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ABBREVIATION | DESCRIPTION

4PL 4-parameter logistic curve

AMR antimicrobial resistance

ATP Adenosine triphosphate

BRC baby rabbit complement

CDC Centres for Disease Control

CEACAMs carcinoembryonic antigen-related cell
adhesion molecules

CFU colonies forming unit

CMP-NeuSAc cytidine-5’-monophosphate-N-
acetylneuraminic acid

C-SBA conventional serum bactericidal assay

DCs dendritic cells

DGI disseminated gonococcal infection

DPBS Dulbecco’s phosphate-buffered saline

ECDC European Centre for Disease Prevention and
Control

ELISA enzyme linked immunosorbent assay

EMA European Medicines Agency

Euro-GASP European Gonococcal Antimicrobial
Susceptibility Program

FBS Fetal Bovine Serum

FDA Food and Drug Administration

GC broth Giolitti-Cantoni broth

GISP Gonococcal Isolate Surveillance Project

HC human complement

HGT horizontal gene transfer

HI heat-inactivated

hSBA human complement serum bactericidal assay

HSPGs heparan sulphate proteoglycans

ICso half-maximal inhibitory concentration

ICH International Conference on Harmonization

KDO keto-deoxyoctanoate

LOD Limit of Detection

LOQ Limit of Quantitation

LOS lipo-oligosaccharide

LPS lipopolysaccharide

L-SBA luminescence-based serum bactericidal
assay

mAb monoclonal antibody

MAC membrane attack complex

MASP Mannose-binding lectin associated serine
protease

MBL Mannose-binding lectin

MSM men who have sex with men

N/A not available

Ng Neisseria gonorrhoeae

NHBA Neisseria heparin binding antigen




NOD nucleotide-binding oligomerization domain

oD optical density

OMVs outer membrane vesicles

OPA opsonophagocytic assay

Opa protein Opacity-associated protein

OPKA opsonophagocytic killing assays

OxyR Oxidative stress regulatory protein

PAMPs pathogen associated molecular patterns

PBP penicillin-binding proteins

PBS phosphate-buffered saline

PCV pneumococcal conjugate vaccine

PID pelvic inflammatory disease

PLC phospholipase C

PMNLs polymorphonuclear leukocytes

PorB porin B

PRRs pattern recognition receptors

PubMLST Public databases for molecular typing and
microbial genome diversity

RLU relative luminescence unit

ROS reactive oxygen species

rSBA baby rabbit complement serum bactericidal
assay

RT room temperature

SBA serum bactericidal assay

SOP Standard Operating Procedures

STI sexually transmitted infection

TO time zero

Th T helper

TLR Toll-like receptor

TNF tumour necrosis factor

WHO World Health Organization
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1. Abstract

Neisseria gonorrhoeae (Ng) is a human-adapted pathogen and the etiological agent of
gonorrhoea, a sexually transmitted infection (STI) that affects millions of people worldwide
each year. Over the past two decades, the global incidence of Ng infection has risen, driven by
its ability to acquire resistance to available antibiotics. As a result, developing new therapeutic
strategies and effective vaccines has become a critical global public health challenge.

In this study, we developed a luminescence-based serum bactericidal assay (L-SBA) to evaluate
complement-mediated bactericidal activity against several gonococcal strains. Bactericidal
activity was measured by quantifying adenosine triphosphate (ATP) levels, which correlate with
bacterial viability.

The first phase focused on optimizing key parameters for the assay, such as bacterial growth
conditions and bacterial concentration. In addition, the incubation time and appropriate
complement source were selected to avoid complement toxicity and non-specific killing.

After optimizing these conditions, the bactericidal activity of pre- and post-immunization sera
from mouse and rabbit models was assessed, alongside monoclonal antibodies targeting specific
Ng antigens.

The data obtained confirmed the feasibility of the L-SBA, showing significant differences
between pre- and post-immunization sera and variation among different immunization groups.
Additionally, monoclonal antibodies exhibited bactericidal activity, consistent with previous
findings.

These promising results mark an important step in the development of the L-SBA for Neisseria
gonorrhoeae. However, further optimization and a thorough process of assay qualification and
validation will be needed before the test can be reliably incorporated into vaccine development

pipelines.



2. Introduction

2.1 Neisseria gonorrhoeae

The bacterium Neisseria gonorrhoeae (Ng), known as "gonococcus," is an aerobic diplococcal
Gram-negative microorganism. It is typically composed of two cells combined with flattened
adjacent sides, resulting in a characteristic appearance of a kidney or coffee bean under the
microscope. The pathogen was first described by Albert Neisser in Gram-stained microscopy
of urethral discharge in 1879".

It belongs to the family Neisseriaceae, which comprises the genus Neisseria. This genus
consists of about 23 species, around half of which are human-restricted species. Some are
animal-restricted, and some can be isolated from mucosal surfaces in both humans and animals.
Ng is closely related to the other pathogenic Neisseria species, Neisseria meningitidis.

The latter, known as “meningococcus”, inhabits the upper respiratory tract of 10-15% of the
general population but can sporadically cause meningococcal disease, a fast-onset pathology
involving sepsis and meningitis>*.

The host-adapted human pathogen gonococcus is the etiological agent of gonorrhoea, a STI that
remains a major global public health concern, with an annual global incidence of 87 milion®.
The World Health Organization (WHO) has identified it as a high-priority pathogen for the

study of new treatments, given its ability to develop antimicrobial resistance (AMR)®’.

2.1.1 Epidemiology and manifestation of Neisseria gonorrhoeae infection

In 2020, WHO estimated 82.4 million new Ng infections among adults aged 15-49 years. The
global rates of infection have increased over the past 20 years®’. Prevalence of gonorrhoea is
highest among vulnerable populations such as men who have sex with men (MSM), sex
workers, transgender women, adolescents, and young people in high burden countries. The
distribution of these cases varies significantly across different WHO regions, highlighting
distinct epidemiological patterns and healthcare challenges. The highest incidence rate of
gonorrhoea is registered in African region, the region of the Americas and the Western Pacific
region, while the lowest incidence is reported in the European region®.

The Ng infection causes urethritis in men and cervicitis in women. The majority of men with
gonococcal urethritis are symptomatic and fewer women with urogenital gonorrhoea are
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symptomatic and the symptoms, when present, are nonspecific'®!!

. Rectal and pharyngeal
gonorrhoea is mostly identified in MSM; however, it can be found in both sexes.

If the urogenital infection is not diagnosed or not adequately treated can results in a variety of
complications. In women, infection can ascend to the upper genital tract and can cause the
pelvic inflammatory disease (PID), ectopic pregnancy and infertility'2. Gonococcal infections,
during pregnancy is associated with premature birth and spontaneous abortion, in addition the
transmission to children during birth can cause ophthalmia neonatorum, purulent conjunctivitis
that may results in blindness'>. Relative to male gender, ascending infection can cause
epididymitis, and untreated infection can cause male infertility and urethral stenosis'®!.
Manifestations of disseminated gonococcal infection (DGI) include purulent arthritis,
tenosynovitis, dermatitis, polyarthritis, and osteomyelitis. Rare life-threatening complications

of infection include meningitis and endocarditis'®. Gonorrhoeae also facilitates the transmission

and the acquisition of other STIs including HIV infection'®.

2.1.2 Antimicrobial Resistance in Neisseria gonorrhoeae

Since there is no vaccine for gonococcus, control of the disease relies entirely on prevention,
diagnosis, and especially antibiotic treatment, although the effectiveness of antibiotic is
increasingly in question due to the microorganism's ability to develop AMR.

The problem of drug-resistant Ng became such that the Centres for Disease Control (CDC)
classified it as a “superbug” in 2012, announcing a near future in which gonorrhoea would
become untreatable”!”!8, In addition, WHO included the microorganism in a list of 12
pathogens whose drug resistance poses a threat to global health and which most urgently require
the development of new treatment due to the worldwide emergence of multidrug-resistant
strains, including those resistant to beta-lactams and simultaneously resistant to oxyimino-
cephalosporins and azithromycin'®.

The susceptibility of Ng to drugs (ceftriaxone, cefixime, azithromycin, ciprofloxacin,
spectinomycin, and gentamicin) in EU countries and the United Kingdom is monitored
continuously as part of the European Gonococcal Antimicrobial Susceptibility Program (Euro-
GASP), funded by the European Centre for Disease Prevention and Control (ECDC), and in the
United States is monitored as part of the CDC-funded Gonococcal Isolate Surveillance Project
(GISP)!*-22,

Bacteria cells use multiple mechanism to develop AMR: alteration of antibiotic targets,

decreased influx of antibiotics into the cell through transport proteins, increased eftflux from the
3



cell through multidrug efflux pumps and expression of antibiotic-inactivating enzymes. These
mechanisms can be intrinsic or in most cases acquired through chromosomal rearrangements,
mutations and acquisition of DNA by horizontal gene transfer (HGT)* .

