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INTRODUCTION

Neisseria pathogens
In genus Neisseria, two strictly human pathogens evolved, Neisseria gonorrhoeae and
Neisseria meningitidis. Although closely related, gonococcus and meningococcus have

different site and mechanisms of infection.

Neisseria gonorrhoeae

Neisseria gonorrhoeae (Ng) is an obligate human pathogen and the agent of sexually
transmitted gonorrhea. The primary sites of gonorrhea infection are the epithelium of
urethra in male and the endocervix in female, but gonococci can infect also anorectal
tract, oropharynx, gingival mucosa and epithelial cells of conjunctiva. Infection of
urogenital tract results mostly in urethritis in men and cervicitis in women, even if
infection in female genital tract is often asymptomatic. While rectal and pharyngeal
infection are mainly asymptomatic, conjunctiva infection can cause conjunctivitis in
adults and infants. Gonorrheal infection can also cause infertility and ectopic pregnancy
[1] [2]. Occasionally N. gonorroheae can enter the blood stream to cause the
Disseminated Gonococcal Infection (DGI), whose most common consequence is arthritis-
dermatitis [3]. Moreover, N. gonorrhoeae infection increase the risk for transmission of
other sexually transmitted disease (STIs), as HIV-1 [4]. Gonococcus is transmitted by
sexual contact, with the transmission rate higher from men to women than vice versa. It
can also be transmitted from mother to child during birth, with consequent infection of
conjunctiva and onset of ophthalmia neonatorum [1]. Gonococcus has developed a wide
antimicrobial resistance (AMR) by several mechanisms, such as modification of

antibiotic targets and efflux of antimicrobials through the efflux pump systems [5]. The



AMR is a public health concern that makes treatment and elimination of the pathogen
complicated.

Neisseria gonorrhoeae is a Gram-negative piliated bacteria, with a diplococcal shape and
a single circular chromosome. As obligate human pathogen, it evolves with and within of
its human host. Although Ng is able to adapt to several different conditions it encounters
in different colonization niches, first of all oxygen level, it does not survive outside host,
from which gonococci obtained fundamental nutrient [6]. For this reason, laboratory
culture of Ng requires complex media supplemented with nutrient source. Ng is naturally
competent acquiring DNA from other bacteria or environment by horizontal genetic
transfer. This mechanism is mediated by type IV pilus, an important colonization and
pathogenic factor on bacterial surface, and determine wide spread of antimicrobial
resistance among gonococcal strains [7].

Gonococcal colonization begins with adherence of bacteria to mucosal epithelium.
Several Ng characteristic factors on bacterial surface mediate this interaction: Type IV
pili, opacity (Opa) proteins, Lypooligosaccharide (LOS), the major porin (PorB), efflux

pumps and metal transporters (Fig. 1).
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Figure 1. N. gonorrhoeae bacterial surface factors [1].



Type IV pili are outer membrane structure characterized by antigenically and phase
variation, mechanism which mediate immune evasion [8]. Besides immune evasion, pili
have other several functions, such as adherence to host cells and tissues that contribute to
colonization of host niche, movement on mucosal surface named twitching motility, and
natural competence. Correlation of pilus expression and infection is underlined by the
evidence that pilus expression is reduced in laboratory strains [1]. Opa proteins are outer
membrane adhesine abundant on gonococcal surface and characterized, as pili, by
antigenic variation. Opa are target of human carcino embryonic antigen related cell
adhesion molecules (CEACAMS) and, together with pili complex, this interaction
mediates the adherence to host tissues in site of infection. However, during infection, Ng
can express diverse number and variant of Opa proteins, altering the immune response
[9]. Porin, in Gram-negative bacteria, are transmembrane channels. In Ng, PorB is the
major abundant outer membrane protein along with OpaB, and mediates impairment of
neutrophil apoptosis, resistance to complement factors and antimicrobial resistance [9].
LOS, which compared to Lipopolysaccharide lacks O-antigen polymer, is a component
of more external part of outer membrane. Its sialyation or desialyation affect progression
of infection, mediating complement evasion and invasion of epithelial cells, respectively
[10]. Finally, Ng express several efflux pump systems, MtrC—MtrD—MtrE, MacA-—
MacB-MtrE, NorM, FarA-FarB-MtrE and MtrF [11] [12], which primary defend
pathogens from toxic and microbial compounds, and three iron acquisition systems for
uptake of iron from human sources, TopA-TbpB, LbpA-LbpB, HpuA—-HpuB [13].

After colonization, host activate several innate and adaptive immune strategies to block
infection. The interaction of innate immune cells with bacterial factors induces cytokines

and chemokines production (IL-6, IL-8, IL-1B, IL-17, interferon gamma, and NF-kB) by



macrophages, dendritic cells and epithelial cells, which in turn determine the influx of
neutrophils to site of infection [14]. Neutrophils response gives rise to purulent exudate
characteristic of symptomatic gonorrhoea infection. in vitro infection of immortalized
epithelial cell lines from normal human endocervix, ectocervix, and vagina shows
upregulation of cytokines production, that may contribute to the inflammatory host

response to gonococci infection [15] (Fig. 2).

1 (2 O)
Adherence to Competition with resident [A .\ell(roplmil-;iély, purulent
urogenital epithelium mitrol‘)ium. nutrient ac q'uistion 3) | exudate facilitates transmission
| and microcolony formation Rdanse of o
N. gonorrhoeae Colonization | peptidoglycan, .FD.\ _1

Opa protein Microbiota LOS and OMVs |

e Vot and invasion : A \
ype IV pili g | of epithelium | @—OMV .'@ [ %J

@ @2% %ﬁ)% " Peptidophcay %&OS ? ]

B O‘O O O‘O O ® o OO‘O Q»‘V"OO <
Urogenital epithelium o © ) Transcytosis

° Peptidoglycan, LOS 1OMV [
M ] (+} (o [“l( joglycan, and S
PEOPTINOS ® ° ° ) cause NOD and TLR activation on fae) ::‘e’z:::oo'hils'
© () == epithelial cells, macrophages and A7\ PRV
o g G %~ | adherence and
y . -NLR DCs: HBP causes activation of AL ohi Sl
y ° 2 z 2 ig | L) | phagocytosis o

TIFA-dependant innate immunity

"Cymlrnne. champYins an("1 - ° o in epithelial cells and macrophages ’\.:/J |4 o gonorrhoeae
ifnﬂammalory transcription TR ° o ) e (5) ° o @ Neutrophil
actor activation ° ° o [~} ° e o
4 Cytokine' @ ® o
Chemokine

Figure 2. N. gonorrhoeae infection mechanism [9].

Besides inflammatory response, the complement system responds to gonococcal infection
by alternative and classical complement pathways. These are activated by aspecific
signals, such as tissue damage, or by specific IgM and IgG antibodies production,
respectively, and activate complement cascade leading to phagocytosis and opsonization
[16]. Concerning adaptive immunity, antibodies are elicited against surface antigens,
although the main surface antigens, pilus, Opa, and LOS, are highly antigenically and
phase variable [17]. This variability is one of the mechanisms by which Ng evade immune

system.



Indeed, N. gonorrhoeae is also able to interact with immune system cells to counteract
the defense mechanisms. It is phagocytosed, and internalized bacteria are able to survive
and replicate, to modulate apoptosis and to induce expression of inflammatory cytokines,
in macrophages [18]. Moreover, gonococcus inactivates complement factors thus evading

complement system response [9].

Neisseria meningitidis

The Gram-negative Neisseria meningitidis (Nm) colonizes the oropharynx as a
commensal. In a small number of susceptible carriers Nm can invade the pharyngeal
mucosal epithelium and disseminate into the bloodstream, causing septicemia. Moreover,
the bacteria can also cross the blood-brain barrier causing meningitis. In these cases, the
meningococcal infection is characterized by exacerbated inflammation that can lead to
neurological disorder and death [2]. N. meningitidis is acquired by droplet inhalation. In
the upper respiratory tract, the pathogen stabilizes contact with epithelial barrier leading

to asymptomatic carriage (Fig. 3).
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Figure 3. N. meningitidis infection mechanism [2].



N. meningitidis is a piliated diplococcus, natural competent and characterized by the
presence of polysaccharide capsule around it, which is the main difference between the
two Neisseria pathogens [19]. The structure of capsular polysaccharides determines the
classification of Nm in 12 serogroups. Among this, only 5 can cause disease (A, B, C, W,
X, Y) [20]. In interaction between pathogen and host, the surface colonization and
virulence factors have a fundamental role, as depicted also for Ng. In Nm, the main

virulence factors are capsule, pili and outer membrane proteins/adhesin (Fig. 4).
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Figure 4. N. meningitidis surface components [2].

The polysaccharide capsule first protects pathogen in air, during aerosol transmission,
while upon colonization, capsule mediates evasion from complement system immune
response, inhibiting antibodies recognition, thus contributing to bacterial survival [21].
Pili are important for first adhesion of meningococcus to host tissue, along with other
functions. They mediate the natural competence by DNA uptake and are involved in the
moving of pathogens by twitching motility [22] [23]. Besides pili, Opa and Opc, another

Opacity protein, are the more important adhesins expressed by Nm. While Opa proteins



are characterized by antigenic variation, which lead to expression of different Opa in
different strains, Opc protein does not shown this feature, being encoded by one only gene
[21]. Among other described Nm adhesins, important for bacterial interaction with host,
there is the Neisseria Adhesin A (NadA) protein which has been found mediating cellular

adhesion in disease isolates [24].

Neisseria vaccines

Several vaccines, with different structures, have been developed and distributed against
Nm pathogenic serogroups. Conjugate, protein-based and outer membrane vesicle
(OMV)-based vaccines were developed over the years, with the first vaccine based on
capsular polysaccharides against A, C, W, Y serogroups [25]. However, vaccines against
serogroup B have been produced more recently. The delay in the development of these
vaccines is due to different structures of serogroup B capsule compared to others. Indeed,
the first vaccine against Nm B is the Neisseria meningitidis serogroup B OMV vaccine
MeNZB, developed against a Nm epidemic in New Zealand [26]. After a decade, another
Nm B vaccines was developed, 4-component meningococcal serogroup B protein-based
vaccine (4CMenB, Bexsero). This vaccine is composed by MeNZB OMVs and three
recombinant Nm antigens, Neisseria adhesin A (NadA), factor H binding protein (fHbp)-
GNA2091, and Neisserial heparin binding antigen (NHBA)-GNA1030. Of these
antigens, NadA, fHbp and NHBA elicit antibodies against meningococcus, while the
accessory proteins GNA1030 and GNA2091 increase immunogenicity [27].

On the contrary, in N. gonorroeae, the high variability of antigens has limited the
development of gonorrhoeae vaccines. However, the recent observation of gonorrhoea

reduced incidence upon Nm vaccination opens new perspectives on gonococcal vaccines.



Transcriptional regulators NadR and FarR in Neisseria pathogens

Among the N. meningitidis virulence factors, Neisseria adhesin A (NadA) is important
for the pathogen adhesion to and invasion into epithelial cells [28]. NadA is an outer
membrane protein, component of recombinant anti-MenB vaccine [27]. It is present in
many meningococcal isolates, but it is not found in the closely related N. gonorrhoeae
[24]. NadA expression has been found repressed by Neisseria Adhesine A Repressor
(NadR), member of Multiple antibiotic resistance Repressor (MarR) family and
conserved in the species N. meningitidis and N. gonorrhoeae [29] [30]. MarR family
proteins are prokaryotic transcriptional regulators that act mainly as repressors, binding
DNA as homodimers. They have a role in response to environmental conditions,
antibiotics, toxic compounds, oxidative species and in control of virulence factors in
pathogenic species [31] [32].

N. meningitidis NadR (NMB1843) was identified as a 441 bp open reading frame
encoding for a protein of 146 amino acids which has high structural homology with other
members of MarR family regulators [29]. Besides the main target nadA, NadR can repress
at least 30 genes, identified by a global gene expression profile, including Maf adhesins,
membrane transporters and proteins involved in metabolic pathways, promoting
adaptation of pathogen to host niche [33]. The NadR regulation mechanism is also
modulate by 4-hydroxyphenylacetic acid (4HPA), a small molecule which negatively
regulates NadR binding to DNA. By a 4HPA-dependent mechanisms NadR also
autoregulates its own expression [33] [30].

NadR homologous in N. gonorrhoeae is the Fatty acid resistance Regulator (FarR), a
MarR family protein sharing more than 98% of amino acid sequence identity with Nm

NadR [33] (Fig. 5). Although the sequence similarity, the two regulators have different



regulation targets, likely due to the different host niches to which the two species are
adapted. FarR regulates expression of an efflux pump system involved in fatty acid
resistance [34], while Nm seems to have an intrinsic fatty acid resistance and NadR has
no role in its regulation [29, 35].

N. meningitidis NadR

1 CLUSTAL 2.1 multiple sequence alignment Score:| 98.6301

nme_NMB1843 MPTQSKHASINIGLIQAREALMTQFRPILNQANITDQOWRIIRLLAENGTLDFQDLANQA
ngo_NGO_0058 MPTQSKHASINIGLIQAREALMTQFRPILNQANITDQQWRIIRLLAENGTLDFQDLANQA
3k 3k 3k 3k 3k 3k 3k 3k 3k ok 3k sk sk ok ok ok ok sk sk ok ok ok ok ok ok ok sk sk ok ok ok ok ok ok ok sk ok ok ok sk sk sk ok ok sk ok ok ok ok ok ok ok ok ok ok ok ok ok k ok
nme_NMB1843 CILRPSLTGILTRLEKAGLVVRLKPSNDQRRVFLKLTAEGEKLYEEIGEEVDERYDAIEE
ngo_NGO_0058 CILRPSLTGILTRLEKAGLVVRLKPSNDQRRVYLKLTSEGEKLYEEIGEEVDERYDAIEE
********************************:**** 2 35 3k 3k 3k 3k 3k 3k Sk 3k ok Sk k ko ok ok ok k k
nme_NMB1843 VLGREKMLLLKDLLAELAKIEDALNS
ngo_NGO_0058 VLGREKMLLLKDLLAELAKIEDALNS
s sk sk ok ok ok ok sk sk sk ok ok ok ok ok ok ok Ok kR ok ok ook ok

| N. gonorrhoeae FarR |

Figure 5. Alignment of the amino acid sequences of N. meningitidis NadR
(nme_NMB1843; green line) and N. gonorrhoeae FarR (ngo_NGO_0058; blue line)
performed with the ClustalW program, version 2.1. (*) positions which have sequence
identity; (:) position with conserved substitution. Red box underlines the identity score of

alignment.

