strong affinity, in the range of nanomolarity, between rNadA and Siglec 5 and Siglec 14.
Furthermore, this technology allowed us to define the Head portion of NadA as responsible for the
binding with Siglecs receptors. To locate more precisely the NadA residues involved in the interaction,
hydrogen—deuterium exchange (HDX)-MS was performed with rNadA in complex with Siglec 5, and two
non-consecutive peptides, located in the NadA head, were identified as crucial. Interestingly, the region
identified is overlapping with the epitopes recognized by murine monoclonal bactericidal antibody 33E8
(Malito et al. 2014) and the NadA binding site with Hsp90. This latter interaction was found to be
protective towards NadA-mediated meningococcus adhesion and invasion to epithelial cells, indicating
this region of the adhesin as a crucial one required for specific recognition of host species. The full picture
has still to be completed by establishing the affinity constants and the NadA region involved in the

interaction with FcyR2A.

III

Functional validation of the binding in a “natural” cellular context was achieved taking advantage of THP-1

monocytic cells. Confocal analysis revealed a strong co-localization of signals between rNadA and both
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receptors. Surprisingly, a co-localization between the two receptors was achieved also in absence of the
recombinant adhesin suggesting the proximity of the two proteins, likely within the same lipid raft at the
cellular surface. Inhibition of the binding by FACS experiments combined with a temperature dependence
analysis, allowed us to visualize and separate the binding to the different receptors suggesting that the
binding between NadA and Siglec 5 & 14 is influenced by temperature (as on epithelial and endothelial

cells) while no dependence is observed for the binding to FcyR2A.

Recently, we suggested an additional role for NadA at the host peripheral microvasculature and at
the brain blood barrier through the identification of the interaction with the Lectin-like oxidized low-
density lipoprotein receptor-1 (Lox-1), a multifunctional endothelial receptor described to bind a broad
spectrum of physiological ligands including oxLDL and bacteria (Scietti et al. 2016). In this work we confirm
the interaction with binding assays on transfected eukaryotic cells and by biophysical and functional
studies. The affinity constant is in the low nanomolar range, indicating a very strong binding with the

NadA head domain identified by competition with anti-NadA murine monoclonal antibodies.

In spite of the strong biochemical evidence of the NadA/Lox-1 binding, the biological outcome of this
interaction has not been approached. In order to fill this gap, | spent three months of my PhD at X. Nassif
laboratory in Paris that represent the leading group engaged in studying the endothelial colonization by
meningococcus. Here, | had the possibility to screen different endothelial cell models. Surprisingly, the
amount of rNadA cell-bounded was strong and comparable between all tested cells, and it was not
influenced by the surface level of Lox-1. These data, although identifying the ability of NadA to bind
human endothelial cells, suggest the presence of additional interacting proteins at the cell surface. Blood-
Brain Barrier hCMEC/D3 cell line was selected as the best model to proceed with the characterization and
we revealed a strong temperature dependence of the NadA binding similar to what observed on epithelial
cells as well as human monocytes. Specific anti-Lox-1 antibodies, although lowering the level of NadA
bound to cells, were not able to abolish the interaction with the endothelia providing additional data in

support of the presence of additional receptors.

Assays with wild type and mutated N. meningitidis confirmed the role of NadA in the adhesion of the

bacteria to endothelial cells even if the primary and predominant interaction is mediated by Tfp. Further
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studies are ongoing in order to better characterize the role and cooperation of this two meningococcus

components in this step of the bacteria pathogenesis.

N. meningitidis is able to cross the epithelium of the upper respiratory tract, survive in the blood and be
transported to the endothelium of the blood-brain barrier where adhesion and colonization generate the
dramatic consequence of the invasive meningitis. All considered, NadA is able to interact with all three
cell types involved in the bacterium cycle of infection suggesting unknown and multifaceted roles for this
protein in the complex multi-step mechanism of MenB pathogenesis. Dissecting the biological meaning of
the interactions between NadA and host cells will provide new insight on the bacteria pathogenesis and
will help in the generation of tools to fight a devastating disease that, according to the World Health

Organization, provoke 1.2 million cases and 135,000 related deaths a year.
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