Different strains of Ng have evolved several determinants of resistance that involve these
mechanisms (Fig.1) and one of reason why these factors efficiently spread from cell to cell is
the capacity of efficient HGT with transformation®*. The pathogen is naturally competent for
transformation, even if it occurs at high frequency between cells of Ng and other Neisseria
species. Many strains of gonococcus contain a plasmid encoding a penicillinase TEM-1, which
confers a high level of penicillin resistance, and conjugative plasmids, which sometimes carry
tetM causing high-level tetracycline resistance, although these plasmids are not as prevalent as
reported for many other bacterial species®.

One of the most studied mechanisms has been that which confers resistance to beta-lactams
(Fig. 1).

The action of beta-lactam antibiotics is based on the bacterial wall synthesis, on enzymes
involved in the production of peptidoglycan and the targets are known as penicillin-binding
proteins (PBPs). The beta-lactam resistance depends on several chromosomally factors:

(1) PBP2 is a periplasmic transpeptidase, encoded by the pend gene, that play role in the
beta-lactam resistance and is the main target of the cephalosporins. Most resistant
isolates carry mutations in the pend gene, especially in the domain encoding PBP2
transpeptidase'®>.

(1)  The efflux pump MtrC-MtrD-MtrE and its repressor MtrR, the mutations in m#rR
result in overexpression of the efflux pump?®.

(i)  The porin protein PorB, encoded by porB, the mutated alleles penB, decrease the
influx of the antibiotic in the periplasm?’. The resistance conferred by penB requires

a concomitant mutation in mtrR, but the molecular basis is not completely

understood??.
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Figure 1 AMR in Neisseria gonorrhoeae. The figure shows the principal factors involve in the beta-
lactam resistance: the efflux pump MtrC-MtrD-MtrE that determinate an increasing efflux of the drug.
The genes are overexpressed as a result on mutation of the repressor MtR. The penicillin-binding protein
2 (PBP2), encoded by penAd is a periplasmatic transpeptidase, that play a key role in the beta-lactam
resistance and is a target of cephalosporins. The porin protein PorB decrease the influx of the molecules
into the periplasm.

The illustration is inspired by (Quillin and Seifert, 2018) and created with BioRender.com

2.1.3 Gonococcal antigen and colonization factors

Human infections with gonococcus are caused by several factors, the first step after the
transmission is the contact with the mucosal epithelium that permit the replication and the
propagation to a new host. The bacterial adherence to the epithelium of the mucosa is mediated
by different bacterial surface structures: type 1V pili, Opacity-associated (Opa) proteins, lipo-
oligosaccharide (LOS), outer membrane protein Porin B (PorB), efflux pumps and metal

transport system (Fig.2). These structures are considered a potential vaccine targets'>°.

The type IV pili is a polymeric structure, composed of multiple copies of pilin, which form a
flexible filament, that are several microns in length and is present in Gram-negative bacterial
surface. It is implicated in different functions: surface adherence and motility, biofilm
formation, cell signalling, transformation, in addition it is involved in immune evasion thanks

to antigenic variation* >,



Opa proteins are a large family of integral outer membrane proteins, consisting of a -barrel
with 8 highly conserved transmembrane sequences that display four variable loops exposed to
the surface. A single gonococcal isolate possesses about 11 different opa genes, the expression
of each being independently and stochastically regulated by phase variation such that the
bacteria may express no Opa proteins or any combination of one or more Opa variants>*,

The importance of Opa proteins in infection is evidenced by the reported increased expression
of Opa in the female reproductive tract of mice®> and the presence of Opa antibodies in the
blood of infected woman that is correlates with a lower risk of gonococcal salpingitis®.

These outer membrane proteins are involved in the adherence of Ng to host epithelial cells and
immune cells by binding to specific receptors such as carcinoembryonic antigen-related cell
adhesion molecules (CEACAMs) and heparan sulphate proteoglycans (HSPGs). This
interaction is essential for bacterial colonization, invasion, and the subsequent establishment of
infection.

The interplay CEACAM-Opa determine the colonization of cervical cells by suppressing the
exfoliation of mucosal cells. The high expression of CECAM promotes a strong colonization
of gonococcus that express Opa®’. The exfoliation is a defensive mechanism that reduces the
bacterial colonization®®,

The interaction with HSPG activates phosphatidylcholine-specific phospholipase C (PLC) and
the sphingomyelinase, determining in a release of diacylglycerol and ceramide, resulting in a
signalling pathways that promote gonococcal invasion of epithelial cells***.

Additionally, Opa proteins contribute to immune evasion by modulating host immune responses

and promoting bacterial survival within host tissues*!*,

LOS is one of a major component of the outer membrane of gonococcus, structurally is like
lipopolysaccharide (LPS) found in other Gram-negative bacteria but lacks the O-antigen
polysaccharide chain. LOS plays a pivotal role in the pathogenesis of gonococcal infections. It
is involved in the initial adhesion of the bacterium to host cells, an essential step for colonization
and invasion. Moreover, LOS is a key factor in immune evasion. By undergoing phase and
antigenic variation, LOS can alter its structure to avoid recognition by the host's immune
system, and sialylation prevents complement activation, enabling the bacteria to persist in the

host and cause chronic infections*>*4,

In addition to these functions, LOS can induce a strong inflammatory response in the host. The
release of LOS during bacterial lysis triggers the production of pro-inflammatory cytokines,

contributing to the symptoms and tissue damage associated with gonorrhoeal infections!.
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PorB is the major porin protein present in the outer membrane and is composed of homotrimeric

beta-barrel protein, each monomer is 32 to 35 kDa and consists of 16 transmembrane-spanning

segments and 8 extracellular loops*. The porin is a voltage-gated pore mediates the ion
exchange between Ng and the environment and is essential for bacterial viability. In addition to
involvement in AMR, PorB plays a crucial role in the bacterium’s interaction with its host and
in the pathogenesis of infection.

It facilitates the invasion of host cells by interacting with host cell surface receptors and
promoting bacterial entry into epithelial cells. This interaction is also critical for immune
evasion, as PorB can modulate the host's immune response by interfering with normal immune
signalling pathways, it can interacts with regulators of the complement and can affect the

generation of reactive oxygen species (ROS) by innate immune cells**.

Gonococcus expresses several efflux pump systems, among these: MtrC—MtrD-MtrE, MacA—
MacB-MtrE, NorM, FarA-FarB-MtrE and MtrF6°°. Their role in pathogenesis is associated
with removing toxic molecules encountered during the infection.

Finally, there are three iron acquisition systems, each can subtact iron from a human protein,
designed to sequester iron. There is an acquisition system from transferrin (TbpA—TbpB), one

from lactoferrin (LbpA-LbpB) and one from haeme (HpuA-HpuB)°'.



Surface structures needed for adhesion, Iron acquisition and efflux of toxic

invasion and immune evasion materials
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Figure 2 Neisseria gonorrhoeae envelope structure. The human pathogen uses different structures of the cell envelope,
which is composed of the outer membrane, the periplasm, and the inner membrane, to adhere to host cells, and
subsequently invade and evade the immune system. The outer membrane contains lipo-oligosaccharide (LOS), Type IV
pili, Opacity-associated (Opa) and Porin Proteins. These structures are implicated in the adhesion, invasion and immune
evasion. In addition, the figure shows the efflux pumps: FarA-FarB and MtrC—MtrD—MtrE that control the fatty acids
and the antimicrobials efflux respectively. The membrane transport complexes LpbA—LpbB, HpuA—HpuB and ThpA—
ThpB contribute to iron transport and iron homeostasis.

The illustration is inspired by (Quillin and Seifert, 2018) and created with BioRender.com

2.1.4 Growth and regulatory pathways

Gonococcus cultures in laboratory require growth media with specific enrichment, in particular
grow with a supplemented source of iron, glutamine, glucose, thiamine, phosphate®? >4, After
the adhesion to the mucosal epithelium, the colonization requires the bacterial replication and
nutrient acquisition from the external environment. The pathogen probably interacts and

35-57 and others substances as iron, zinc

compete with the resident microbiota for the nutrients
and manganese are scavenge from host complexes of bound, thanks to transport complexes of
the bacterial surface®®®! (Fig. 2). Furthermore, seems that the influx of the neutrophils that
occurs in the symptomatic infection facilitates acquisition due to cause tissue damage and

release of serum component®?3,

Another important aspect of infection concerns the adaptation of the bacterium to different
external environmental conditions within the host genital tract, rectum and oropharynx. Ng
possesses a regulatory pathway that respond to metal and oxygen availability, antimicrobial
peptides and membrane stress. Transcriptional regulators as MtrR, MtrA and MpeR contribute
to regulation of antimicrobial efflux pump, MtrC-MtrD-MtrE, implicated in antimicrobials
export. MpeR represses the operon repressor MtrR®-%® (Fig.1-3). Sensor histidine kinase and

response regulator, MisR-MisS responds to membrane damage®.