FarR directly interacts with the promoter region of farAB operon, negatively regulating
the expression of the components of FarAB efflux pump system [34, 36]. The FarAB
system is involved in a fatty acid resistance mechanism in N. gonorrhoeae, mediating the
export of antimicrobial hydrophobic agents across the membrane. It is composed of a
fusion membrane protein FarA, a cytoplasmic membrane transporter protein FarB, while
MtrE protein is required as outer membrane transporter. The last component, MtrE,
belongs also to MtrCDE efflux pump system and is not part of the farAB operon [12, 34].

Transcription of farAB operon is also indirectly regulated by other factors: MtrR repressor

10



and Integration Host Factor (IHF). MtrR, transcriptional regulator of mtrCDE efflux
pump system, was found to indirectly activate transcription of farAB operon, repressing
expression of farR [34]. Integration Host Factor (IHF), a DNA binding protein, modulates
FarR regulation of FarAB efflux pump stabilizing FarR-DNA complex thus negatively
controlling expression of operon [36]. Moreover, similarly to its NadR homologous, FarR
has also been demonstrated to be negatively autoregulated [34]. Other than farAB operon
regulation, FarR can directly regulate expression of gInA gene which encodes glutamine
synthetase. In contrast to efflux pump regulation, FarR is a transcriptional activator of
gInA, whose expression is also indirectly repressed by MtrR regulator by repression of
farR expression and by decreasing stability of FarR binding to its target site upstream to
gInA gene [37].

Therefore, functional differences between FarR and NadR regulators (Fig. 6), could
reflect adaptation of Neisseria pathogens to different host niches. Ng is adapted to
urogenital tract, site of infection rich in antimicrobial hydrophobic agents. In this context,
Ng FarR regulator controls fatty acid resistance by regulation of its main target FarAB
efflux pump. Conversely, Nm colonizes nasopharynx where NadR mediates adherence to
epithelial cells by regulation of NadA adhesin, determining the pathogen colonization as

commensal [38].
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N. gonorrhoeae

Figure 6. Schematic illustration of Ng FarR (up) and Nm NadR (down) transcriptional
regulators on their main target gene. On the left the repression of farAB and nadA genes
is shown; on the right there is the effect of farR and nadR deletion (increased expression
of efflux pump component and increased expression of adhesin NadA, respectively). The

figure has been adapted from [38].

Bacterial Carbonic Anhydrase

Carbonic Anhydrase (CA) is an enzyme which catalyzes the reversible hydration of
carbon dioxide (CO) in bicarbonate (HCO3") and hydrogen ions (H*). This reaction (CO:
+ H20 = HCO3™ + H") has a fundamental role in bacterial metabolism regulating several
balances. Through catalysis of interconversion between CO2 and HCO3z", CA provides the
cells with a source of these chemical species for biological pathways [39]. Besides,
regulating the equilibrium between HCO3z and H* ions, the enzyme controls pH
homeostasis of cells [40]. Providing source of carbon and regulating pH level, CA allows

microorganisms both to adapt to niche with different CO2 and pH conditions and to
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modulate biological pathways, sustaining bacterial metabolism and growth in different
conditions [41] [42].

In the context of pathogenic bacteria, CAs have been found to contribute to virulence and
survival of some of them [43] [44]. Indeed, by regulation of CO. levels, CA enables
bacterial proliferation also at ambient CO> concentration [45] [46] [47]. Likewise,
modulation of pH creates favorable condition for some pathogens to infect host tissues
and help them to evade from host immune defenses. Moreover, an optimal pH level is
involved in a better intracellular pathogen survival and replication in host cells [48]. CAs
are also involved in biofilm formation and stability, regulating pH and by interchange
between ions [49].

Concerning classification, CAs are metalloenzymes classified in eight families, a, f, v, 9,
& M, 9, .. Enzymes from different families share a low sequence identity and have different
structures, although the reaction mechanism was highly conserved among classes [39,
50]. As metalloenzymes, CAs catalytic site contains metal ions, mainly Zn," [42]. CAs
are ubiquitous enzymes, which classes are distributed differently among living organisms.
In bacterial domain are present a, 3, y and 1 CA-classes, in turn differently distributed
within the domain itself. Each bacterial specie can has in its genome the sequence
encoding for one, two or also three different CAs, among which, 1-CA is the less frequent
and a-CA is found only in Gram-negative bacteria [42]. CAs belonging to different
classes also exhibit different localization. a-CAs are periplasmic or extracellular proteins,
as indicated by the presence of a signal peptide, while B- and y-CAs are cytoplasmic
enzymes. The different localizations could reflect differences in CAs specific functions:
a-CA should be responsible for CO> uptake in adverse conditions, as for pathogenic

species, while the cytoplasmic CAs should be involved in intracellular equilibrium of
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CO; and pH. However, there are some Gram-negative bacteria that have not a-CA
enzyme likely due to the different and not limiting habitat in which they live [39, 50]. The
last hypothesis reinforces CA role in adaptation to different host niches.

Because of the importance of CA in bacterial metabolism and its role in pathogenicity,
inhibition of this enzyme has been considered as a potential therapeutic strategy [43]. CA
inhibition can affect bacterial survival and pathogenicity, by increasing susceptibility of
bacteria to host immune system and avoiding the adapting to site of infection [51].
Furthermore, some pathogen CAs belong to classes which are absent in host organisms,
a-CA in mammalian, allowing the specificity of inhibition targeting [42]. Several
chemical compounds have been tested for their ability to inhibit bacterial CAs with
different efficacy, defined CA Inhibitors (CAIs): sulfonamides, sulfamates, sulfamides,

inorganic anions, and dithiocarbamates [52].

Carbonic Anhydrase in Neisseria gonorrhoeae

N. gonorrhoeae genome encodes for two carbonic anhydrases, periplasmic a-CA
(NGO _0574) and cytoplasmic B-CA (NGO_2079) [53] [54]. The a-CA is well
characterized and common to other pathogenic species, such as Helicobacter pylori [44,
53]. Itis likely involved in adaptation of bacteria to host niche, thus in their virulence. Ng
a-CA, found over-expressed in the analysis presented here, is a 252 aa protein with an N-
terminal signal peptide for its secretion and localization in the periplasmic space [44]. a-
CA from Ng has been studied extensively for its inhibition with several organic and
inorganic compounds, finding that the most effective inhibitors were sulfamide,
sulfamate, trithiocarbonate and N,Ndiethyldithiocarbamate, some of them already

mentioned as bacterial CAs inhibitors [44].
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Outer Membrane Vesicles

Gram-negative bacteria naturally release part of the outer membrane, named Outer
Membrane Vesicles (OMVs). These are particles with diameter of 20-300 nm, composed
of a lipid bilayer which resembles outer membrane of bacteria from which are generated
(Fig. 7) [55]. The membrane alteration and instability could induce OMVs formation

upon detachment of outer membrane from underlying peptidoglycan [56].
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Figure 7. Schematic structure of OMVs [57].

OMVs have several beneficial functions for producing bacteria. They are involved in
intra- and inter-species interaction, being transporter of macromolecules, as for N.
gonorrhoeae OMVs which can transfer DNA for antibacterial resistance to susceptible
bacteria [58]. OMVs mediate also pathogenic function, such as delivery of toxins and
virulence factors [59], biofilm formation [60], protection against antibiotics [61]. Besides

to natural functions, OMVs have been used for several therapeutic applications, such as
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carrier system for proteins, glycans and therapeutic molecules [56]. However, the broader
studied OMVs application is their use as vaccines, carrying surface antigens.

Application of OMVs as vaccines demonstrated that the vesicles could induce a more
efficiently antibody response against surface antigens compared to traditional vaccines.
This is likely due to the presence of multiple copy of antigens on OMVs, together with
other molecules, Pathogen-Associated Molecular Patterns (PAMPs), that induce a
stimulation of immune system [62]. The major PAMP on OMVs surface is LPS, whose
lipid A is recognized by Toll-like receptor 4 (TLR4). Activation of TLR4 has been
demonstrated to have a fundamental role in induction of immune response upon
immunization with Nm Detergent extracted OMVs (dOMVs) [63]. Moreover, OMVs are
able to elicit an innate immune response with cytokines and chemokines secretion and

induction of inflammatory response [64].

OMVs induction methods

In laboratory, several methods were developed to induce the production of OMVs from
bacterial surface with a higher yield. These methods lead to purification of OMVs which
can be less or more similar to outer membrane or naturally released OMVs, thus each

induction method has some disadvantages (Fig. 8).

16



(\v ) (\ )
)~
N
SO
)
) boé
b
P \
k’"l ~ i e .
l \\/ .."I - o
() _ Spontaneous o \C\_” Sonication () ~( )
) —— ¢ —/ /
O (sOMV) \,. O (I0MV) )~
et () ()
o
&
S
S S,
A% NG
Q\\ OQ O”f &o')
)
~ K TN b
- (
Sy [ oA =P
‘»,’l N/ oM Waste proteins ‘(\7 /( A\,
™M Antibiotic/Peptide | -

Figure 8. Different OMVs induction methods (adapted from [56]).

The OMVs released from bacteria during growth are known as spontaneous OMVs
(sOMVs). Genetic modifications of bacteria can increase yield of OMVs, resulting in
gOMVs [65]. Such mutations are deletion of lipoproteins connecting outer membrane and
peptidoglycan or deletion of chaperons to induce stress conditions [56]. The disadvantage
of using gOMVs is their origin from genetically modified bacteria, which differentiates
them from in vivo vesicles. Detergent extracted OMVs (dOMVs) are induced by using
deoxycholate or sodium dodecyl sulfate that interact with membrane and also remove
LPS. Thus, dOMVs are different from sOMVs due to lack of LPS [66]. Other molecules
can be used for OMVs extraction destabilizing the membrane, such as EDTA, which is
more gentle and retains LPS on the surface of OMVs, thus called native OMVs (nOMV5s)
[67]. Sonication can also induce OMVs release by membrane destabilization and these
are named lysis OMVs (IOMVs) [68]. They are different from in vivo composition of
OMVs because are prepared from bacterial pellet rather than supernatant. The last two
induction methods are based on the same principle, induction of membrane stress by

foreign molecules, such as antimicrobial peptides or antibiotics. The former induces
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production of peptide induced OMVs (pOMVs), while the latter produces antibiotic-

induced OMVs (aOMV5s) [69] [56].

Innate immunity

In vertebrate, the mechanisms of defense are divided into innate immune response and
adaptive immune response. The main differences between them are the speed of reaction
and the specificity of response: the innate immune system reactions are rapid and non-
specific, while the adaptive immune responses are slower and specific, based on the
antibodies and receptors gene rearrangement. Moreover, the first is needed for activation
of adaptive immunity since the innate immune cells can present antigens to adaptive cells.
The innate immune system is the first line of defense and the more primitive defense
system against pathogens and tissue damages. It recognizes pathogen-associated
molecular patterns (PAMPs) or damage-associated molecular patters (DAMPS) through
pattern recognition receptors (PRRSs) expressed by innate immune cells [70]. In particular,
the PAMPs are molecules shared by different microbes but not expressed by the host and
are essential for pathogens survival. Among PAMPs there are lipopolysaccharide (LPS),
porins, peptidoglycans, flagellin, polysaccharide, nucleic acids [71]. Pathogen
recognition induces a transcriptional response involving activation of transcriptional
factors which regulate primary response genes. Some of these genes encode effector
molecules that protect organisms from infection, while others primary response genes
encode signaling molecules for activation of secondary response [72] [73]. These rapid
and non-specific recognition and signaling processes lead to protection mechanisms such
as phagocytosis, pathogens or cells killing, cytokines secretion, inflammatory response

[74].
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A major role in innate immune response is up to mononuclear phagocytes, monocytes,
resident macrophages and dendritic cells, involved in each phase of inflammatory
process. Monocytes are a heterogeneous population of 10% of all human leukocytes, and
are localized in blood, bone marrow and spleen where they have a short half-life (1-2
days) unless they are recruited into a tissue upon danger signals. Monocytes have different
physiological roles, being involved in homeostasis, inflammation process, tissue repair,
antigen processing and presentation. Upon recruitment, circulating monocytes both act as
effectors in inflammatory response to pathogens, and contribute to maintenance of
resident macrophages in tissue [75]. Macrophages are heterogeneous cells present in all
human adult tissues, where they assume different phenotypes and functions.
Hematopoiesis process gives rise to macrophages from different sources during the
development from embryo to adult: yolk sac, fetal liver and bone marrow [76]. The latter
produces monocytes, monocytes-derived inflammatory macrophages and tissue-resident
macrophages. Tissue resident macrophages and monocytes-derived macrophages have
specific functions and related phenotypes depending on tissue microenvironment, that are
aimed to maintain homeostasis in physiological and altered conditions. Moreover,
resident macrophages are able to proliferate both in steady-state and upon inflammation,
during which the proliferation increases, allowing self-maintaining of cell population [77]
[78].

Among other functions, macrophages respond to pathogens infection activating and
guiding inflammatory process. During inflammation, changes in number and type of cells
in tissue occur. Circulating monocytes are recruited from blood to tissue where they
develop in monocytes-derived inflammatory macrophages, thus contributing to increase

in number of effector cells. In parallel, there is a decrease in number of tissue
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macrophages, which are replaced by both recruited monocytes itself and an increase of
resident-macrophages proliferative ability. Regarding monocytes-derived macrophages,
their phenotypes depend on microenvironmental signals they find in tissue. In particular,
more severe is the inflammation and more affected is the tissue, more monocytes-derived
macrophages contribute to repopulation of tissue resident macrophages [79].

Macrophages are characterized by functional and phenotypic plasticity [80], being able
to change their functional program depending on different conditions that occur during
inflammation process. This polarization process allows cells to carry out the appropriate
function in response to injuries or infections and is based on two different phenotypes and
metabolic functions, proinflammatory M1 and anti-inflammatory M2 macrophages.
Although in vivo macrophages can adopt a range of phenotypes that are not so clearly
separated, different molecular profiles and metabolisms can be described for M1 and M2
cells. M1 macrophages are induced by pathogen molecules and inflammatory cytokines
and are effector cells mediating killing of pathogens and inhibition of cells proliferation.
They produce inflammatory cytokines and toxic molecules. Whereas M2 macrophages
are activated by anti-inflammatory cytokines and molecules and promote cells
proliferation and tissue repair. These cells are responsible for the clearance of pathogens,

remodeling of tissue and immune response regulation (Fig. 9) [81].
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Figure 9. M1/M2 macrophage polarization [80].