The pathogen is capable of aerobic and anaerobic respiration, there is an oxygen-sensor as Fnr,
regulator protein, that responds to oxygen concentrations contributing to regulation of genes
encoding for anaerobic respiration’’. Oxidative stress regulatory protein (OxyR) responds to
the presence of ROS as a positive regulator of genes encoding catalase, glutathione reductase,

alkyl hydroperoxide reductase’! (Fig. 3).

Enviromental

conditions MtrC-MtrD-MtrE
Cellular
response
I Antimicrobial Antimicrobial
peptides efflux

2 mm
e | — YN

Membrane
homeostasis

o
Anaerobic W Anaerobic
conditions respiration
Oxidative Redox
stress homeostasis

Figure 3 Regulatory pathways. Gonococcus has some regulatory pathways to adapt to external conditions during the
infection. Transcriptional regulator MpeR repress the antimicrobial efflux pump operon repressor MtrR, mediating the
antimicrobial peptide efflux. The membrane homeostasis is maintained by regulatory system controlled by sensor
histidine kinase and response regulator (MisR—MisS). The regulator protein, Frn responds to oxygen concentrations
and contributes to regulation of genes required for anaerobic respiration. The protein OxyR regulates the oxidative
stress responding to the presence of reactive oxygen species (ROS).

The illustration is inspired by (Quillin and Seifert, 2018) and created with BioRender.com



2.2 Neisseria gonorrhoeae infection

Ng can infect the mucosal epithelium of the urogenital tract, the rectum, pharynx and
conjunctiva of the male and female. The mainly cases of infection regard the urogenital tract
being mostly transmitted through unprotected sexual intercourse’?. The infection, after the
transmission, involves the adhesion, the colonization and invasion of the pathogen to the host.
There are different human defences that act at many levels of infection. Ng has no ability to
penetrate the skin and requires a mucous membrane for colonization. In the cells there are many
barriers like the ciliary action of some epithelium. After the colonization, the innate and the
adaptive immune act to limit and block the growth of the bacterium. Being a pathogen restricted
to humans, it has highly coevolved with the host and developed mechanisms to limit and evade
defences’. These mechanisms restrict the host immune response, exposing him to re-infection

and rendering the development of a vaccine challenging.

2.2.1 Infection establishment: adhesion, colonization and invasion

The initial phase of adhesion to the epithelium of the mucosa is mediated by type IV pili that
retract and permit the interaction with the others structure of the surface as the Opa proteins, to
determine a closer contact. This allows bacteria cells to replicate and form structures like
microcolonies and biofilms and invade the tissues via transcytosis'’.

During these stages, the pathogen leaves fragments of peptidoglycans, outer membrane vesicles
(OMVs) and LOS, that activate innate immune pattern recognition receptors (PRRs) system.
The PRRs recognize a conserved molecules produced by pathogen, known as pathogen
associated molecular patterns (PAMPs), like Toll-like receptor (TLR) and nucleotide-binding
oligomerization domain-containing protein (NOD) in epithelial cells, macrophages and
dendritic cells (DCs)”>”"7. These signalling leads to release of inflammatory cytokine and
chemokine as: IL-1, IL-6, IL-8, IL-17 and tumour necrosis factor (TNF) that recruit the
polymorphonuclear leukocytes (PMNLSs) to the site of infection” (Fig. 4). Some of these
effectors can induce a massive PMNL response that determinate a purulent exudate, a
characteristic of symptomatic urethral gonorrhoea. Ng has evolved systems to survive at
antimicrobial functions of the PMNLSs including phagocytosis, ROS, antimicrobial enzyme and

cationic peptides”. Ng can survive within the macrophages by modulating apoptosis and
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cytokine production and studies reported the capacity to polarize macrophages in a way that

suppresses T cell proliferation®*8!,

1. Adhesion to 5. A neutrophll-rlch, puruh.ant.
exudate facilitates transmission
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.\
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N. gonorrhoeae ) . ! a A
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® s g / :;
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Figure 4 Neisseria gonorrhoeae infection. In the initial phase of infection, gonococcus establish a contact with the host epithelial cell trough
type 1V pili, which retract and enable interactions with other surface structures. The bacteria can then proliferate and invade underlying
tissues via transcytosis. The bacterial cells release fragments of peptidoglycan, lipo-oligosaccharide (LOS) and outer membrane vesicles
(OMVs), activating Toll-like receptor (TLR) and nucleotide-binding oligomerization domain-containing protein (NOD) signalling in
epithelial cells, macrophages and dendritic cells (DCs). The stimulation of these receptors leads to the release of cytokines and chemokines
in addition to inflammatory transcription factors, that recruit polymorphonuclear leukocytes (PMNLSs).

The illustration is inspired by (Quillin and Seifert, 2018) and created with BioRender.com
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2.2.2 Interactions with the complement system

The complement is a component of innate immune system, the activation of which can occur
via three distinct pathways: the classical, lectin and alternative pathways, each converging at
the activation of C3, a central protein in the system. Through a series of proteolytic reactions,
the complement system facilitates pathogen opsonization, inflammation, and determine the
formation of the membrane attack complex (MAC). This creates a pore in the membrane that
can cause lysis and cell death.

The activation of the system occurs in the presence of pathogen components (alternative
pathway), IgG and IgM containing antigen-antibody complexes (classical pathway) and
bacterial surface (lectin pathway)?? (Fig. 5).

Ng have evolved different ways to evade the complement (Fig. 6a). However, the importance
of complement in the control of infection should be emphasized; in fact, individuals who have
complement deficiencies have an increased risk of developing systemic infection®’.

Although the correlates of protection against gonorrhoea remain to be elucidated, this result
implies that complementary antibody-dependent killing is an important protective mechanism,

at least in the prevention of invasive disease®*®

. The finding that protection against
meningococcal disease induced by meningococcal vaccines correlates with bactericidal
antibody levels also supports the notion that complement is generally an important component
of the immune response to Neisseria genus®®.

One of the mechanisms involve the gonococcal LOS: the activated part of C3, C3b binds to the
lipid A of the LOS and is inactivated through the linkage with the factor I, that mediate the
cleavage to iC3b inactivating the complement cascade®’. In addition, the sialylation of LOS and
porin binds the factor H, an alternative complement pathway regulator. The factor H binds

sialylated structure of the cells, preventing them from opsonization and lysis®®®. The porin can

bind C4BP, a classical complement pathway regulator, that has a similar function to factor H*.
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Figure 5The complement system. Complement is composed of several soluble proteins undergoing a complex
series of combination and cleavage reactions. Ultimately, the major end products resulting from the cleavage of
C3 and CS5 each play important roles in the innate immune system. C3a and C5a function as anaphylatoxins,
recruiting neutrophils and monocytes; C3b serves as an important opsonin while also amplifying the signal of
the entire cascade; and finally, C5b combines with other proteins to form the membrane attack complex.
Mannose-binding lectin (MBL)-associated serine protease (MASP).

The illustration is created with BioRender.com (Parham et al., 2015 and Murphy et al., 2012).

2.2.3 Neisseria gonorrhoeae and adaptive immunity

There are individuals who may go through repeated infections after they contract the disease,
not developing immunological memory. Especially due to the variation of surface structures as:
LOS, Opa proteins, type IV pili®’.
The structure of the LOS can mimics host molecules evading the immune response®”. The
sialylated LOS share significant structural similarities with glycosphingolipids found
predominantly on human erythrocytes, allowing the pathogen to present itself as “self” to the
immune system®’.
In addition, it has been reported that in mice, Ng can selectively inhibit the T helper 1 (Thl)
and Th2 cell proliferation and cytokine secretion by mouse CD4+ T cells, and concomitantly
enhance Th17 activity, by a mechanism dependent upon TGF- 3. The Opa protein seem to be
the principal factor involve in the suppression of Th1- and Th2-driven immune response trough
the TGF- B** (Fig. 6b).
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The level of IL-17 is increased during the Ng infection in both mouse and human, the Th17
activation drives induction of local inflammation including recruitment of host neutrophil.
This process is ineffective because the pathogen is relatively resistant to neutrophil mediated
killing®.

The human pathogen seem that can inhibit the ability of antigen-primed dendritic cells to trigger

T cell proliferation by inducing the expression of both immunosuppressive cytokines and

tolerance-inducing cell surface proteins®.

| Alternative |
| complement 2
pathway w
| .
.