During inflammation, a first phase involves active M1 macrophages in order to eliminate
pathogens, while a second and resolutive phase leads to tissue repair and restoring of
homeostasis by M2 macrophages. This mechanism is fundamental to control immune
response whose imbalance leads to altered response or pathology, such as endotoxin
tolerance, metabolic pathology, cancer [82].

As mentioned before, the adaptive immune system needs the innate immune response for
activation. Indeed, both monocytes and macrophages have the capacity to process and
present antigens to adaptive cells. The former circulates and reaches the adaptive cells in

lymph nodes, the latter can phagocytize the microorganisms in the tissues.

Innate immune memory
Phenotypic and functional plasticity of macrophages have a role in functional
reprogramming of these cells involved in innate immune memory phenomenon [83]. The

immunological memory is the ability of immune system to remember previously
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encountered antigen in order to give a more protective and long-term response to a
subsequent infection. This ability is evolutionary conserved from bacteria to vertebrates,
with different mechanisms and mediators of memory [84]. Besides to adaptive immune
memory, mediated by memory B and T cells in vertebrates, an innate immune memory
phenomenon has been described in organisms that lack adaptive system but also in
vertebrates [74]. As for immune system, also adaptive and innate memory differ for some
aspects. Innate memory is a differential response upon a secondary infection (challenge)
of cells that previously have undergone first infection (priming) from same or different
pathogen. Response to second infection can be higher (potentiation/training) or lower
(tolerance) than first [85] (Fig. 10). Therefore, innate memory is a non-specific
phenomenon, based on epigenomic and metabolic reprogramming of immune cells
instead of genes rearrangement and persists for a short time (weeks or months), as
opposed to adaptive memory which is based on antigen specificity and persist for years

or life.

Primed Memory monocytes
monocytes
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1 1 "
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Figure 10. Innate immune memory model. A first infection in monocytes induces an

immune response, and several epigenetic and metabolic reprogramming. After removal
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of infection, cells return to a non-active state, while reprogramming persists also during
this state. When these cells, now memory monocytes, meet a second infection they give
a response different from the first. Response to second infection can be higher that the
first, and is known as potentiation (red line), or it can be lower than the first, and is known

as tolerance (green line) (P. Italiani adaptation from [74]).

Innate immune memory was largely investigated in myeloid cells. Macrophages
undergone reprogramming towards tolerance or potentiation depending on first stimulus,
thus, among others, it has been observed that LPS induces tolerance associated with
reduced inflammatory response, while stimulation with B-glucan or C. albicans induces
a potentiation after exposure to second infection [86]. Beyond macrophages, other cells
are able to develop an innate memory, as demonstrated for other immune cells, dendritic
cells (DCs) and Natural Killer cells (NK-cells), but also for stromal and epithelial cells
[87] [88] [89]. Moreover, innate memory can occur also in bone marrow progenitor cells
of innate system, thus explaining the persistence of innate memory beyond the lifespan
of peripheral cells. Indeed, it has been demonstrated that stimulation with f-glucan or
BCG vaccine can induce a reprogramming of myeloid progenitors which leads to
enhanced myelopoiesis and memory response upon second innate immune stimulation,
transferring reprogramming to mature myeloid cells [90]. B-glucan stimulation leads to
reprogramming of transcription and alteration of metabolic pathway in hematopoietic
stem and progenitor cells (HSPCs) with their consequent expansion and maintenance

[91].

Epigenetic and metabolic markers of innate memory
As already mentioned, innate memory relies on epigenetic and metabolic reprogramming

of innate immune cells. Several compounds, such as B-glucan, BCG, LPS, have been
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demonstrated inducing an innate memory in macrophages through reprogramming of

cellular epigenome and metabolism (Tab. 1).

Training Programs Induction of Processes

Epigenetic Modification

Importance/Significance

The metabolic process,
including glycolysis,
glutaminolysis, and

cholesterol
synthesis pathways.

B-Glucan-induced training

Histone modifications, such as
H3K4 trimethylation and
H3K27 acetylation

Regulate inflammation and
help the immune system fight
diseases such as cancer.

Increased glycolysis,
glutaminolysis, and the
pentose phosphate pathway

BCG-induced training

Modifies the histone marks
H3K4 trimethylation, H3K27
acetylation, and
H3K9 trimethylation

Protects against tuberculosis
Reduce the risk of
SARS-CoV-2 reinfection

Enhanced foam cell
generation capability,
synthesis of matrix
metalloproteinases, and
overexpression of
pro-atherogenic chemokines
and cytokines because of
TLR restimulation

OxLDL-induced training

H3K4 trimethylation on genes
encoding pro-atherogenic
transporters, chemokines,

and cytokines.

Triggers inflammatory
pathways that are required for
atherogenesis
Induce uncontrolled
hyper-inflammation when
exposed to SARS-CoV-2

Alter the cholesterol
metabolism in these
monocytes, and glycolysis
and oxidative
phosphorylation are similar to
BCG-primed monocytes.

LPS-induced training

Fail to accumulate active
histone marks at the promoter
and enhancers of genes in the

lipid metabolism and
phagocytic pathways.

Lower dose can cause trained
immunity, while a higher dose
can lead to tolerance

Induces persistent

Aldosterone-induced training . .
proinflammatory cytokines

Histone mark H3K4
trimethylation in genes
related to fatty acid
metabolism and
proinflammatory cytokines.

Excessive aldosterone has
pro-atherogenic effects while
blocking the aldosterone
pathway reduces the negative
effects on
cardiovascular health.

BCG, Bacillus Calmette-Guérin; OxLDL, Oxidized low-density lipoprotein; LPS, Lipopolysaccharide; TLR, Toll-like receptor; SARS-CoV-2,

Severe acute respiratory syndrome coronavirus 2.

Table 1. Components inducing innate memory programs and related processes [80].

Epigenetic reprogramming of immune cells involves several markers which determine
the accessibility of DNA for genes expression: chromatin accessibility, histones
modification, DNA methylation. A first stimulation in macrophages induces remodeling
of chromatin and modification of histones which allow access of polymerase to promoters
of genes involved in immune response. In a resting period, after removal of first stimulus
and absence of other stimulation, the epigenetic modifications remain in part, allowing a

more consistent response to a second stimulation (Fig. 11) [84] [92].
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Figure 11. Chromatin and epigenetic modification during induction of innate memory

[71].

Among histone modifications of innate memory cells there are an increase of methylation
or acetylation of histones which alter the chromatin and gene promoters and enhancers
accessibility. In particular, different kind of histone methylations can occur in chromatin
(H3K4mel, H3K9me2, H3K4me3) leading to silencing or activation of genes [93], while
acetylation of histone 3 lysine 27 (H3K27ac) is a marker for gene activation [94]. What
was described above as a more consistent response, in the context of innate memory could
be also a reduced responsiveness of innate immune cells upon a secondary stimulus, and
it uses the same epigenetic mechanism. Indeed, the activation marker H3K27ac was found
increased after BCG vaccination, which induce potentiation, but reduced in influenza
vaccination induced tolerance [95] [96].

Besides epigenetic reprogramming, cellular metabolism has a role in the induction of
innate memory. Metabolic intermediates can regulate function of enzymes involved in

chromatin accessibility, regulating innate response and induction of memory [97]. This
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occurs by shift between metabolic pathway, which leads to accumulation of different
metabolites [71]. The metabolic alterations involved in innate response are evident in
macrophages polarization towards M1 or M2 phenotypes. M1 macrophages use
glycolytic pathway to the detriment of oxidative phosphorylation and Krebs cycle. The
latter causes accumulation of citrate and succinate, mediators of increased inflammatory
response. Conversely, M2 have a complete Krebs cycle, which entails production of
metabolites involved in modification of receptors characteristic of this macrophages [85].
Concerning memory macrophages, stimulation with B-glucan and BCG vaccine, both
inducing potentiation, is characterized by reprogramming from oxidative phosphorylation
to aerobic glycolysis, promoting histone methylation and enhanced responsiveness [95].
On the contrary, LPS-induced tolerance is characterized by shift from glycolysis to fatty

acid oxidation and activation of histone deacetylase [85].

Innate immune memory and diseases outcome

Innate memory programs are strictly related to disease outcome in human. The excessive
changes in innate response can cause alteration in inflammatory response, which can be
detrimental to organism [74] [80]. Enhanced innate response, due to potentiation effect
of innate memory, in some pathologies could be responsible of tissue damage induced by
exacerbate inflammation. Indeed, macrophages functions are associated to chronic
inflammatory  diseases, such as atherosclerosis, rheumatoid arthritis, and
neurodegenerative diseases, in which a memory phenotype of macrophages has been
demonstrated [98] [99]. On the other hand, tolerance effect can help to avoid an excessive
response to stimulation even if a prolonged or excessive inhibition cause immune

paralysis, characteristic of sepsis due to acute infection [80].

26



The tolerance as protective mechanism against over-inflammation is well represented by
Endotoxin Tolerance (ET), in which LPS-induced tolerant cells are less responsive to
subsequent endotoxin encounter, thus protecting host against endotoxin shock [100].
However, LPS-induced tolerance is regulated by epigenetic modifications which lead not
only to down-regulation of inflammation, but to a broader immunomodulation. LPS is
target of Toll-like receptors, that regulate expression of several genes involved in
response to cells stimulation. It has been demonstrated that TLR-induced genes can be
classified in two main classes. Tolerant genes are inhibited after exposure to LPS and are
not inducible in tolerant macrophages, while non-tolerant genes are up-regulated and
inducible in tolerant macrophages. The first category includes genes encoding pro-
inflammatory factors, while the second includes anti-inflammatory and anti-microbial
genes. Different histone modifications drive the different regulation of these classes of
genes, with H4 deacetylation and demethylation of H3K4me3 leading to silencing of

tolerant genes in macrophages [92].

Innate immune memory and vaccination

Besides infections or exposure to microbial factors, vaccination can induce innate
immune reprogramming toward memory, and heterologous protection against non-related
infection. The memory outcome (i.e., tolerance or potentiation) is different depending on
vaccine. The tuberculosis vaccine Bacillus Calmette-Guérin (BCG) induces histone
acetylation at genes involved in inflammatory response, cytokines production and
signaling pathways associated to innate memory programs. This epigenetic regulation
elicits increased response of macrophages and protection against non-related viral
infection, also correlated with induction of IL-1B production [95]. Vaccination can also

be associated with a reduced production of cytokines, tolerance, as demonstrated for
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influenza vaccines and a protein-free vaccine. Influenza vaccination induces a reduction
in H3K27ac associated with alteration of cytokines and inflammatory response. However,
this vaccine also stimulates an increased expression of antiviral genes leading to enhanced
control of heterologous infections. Thus, the vaccine induced modulation of innate system
relies on a balance between reduced immune and inflammatory response and enhanced
antiviral vigilance [96]. The same balance was observed in a recent study, which test
protection of protein-free vaccine against several antimicrobial-resistant species, in
mouse and human macrophages [101]. Finally, in a more recent study there is evidence
that mRNA-based BNT162b2 vaccine against SARS-CoV-2, induces transcriptional
changes and alteration of inflammatory cytokines production in innate immune cells

[102].

Nm OMVs vaccines protection against Ng infection

Epidemiological studies demonstrated that OMVs based vaccines against Nm serogroup
B protect against Ng infection. Petousis-Harris et al. [103], demonstrated an association
between OMVs meningococcal B vaccine (MeNZB) administration and reduced rate of
gonorrhoea diagnosis, with an effectiveness of MeNZB against Ng of 31%. A more recent
study analyzes the correlation between 4CMenB vaccine and Ng infection. 4CMenB is a
meningococcal serogroup B vaccine composed of OMVs from MeNZB and three
recombinant proteins of Nm, and here was found reducing gonorrhoea incidence [104].
This observed cross-protection between Nm vaccines and Ng infection could have an
important role in research for vaccination strategy against gonorrhoea, which promptly
develop antibiotic resistance.

Cross-protection between Nm OMVs vaccines and Ng infection can be likely due to

vaccine elicited cross-reactive antibodies against Ng antigens. The vaccine studied for
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induction of cross-protective antibodies is 4CMenB (Bexsero vaccine). It contains OMVs
from Nm New Zealand strain and three recombinant antigens, NadA, fHbp-GNA2091,
and NHBA-GNA1030. NadA, fHbp and NHBA induce antibodies against Nm, while
GNA1030 and GNA2091 are accessory proteins which increase immunogenicity [27].
Studies on Bexsero antigens reveal that NadA is absent in N. gonorrhoeae, while fHbp,
NHBA and the accessory proteins are conserved in gonococcus. However, among these
three conserved proteins, only NHBA is surface exposed in Ng and thus can be recognized
by cross-protective antibodies [105] [106]. Analysis of serum from rabbit immunized
with OMVs vaccine components and serum from human vaccinated with 4CMenB show
that Nm vaccine is able to induce antibodies that recognize and cross-react with Ng
proteins [107] [108]. Besides NHBA, also OMVs component of vaccine could elicit
antibodies against gonococcal surface proteins (Outer Membrane Proteins). Leduc et al.
[108], found that 4CMenB-induced anti-sera recognize OMV proteins from Ng and
among identified cross-reactive Ng proteins there are Mtrg, PilQ, BamA, PorB. PilQ and
BamA are the more conserved antigens in Ng and have a fundamental role in pilus
secretion and outer membrane proteins biogenesis, respectively. However, the Ng surface
proteins are characterized by wide phase and antigenic variability, which can affect
antibodies target recognition in diverse strains. The antibodies recognition of gonococcal
surface that elicits a protective immune response seems not correlate to bactericidal
activity. 4CMenB-induced sera, which carries cross-reactive antibodies, did not show
differences in bactericidal titers, vice versa, strains which show high bactericidal titers for
4CMenB vaccinated sera, did not show binding of antibodies from sera. This un-related
effect could be due to antibodies efficacy, antigens conformation or strains resistance

[108, 109].
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Beyond the antibodies’ involvement, a role of the innate immune system through the
development of the innate memory (training immunity) in this cross-protection can be
assumed and has not yet been explored. In this work, the induction of innate memory by

OMVs from Ng and Nm was explored.
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THESIS AIMS

The pathogenic species N. gonorrhoeae and N. meningitidis share between 80-90% of
genome sequence identity, although they have developed different behaviors regarding
infection and disease they caused. Ng main site of infection is the urogenital tract, where
it causes gonorrhea, a sexually transmitted disease characterized by inflammation in site
of infection. Conversely, Nm colonizes nasopharynx causing bacterial meningitis and
septicemia. Adaptation to different host niches leads to functional differences in the
regulatory mechanisms of genes in the two Neisseria pathogens, as observed for
homologous regulators FarR and NadR in Ng and Nm respectively.

Concerning prevention of disease transmitted by Neisseria, vaccines development has not
progressed in the same way for the two pathogens. Indeed, several vaccines, based on
different strategies, have been distributed against Nm serogroups, while gonorrhoeae
vaccine has not yet been developed. However, recent studies demonstrated that Outer
Membrane Vesicles (OMVs) based vaccines against Nm serogroup B induce reduction of
gonorrhea incidence, which could be useful in the studies on gonorrhea vaccines. The
observed cross-protection relies on vaccines elicited cross-reactive antibodies against Ng
surface proteins. Furthermore, an involvement of innate immune system can be assumed.
There is evidence that other vaccines (BCG, influenza and a protein-free vaccine), can
give heterologous protection to pathogens by inducing innate immune memory. Innate
memory is the ability of innate immune system to mount resistance to reinfection, and is

based on metabolic and epigenetic reprogramming of innate immune cells.
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This work developed around two main questions. The first one was focused on
identification of factors on Nm and Ng whose interaction with innate immune cells impair
cytokines secretion and is based on the evidence that a Nm adhesine, NadA, induces a
pro-inflammatory stimulus, and that its regulator NadR and Ng homologous FarR impair
the cytokines secretion by human monocytes and macrophages. The second investigates
the possibility that innate immune system could have a role in the observed cross-
protection of Nm vaccine against gonococcus infection, as already observed with other

vaccinations.
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RESULTS

FarR/NadR regulated factors on Ng/Nm OMVs impair cytokines secretion in human

monocytes and macrophages.

Preliminary data indicated that N. meningitidis OMVs knock-out in NadR encoding gene
(AnadR), thus overexpressing the NadA adhesin, impair cytokines secretion by human
monocytes and macrophages (M. Merola & P. Italiani personal communication). It was
previously reported that both soluble and membrane anchored NadA targeted monocytes,
macrophages and dendritic cells [110, 111] resulting in a pro-inflammatory signaling. The
abovementioned studies sought to go deeply in the mechanism of this observed
phenomenon and OMVs derived from Nm strain B deleted in the NadA repressor NadR
(AnadR) were used to stimulate human monocytes and monocytes-derived macrophages
in vitro and the outcome were compared with wt strain derived OMVs. In addition, we
thought that if NadA was directly involved in this activation, the observed biological
outcome should not be observed using the Nm strain B AnadA derived OMVs as stimulus.
Surprisingly, the reduced production of pro- and anti-inflammatory cytokines observed
with AnadR-OMVs compared to wt-OMVs was not reproduced by the ArnadA-OMVs
(data not shown) suggesting that impairment of cytokines secretion is independent on
NadA but that likely due to other(s) NadR targets.

Considering the homology between NadR and FarR, the Nm and Ng DNA binding
proteins, we sought to check the ability of OMVs from Ng knock-out in farR gene (AfarR)
to modulate reactivity of human primary monocytes/macrophages. At first, dose-response
experiments were performed by stimulating human monocytes and macrophages with Ng

FA1090 and Nm 5/99 derived OMVs, purified from wild type (wt) and mutant strains
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(AfarR and AnadR respectively). Monocytes isolated from healthy donors and
monocytes-derived macrophages (obtained culturing monocytes 7 days in presence of M-
CSF) were stimulated with different concentrations of OMVs for 24 hours. At the end of
this period, the amount of inflammatory (TNF-alpha, IL-6) and anti-inflammatory (IL-

10, IL-1Ra) cytokines secreted in supernatants was measured by ELISA (Fig. 12).

OMVs

24 hrs 1>
| OMVs
OMVs Cytokines by PPN
stimulation ELISA %
Human monocytes Monocyte-derived
isolation from buffy coat macrophages

In vitro differentiation

24 hrs —>
+ M-CSF, 7 days
OMVs Cytokines by
stimulation ELISA

Figure 12. Schematic representation of dose-response experiment. Blue line shows
monocytes stimulation. Red line shows monocytes-derived macrophages stimulation.

Created with BioRender.com.

At higher concentrations of OMVs, stimulation of monocytes with OMVs from Nm
AnadR seems to induce a slight reduction of cytokines secretion compared to stimulation
with OMVs from Nm wt (Fig. 13A), as already observed in the aforementioned
experiments. Concerning gonococcus, stimulation with Ng AfarR OMVs has shown a
slight impairment of cytokines secretion (except for IL-6) from macrophages compared
to stimulation with Ng wt OMVs, although this effect is absent in monocytes (Fig. 13B).
These results suggest that NadR and FarR might regulate the expression of factors able
to influence the cytokines secretion by monocytes or macrophages respectively. The

alteration in cytokines secretion described above is observed with the same trend for each
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individual donor. However, due to the high variability in response between donor
subjects, the data should be repeated on more than three subjects in order to be statistically

significant.
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Figure 13. Levels of secreted cytokines (TNF-a, IL-6, IL-10, IL-1Ra) after stimulation
of monocytes and monocyte-derived macrophages with Nm (A) and Ng (B) OMVs from
wt and mutant strains at different concentrations (x-axis). Experiment has been performed
on three different donors; figure reports the results of one representative donor. Cytokines

have been measured by ELISA.
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Carbonic Anhydrase protein is regulated by FarR in N. gonorrhoeae.

In order to identify factors differentially expressed under control of NadR and FarR
repressors, the proteomic profiles of OMVs from Nm 5/99 AnadR and from Ng FA1090
AfarR were analyzed. The mutants and respective OMVs were obtained both in wild type
and AlpxL1 genetic background. Deletion of IpxL1 gene reduces number of acyl chains
in lipopolysaccharide (LPS) from hexa to penta, allowing to reduce LPS toxicity on
OMVs surface [112] [113].

Preliminary analysis of Nm OMVs showed up-regulation of NadA protein in nadR knock-
out (AnadR; AlpxL1AnadR) OMVs compared to OMVs from control strains (wt; AlpxL1).
However, among the other identified proteins, there are not significantly regulated factors
in the mutant OMVs compared to control OMVs, both in total analysis and in gel
digestion analysis of OMVs proteome (Suppl. Tab.1; Suppl. Tab.2). Therefore, we focus
our attention on Ng OMVs proteome.

Ng OMVs proteomes were analyzed by LC-MS/MS analysis and three analyses were
performed on three different purifications of OMVs from Ng AfarR, Ng AlpxL1AfarR,
and their control strains, Ng wt, NgAlpxL1, respectively. Proteomic analysis of the three
OMVs purifications identified 700, 692 and 459 proteins, from I, 1l and Il OMVs
preparation respectively. Of these, for final analysis, 200 were selected in each sample,
that comprise more than 95% of OMVs protein content (97-99% in first OMVs
preparation, 98% in second preparation and 99% in third preparation). Of the proteins
excluded from this selection because their low abundance, most are cytoplasmic, and can
be considered impurity of preparation. Analysis of 200 proteins localization showed that
Outer Membrane Proteins (OMPs) are the most represented proteins in all samples,

followed by lipoproteins and cytoplasmic proteins (Fig. 14; Tab. 2). The unexpected
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abundance of cytoplasmic proteins is due to the presence of abundant chaperonin protein,
which is a marker of cellular stress and depend on the culture conditions during

purification steps.
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Figure 14. Localization of proteins identified from proteomic analysis of OMVs from
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I OMVs preparation

wt AfarR AlpxL1 AfarRAIpxL1
Localization % protein % lipoprtein % protein % lipoprtein % protein % lipoprtein % protein % lipoprtein
Lipoprotein 5.364 - 10.34 - 3.49 - 4.26 -
Cytoplasmic 12,251 0 13.41 0 4.02 0 11.44 0
Cytoplasmic membrane 1.079 0.369 1.57 0.58 0.66 0.27 1.35 0.2
Extracellular 0.026 0 0 0 0 0 0.03 0
Outer mebrane 75.44 1.36 66.71 1.82 88.74 1.1 74.77 0.86
Periplasmic 0.689 1.702 2.04 2,05 0.34 0.58 1.65 1.26
II OMYVs preparation
wit AfarR AlpxL1 AfarRAIpxL1
Localization % protein % lipoprtein % protein % lipoprtein % protein % lipoprtein % protein % lipoprtein
Lipoprotein 5.40345 - 6.8269 - 3.9462 - 5.5025 -
Cytoplasmic 1033648 0 11.4729 0 9.3188 0 13,0862 0
Cytoplasmic membrane 0.94485 0.37754 1.2359 0.4365 1.0088 0.306 1.1571 0.4187
Extracellular 0 0 0 0 0 0 0 0
Outer mebrane 77.74237 1.25909 68,6996 1.5854 81.1687 1.5015 72.0799 1.7401
Periplasmic 1.07539 1.74173 4.0207 2.0657 0.6081 0.9576 3.4332 1.4581
Unknown 2.67682 1.70213 5.5542 2.,7393 2.4242 1.181 2.5638 1.8855
III OMYVs preparation
wit AfarR AlpxL1 AfarRAlpxL1
Localization % protein % lipoprtein % protein % lipoprtein % protein % lipoprtein % protein % lipoprtein
Lipoprotein 4.642687 - 4.6104431 - 5.036071 - 5.747786 -
Cytoplasmic 11.15888 0 9.8164684 0 8.671935 0 11.56639 0
Cytoplasmic membrane 0.82823 0.348819 0.8965178 0.419272 0.835454 0.444973 1.194645 0.407088
Extracellular 0 0 0 0 0 0 0 0
Outer mebrane 78.48119 1.29395 79.024599 1.207961 82.4459 1.592194 75.82099 1.430851
Periplasmic 1.423402 1.372901 2.4291827 1.3758662 0.612439 1.466314 2.312247 1.616168
Unknown 2.388926 1.627017 2.2965268 1.6073438 1.764128 1.53259 2.33334 2.293679

Table 2. The tables indicate the percentage of proteins identified in each subcellular

localization, from proteomic analysis of OMVs purified from indicated Ng FA1090

mutants and controls.

The 200 selected proteins were also analyzed to identify the differentially expressed

proteins between farR KO strains (4farR and AlpxLiAfarR) and wt or AlpxL1. The

relative abundance of proteins in farR mutants compared to controls is reported in Figure

15 as mean of fold change calculated in the three different OMVs preparations.
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Fig. 15. Proteomic analysis of Ng OMVs. Volcano plots show the significance of proteins
fold change (ratio) in AfarR compared to wt OMVs (A) or in AlpxL1AfarR compared to
AlpxL1 OMVs (B). Fold change is presented as mean of fold change of three OMVs
preparations. CA fold change is highlighted in a red circle. Ratio on x-axis is expressed

in Log2 scale. Proteins with fold change > 2 are considered differentially expressed.

Statistical significance is indicated by p values (p value < 0.05), calculated using t test.

Unexpectedly, analysis of OMVs proteome did not identify the components of FarAB
efflux pump system. However, the two components of efflux pump have been described

as fusion membrane protein (FarA), and cytoplasmic membrane transporter protein
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(FarB), thus associated to cytoplasmic membrane, and this could explain their absence on
OMVs. In wt genetic background, the only one significantly over-expressed protein in
farR mutant compared to wt is the a-Carbonic Anhydrase (CA) protein (Q5F930) (fold
change 44.3) (Fig. 15A). Whereas, in AlpxL1 background seven significantly over-
expressed proteins (fold change between 2 and 29) were identified in AlpxL1AfarR
compared to AlpxL1 (Fig. 15B). Among them, there are four cytoplasmic proteins, a
periplasmic protein, a putative membrane protein and the a-Carbonic Anhydrase (CA).
The cytoplasmic proteins have a very low abundance and can be considered impurity of
preparation, while the periplasmic and membrane proteins are observed only in this
genetic background and in this analysis. Concerning a-CA, it is heavily over-expressed
in mutant strain (fold change 29.3), as already observed in wt background. Therefore, in
analysis of OMVs proteome, a-Carbonic Anhydrase (a-CA) appears to be over-expressed
in OMVs with deleted farR compared to OMVs wt and AlpxL1. This difference in a-CA
expression has been observed also in gel digestion analysis of OMVs proteome, in which
a band corresponding to a-CA protein was detected in OMVs from Ng farR KO strains
but not in OMVs from Ng control strains (Tab. 3). In addition, a proteomic analysis of Ng
AfarR and wt total lysates was also performed, showing an over-expression of a-CA
protein in mutant compared to wt lysate (fold change of 41,7; preliminary experiment)
(Fig. 16). Therefore, the results show that expression of Ng a-CA is negatively controlled

by FarR regulator.
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Gel band Protein kDa Localization
L enoybpron 31528 periplasmic
Afart ”::S:;:‘::Lﬁfjutw;a::\;zlt:r 31.338 cytoplasmic membrane
Carbonic Anhydrase 28085 periplasmic
Dsba family thiol:disulfide 24003 periplasmic
interchange protein
OpaD 26.644 Outer Membrane
Lipoprotein 18.531 Lipoprotein
AlpxL1 Lipoprotein 11.411 Lipoprotein
505 ribosomal protein L7/L12 12.564 Unknown
306 ribosomal protein 56 13.860 Cytoplasmic
Carbonic Anhydrase 28.085 Periplasmic
Pilw 28.451 Outer Membrane
Thinl:dml\'i\:;(\l;\:ﬂr(lmngp 28.706 Periplasmic
AlpxL1AFarR OpaD 26.644 Outer Membrane
NspA 18.477 Quter Membrane
936 21.727 Periplasmic
505 ribosomal protein L18 12.797 Cytoplasmic
Lipoprotein 11.411 Lipoprotein

Table 3. Proteins identified from Ng OMVs in gel digestion analysis. Table lists the

proteins identified from gel band cut from OMVs species separated on SDS-PAGE.

00
s
Accession Description Fold change z: :
QsF930 Carbonic anhydrase 17 20
QSFAG7 Pilus assembly protein 39 79 Carbonic anhydrase
QsF679 Hemolysin D 23 3 i @
QsF718 Ppilin 21 S izs
QsF7Ve Succinate-semialdehyde dehydrogenase 0.4 %::
QoZHDE Glutamyl-tRNAreductase 32 i
Q5F6X8 Na(+)-translocating NADH-quinone reductase subunit C 83 5
QsF957 Restriction endonuclease EcoPl subunit R 143 . 5
QSFAGH Homoprotocatechuate degradative operon repressor (FarR) 50.0 76 =k
QsF958 site-specific DNA-methyltransferase (adenine-specific) 50.0 - %
25
00 i
B e e WM Y 1 4 8 18 32 64
Ratio

Figure 16. Proteomic analysis of Ng AfarR and wt total lysates. Table lists the ten
differentially expressed proteins. The volcano plot on the right shows the significance of
proteins fold change. In the graph CA fold change is highlighted in a red circle. Proteins
with fold change > 2 are considered differentially expressed. ANOVA significance 13 (p-

value < 0.05).