Sialic acid —Q.
L]

Factor H —b

QOuter membrane

Classical )
complement pathway Cytoplasm Periplasm

Inner membrane

Fig. 6a: Interactions with the complement system

Antigenic and phese variation of
type IV pili, Opa protein and LOS

Th1 and Th2 cell
| proliferation

DC-mediated CD4+
T cell proliferation

Fig. 6b: Variation of surface components and modulation of T cell function to avoid the adaptive immune system

Figure 6. For Figure 6A, the bacteria cells bind complement proteins to prevent opsonization and killing by membrane attack
complexes. Sialylation of lipo-oligosaccharide (LOS) hides it from the complement. The human pathogen can bind the host
factor H and C4b-binding protein (C4BP), shielding itself from recognition. The lipid A of the LOS can bind C3b inactivating it
to iC3b by factor L.

For Figure 6b: The bacterium could antigenically, and phase vary its surface structure: type IV pili, opacity (Opa) proteins and
LOS, to modulate immunogenic memory. The pathogen modulates the adaptive immune response by suppressing T helper 1
(Th1) and Th2 cell proliferation and activation by influencing cytokine production.

The illustration is inspired by (Quillin and Seifert, 2018) and created with BioRender.com
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2.2.4 Interaction with host cell death signalling

The process of cell death, as well as being important for tissue homeostasis, are involved in
infections by limiting the spread of pathogens through the elimination of infected cells. There
are three principal types of cell death processes: apoptosis, autophagic and necrosis. These
processes are tightly controlled by a complex balance of factors leading to survival and

death?”%%,

Ng can influence the regulation of these processes and represents a virulence factor used to both
establish and promote infection, through mechanisms that have not yet been fully elucidated®.
The apoptosis is a mechanism of programmed cell death, briefly the mammals cells possess
two distinct pathway that lead to apoptotic cell death: the intrinsic, mediated by the
mitochondrial, and extrinsic pathways, mediated by receptor'®. Studies reported that
gonococcus is associated with pro- and anti-apoptotic responses in different cells types as
urethra, cervix, fallopian tubes and immune cells®”101-19%,

The autophagy is a cellular mechanism that conduct the organelles and cytoplasmatic protein

106 it is involved in the control of infection upon intracellular

to the lysosome for degradation
pathogen invasion. Many pathogens have acquired strategies to interfere and subvert autophagy.
Gonococci act on factors preventing the maturation of autophagosome, through interaction, via
the type VI pilus, with the cell receptor CD46°%1°7-19%8 The latter, positive regulate intracellular

signals to activate the autophagy'®.

2.2.5 Neisseria gonorrhoeae vaccines

Given Ng's ability to develop AMR with the risk of developing untreatable gonorrhoea and the
high burden of gonorrhoeae worldwide, the need for a gonococcal vaccine has become
increasingly urgent.

Despite efforts over many decades, neither a vaccine nor a specific treatment has yet been
developed to counter gonococcal infections. New strategies are needed to achieve this and the
development of gonorrhoea vaccines is still predominantly in the preclinical stage >!''°. Several
factors are responsible for the failure to develop an effective vaccine. First, the variability of
the significant surface antigen, these have variable genomic sequences and protein composition.

Second, indeed repeated infections are relatively common in high-risk population, there is no
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epidemiologic evidence that Ng infection results in protective immunity against recurrent
infection.

Third, Ng is an exclusive human pathogen and it is necessary to establish an appropriate animal
infection model to study pathogenesis and immune response''’. However, epidemiological
studies reported a partial effectiveness of the Neisseria meningitis serogroup B OMYV vaccines
against Ng infection'!!"!!3| this also provides that an effective vaccine against Ng might be
possible. OMVs are structures consisting of lipid spherical bi-layer membrane that are released
from the outer membrane of Gram-negative bacteria and contain on the surface: phospholipids,
lipopolysaccharide or LOS and membrane proteins as peptidoglycans within the lumen of the
vesicle. The OMVs are involved in nutrient acquisition, host-immune response modulation and
biofilm formation!'!*!'®, These structures have a number of advantages including the ability to
enter the lymphatic vessels to be absorbed by antigen-presenting cells thus evoking humoral
and cell-mediated responses''.

Novel OMV vaccines has recently shifted towards optimising the design of meningococcal
OMV:s based on known features of gonococcal pathogenesis!!7-!'¥, The next generation of OMV
vaccines, developed from Ng strains and designed to induce specific protection against
gonococcal infection, is being studied. Preclinical studies have shown promising results,
including the production of serum and vaginal antibodies and accelerated elimination of
gonococcal infection in the female mouse model!!*+!2,

A series of suitable vaccine candidates against Ng have been evaluated in preclinical tests,
including in vitro tests, in animal models and occasionally in early phase studies in humans?®.
The features of vaccine antigen include: surface exposure, immunogenicity, conservation
among the strains and importance related in virulence and in survival'?!. Novel approaches
characterized the current strategy to gonococcal vaccine antigen detection. The proteomic
approaches have provided the possibility to identify several potential vaccine antigens'?* !4,
The public genomic database, as Neisseria Public databases for molecular typing and microbial

genome diversity (Neisseria PubMLST; https://pubmlst.org/organisms/neisseria-spp), has also

enabled an assessment of the presence and conservation of putative vaccine antigens in different
strains globally!>>126, Another strategy to improve vaccine discovery efforts for Ng has been to
target antigens that also elicit a functional antibody response that inhibits important
physiological functions in the pathogenesis of gonococcal infection!?’'?°. These functions
include adhesion and invasion of epithelial cells, protection from oxidative stress or

antimicrobials, nutrient acquisition and immune evasion.
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Possible targets mediating adhesion and invasion include pili type IV, LOS and Opa, but their
potential is hampered by the fact that they are subject to antigenic/phase variations>-!'1°,

In addition the Neisseria heparin binding antigen (NHBA), involved also in adhesion to the
host cells and survival, has been shown to be a promising candidate for a vaccine, as it is widely
distributed, highly conserved and induces bactericidal and opsonophagocytic antibodies!**
132 Other potential vaccine targets involve systems implicated in the acquisition of nutrients
such as iron and zinc, as TbpA-B!313*_ Another vaccine target is represented by the reductase
AniA, required for anaerobic growth, antibodies against AniA inhibit nitrite reductase

activity!33137,

2.3 Evaluation of vaccine immunogenicity

The evaluation of the ability of a vaccine to confers an immune response is a crucial aspect for
its evaluation and is required by regulators for new vaccine licensure!*®. The serological
evaluation of immune response to potential bacterial vaccine candidates can be generally
detected by two different types of methods: not functional and functional assays %,

The aim of the first type is to quantify antigen-specific antibody, the second examines the
functionality of the antibody, measuring in vitro their ability to neutralize and inhibit functions
associated with pathogenicity'?’

The enzyme linked immunosorbent assay (ELISA) is the most used to determine the specificity
of antibodies to bind antigens and quantify their presence. In this assay, plates coated with
specific antigen are incubated with sera and the binding is revealed though a secondary antibody
conjugated with enzymes to amplify the signal. The detection of antibodies by ELISA is used
to determine the level of protection against various pathogens such as: group B streptococci,
pneumococci, Shigella spp. and Haemophilus influenzae type B'4%141,

Flow cytometry can also be used to evaluate serum binding to whole pathogen instead of
specific antigens'#?.

As a major advancement for multiplexed binding assays, Luminex Platform has been
developed, allowing simultaneous capture of multiple analytes from a single sample.

This technology permit to measure antigen-specific antibodies requiring less sample, labour
and time than ELISA. The Luminex has been utilized to reveal antibodies response to

pneumococcal and meningococcal polysaccharides!'#!44,
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The functional assays are generally more complex than their antibody-binding counterparts and
allow to evaluate the effective action of the antibody, mimicking the ability of the immune
response to control the infection and predicting vaccine efficacy'*>. The main important
functional assays are serum bactericidal assay (SBA) and opsonophagocytic assay

(OPA)!3-146.147 Their theoretical concepts are described in Figure 7.

SBA OPA
Serum Complement Bacterial cells Serum Complement Bacterial cells Phagocytic cells
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Activation of classical pathway of the Opsonization and phagocytosis
complement system and cell lysis

Figure 7 Theoretical representation of serum bactericidal assay (SBA) and opsonophagocytic assay (OPA).

SBA: antigen-specific antibodies recruit complement proteins that activate the classical complement pathway. This leads to the
formation of the membrane attack complex (MAC), in the bacterial cell membrane resulting in cell lysis.

OPA: antigen-specific antibodies along with the complement proteins opsonise bacteria and facilitate the uptake of the complex
antigen-antibody by phagocytes.