The a-CA detected in OMVs proteome analysis is predicted to be a periplasmatic protein,
encoded by a 759 nt gene (NGO_0574), with a N-terminal signal peptide (Fig. 17).

Considering its involvement in physiological functions and bacterial survival, regulation
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of a-CA in Ng could allow pathogen to adapt to different pH and CO2 conditions in host

organisms.

Q5F930(252aaq; 28085 Da)
>ngo:NGO_0574 K01674 carbonic anhydrase [EC:4.2.11]

Signal peptide MPRFPRTLPRLTAVLLLACTAFSAAAHGNHTHWGYTGHDSPESWGNLSEEFRLCSTGKNQ
SPVNITETVSGKLPAIKVNYKPSMVDVENNGHTIQVNYPEGGNTLTVNGRTYTLKQFHFH
VPSENQIKGRTFPMEAHFVHLDENKQPLVLAVLYEAGKTNGRLSSIWNVMPMTAGKVKLN
QPFDASTLLPKRLKYYRFAGSLTTPPCTEGVSWLVLKTYDHIDQAQAEKFTRAVGSENNR
PVQPLNARVVIE

Figure 17. Ng a-carbonic anhydrase aminoacidic sequence. N-terminal signal peptide is

underlined.

Neisseria SOMVs induce innate memory against both Neisseria pathogens
Considered the high correlation between the two Neisseria pathogens and the observed
protection of Nm OMVs vaccine against Ng infection, we wished to assess if innate
immune memory could play a role. Thus, we checked the ability of OMVs from Ng and
Nm to induce innate immune memory in human primary monocytes/macrophages. Innate
memory model was reproduced in vitro using monocytes isolated from healthy donors
(Fig. 18). Isolated monocytes were stimulated with a first stimulus (priming) for 24 hours.
After 7 days from priming (resting period), primed and un-primed monocytes (at this
point “memory macrophages”) were stimulated with a second stimulus (challenge) for 24
hours. Cytokines and chemokines secreted in cell supernatants were then measured by
Meso Scale Discovery assay (MSD), both after priming and challenge. The memory
effects are assessed as relative change in cytokines production by primed cells compared
to un-primed cells (i.e., primed with culture medium).

In these experiments, if the level of the analyte increases after challenge in primed

compared to un-primed macrophages, we are in presence of a potentiation effect, meaning
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that the cells were instructed by the initial stimulus (priming) to respond by increased
secretion to a second stimulus (challenge). Vice versa, tolerance is a reduction of such
level following second stimulus, in primed compared to un-primed macrophages.

Challenge stimulus can be provided by homologous or heterologous stimuli.

ﬂl“stimulaﬁon* ﬂznd stimulation*
0 . 8d

& [ Priming >| Resting >‘ Challenge > w

“Memory
| Macrophages”

' ‘
' ' H
Monocytes | 24h : 7 days : 24h

“ I Cytokines |

Figure 18. in vitro experimental model with human primary monocytes for study of the

induction of innate memory.

To explore the innate immune memory between Ng and Nm species, spontaneous OMVs
(sOMVs) from Ng FA1090 wt and Nm 5/99 wt were used as priming and challenge stimuli
in homologous and heterologous combination, while LPS was used as control (Tab. 4).
Table 5 reports the 30 analytes tested by Meso Scale Discovery (MSD). The complete
results are reported in Suppl. Tab. 3 while analysis reported in fig. 19 and fig. 20 do not
include cytokines and chemokines whose secretion level did not change or showed a
concentration close to the limit of detection and considered non-significant. Among the
results represented, some observations are statistically non-significant due to the high
variability between donors, although the trend in response to different stimuli is similar

for each donor.

43



Priming Challenge

Medium Medium

Medium

LPS
LPS

Medium
LPS

sOMVs Ng
sOMVs Ng

sOMVs Nm

Medium

LPS
sOMVs Nm
sOMVs Ng

sOMVs Nm

Table 4. Combination of Priming and Challenge stimuli for innate immune memory assay

between Neisseria species.

PROINFLAMMATORY CYTOKINES CHEMOKINES
IFN-y GM-CSF Eotaxin
IL-10 IL-12p40 Eotaxin-3

IL-12p70 IL-15 IL-8HA
IL-13 IL-16 IP-10
IL-1B IL-17A MCP-1
IL-2 IL-1a MCP-4
IL-4 IL-5 MDC
IL-6 IL-7 MIP-1a
IL-8 TNF-B MIP-18
TNF-a VEGF TARC

Table 5. Cytokines and chemokines analyzed by Meso scale Discovery assay.

Concentration of all detectable factors (inflammatory cytokines IL-1p, IL-12p40 and IL-
12p70; growth factor GM-CSF; chemokines eotaxin, IL-8HA, and MCP-4), shows that
monocytes stimulated with priming stimulus (LPS, OMVs Ng, OMVs Nm) give the same
response to Ng or Nm OMVs (Fig. 19). However, OMVs wt from both species induce an
inflammatory response higher than LPS control, likely due to complex structure of OMV's

which carry several inflammatory factors on their surface.
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Figure 19. Cytokines levels after monocytes stimulation (priming). Cytokines levels are
represented as concentration (pg/mL). Experiment has been performed on three different
donors. Each bar represents the average of cytokine concentration upon priming stimulus.
Colored dots show cytokines concentration measured for each donor. Statistical

significance is indicated by p values (p value < 0.05), calculated using t test. p value:

0,0332 (%), 0,0021 (*%), 0,0002 (***), <0,0001 (****)

It has been broadly reported that priming and challenging with LPS induce a tolerance
effect, thus reduction of cytokines production is the outcome of homologous challenge
[92] [100] [114] [115, 116]. As reported in figure 20, tolerance effect was observed in
LPS/LPS primed and challenged macrophages for 5 inflammatory factors (GM-CSF,
eotaxin, MCP-4, IL-12p40 and IL-12p70) while IL-1p and IL-8HA showed potentiation.
The same behaviors were obtained after challenge stimulus with Neisseria OMVs in
macrophages primed with OMVs compared to unprimed macrophages. Thus, both

potentiation and tolerance effects occurred regardless of the Neisseria species used to
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generate the OMVs (Fig. 20). Priming with LPS, in cells challenged with OMVs, was
used to simulate aspecific inflammatory stimulus, which in our experiment induce a
similar memory effect (tolerance or potentiation) as OMVs primed cells. However, for
some factors such as IL-1B, IL-8HA, GM-CSF, eotaxin, IL-12p40 the memory effect
seems to be greater in OMVs primed cells compared to LPS primed cells. The last

evidence reflects the higher inflammatory response observed after OMVs compared to

LPS priming stimulation (see Fig.19).

Eotaxin GM-CSF
1.5 1.5
— e B
e —— = =
[P e
g 10 poy o o 1.0-| sos oo
g o] g
= o =
o A4 =]
T =
3 3

N
05 o .
B .
ol * e .
- - [0 0]
T 00 T |Fﬁm

T T T T T T
T d D 3 é ° O @ o 3
& Lo L 6&\,@ g \»Qq@‘,@ * ‘3@‘2 &
& A s‘ &

oo “ &
L =% © L L O
M LPS OMVs Ng wt OMVs Nm wt ™M LPS OMVs Ng wt OMVs Nm wt
MCP-4 IL-12p40 IL-12p70
15 15 15
* ax [ — TR e [rrrran Gasx 1
e — 2 ] — P o)
@ 1.0 pon pos pog o 1.0 pon son- o poe o 1.0 pos ece
1= =3 }=
8 . g g
= . N £ £ ©
S S S .
2 ° z =
& 05 o 205 . 2 05
: i ) U.‘ . s .t °o *
SRR o [ F NEE
77T T T T T T T 0.0t S e 00— T
<+ \*\g‘-’ “\S ‘\%é& A Q‘-’ é“\\é‘ - \g‘: * Q‘a ‘:Q‘,é‘ @\g‘:g@hé@ <+ \Q‘ & \\‘3‘3;\%‘\6‘ \“ q" @Qé@
@\ v R -.\
& S &
(&)
L —I 1 Iy E— \— \—I
M LPS OMVs Ng wt OMVs Nm wt '] LPS ‘OMVs Ng wt OMVs Nm wt '] LPS OMVs Ng wt OMVs Nm wt
IL-8HA IL-1b
s
10 — 2.0 R
9 * * *
] e . — — —
g o o . . o .
5 1.5 M
N o _
B3 . 2 e 1 ) . A e
g 2% : N £ 1.0 p0n pou. 1 | —
520 . . s . .
215 . oo . 3

1.0 poa son
0.0

00— T T T T T T T T T T T T T T T
TH T PH P * TP PO B O
°\o<° K3 \?,\-»‘\ é‘.é‘ \?4":‘\ 8‘\“‘ 3 e e ‘x'-" Q —:- 96‘
« g 8 o“" o"‘oxt-
L1 | L - |
M LPS OMVs Ng wt OMVs Nm wt M LPS OMVs Ng wt OMVs Nm wt

O Donor A .Donor B . Donor C

Figure 20. Cytokines levels after macrophages stimulation (challenge). Cytokines levels
are represented as relative change in cytokines production by primed cells compared to

un-primed cells (Fold Change). Bars are grouped based on challenge stimulation,
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indicated below graph and with different colors; priming stimuli are indicated for each
bar on x-axis. Experiment has been performed on three different donors. Bars represent
the average of cytokines fold change of three different donors, upon priming and
challenge. Colored dots show cytokines fold change for each donor. M: medium.
Statistical significance is indicated by p values (p value <0.05), calculated using one-way
ANOVA and Dunnett’s Multiple Comparison. p value: 0,0332 (*), 0,0021 (**), 0,0002

(***), <0,0001 (****)

These data suggest that Neisseria OMVs could be able to induce the same innate immune
memory effect (tolerance or potentiation for the same inflammatory factors) in
macrophages both in intra- and inter-species manner. Considering the similar memory
effects induced after OMVs challenge in LPS primed cells compared to OMVs primed
cells, further studies should be done to assess if the Neisseria OMVs memory was a

specific or aspecific response of macrophages.

Nm vaccine dOMVs induce innate memory in human macrophages

Several studies have demonstrated that vaccination against Nm with OMVs based
vaccines induces protection against Ng infection [104] [108] [103] [107]. In this part of
the study, we explored the role of the innate immune system through the development of
the innate memory (training immunity) in that cross-protection, using the innate memory
model in vitro described above.

As stimuli, different types of OMVs were used: spontaneous OMVs (sOMVs) from Ng
FA1090 wt (OMVs Ng), Nm 5/99 wt (OMVs Nm) and Nm NZ98/254 wt (OMVs NZ),
and detoxified and detergent extracted Nm NZ OMVs (dOMVs Nm) which are component

of 4CMenB vaccine. Thus, monocytes were primed with dOMVs Nm and then challenged
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with OMVs Ng. In this context, OMVs NZ were used as priming to assess if the
purification method of OMVs (sOMVs vs dOMVs) and their detoxification have an
impact on memory response. Besides, monocytes primed with dOMVs Nm or OMVs NZ
were challenged also with OMVs Nm and dOMVs Nm itself, to study if the induction of
memory could be different based on priming or challenge stimulus. As for the previous
memory study, LPS was used as control, in combination with both itself (LPS/LPS) and

OMVs (LPS/sOMVs or dOMVs) (Tab. 6).

Priming Challenge

Medium Medium

Medium

LPS
LPS

Medium
LPS
dOMVs Nm

sOMVs Ng

sOMVs NZ

Medium
LPS

sOMVs Nm
dOMVs Nm

sOMVs NZ

Medium

LPS
dOMVs Nm
dOMVs Nm

sOMVs NZ

Table 6. Combination of Priming and Challenge stimuli for innate immune memory assay

between dOMVs and Neisseria species.

Cytokines and chemokines in cell supernatants have been measured by Meso Scale
Discovery assay (MSD) both after priming and after challenge. A panel of 30
cytokines/chemokines has been tested (Tab. 5), but some of them were not detectable or

their level did not change (Suppl. Tab. 3). Among the results represented, some

48



observations are statistically non-significant due to the high variability between donors,

although the trend in response to different stimuli is similar for each donor.

Concerning priming stimulation (LPS, dOMVs Nm and OMVs NZ), dOMVs induce a

lower secretion of inflammatory GM-CSF, chemokine IL-8HA and cytokines IL-12p70

and IL-12p40 in monocytes compared to OMVs NZ (Fig. 21). Then, dOMVs seem to be

less inflammatory compared to sSOMVs from the same strain, as expected since they are

detoxified.
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Figure 21. Cytokines levels after monocytes stimulation (priming). Cytokines levels are

represented as concentration (pg/mL). Experiment has been performed on three different

donors. Each bar represents the average of cytokine concentration upon priming stimulus.



Colored dots show cytokines concentration measured for each donor. Statistical
significance is indicated by p values (p value < 0.05), calculated using t test. p value:

0,0332 (*), 0,0021 (**), 0,0002 (***), <0,0001 (****).

As previously observed, LPS induce a tolerance effect, for GM-CSF, IL-12p70 and IL-
12p40, in macrophages LPS-primed compared to un-primed cells. For GM-CSF, and IL-
12p40 we observe tolerance effect also after stimulation with OMVs Ng/Nm or dOMVs
in macrophages primed with LPS/dOMVs/OMVs NZ compared to un-primed cells.
Regarding IL-8HA, LPS or OMVs priming induces a potentiation effect after challenge
with OMVs Ng or Nm and, to a less extent, after challenge with dOMVs. Finally, IL-
12p70 shows tolerance effect after challenge with OMVs Ng/Nm in LPS or OMVs primed
compared to unprimed cells, but the same effect is not shown after challenge with dOMVs
in primed compared to unprimed macrophages, maybe due to high variation between
donors (Fig. 22). In agreement with the less inflammatory behavior of dOMVs Nm
observed in priming stimulation, the memory effect shown in IL-8HA, GM-CSF and IL-
12p40 appears to be weaker in dOMVs primed cells compared to sOMVs NZ primed cells

(Fig. 22).
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Figure 22. Cytokines levels after macrophages stimulation (challenge). Cytokines levels
are represented as relative change in cytokines production by primed cells compared to
un-primed cells (Fold Change). Bars are grouped based on challenge stimulation,
indicated below graph and with different colors; priming stimuli are indicated for each
bar on x-axis. Experiment has been performed on three different donors. Bars represent
the average of cytokines fold change of three different donors, upon priming and
challenge. Colored dots show cytokines fold change for each donor. M: medium.
Statistical significance is indicated by p values (p value < 0.05), calculated using one-way
ANOVA and Dunnett’s Multiple Comparison. p value: 0,0332 (*), 0,0021 (**), 0,0002

(***)’ <0’0001 (****)
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These results suggest that dOMVs Nm from vaccine can induce an innate memory
response in macrophages stimulated with OMVs Ng and OMVs Nm. Since the innate
memory effects are induced with a higher intensity in OMVs NZ primed cells, our data
indicate that the detoxification of dOMVs could affect the intensity of memory response

after challenge with Neisseria OMVs.
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DISCUSSION AND CONCLUSION

The aims of this work were approaching two different questions. The first one was
directed to elucidate whether there was a factor on Nm membrane that interaction with
myeloid cells was able to impair cytokines secretion. The second aim concerns the
possibility that the observed cross-protection of 4CMenB vaccine against gonococcus
infection could be at least partially motivated by innate immune memory (training

immunity). These two topics will be discussed separately.

NadR and FarR are transcriptional regulators involved in virulence of closely related N.
meningitidis and N. gonorrhoeae respectively. By stimulation of human monocytes and
macrophages, we demonstrated that NadR and FarR regulated factors induce an
impairment of cytokines secretion. Although sequence similarity, FarR and NadR have
different targets. Ng regulator controls fatty acid resistance, while Nm regulator controls
transcription of NadA and other at least 30 genes [38] [33].

In this study, using a mass spectrometry approach on OMVs proteome, on single species
separated on SDS-PAGE from OMVs and on total bacterial lysate, we analyzed
differentially expressed proteins between Ng OMVs farR knock-out and wild type.
Among outer membrane and periplasmic identified proteins, the most evident upregulated
factor is an a-Carbonic Anhydrase (CA) protein (Q5F930), whose expression here
appears negatively controlled by FarR regulator. Carbonic Anhydrases are enzymes
involved in CO: levels regulation and pH homeostasis, so contribute to pathogens
virulence and survival. Efflux pump regulators can have also off target sequences in the
genome, as demonstrated for MtrR which can repress farR and gInA, and for the same

FarR which can activate gInA expression [34] [37]. Likewise, the homologous of FarR,

53



Nm NadR, regulates not only the virulence factor NadA, but also genes active in
metabolic functions [33]. The regulation of these off targets involved in physiological
functions has been explained in past studies as a way of pathogen to optimize their growth
in particular conditions [37]. In conclusion, in Ng the regulation of aCA, enzyme which
has been extensively associated to bacterial metabolism and pathogen survival, could be
a mechanism of adaptation to different pH or CO2 conditions in host niche by regulation
of fundamental cellular pathways. However, remain to explore the mechanism through
CA is regulated by FarR and if this factor may have a role in observed impairment of

cytokines secretion in vitro.

Previous studies demonstrated that OM Vs based vaccines against Nm serogroup B protect
against Ng infection [103, 104, 107, 108]. Likely, the cross-protection relies on cross-
reactive antibodies elicited by vaccines against Ng, but an involvement of innate immune
system has not yet been explored.

Here, we used an innate immune memory model in vitro to test the ability of Ng and Nm
OMVs to induce an innate memory. We found that OM Vs from both Neisseria pathogenic
species induce an innate memory in human macrophages and modify the immune
response, in terms of cytokines secretion levels, after challenge stimulation with OMVs
from homologous or heterologous Neisseria pathogen. The innate memory occurred here
as decrease (tolerance) of GM-CSF, eotaxin, MCP-4, IL-12p40 and IL-12p70 secretion,
or as increase (potentiation) of IL-1p and IL-8HA secretion. These outcomes have been
observed both by intra- and inter-species stimuli. Tolerance could be attributed to the
presence of LPS on the surface of the OMVs of both species. Indeed, it has been
extensively assessed that LPS can induce a tolerance effect, known as endotoxin

tolerance, explained as a protective mechanism to regulate over-exuberant inflammation
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and characterized by inflammatory cytokines and chemokines reduction [100] [92].
However, the innate memory effect appears greater in OMVs primed cells after challenge
with Neisseria OMVs compared to LPS primed cells. This behavior lets us to hypothesize
that it could be due to specific factors, different from LPS, on Neisseria OMVs that may
induce innate memory. Further analysis would be needed to assess the presence and
identity of these factors.

Nm B vaccine (4CMenB) that induces cross-reactive antibodies against Ng, is composed
by OMVs from Nm New Zealand strain and three recombinant antigens, NadA, fHbp-
GNA2091, and NHBA-GNA1030. Among these three antigens, NHBA is the only protein
that could provide cross-protection antibodies toward Ng, since NadA has not
homologous in Ng, fHbp and accessory proteins GNA2091 and GNA1030 are conserved
in Ng but are not exposed on the bacterial surface [107]. Also, the OMVs component of
4CMenB vaccine could generate cross-protection antibodies against gonococcal surface
proteins (Outer Membrane Proteins, OMPs), as PilQ, NHBA, PorB, BamA [108]. The Ng
surface proteins are characterized by high phase and antigenic variability, which affects
antibodies target recognition in different strains. It has been also proved that the
antibodies binding to the gonococcal surface and the cross-protective immune response
against Ng appear to be not related to bactericidal activity, likely due to antibodies
efficacy, antigens conformation or strains resistance [108, 109] . However, these aspects
have not been defined yet and it is not to exclude the involvement of the innate immune
response. To explore the role of innate immune system in the cross-protection between
OMVs Nm vaccines and Ng infection, we used dOMVs from Nm NZ together with

sOMVs from both Nm and Ng species to stimulate human monocytes/macrophages.
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We found that Nm dOMVs can induce an innate memory in macrophages stimulated with
OMVs, regardless to Neisseria species. The observed innate memory is shown as
potentiation with increase production of IL-8HA, as already seen in innate memory
between Neisseria species, and as tolerance for GM-CSF and IL-12p40. However, the
detoxification of OMVs (dOMVs) seems to have an impact not only on the inflammatory
response (priming) but also on induction of innate immune memory assay. Indeed,
dOMVs primed macrophages showed a lower memory effect, i.e. both tolerance and

potentiation, compared to NZ sOMVs primed macrophages.

A reduced production of cytokines has been already observed in several studies after
vaccination in human, and after immunization of mice or human macrophages [96] [101].
As demonstrated in these studies, the tolerant phenotype observed belongs to a broader
modulation of innate system which involves epigenetic changes and functional alterations
and is characterized by a balance between reduced immune response and increased
antiviral vigilance [96]. The same balance characterizes the endotoxin tolerance, typical
of several diseases as autoimmune diseases, in which genetic and epigenetic
reprogramming leads to down-regulation of inflammatory cytokines and chemokines and
up-regulation of anti-inflammatory cytokines and antimicrobial genes [100] [92].
Therefore, the observed reduced production of inflammatory cytokines/chemokines,
identified as tolerance effect, could help to avoid an excessive inflammatory response to
a second stimulation, which in any case can become pathologic. However, since the large
amount of LPS on OMVs surface, we cannot exclude the contribution of LPS induced
endotoxin tolerance in innate memory effects we observe. For this purpose, more analysis
on LPS OMVs content should be needed to discriminate its influence on results of innate

memory assay. On contrary, concerning observed potentiation (IL-1p and IL-8), studies
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on trained immunity have demonstrated a correlation between increased production of
IL-1 after vaccination and protection against non-related viral infections [95]. Moreover,
IL-1B pathway has been identified as an important mediator of trained immunity
induction, as demonstrated by alteration of this phenomenon in presence of IL-1
inhibition or genetic alteration [95] [91] [117]. On the other hand, increase in production
of IL-8, a monocytes related chemokine involved in neutrophils recruitment and
activation, suggests a potentiation of neutrophils activity improved by trained immunity.
The innate immune memory is associated with epigenetic reprogramming of innate
immune cells, which involves histone modifications and variability in chromatin
accessibility. Among histone modifications, acetylation of histone 3 lysine 27 (H3K27ac)
is a marker for gene activation [94], and it was found increased or decreased depending
on the stimulus that induces innate memory. BCG vaccination, which induces a
potentiation, induces also elevated levels of H3K27ac in genes involved in cytokines
production. However, this epigenetic landscape of monocytes does not reflect
transcriptional changes, indicating that in the memory macrophages epigenetic imprinting
leads to transcriptional changes only upon a second stimulus, rather than in a resting state
[95]. Conversely, after influenza vaccination, which induces tolerance, analysis at single
cells show reduction of H3K27ac and reduced accessibility to transcription factors target
loci involved in inflammation [96]. Moreover, in a recent study, which tests protection of
protein-free vaccine against several antimicrobial-resistant species, it was demonstrated
the association between acetylation of H3K27 histone and differential genes expression
which is observed in vaccinated compared to non-vaccinated macrophages [101]. Recent
in vitro and in vivo studies identified several distinct populations of monocytes in innate

immune memory model inducted by BCG. Each cell subpopulation is characterized by
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diverse immune response in the context of innate memory, and differential regulated TFs.
The subpopulations are characterized by three memory responses: higher production of
chemokines, higher production of chemokines and inflammatory cytokines and less
responsiveness after induction of memory. Moreover, the BCG-induced memory involved
several immune cell populations that influence each other in their functions [118] [119].
Thus, the induction of innate memory is a complex mechanism involving several levels
of regulation and cell functions, and it can show diverse effects and can have various

outcomes depending on the analyzed immune aspect.

In conclusion, our study demonstrates that both sOMVs from Nm and Ng and dOMVs
from Nm vaccine can induce innate immune memory in macrophages in intra- and inter-
species manner, although detoxification in dOMVs induces a decrease in memory effect
compared to sOMVs. The main observed effect is a reduction of inflammatory
cytokines/chemokines, which could result in a protective tolerance against an excessive
inflammation. Further studies are required for a broader understanding of the mechanisms
by which the vesicles, and probably the vaccine, are able to affect the innate immune
response upon a second infection or vaccine booster. More in detail, in the innate immune
assay, the epigenomic and transcriptomic changes could be investigated. First,
identification of differentially expressed genes between primed and un-primed
macrophages by RNA extraction and retro transcription can validate the observed
reduction of cytokines in supernatants. Then, Chromatin Immunoprecipitation
sequencing (ChIP-seq) and Assay for Transposase-Accessible Chromatin using
sequencing (ATAC-seq) analysis could be performed on macrophages after stimulation,
to identify changes in histone markers (mainly H3K27ac) and in chromatin accessibility

and understand more deeply the mechanisms of innate memory induction by OMVs from
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Nm vaccine and the meaning of tolerance on immune response to reinfection with

Neisseria species.
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MATERIALS AND METHODS

Bacterial strains and culture conditions

Bacterial strains used in this work are N. gonorrhoeae FA1090 and its knock-out mutants
AlpxL1, AfarR, AlpxL1AfarR, and N. meningitidis NZ98/254 and 5/99 (Metruccio MM.,
et al., 2009) and its knock-out mutants, 5/99 AlpxL1, 5/99 AnadR, 5/99 AlpxL1AnadR.
Escherichia coli DH5a pGEM AnadR (CmR) (Metruccio et al., 2009) was used to
generate AfarR and AnadR mutants. N. gonorrhoeae and N. meningitidis strains were
stocked in GC broth supplemented with 1% of isovitalex and 15% of glycerol. Ng solid
cultures were grown at 37°C and 5% CO2, on GC agar supplemented with 1% of
isovitalex and, when required, chloramphenicol was added at 2, 10 or 15 pg/mL. Ng liquid
cultures were grown at 37°C in GC supplemented with 1% of isovitalex and lactate at 7,5
g/L. Nm solid cultures were grown at 37°C and 5% CO; on GC agar supplemented with
supplement I (400 g/L glucose, 10 g/ L-glutammine, 20 mg/L cocarboxylase) and 5 g/L
Fe(NOs); and, when required, chloramphenicol or kanamycin were added at 5 and 150
png/mL, respectively. Nm liquid cultures were grown at 37°C in MCDMI growth medium.
E. coli DH5a was grown at 37°C in Luria-Bertani medium supplemented with 100 pg/mL

of ampicillin.

Mutants construction

To knockout nadR and farR genes in Nm 5/99 and Ng FA1090 respectively,
pGEMAnadR(Cm®) vector was purified from E.coli DHS5a. E.Z.N.A. Plasmid DNA Mini
Kit IT Q-spin (OMEGA Bio-Tek) was used for plasmid purification from liquid culture
pellet, accordingly to manufacturer’s instruction. AnadR(Cm®) construct was amplified

performing a PCR reaction using primers that anneal to pGEM regions upstream and
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downstream of construct (M13 Fw primer and M13 Rv primer, Tab. 7), and KapaHiFi
polimerase(Roche).

To knockout lpxL1 gene in Nm 5/99, ALpxL1(KanR) construct was amplified from
pUCLpxL1(KanR) vector (Koeberling, O. et al. 2008) by PCR, using LpxL1UP fw and
LpxL1DO rv primers (Tab. 7) and KapaHiFi polimerase (Roche). Both PCR products
were purified using Wizard SV Gel and PCR Clean-Up System kit (Promega).

To generate FarR mutant, Ng FA1090 wt and AlpxL] were transformed with AnadR(Cm®)
construct amplified from vector. FA1090 colonies were collected from solid medium and
resuspended in PBS 1x buffer with construct, while DNA was replaced by PBS 1x in the
negative control. The suspensions were spotted on solid medium, incubated for about 5
hours and then transferred on solid medium with chloramphenicol to select mutant clones.
Then, selected mutant clones were transferred several times on medium with crescent
concentration of chloramphenicol, to select only farR knock-out bacteria. Transformants
were tested for insertion of chloramphenicol cassette performing PCR reaction with
nadRExtFw and nadRExtRv primers (Tab. 7) and AccuPrime Taq DNA Polymerase
System (Invitrogen). The same PCR reaction was performed to test the presence of wt
cells during repetitive steps on Cm, replacing forward oligonucleotide with nadRFw (Tab.
7).