The illustration is inspired by (Zheng Quan Toh et al., 2021) and created with BioRender.com

2.3.1 Serum bactericidal assay

SBA represents the method of choice to evaluate the complement-mediated function activity of
antibodies induced from infection and/or vaccine, and it is the most widely used functional test
to measure the functionality of antibodies against Gram-negative bacteria in vaccine
development!3%-148-151,

The standardisation of test is crucial for the reliability of data and for comparing the results of
vaccine evaluation and surveillance studies.

For Neisseria meningitis, the immunogenicity detecting with the SBA is a key correlate of the
protective immunity induced by the vaccine. >33, Standardisation of functional SBA has been

developed for Meningococcal A and C'**; however, there isn’t the consensus for groups B,

W135 and Y. Despite the effort there isn’t a standardised method for Meningococcal B SBA!>°.
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One of the difficulties in standardisation of SBA against serogroup B is the different
epidemiology of the prevalent strains in the various populations making the choice of reference
strain challenging!>®!%7,

This technique assesses the complement-dependent bactericidal activity of antibodies in sera
by exploiting the activation of the classical pathway of the complement!®.

To perform SBA, serial dilutions of the testing sera or specific antibodies are incubated with
bacterial strains and exogenous source of complement. The antibodies eventually present in the
testing sera and the pathogen-specific antibody bind to the bacterial surface, forming antigen-
antibody complexes. The protein of the complement C1 (Clq, Clr, Cls) binds to the Fc region
of the antibody, only when the antibody binds the antigen, activating the classical pathway of
the complement system®2. This leads to lysis of the target bacterial cells.

Bactericidal antibody titres are usually calculated as the reciprocal dilution of tested serum that
kills a percentage greater than or equal to 50% of the bacteria in the assay, expressed as half-
maximal inhibitory concentration (ICs0)!.

The bacterial strains that are susceptible (activation of alternative and lectin pathway, that does
not require antibodies) or resistant (production of bacterial proteins that interfere with
complement killing) to complement pathways killing may not suitable for use in the SBA'*~

147

Complement proteins of exogenous sources such as human or animal sera (e.g. baby rabbit
complement) used in the SBA may have a profound effect on the results of the study!®*!¢!,
Human serum is the preferred source of complement for SBA (hSBA) when assessing human
immunity, mimicking a condition as close as possible to the real one, but it usually contains
endogenous antibodies that may interfere with the test. In addition, large volumes of a suitable
human source are not available or difficult to obtain and is complicate to standardise between
laboratories'6%16,

Baby rabbit serum has proven to be a suitable complement source for SBA (rSBA) to minimise
variability, although relatively higher titres are usually obtained compared to the use of human
complement'*, rSBA was chosen as an alternative to hSBA for the evaluation of vaccines
against meningococcal serogroups A and C, because the source of complement from baby
rabbits is more readily available in large batches and subject to standardisation'*%!%°, The rSBA
tests therefore became the standard for the evaluation of meningococcal vaccine efficacy and
subsequent authorisation'°.

The conventional SBA (C-SBA) is based on plating the SBA reaction mix and manually

counting the surviving bacterial colonies forming unit (CFU). Although automated colony
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counting, this process is laborious, time-taking and does not allow to analyse several samples
at the same time. Recently, other types of SBA have been proposed to replace the CFU plate
count in a one-day assay, based on colorimetric, fluorometric and luminometric

readouts!' 8164165,

2.3.2 Luminescence-based serum bactericidal assay

Necchi et al., proposed a luminescence-based SBA (L-SBA), which exploits the ATP present in
live bacteria'>®. The L-SBA is based on the same principle of the C-SBA but differs in the read-
out method!*3(Fig. 8). The L-SBA allow to avoid the major inconvenience of the C-SBA and
can be used as a high-throughput functional assay'*’. The bactericidal activity in the L-SBA is
evaluated with a reagent, the BacTiter-Glo, that determining the number of viable bacterial cells
based on the quantification of the ATP present!®. This reagent contains a lysis buffer together
with a thermostable luciferase and its substrate luciferin that in the presence of ATP is oxidized
with the emission of light!>®. Determining the bacteriolysis, the ATP became available to trigger
the reaction mediated by luciferase, resulting in measurable luminescence signal. The signal
detected will be directly proportional to the concentration of ATP, which will in turn be
proportional to the number of viable bacteria, which is inversely proportional to the level of
functional antibodies present in the serum!*®. As for the C-SBA assay, the bactericidal titres of
the serum were calculated as the reciprocal of the serum dilution required to achieve 50%
inhibition of bacterial growth.

Studies show that the results obtained with L-SBA are strong correlated with the CFU-based
methods for different type of microorganisms as: S. flexneri and S. sonnei, Salmonella
Typhimurium, Enteritidis and Paratyphi, Neisseria meningitidis serogroups A and W, detecting
the bactericidal titres both in human and animal sera'®!96167 In addition, Aruta et al. has
demonstrated the applicability of a high-throughput L-SBA for several bacteria stains: S.
sonnei, S. flexneri 1b, S. flexneri 2a, S. flexneri 3a, S. typhimurium, S. enteritidis, S. paratyphi
A, and C. freundii'®’.
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Figure 8§ Schematic representation of the conventional serum bactericidal assay (C-SBA) and luminescence-based serum
bactericidal assay (L-SBA). The mix reaction is the same for the two assays, composed of serially diluted serum sample, an
exogenous source of complement and the bacteria culture. For the C-SBA the reaction mix is plated and incubated overnight,
and the readout is performed with the colony counting of the plates. For the L-SBA the reaction mix is plate in multi-well plate
and read with a luminometer after the incubation of few minutes/hours, according to the test requirements, thanks to the
BacTiter Glo reagent. The latter determine the lysis of the bacterial cells and the generation of a luminescent signal proportional
to the number of bacteria. L-SBA prevents the major disadvantages of C-SBA and can be used as a high-throughput functional
assay.

The illustration is inspired by (Fantoni et al., 2024) and created with BioRender.com

2.3.3 The opsonophagocytic assay

The functional antibody, in the bacterial infection, mediate the clearance of the pathogens by
complement pathway activation and cellular phagocytosis'®®. The activation of the classical
pathway is assessed by the SBA assay, while the presence of opsonophagocytic activity is
evaluated by OPA %, The opsonization of the bacteria cells with antibodies and the complement
factor C3b activates the phagocytosis process'®. The OPA protocol involves the incubation of
the opsonized bacteria with serially diluted sera and exogenous source of complement, together
with phagocytic cells'**!7°. The latter cells can be used at different phagocytic differentiation
stage determining the possibility to evaluate the internalization or the neutralizing activity. For
example, non-differentiated cells like THP-1 monocytes provide the indication of the

internalization, because are not able to kill. Instead, more specialized cells, as differentiated
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HL-60 or differentiated THP-1, allows the evaluation of the kill in the phagolysosome, more
specifically identified as opsonophagocytic killing assays (OPKA)!3%13%-142,

The readout of the internalization and/or killing of the bacteria cells can be evaluated with
different methods: CFU counting or based on flow cytometry!”!"!73. Phagocytosis is quantified
and plotted against serum concentration, allowing for the extrapolation of an ICso value, similar
to SBA!"!. The OPA can be used for a different type of bacteria including Streptococcus

pneumoniae, Staphylococcus aureus, Pseudomonas aeruginosa'’®!+ 17

and is actually
recognised as a correlate of protection for pneumococcal conjugate vaccine (PCV)'¥7.

In addition, an OPA has been developed to assess immunity to the MenB vaccine, this was
particularly important in patients with primary terminal complement deficiency. Since the SBA
relies exclusively on complement-mediated killing, studies in children and adults with primary
terminal complement deficiency found no serum bactericidal activity against MenB. However,
complement-dependent opsonophagocytic killing was still detectable in these individuals,

suggesting that they might still be protected after vaccination!46:177-178,
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3. Aim of the study

The detection of bactericidal antibodies thought the SBA is a key correlate of vaccine-induced

179,180

protective immunity against Neisseria meningitis, closely related to Ng , and is considered

likely important for protection against gonococcus as well'?!131:182 Meningococcus vaccines
also provide cross-protection for gonococcus!!!-113:183-185

The C-SBA, while effective, has significant disadvantages, being time-consuming and
resource-intensive and it does not allow testing of a large number of samples simultaneously.
Studies report a strong correlation between results obtained using C-SBA and L-SBA for
different types of pathogens, included Ng!30-158.186,

The aim of this study was to develop and optimise L-SBA assay to detect functional antibodies
against different strains of Ng.

The first phase involved the optimization of bacterial growth conditions and the measurement
of luminescence at different bacterial concentrations and incubation times. Subsequently, the
concentration and exogenous source of complement were evaluated. A key aspect of the assay
optimization is ensuring that the complement alone does not exhibit bactericidal activity. The
external complement source should ideally match the host species to simulate the natural

conditions during infection'#’

. However, in some cases, it is preferable to use an animal-derived
complement due to its higher availability and standardization ¢,

In this study, human complement, depleted of IgG/IgM/IgA antibodies, was used as exogenous
complement source and tested at different concentrations. In addition, human complement
(HC) was also compared with baby rabbit complement (BRC).

Once optimal conditions for bacterial, complement type, and concentration were established,

immune sera from mouse and rabbit studies, as well as monoclonal antibodies (mAb) targeting

gonococcal-specific antigens, were tested.
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4. Materials and methods

Strain Origin | Source References
FA1090 USA | ATCC-700825 | '%
WHO-R | Japan A WHO, 2014 188
WHO-X Japan | WHO, 2016 189,190

Table 1. Bacterial strain of Neisseria gonorrhoeae.

Complement Product lot Source
Human complement (HC)- 09545 Pel-freez
IgG/IgM/IgA Antibody

Depleted, Pooled Serum

Baby rabbit complement 23067786R Euroclone
(BRC)

Table 2. Exogenous source of complement.

Group Number Immunization* Number of pre- Number of post-

of immunization immunization
animals sample** sample***
1 10 Control 1 5
2 10 N/A 1 5
3 10 N/A 1 5
4 10 N/A 1 5
5 10 N/A 1 5
6 10 N/A 1 5
7 10 N/A 1 5
8 10 N/A 1 5
9 10 N/A 1 5
10 10 Outer 1 5
membrane
vesicle without
antigens

Table 3. Mouse sera of Study 1. Not Available (N/A).

*: the type of immunization is not specified for reasons of confidentiality.
**: Pre-immunization sera pooled by immunization group.

**%: Post-immunization sera pooled in pairs by immunization group.
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Group | Number of @ Immunization® Number of pre- Number of post-

animals immunization immunization
sample** sample***
1 5 Control 1 1
2 5 N/A 1 1
3 5 N/A 1 1
4 5 N/A 1 1
5 5 N/A 1 1
6 5 N/A 1 1
7 5 N/A 1 1
8 5 N/A 1 1
9 5 Outer membrane 1 1
vesicle without
antigens

Table 4. Rabbit sera of Study 2. Not Available (N/A).

*: the type of immunization is not specified for reasons of confidentiality.
**: Pre-immunization sera pooled by immunization group.

*#%: Post-immunization sera pooled by immunization group.

Group | Number of | Immunization* Number of pre- Number of post-
animals immunization immunization
sample** sample***
1 10 Control N/A 5
2 10 N/A N/A 5
3 10 N/A N/A 5
4 10 N/A N/A 5
5 10 N/A N/A 5
6 10 Outer membrane N/A 5
vesicle without
antigens

Table 5. Mouse sera of Study 3. Not Available (N/A).

*: the type of immunization is not specified for reasons of confidentiality.
**: no pre-immune sample.

**%*: Post-immunization sera pooled in pairs by immunization group.
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Group | Number of @ Immunization® Number of pre- Number of post-
animals immunization immunization
sample** sample
1 6 Control 3 6
2 6 N/A 3 6
3 6 N/A 3 6
4 6 Outer membrane 3 6
vesicle without
antigens
Table 6. Rabbit sera of Study 4. Not Available (N/A).
*: The type of immunization is not specified for reasons of confidentiality.
**: Pre-immunization sera pooled in pairs by immunization group.
Monoclonal | Product lot Supplier
antibody
2C7 U8304QZZG0 | Genscript
6E4 CRT/20/10 Biotechne
Table 7. Monoclonal antibody.
Reagent Product lot Supplier
Glycerol SHBR4183 Merck
Chocolate agar + PolyViteX plate 1010773470 Biomerieux
Giolitti-Cantoni (GC) broth VM-1037075 Merck
Phosphate-buffered saline (PBS) 1X RNBM4099 Merck
Fetal Bovine Serum (FBS) 2575646H Life technologies
IsoVitaleX 4009828 Fisher Scientific
Dulbecco’s phosphate-buffered 2581509 Life technologies
saline (DPBS)
BacTiter-Glo reagent 0000598237 Promega
Glucose SLCQ7550 Sigma

Table 8. Reagents used for the assay.
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4.1 Bacterial strains and growth conditions

This study was conducted with the following Ng strains: FA1090 (ATCC-700825), WHO-R
(WHO, 2024) and WHO-X (WHO, 2016). Table 1, at the beginning of the Materials and
Methods section.

Fresh cultures of bacteria were prepared from frozen glycerol stocks (stored at -80 °C in 20%
of glycerol) streak onto Chocolate agar + PolyViteX plate. After overnight incubation at 37°C,
5% COg, the isolated colonies were collected and resuspended in growth liquid medium
composed of: Giolitti-Cantoni (GC) broth, supplemented with 10% v/v Fetal Bovine Serum
(FBS) and 1% v/v IsoVitaleX.

Starting from an optical density of approximately 0.1 at 600 nanometres (ODsoo) and incubated
at 37°C, 5% CO with shaking, until the mid-log phase cultures was reached (for about 3 hours),
approximately ODeoo of 0.5 (~2 x 10® CFU/ml)!86:191,

4.2 Exogenous source of complement

In this study, the HC, IgG/IgM/IgA antibody depleted, pooled serum (Table 2, at the beginning
of the Materials and Methods section) was used as an external source of complement for the L-
SBA assay. Stored at -80 °C, in 1 ml frozen aliquots, and thawed immediately prior use.

For negative control, the exogenous source of complement was heat-inactivated (HI) at 56°C

for 30 minutes.

4.3 Mouse and rabbit sera samples

The serum samples used were obtained from different groups of immunized mice and rabbits
across various immunization studies, including pre-immunization sera.

The mouse samples belong to a study, appointed as Study 1 (Table 3, at the beginning of the
Materials and Methods section), consisting of 100 mice that were divided into 10 groups of 10
mice each. Every group includes: one pre- and 10 post-immunisation samples (which were
pooled in pairs). The group 1 is the control group (treated with placebo), and the others were
treated with different antigens (except for the group 10, treated with OMVs without antigens).

All the samples were tested against the strain FA1090 and only few groups were selected to test
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with the others strains WHO-R and WHO-X and in this case all post-immunisation sera were
pooled for each group.

The rabbit sera belong to a study, appointed as Study 2 (Table 4, at the beginning of the
Materials and Methods section), consisting of 45 rabbits divided into 9 groups of 5 rabbits each.
Each group received a different immunisation regime, group 1 was the control group (treated
with placebo), and the group 9 was treated with OMVs without antigens. Both pre- and post-
immunisation samples from each group were pooled into a single sample and analysed with L-
SBA. As before, all samples were analysed with the FA1090 and only a few groups were
selected to be analysed with WHO-R and WHO-X strains.

Mouse sera samples form a study, named Study 3 (Table 5, at the beginning of the Materials
and Methods section), consisting of a total of 60 mice divided into 6 groups of 10 mice each.
The group 1 was the control (treated with placebo) while group 6 was immunized with OMVs
without antigens. Sera belonging to each group were tested, post-immunisation pooled in pairs,
resulting in 5 samples per group. Each serum was tested with strains FA1090 and WHO-R.
The sample from the rabbit study, named Study 4 (Table 6, at the beginning of the Materials
and Methods section), derived from a total of 24 rabbits dived in 4 groups of 6 rabbits each.
The group 1 was the control (placebo), and the group 4 was treated with OMVs without
antigens. The pre-immunization sera of each group were pooled in pairs, resulting in 3 samples
for each group. For each group were analysed 3 pre- and 6 post-immunisation sera only with
the strain WHO-R.

All sera tested in L-SBA were HI at 56 °C for 30 minutes to remove the endogenous

complement activity prior to perform the L-SBA.

4.4 Monoclonal antibodies

In this work were used the following murine mAb (Table 7, at the beginning of the Materials
and Methods section): 2C7 and 6E4, that recognized a gonococcal LOS epitope.

The mAb 2C7 recognizes a conserved and widely expressed in vivo LOS epitope, considered
an important target of a potential vaccine candidate!®?. This was used with every strain in the
study and was used as a positive control for strain FA1090.

The mAb 6E4 binds the terminal keto-deoxyoctanoate (KDO) glycan of LOS. This glycan

competes with cytidine-5’-monophosphate-N-acetylneuraminic acid (CMP-Neu5Ac) for

28



addition to Ng LOS by the sialyltransferase Lst!*>. This mAb was used only with the WHO

strains.