To achieve NadR mutant in Nm 5/99 wt and next LpxL1 mutants in Nm 5/99 wt and
AnadR, Nm strains were transformed with AnadR(Cm®) and AlpxL1(Kan®), respectively,
as described for Ng mutants generation. Transformants were selected on chloramphenicol
for AnadR or kanamycin for AlpxLI, while they were tested, for insertion of antibiotic
cassettes, by PCR with nadRExtFw/nadRExtRv or LpxLlest Fw/ LpxLlest Rv,

respectively (Tab. 7). Mutant strains used in this work are listed in table 8.
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Oligonucleotide Sequence

MI13 Fw 5" = CGCCAGGGTTTTCCCAGTCACGAC -3
MI13 Rv 5" - CAGGAAACAGCTATGAC -3’

LpxL1UP fw 5" - GGCATTTGTATTTTGCCGTCTG -3’
LpxL1DO rv 5" - CGCCATTTTCTACGCTTTGCCAAG -3’
nadRExtFw 57— CCGATAATCGATGATTTGGC -3
nadRExtRv 5" - GTCAAAGGGCGCATACGCTCG -3
nadRFw 5" — CAATATCGGTCTGATACAGGC -3
LpxLlest Fw 5" — CCGCCAAACTCAATCCTTCG -3
LpxLlest Rv 5" - GCAAACTTTTGTTTCACCGTTTICCG -3

Table 7. Oligonucleotide used in the mutants construction and screening

Neisseria gonorrhoeae FA1090 Neisseria meningitidis 5/99
AfarR AnadR

AlpxL1 AlpxL1

AlpxLI1AfarR AlpxL1AnadR

Table 8. Mutant strains used in the work.

Preparation of Outer Membrane Vesicles

Two types of Outer Membrane Vesicles (OMVs) were used in the study: spontaneous
(sOMVs) and detoxified and detergent extracted (dOMVs). The latter derived from the
N. meningitidis New Zealand epidemic strain NZ98/254 and were obtained from GSK
vaccines. sSOMVs of Ng FA1090 wt, AfarR, AlpxL1, AlpxL1AfarR, Nm 5/99 wt, AnadR,
AlpxL1, AlpxL1AnadR, and Nm NZ98/254 wt, were obtained by purification from culture
supernatants. Colonies from solid cultures were resuspended in liquid medium up to 0,2
ODeoonm, and the liquid cultures were let grow until reach early stationary growth phase.
Then, cultures were centrifuged and separated and filtered supernatants were

ultracentrifuged at 32.000 rpm for 3 hours to collect SOMVs, and then a washing step was
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performed with PBS and ultracentrifuge at 32.000 rpm for 2 hours . Pellets were
resuspended in PBS1x buffer. sOMVs were quantified by Lowry assay (BioRad) and
separated on SDS-PAGE stained with Coomassie Blue (ProBlue Safe Stain,

GiottoBiotech) to analyze their purity and protein content.

Preparation of bacterial lysates

Ng lysates were prepared for PCR and Mass spectrometry analysis. For PCR, colonies
from solid cultures were resuspended in steril milliQ water and incubated at 100°C for 10
minutes. Suspension was centrifuged and supernatant stored. For MS analysis, 1 ODgoonm
of Ng wt and Ng AfarR from solid cultures was resuspended in PBS 1x buffer and pellet.
The pellets were resuspended in 100 pL of lysis buffer (5% SDS, 100 mM Tris-HCI pH
8, 50 mM DTT and protease inhibitor mixture (Roche)) and incubated for 10 minutes at

99°C.

OMYVs proteins digestion

20 pg of Ng and Nm sOMVs were subjected to (i) lysis, (i1) cysteine reduction and
alkylation, (ii1) protein digestion, (iv) peptide recovery, using iST Sample Preparation Kit
(PREOMICS), according to manufacturer’s instructions. The samples were dried in a
vacuum evaporator (Concentrator plus, Eppendorf), and then resuspended in 20 pL of
LC-LOAD from iST Sample Preparation kit (final concentration 1pg/uL) and stored at -

20°C until mass spectrometry analysis.

Digestion of Ng lysates for MS analysis
25 puL of Ng FA1090 wt and AfarR total bacterial lysates were subjected to (i)

denaturation, (ii) reduction and alkylation, (iii) protein tryptic digestion using
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trypsin/lysC Ipg/uL for 2 hours at 47°C. After washes, samples were dried and

resuspended with 20 pL of 0.1% HCOOH/3% ACN.

SDS-PAGE and gel band digestion

Ng OMVs proteins were separated on SDS-PAGE (NuPage 4-12% bis — tris SDS-PAGE
gel, Invitrogen). Gels were stained with Comassie blue (ProBlue Safe Stain,
GiottoBiotech) and images were acquired by GelDoc XR and the software Image Lab
(BioRad). Gel bands differentially expressed between mutants and wild type were cutted.
Cutted gel bands were destained with 100 puL of 1:1 Amonium Bicarbonate (ABB)
50mM: Aceto nitrile (ACN) for 2h and then dried with 100uL. ACN. The tryptic digestion
was performed diluting 2,5 pL of trypsin (concentrated 2 pg/ul) in 500 uL of ABB
50mM. The reaction was carried out over night at 37°C. After overnight incubation, the
solutions containing the peptides mix, were dried in vacuum evaporator, and resuspended

in 20 pL of formic acid 0,1%.

LC-MS/MS analysis

Data acquisition was performed on a Q Exactive Plus or Orbitrap eclipse (Thermo
Scientific) mass spectrometers equipped with an electrospray interface (ESI) and coupled
to an Acquity UPLC I-Class (Waters) or Thermo Vanquish UPLC (ThermoScientific).
Peptides were injected and separated on an Acquity UPLC CSH Peptide C18 130A
column (1 mm X 150 mm, 1.7 um, Waters) set at 50°C using a flow rate of 0.05 mL/min
in gradient mode. Mobile phase A consisted of 3% (v/v) acetonitrile 0.1% (v/v) formic
acid in water and mobile phase B of 0.1% (v/v) formic acid in acetonitrile. The following
gradient was used: 0-28% B in 40 min, 28-85% B in 5 min, holding at 85% B for 5 min

and re-equilibration at 0% B for 10 min. The injection volume was 10 pL. Acquisition
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was performed in Data Dependent Acquisition (DDA) mode (Top5). The ESI source was
operated in the positive mode with the following parameters: capillary temperature,
320°C; spray voltage, 3.5 kV; sheath gas (nitrogen) flow rate, 35 L/min; and aux gas flow,
15 L/min; Capillary temperature, 320 °C; S-lens RF level, 60; Aux gas heater temperature,
150 °C. Full MS Data was acquired using the following scan parameters: scan range, m/z
300-1600; Resolution, 70000; AGC target, 3e6; Maximum IT, 200 ms; Spectrum data
type, Profile. Higher-energy collisional dissociation was calculated based on mass and
charge of the selected precursor ion. Dd-MS2 was performed using the following
parameters: Microscans, 1; Resolution 17500; AGC Target 1e5; Maximum IT, 150 ms;
Loop count: 5; TopN = 5; Isolation window: m/z 3,0; nce: 26; intensity threshold: 2,5¢e4;

Apex trigger: 6-12 s; Dynamic exclusion: 12 s; Exclude isotopes, on.

MS data interpretation

Data base search and protein quantification were performed using Peaks X software. The

uniprot public data base (https://www.uniprot.org/proteomes/UP000000535) containing
the 2106 annotated proteins of the reference strain FA1090 of Neisseria gonorrhoeae was
used for protein identification. Search parameters are the following: maximum PTM per
peptide equal to 5, semispecific trypsin cleavage, peptide mass tolerance as 15 ppm,
peptide MS/MS tolerance as 0,05 Da, missed cleavage as 2, FDR as 0,1. Label free
quantification was performed using the “quantification Peaks module” with parameters:
Peptide feature: quality > 0, Area > 0, Peptide ID count per group > 0, Protein feature:
protein fold charge > 1, have at least 3 unique peptides and FDR as 0,1. The identified
proteins were first classified as or not lipoproteins using the on-line available software

SignalP-5.0 (http://www.cbs.dtu.dk/services/SignalP). For those, not identified as
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lipoprotein, the predicted cellular localization was assessed by the on-line available

software PSORTDb 3.0 (https://www.psort.org/psortb/).

Human monocytes isolation and cell culture

Human monocytes were isolated from buffy coat derived from blood collection from
healthy donors. The blood collected (donations) in the hospital are approved by
Competent Authority (Regione Campania) after the presentation of the "PIANO
SANGUE REGIONALE". All samples of human blood included in this study were from
anonymous donors after informed consent, in which they provided written informed
consent to the possible use of waste products of their blood for research purposes.
Samples were anonymized. Peripheral blood mononuclear cells (PBMCs) were obtained
from bufty coat diluted in PBS 1x buffer, by Ficoll-Paque gradient density separation (GE
Healthcare, Bio-Sciences). After several wash steps in PBSIx buffer and PBMCs
counting with trypan blue staining in a counting chamber, monocytes were isolated from
PBMC:s using CD14 positive selection with magnetic microbeads (Miltenyi Biotec), in
MACS buffer (0,5% heat-inactivated human serum, 2 mM EDTA in PBS). PBMCs were
incubated at 2-8°C with microbeads, and then washed and loaded onto LS Column placed
in the magnetic field of a MiniMACS™ Separator (Miltenyi Biotec). After flow-through,
column was washed, and the elution step was performed injecting cold MACS buffer onto
the column. The monocytes number and viability were determined by staining with
Trypan Blue in a counting chamber. Monocytes were cultured in medium RPMI 1640
(GIBCO) supplemented with 50 pg/mL of gentamicin sulfate (Corning) and 5% heat-
inactivated human serum (Merk Sigma-Aldrich). M-CSF at final concentration of 10
ng/mL was added to cell culture to stimulate attachment to plate bottom and

differentiation into macrophages. 3,5x10° or 5x10° monocytes were seeded in 24-well
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plate at final volume of 1 mL and incubated at 37°C with 5% CO,. All monocyte

stimulation was performed after resting overnight.

Human monocytes and macrophages stimulation

To perform dose-response experiments, 5x10° monocytes were seeded in 24-well plate.
Stimuli were diluted in RPMI medium supplemented as above and the stimuli used here
are listed in table 9 with respective final concentration. For monocytes stimulation, after
overnight resting, medium was removed from wells and replaced with fresh medium
containing the indicated agent used for stimulation. Cells were then incubated at 37°C
with 5% CO; for 24 hours. At the end of this period, supernatants of cell cultures were
collected, centrifuged to separate cellular debris and stored at -80 °C for subsequent
analysis. For monocytes-derived macrophages stimulation, monocytes were cultured in
supplemented RPMI in presence of M-CSF (10 ng/mL) for 7 days. After these period

monocytes-derived macrophages were stimulated as described for monocytes (24 hours

stimulation).
Stimuli Concentration
Medium
LPS (Invivogen, Cat n. tlrl-pb5lps ultrapure) 5 ng/mL
sOMVs Ng wt/ sOMVs Nim wt 5-0,5-0,05-0,005 pg/mL

Table 9. Stimuli used in dose-response experiment with respective concentrations.

Innate immune memory assay

Innate immune memory assay was performed in vitro, seeding 3,5x10° monocytes in 24-
well plate and using stimuli listed in table 10. Stimuli were diluted in RPMI medium
supplemented as above. Isolated monocytes from healthy donors after overnight resting

were stimulated (priming), replacing culture medium with prepared stimuli and were
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incubated for 24 hours (37°C, 5% CO.). Then, supernatants of cell cultures were collected
and replaced with fresh culture medium. Collected supernatants were centrifuged to
separate cellular debris and stored at -80 °C for subsequent analysis. Primed monocytes
were cultured for 7 days (resting period) and then restimulated (challenge) for 24 hours,

as described in the first stimulation, and supernatants collected for subsequent analysis.

Stimuli Priming concentration Challenge concentration
Medium

LPS (Invivogen, Cat n. tlrl-pb5Slps ultrapure) 1 ng/mL 10 ng/mL

sOMVs Ng wt 0,05 pg/mL 0,5 pg/mL

sOMVs Nm wt 0,05 pg/mL 0,5 pg/mL

dOMVs Nm 0,05 pg/mL 0,5 pg/mL

sOMVs NZ 0,05 pg/mL NA

Table 10. Stimuli used in innate immune memory assay with respective concentrations.

Quantification of cytokines and chemokines

The amount of cytokines and chemokines in cell culture supernatants was quantified by
two different technics. Enzyme Linked Immunosorbent Assay (ELISA) was performed
using DuoSet® ELISA Development Systems - ELISA Kits (Biotechne), according to
manufacturer’s instructions. For Meso Scale Discovery assay (MSD), we used V-plex
assay with Cytokines Panel 1(human) kit v-PLEX PLUS, Proinflammatory Panel
1(human) kit v-PLEX PLUS and Chemokine Panel 1(human) kit v-PLEX PLUS (MSD),

according to manufacturer’s instructions.
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Supplementary informations

Supplementary Table 1. Periplasmic and outer membrane proteins identified from MS
analysis of Nm OMVs wt, AnadR, AlpxL1 and AlpxL1AnadR. Ratio is the abundance
between nadR KO strains and their controls (wt and AlpxL1). Here proteins with ratio

above 1,5 or below 0,5 are shown.

Accession % wt % AnadR Ratio Avg. Mass Description Localization
Da
Q9IXN3 0,01 0,14 9,19 2(951)3 VacJ-related protein Outer Membrane
QIIXK7 5,20 24,70 4,75 37972 Putative adhesin/invasin (NadA) Outer Membrant
QI9K1P6 0,08 0,20 2,60 42251 Efem/EfeO family lipoprotein NMB0035 Periplasmic
Q9JYJ5 0,20 0,39 1,95 16977 Uncharacterized protein Periplasmic
Q9K0oU4 0,0033 0,0053 1,60 10702 Uncharacterized protein cytoplasmic/
periplasmic
Q9JY10 0,0059 0,0094 1,58 50521 Penicillin-binding protein 3 Periplasmic
Q9K189 0,0097 0,0152 1,58 25250 Thiol:disulfide interchange protein DsbA Periplasmic
Q9JYR2 0,024 0,036 1,49 10855 Uncharacterized protein Periplasmic
Q9JY68 0,13 0,07 0,53 50477 Multidrug efflux pump channel protein GN=mtrE outer membrane
QI9K1H1 0,13 0,07 0,52 19131 Putative outer membrane protein OmpH outer membrane
Q9IXM7 1,76 0,88 0,50 113615 Putative serotype-1-specific antigen outer membrane
Q9JIXK3 0,05 0,02 0,48 157646 Serine-type peptidase outer membrane
Q9JYK4 0,03 0,01 0,48 81131 Lactoferrin-binding protein B outer membrane
Q9JS44 0,07 0,03 0,46 34000 Adhesin MafA outer membrane
Q9JYA8 0,06 0,03 0,44 89219 Hemoglobin receptor outer membrane
Q9K187 0,15 0,06 0,43 88693 LPS-assembly protein LptD outer membrane
Accession % AlpxL1  %AlpxL1AnadR Ratio  Avg. Mass (Da) Description Localization

PilM protein OS=Neisseria meningitidis serogroup B (strain

Q9JY02 0,06 0,35 6,08 41367 unknown (cytoplasr
Q9JYC3 0,01 0,04 5,36 46429 UPF0210 protein NMB1652 unknown
Q7DDP9 0,00 0,01 3,30 19771 Uncharacterized protein unknown
Q9JIXR1 0,05 0,14 3,01 26068 3-oxoacyl-(Acyl-carrier-protein) reductase periplasmic
Q7DDA1 0,01 0,03 2,70 24062 Uncharacterized protein periplasmic
Q9JzZ1 0,01 0,03 2,54 26136 Uncharacterized protein periplasmic
Q9JX99 0,02 0,05 2,42 26947 Electron transfer flavoprotein beta subunit periplasmic
Q9JZ91 0,02 0,05 2,33 56591 Peptidyl-prolyl cis-trans isomerase-related protein 1 periplasmic
QUIYFO 0,03 007 222 29017 Amino acid ABC transporteprmpt(:irrl]plasmlc amino acid-binding periplasmic
Q9JY10 0,02 0,04 2,20 50521 Penicillin-binding protein 3 periplasmic
Q7DD63 0,09 0,19 2,11 31221 Lipoprotein lipoprotein
Q7DDR6 0,05 0,10 2,06 25420 Thiol:disulfide interchange protein periplasmic
Q9KOC2 0,01 0,03 1,93 35535 Tpc protein periplasmic
QIKO35 005 0,09 191 28824 Amino acid ABC transport;rrgteel;:]plasmlc amino acid-binding periplasmic
QUYGT7 0,02 0,04 1,86 41922 Putrescine-binding periplasmic protein periplasmic
Q7DD35 0,01 0,03 1,84 15957 Uncharacterized protein unknown
Q9K144 0,01 0,02 1,83 28684 Uncharacterized protein periplasmic
QIKOV3 0,03 0,05 1,67 45190 N-acetylmuramoyl-L-alanine amidase AmiC periplasm
Q9Js44 0,05 0,08 1,64 34000 Adhesin MafA outer membrane
Q7DDQ9 0,02 0,03 1,61 18192 Lipopolysaccharide export system protein LptA periplasmic
Q9KO039 0,10 0,15 1,61 17023 Uncharacterized protein periplasmic
Q9JYR2 0,05 0,08 1,58 10855 Uncharacterized protein periplasmic
QIJYI8 0,16 0,25 1,58 28894 Probable FKBP-type peptidyl-prolyl cis-trans isomerase FkpA outer membrane
Q9JY66 0,01 0,02 1,57 42796 Membrane fusion protein outer membrane
Q9KOD2 0,05 0,08 1,54 22732 Cryptic protein periplasmic
QIK1P6 0,08 0,12 1,51 42251 Efem/EfeO family lipoprotein NMB0035 periplasmic
P30690 20,84 11,25 0,54 35682 Major outer membrane protein P.1B * outer membrane
Q9JY68 0,08 0,04 0,53 50477 Multidrug efflux pump channel protein outer membrane
Q9K187 0,09 0,05 0,53 88693 LPS-assembly protein LptD outer membrane
Q7DDN2 1,02 0,53 0,52 28574 Thiol:disulfide interchange protein periplasm
Q9JYJ5 0,23 0,11 0,48 16977 Uncharacterized protein periplasmic
Q9JIXK7 4,69 2,19 0,47 37972 Putative adhesin/invasin outer membrane
Q9JIXL6 24,96 10,01 0,40 159965 Adhesion and penetration protein (Hap) outer membrane
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Supplementary Table 2. Proteins identified from in gel digestion analysis of OMVs

proteome of Nm OMVs wt, AnadR, AlpxL1 and AlpxL1AnadR.

Gel lane Protein kDa Loc.
Major outer membrane protein P.IA (PorA) 42,077 outer membrane
Major outer membrane protein P.IB (PorB) 35.681 outer membrane
Uncharacterized protein (NMB1620) 42,440 oufer membrane
wt Outer membrane protein class (RmpM) 26.184 outer membrane
Peptidylprolyl isomerase (NMB0345) 31454 periplasmic
Putative adhesin (NMB0586) 33,280 outer membrane
Adhesion and penetration protein (Hap) 159,965 outer membrane
Major ferric iron-binding protein (FbpA) 35828 periplasmic
IgA-specific serine endopeptidase (IgA) 201.076 cytoplasmic
wt and AnadR Alcohol dehydrogenase, propanol-preferring (AdhP) 36.547 cytoplasmic
ABC transporter, periplasmic solute-binding protein (NMB0041) 36472 outer membrane
Putative adhesin complex protein (NMB2095) 13.289 Periplasmic
Outer membrane protein NspA 18396 outer membrane
AnadR Putative adhesin/invasin (NMB1994) 37971 outer membrane
Peptidylprolyl isomerase (NMB0345) 31454 cytopl membrane
Aty Uncharacterized protein (NMB2139) 30,962 unknown
Elongation factor Tu (TufA) 42,908 cytoplasmic
Uncharacterized protein (NMB0109) 50.120 unknown
AlpxLI and AlpxLiAnadR Outer membrane protein class (RmpM) 26.184 outer membrane
Peroxiredoxin 2 family protein/glutaredoxin (NMB0946) 26.911 cytoplasmic
3-hydroxyacid dehydrogenase (NMB1584) 30377 cytoplasmic
60 kDa chaperonin (GroL) 57422 cytoplasmic
308 ribosomal protein S1 (RpsA) 61.177 cytoplasmic
e sak Glutamate dehydrogenase (GdhA) 48.490 cytoplasmic
2.3.4.5-tetrahy dropynidine-2.6-dicarboxylate N-succinyltransferase (DapD) 29.409 cytoplasmic
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Supplementary Table 3. Cytokines concentration measured in cell supernatants by

Meso Scale Discovery assay. Concentration is expressed in pg/mL.

Stimuli Eotaxin IL-SHA  IP-10 MCP-1  MCP4 MDC MIP-la  MIP-1§f  TARC GM-CSF
Medium 2030 1136,15 1065 110600 023 40,58 20,54 139,73 1,45 0,06
o LPS 77,19 137800,00 4920 110600 247 606,74 236000 181400 731 2535
§  OMVsMg 118,62 137800,00 199,37 110600 348 638,32 236000 181400 9,83 326,49
g  OMVsNm 119,67 13780000 196,99 110600 408 479,33 236000 181400 897 290,12
Al dOMVsNm 4338 11090507 21,04 110600 154 357,20 236000 181400 4,08 5,54
sOMVs NZ 117,30 13780000 249,32 110600 356 606,06 236000 181400 12,74 355,40
MM 2026 181,12 400 760,49 038 895,33 24,52 67,03 1.51 0,05
MLPS 106,32 1453254 482000 110600 298 2031,32 236000 181400 4547 28,32
LPS/LPS 7398 2767283 381321 110600 135 1790,80 236000 181400 20,16 1124
M/OMVs Ng 12231 35027,16 482000 110600 408 315,35 236000 181400 52,75 163,14
LPS/OMVs Ng 109,15 4423030 482000 110600 2,68 1630,72 236000 181400 28,06 67,78
OMVs Ng/OMVs Ng 7787 13780000 235597 110600 141 514,43 236000 181400 1342 23,83
OMV's Nm/OMVs Ng 7424 13780000 234443 110600 239 437,28 236000 181400 1312 2389
B dOMVsNmOMVsNg | 112,42 7920296 482000 110600 295 2201,10 236000 181400 24,40 100,08
7  OMVsNZ/OMVsNg 87,08 13780000 791,15 110600 238 519,54 236000 181400 1726 25,00
8 MoMvsNn 12625 2435885 482000 110600 3,89 281247 236000 181400 4892 11234
'é‘ LPS/OMVs N 10241 4385336 482000 110600 279 163821 236000 181400 2541 44,94
OMV's Ng/OMVs Nim 69383 114582,10 230550 110600 139 285,22 236000 181400 10,48 10,72
OMV s Nm/OMV's Nm 5939 75353,99 140682 110600 096 316,82 236000 181400 11,84 14,67
dOMVs Nm/OMVsNm | 109,85 10484026 482000 110600 3730 220130 236000 181400 2744 55,55
OMV s NZ/OMVs Nim 89,78 68070,40 679,47 110600 234 400,37 236000 181400 12,57 14,56
M/dOMV s Nim 6301 3548034 66591 110600 140 204101 236000 181400 1382 67,16
LPS/dOMVs Nim 3360 4850826 381,78 110600 107 1750,07 236000 181400 790 21,56
dOMV's Nm/dOMVs Nm | 37,17 5210824 39521 110600 121 1927,54 236000 181400 9,19 26,55
OMVsNZ/dOMVs Nm | 64,08 99357,66 1034 110600 1,14 304,80 173,16 181400 7,05 3,12
Stimuli IL-12p40  IL-15 IL-16 1174 IL-la IL-5 IL-7 INF-p  VEGF IFN-y
Medium 648 0.06 1057 0.12 0.15 0.08 0.13 0.10 3.76 158
»  LPS 65.30 024 10,88 0.19 3572 0.09 0.19 0,07 0.15 5.17
SOMVs Ng 55671 035 12,60 031 118,81 0.07 020 023 3.86 10,29
SOMVs Nin 47837 040 1253 048 141,62 0.09 023 033 631 9.85
& dOMVs Nm 14,94 0.12 9.77 0.19 6.29 0.06 021 0,07 0.08 5.81
SOMVs NZ 539,71 047 11.81 038 96,27 0.11 032 0.19 13.79 10.99
MM 6.58 0.13 108 0.07 LIl 0.05 0,08 0,07 0.06 121
M/LPS 1069.50 085 5.65 0.81 117 0.18 039 044 043 351
LPS/LPS 96223 075 542 0.71 0.76 0.09 027 0.10 9,65 5.68
M/OMVs Ng 690000 126 635 253 2,59 027 0,62 097 18,57 19,85
LPS/OMVs Ng 408093 1.04 520 151 127 0,15 033 0.20 146,93 9,01
OMVs Ng/OMVs Ng 50273 0.2 493 0.19 214 0.12 0.10 005 116,81 5.90
OMVs NaOMVs Ng 51066 049 197 027 148 0.13 0.16 0.05 111.08 6.65
B dOMVsNmOMVsNg | 552821 120 5.52 1.00 1.73 0.17 039 045 16,54 8.71
£ OMVsNZOMVs Ng 500,59 050 5,52 0.41 197 0.09 0,29 0.1 112,00 5.80
M/OMVs Nin 690000 129 571 273 222 024 0.70 1.07 5,06 12,87
g LPS/OMVs Nint 223584 097 526 1.07 L1l 0.13 039 028 41,84 722
B OMVs Ng/OMVs N 23085 041 5.07 0.20 125 013 0.15 0,12 151,10 6.93
OMVs Na/OMVs Nin 20899 044 5,76 0.11 1.91 0.09 0.19 0.09 121,34 5.56
dOMVs Nm/OMVs Nm | 568838 1,12 528 187 1,53 021 0,50 034 16,13 7.07
OMVs NZ/OMVs N 31253 039 5,50 033 2,00 0.09 0.18 0,07 121,57 5.89
M/AOMV's N 187979 0.69 529 0.78 104 0.15 0.42 0.12 028 4.73
LPS/dOMVs Nin 64221 053 430 037 0.55 0.09 023 0,05 474 538
dOMVs Nm/dOMVs N | 827.89 0,62 5,14 1.43 0.87 0.10 029 0,05 027 6.55
OMVs NZAOMVs Nm | 50,19 031 544 0.12 0.59 0.11 0.17 0,07 20,29 347
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Stimuli IL-10 IL-12p70  IL-13 IL-1p IL-2 L4 IL-6 IL-8 TNF-a
Medium 030 0.32 10,16 118 1.68 0,07 2.03 1176,00 2.82
) LPS 49.88 2.69 45,52 3168 32.96 0.82 1078.10 1176,00 752,00
é sOMVs Ng 321.76 5.37 51.06 163.20 22.90 1.94 1424.00 1176,00 752,00
E sOMVs Nin 317,22 6.51 45,14 168,40 17.88 1,92 1424.00 1176,00 752,00
A dOMVs Nin 25,92 2.83 29,96 15,82 17.26 0,73 279.06 1176,00 598,82
sOMVs NZ 335.86 8.54 40,01 184,39 18.15 225 1424.00 1176,00 752,00
MM 0.13 0,19 3,67 0,26 0,46 0,04 048 60.92 091
M/LPS 76.66 3.97 4113 631 17.87 0,52 484,85 1176,00 752,00
LPS/LPS 80.96 2.24 41.34 8.45 31.45 0.65 360.28 1176,00 752,00
M/OMVs Ng 259,87 12,61 40,92 10,20 29,69 0,78 1424.00 1176,00 752,00
LPS/OMVs Ng 204.20 3.55 37.59 10,41 55.87 081 1424.00 117600 752,00
OMVs Ng/OMVs Ng 185,26 2,04 50,47 13,36 37.53 0,90 1424.00 1176,00 752,00
OMVs Nm/OMVs Ng 113,19 291 5159 12,65 34,91 0,90 1424.00 1176,00 752,00
S dOMVs Nin/OMVs Ng 259.47 3.07 3861 11.54 37.91 0.80 1424.00 1176,00 752,00
z. OMVs NZ/OMVs Ng 129,99 2.19 49,41 12,09 28,04 091 1424.00 1176,00 752,00
5 M/OMVs Nim 354,99 11.93 42,93 9.97 25.94 0.78 1424.00 117600 752,00
i LPS/OMVs Nin 37291 329 36,15 10,75 33.36 0,71 1424.00 1176,00 752,00
o OMVs Ng/OMVs Nin 193.11 2.73 54,22 13,94 32.13 0.82 1172.88 1176,00 752,00
OMVs Nm/OMVs Nim 150.46 1.93 38,02 13.41 35.17 0.73 1424.00 1176,00 752,00
dOMVs Nim/OMVs Nin 210,71 428 31,26 9,54 24,88 0381 1424.00 1176,00 752,00
OMVs NZ/OMVs Nm 136.84 2.14 52,70 13.81 23.57 110 1424.00 117600 752,00
M/dOMVs Nin 36,78 2,00 39,26 8.85 2498 058 280,13 1176,00 752,00
LPS/dOMVs Nm 80,28 3.39 36,15 9.95 44,00 0,63 288,98 1176,00 752,00
dOMVs Nin/dOMVs Nm | 63.09 3.28 31.90 9.84 27.49 0.70 253,03 1176,00 752,00
OMVs NZ/dOMVs Nin 83,10 1.47 43,18 10,00 23,18 057 280,98 1176,00 141,87
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