4.5 L-SBA plates set-up

The L-SBA reaction mixtures were preparate in a 96-multi well round bottom microtiter plate
in a final volume of 100 pl, containing 40 pl of serum sample or mAb, 20 pul of bacterial strain
and 40 pl of exogenous HC.

Initially, the sample to test were prepared to have a starting dilution in the plate of 1/25 or 1/100
for the serum samples and a concentration of 10 or 50 pg/ml for the mAbs. The serum sample
were pre-diluted in assay buffer: Dulbecco’s phosphate-buffered saline (DPBS), supplemented
with 2% FBS and 0,1% Glucose, while mAbs in phosphate-buffered saline (PBS) 1X and
transferred to 96-multi well plate. The samples were 2-fold serially diluted in assay buffer, then
the mid-log cultures, prepared as described previously (paragraph 4.1 - Materials and Methods
section) and external source of HC were added.

Control wells were set up to ensure the absence of intrinsic bactericidal activity of the HC. The
bacterial cultures were plated with HC and HI-HC, in addition the culture was plated with only
assay buffer to monitor bacterial growth without the external source of complement. The
reaction mixture was incubated at 37°C, 5% CO> for 3 hours.

The luminescence was detected at time zero (T0) by adding 10 ul of bacterial cultures to 40 pl
of assay buffer in a white flat-bottom 96-well plates and then the BacTiter-Glo reagent, prepared
as per manufacturer's instructions, was added 1:1 v/v (50 pl). After 5 minutes of shaking at RT,
the luminescence signal was measured by a luminometer SpectraMax 13x (Molecular Devices).
After the incubation, the plate was centrifuge at 3220xg for 15 minutes at RT and the
supernatant was discarded to remove bacterial debris, dead bacteria and other SBA reagents.
The pellet was resuspended in 100 ul of DPBS and after 50 pl were transferred to white flat-
bottom 96-well plates and mixed 1:1 v/v with BacTiter-Glo reagent. After 5 minutes of shaking
at RT, the luminescence was detected with the luminometer SpectraMax 13x (Molecular

Devices)" %138,
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4.5.1 L-SBA Data analysis

The number of viable bacteria is proportional to the luminescence values expressed as Relative
Luminescence Units (RLU).

The results of the L-SBA assay are expressed as ICso, which corresponds to the serum dilution
capable of killing 50% of the bacteria present in the assay. This value is represented by the
reciprocal serum dilution that achieves a 50% reduction in luminescence, indicating 50%
growth inhibition.

The raw luminescence data obtained at different dilutions for sample were analysed using 4-
parameter logistic curve (4PL) non-linear regression and the ICso were determinate using the
software SoftMax Pro (Version 7.1.2); only those with R? > 0.8 were considered valid.

The statistical analyses were carried out in GraphPad Prism (Version 10.2.3) and the tests

applied are indicated in the figure legends.

4.6 Ethical and animal welfare considerations

All animal sera used in this study were obtained from immunization experiments conducted on
mice and rabbits at certified research facilities in Europe. All procedures involving animals
were carried out in full compliance with European Directive 2010/63/EU on the protection of
animals used for scientific purposes, as well as relevant national regulations. Additionally, all
experiments followed the institutional policies on animal welfare at each participating facility,
ensuring adherence to the highest ethical standards and guidelines for the humane treatment of

animals.
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5. Results

5.1 Optimization of L-SBA components

5.1.1 Bacterial cell concentration, times of incubation and linearity range

The optimization process began by determining the initial bacterial concentration and
incubation time for the L-SBA reaction mix. Starting with a fresh culture of ODsoo 0.5, the
bacteria were diluted 1:5 and 1:10 in the assay buffer, as described above (paragraph 4.1 -
Materials and Methods section).

These dilutions were transferred to a 96-well round bottom microtiter plate and further diluted
1:5, to match the quantities with the final assay. The luminescence was detected prior to start
the incubation, at TO and after 120 and 180 minutes of incubation at 37°C, 5% CO, as follows.
After centrifugation at 3220 xg for 15 minutes, at room temperature (RT), the supernatant was
discarded to remove dead or lysed bacteria, and the pellets were re-suspended in 100 pl of
DPBS. Fifty microliters of the suspension were transferred to a white 96-well flat bottom plate,
and 50 pl of BacTiter-Glo reagent (1:1 v/v) were added to each well. After 5 min of incubation
with shaking at RT, the luminescence signal was measured with the luminometer SpectraMax
13x (Molecular Devices). As shown in figure 9, the highest span of luminescence was obtained
between TO and T180 using the initial bacterial dilution of 1:5. The latter starting concentration
was used to define the linearity range between the bacterial concentration and the detected
luminescent signal. The linearity curve was set-up transferring the bacterial cells (diluted 1:5),
in the first column of a 96-wells plate. Then the bacterial cells were serially 2-fold diluted to
the last column (for 12 times), in the assay buffer. The plate was incubated at 37°C, 5% CO-
for 180 minutes and the luminescence signal was detected as described in the previously. The
figure 10 shown a good linear relationship between luminescence and bacterial cell

concentrations (R? > 0.98).
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Figure 9 Luminescence signal, expressed as relative luminescence unit (RLU), detected for different N.
gonorrhoeae strains diluted 1:5 and 1:10 at time zero (T0) and after 120 and 180 minutes. The data show an increase
in RLU for the different conditions, the highest signal was detected at T180 at the bacterial dilution of 1:5. The data
reported are derived from the average of three biological replicates.
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Figure 10 Linearity of luminescence signal expressed as relative luminescence unit (RLU) and bacterial
concentration corresponding to serial dilution. Bacterial cells were 2-fold serially diluted (for 12 times) and measured
by luminescence, obtaining an RLU value —0. The figure shows the linear correlation between the bacterial dilution and
the signal detected for the different strains (R? > 0.98).
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5.1.2 Complement toxicity assay

The exogenous source of the complement represents a fundamental component of the SBA,
and it is important to define the concentration of the complement such that it has no intrinsic
bactericidal effect. Three different percentages of HC were tested with FA1090, WHO-X and
WHO-R: 20, 15 and 10% (v/v). The recommended complement percentage for bactericidal
tests with gonococcus is between 10-20% v/v!82191.194,

In addition, a comparison was made between HC and BRC at 10% only for FA1090 strain.
The bacteria were grown as described in the 4.1 paragraph of Materials and Methods section
and the starting dilution of 1:5 of bacteria suspension and incubation time of 180 minutes were
chosen from the previous experiments (5.1.1 paragraph of Results section). The complement
was pre-diluted, in assay buffer, and then transferred in 96- wells round bottom microtiter plate
at a final concentration of 10, 15 and 20% v/v for HC, while for BRC at 10% v/v.

In addition, control wells were set up as following: i) negative control, by adding the HI
complement at the same concentrations of the active complement. i1) Positive control plating
the bacteria culture, without the exogenous source of complement and diluted in assay buffer.
Then, the bacterial culture was added to each well with active and HI complement and incubate.
The luminescence was acquired at TO and after 180 minutes of incubation at 37°C, 5% CO» as
follows. The plates were centrifugated at 3220 xg for 15 minutes at RT, the supernatants were
discarded to remove dead or lysed bacteria, and the pellets were re-suspended in 100 pl of
DPBS. 50 ul of these suspensions were transferred into a white 96-well flat bottom plate and
50 ul (1:1 v/v) of BacTiter-Glo reagent, prepared as per manufacturer's instructions, were added
to each well. After 5 minutes of shaking at RT, the luminescence signal of the reaction was
measured with the luminometer SpectraMax i13x (Molecular Devices). The data obtained, that
are reported in the figure 10, show that, overall, at a concentration of 10%, there is greater
bacterial viability and uniformity of results between incubation with active and inactive
complement for all Ng strains. Instead, the data obtained from the comparison of the two
different complement sources at 10% for strain FA1090 are presented in Figure 12. and show

that the BRC determinates high nonspecific killing comparing with the same % of HC.
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Figure 11 Luminescence signal expressed as relative luminescence unit (RLU), detected for different /V.
gonorrhoeae strains at percentages of human complement tested of 20, 15 and 10% (v/v). The data show that
for strain FA1090, the 20% concentration results in highest bactericidal activity by comparing the data between
incubation with active complement and inactive complement (HI-HC) at the same concentration of 20%. Absence
of non-specific killing at concentrations of 15 and 10% v/v. Similarly for the WHO-R strain, a higher non-specific
bactericidal activity by the active complement was found at 20 and 15 % v/v. At 10%, however, was detected low
non-specific killing. For strain WHO-X, non-specific killing wasn’t detected by the complement at the different
% tested. The bars represent the mean and the standard deviation. The results are obtained from a mean of at least
three biological replicates.
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Figure 12 Comparison between Human complement (HC) and Baby Rabbit
complement (BRC) at 10% v/v on FA1090. The graphic shows the luminescence
signal, expressed as relative luminescence unit (RLU), detected for different exogenous
source of the complement. BRC determinates high nonspecific killing comparing with

the same % of HC. The bars indicate the mean and the standard deviation obtained from
at least three biological replicates.

5.2 L-SBA testing

5.2.1 Mouse sera results (Study 1)

The results obtained by testing strain FA1090 are reported in the figure 13.

All pre-immune sera did not exhibit bactericidal activity, an ICso value of 12.5 was assigned,
which corresponds to half the starting dilution of the tested serum (data not showed). In this
case, the luminescent signal, directly proportional to the number of bacteria, did not vary with
the concentration of the tested serum.

Regarding the post-immunisation sera, for the control group (group 1), which received a
placebo instead of an active treatment, no bactericidal activity was detected. This result was
consistent with the pre-immune (baseline) samples, as none of the sera produced a bactericidal
curve in the raw data. Consequently, an ICso value of 12.5 was assigned also to these samples.
To samples belonging to group 10 were assigned, even in this case, an ICso of 12.5, which is
justified by the fact that the animals are immunised with OMVs without antigens. The highest
ICso were observed in groups 8 and 2, reporting an average ICso of around 1500 and 900

respectively.
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Figure 14 provides a summary of the controls used across all L-SBA sessions, indicating that
HC exhibited no bactericidal activity at a 10% concentration. The bacterial culture viability was
comparable across different conditions tested: bacteria with active complement, bacteria with
HI-HC, and bacteria without HC.

The sera of groups 1, 8 and 10 were analysed with the strains WHO-R and WHO-X. The results
are reported in the figure 15. The samples of each group were pooled, resulting in one serum
per group. Like the results obtained for FA1090, a killing activity was observed with group 8
only against the WHO-R strain, with an average ICso of approximately 1400. In contrast, for
the WHO-X strain, no significant difference in ICso was found among the groups tested.

The data obtained from the control wells for each test are showed in figure 16. Comparing the
different conditions at a concentration of 10% HC showed no non-specific killing activity for

the two strains.
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Figure 13 L-SBA results of Study 1 mouse sera analysed with FA1090. The figure shows the distribution of the ICso
(reciprocal serum dilution necessary to obtain 50% bacterial growth inhibition, ICso has been calculated via 4PL regression
with SoftMax) obtained in the 10 groups of immunized mice. The group 1 is a control group, while the others group were
immunized with different antigens, except for the group 10 which corresponded to immunization with OMVs without antigens.
The group 8 reported the highest bactericidal titre. Bars indicate the mean and standard deviation of the group. The difference
between the groups were analysed with One-way ANOVA, *: p <0.05 **: p <0.01; ***: p <0.001.
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Figure 14 Luminescence signal expressed as relative luminescence unit (RLU) at the different conditions:
i) Active complement: bacteria and active complement at 10% (v/v). ii) Inactive complement: bacteria and heat-
inactivated (HI) complement at 10% (v/v). iii) Bacteria only: Bacteria without the external source of
complement. The RLU represented that the complement had no non-specific killing. The bars represent the
mean and the standard deviation of independent tests. The difference between the groups were analysed with
One-way ANOVA, ns: not significant.
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Figure 15 L-SBA results of Study 1 mouse sera tested with the strains WHO-R and WHO-X. The figure reported the ICso
(calculated via 4PL regression with SoftMax) obtained for the group 1, 8 and 10 (in duplicate). The bar represents the mean.
For the strain WHO-R there was a significant difference between the group 1 (the control)/group10 (immunization with OMVs
without antigens) and the group 8. For the strain WHO-X there wasn’t a significant difference between the three groups. The
difference between the groups were analysed with One-way ANOVA, ns: not significant, ***: p < 0.001.
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Figure 16 Signal detected, expressed as relative luminescence unit (RLU), proportional at bacteria viability for the
different conditions tested. Bacteria and active complement, bacteria and heat-inactivated (HI) complement and
bacteria only. The strain WHO-R at the condition “bacteria only” was lower than the others two conditions. For the strain
WHO-X, the viability at “bacteria only” was higher than the others two conditions, but the viability at “HI-complement”
is comparable to “active complement”. For both strains there was no non-specific bactericidal activity. The bars represent
the mean and the standard deviation of independent tests. The difference between the control groups were analysed with
One-way ANOVA, ns: not significant.

5.2.2 Rabbit sera results (Study 2)

The SBA titres obtained with the sera samples tested with FA1090 are shown in the figure 17.
The datasets generated, showed high SBA titres for the pre-immune samples, with very low or
no differences observed between pre and post sera for most of the immunization groups,
including the control group 1 and the group 9, immunised with OMVs without antigens.

Only for the group 6, there is an increment (about 5-fold) of bactericidal activity in terms of
ICs0, compared to its respective pre-immune serum.

The figure 18 reported the SBA controls of the study, the condition of bacteria incubated without
the exogenous complement showed a significant difference of viability comparing with the
other two control conditions (Bacteria and active/HI-HC). However, there was a strong
correlation between the viability of bacteria incubated with active and HI complement, so the
L-SBA data were considered valid.

The sera of the group 1 (control group), 4, 5 and 6 were tested against the strains WHO-R and
WHO-X. Similar to the results obtained for strain FA1090, high ICsp were obtained in the
different groups in the pre-immune rabbit sera and low or no differences with the respective
sera after treatment. The group 6 showed the highest difference between pre- and post-

immunization (about 5-fold) for both strains (Figure 19).
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The assay’s controls are reported in the figure 20, there were no differences observed in

bacterial viability.
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Figure 17 L-SBA results of Study 2 rabbit sera tested with FA1090. The SBA titres that correspond to the reciprocal serum
dilution, necessary to obtain 50% bacterial growth inhibition (calculated via 4PL regression with SoftMax) pre- and post-
immunization are represented for every group. The group 6 shows the highest increment of killing after the immunization
(about 5-fold). For the others group the ICso pre- and post-treatment didn’t change.
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Figure 18 Rabbit sera of Study 2 controls tested with FA1090. The luminescence is reported as relative luminescence unit
(RLU) and correspond to the bacterial viability at the different conditions tested. The highest RLU was detected for the
“Bacteria only”, we considered a valid control because there was no difference between “Active complement” and “Inactive
complement”. The bars represent the mean and the deviation standard of independent tests. The difference between the control
groups were analysed with One-way ANOVA, ns: not significant, *: p < 0.05.
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Figure 19 L-SBA of Study 2 rabbit sera results tested with WHO-R and WHO-X. The SBA titres (calculated via 4PL regression with
SoftMax) pre- and post-immunization are reported for the group tested with the two strains of N. gonorrhoeae. The graphics show and
increment of bactericidal activity post-immunization for the group 6 with both strains.
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Figure 20 Rabbit sera controls of Study 2 tested with WHO-R and WHO-X. The data showed that there was no aspecific
bactericidal activity by complement. The bars represent the mean and the standard deviation of independent tests. The
difference between the control groups were analysed with One-way ANOVA, ns: not significant.
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5.2.3 Mouse sera results (Study 3)

The L-SBA results obtained with the strain FA1090 are shown in the figure 21. The raw
luminescence data, which is proportional to the number of bacteria, showed no bactericidal
curve in the control group (group 1). Specifically, the luminescence signal remained constant
across different serum concentrations, so a titre of 12.5, corresponding to half the initial serum
dilution, was assigned. The group 6, which received immunisation with OMVs without
antigens, had lower titres compared to the other groups. In contrast, Group 4 exhibited the
highest ICso values, with a mean ICso of approximately 9000.

The data obtained from the controls used for Study 3 (FA1090 strains tested against mouse sera)
are presented in the figure 22. For this strain, the control “bacteria only” was greater than “active
complement” and “inactive complement”, but the results were accepted because there was no
difference between active and inactive complement.

The sera belonging to Study 3 were analysed using the strain WHO-R and the results are
graphed in the figure 23. Similarly to strain FA1090, the control group didn’t show a
bactericidal activity while some samples from group 6, immunisation with OMVs without
antigens, had ICso values comparable to the other groups. Group 4 showed the highest
bactericidal titres, with a mean I1Cso of approximately 6000.

The Study 3 controls tested against the strain WHO-R are represented in the figure 24; in this
case, the growth in the three conditions showed similar results.
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Figure 21 L-SBA results of Study 3 mouse sera analysed with FA1090. The graphic represents the distribution of the ICso, the
reciprocal serum dilution necessary to obtain 50% bacterial growth inhibition, calculated via 4PL regression with SoftMax and the
significant difference between the groups calculated with One-way ANOVA. The bars reported the mean and the standard deviation for
each group. *: p <0.05 **: p <0.01; ***: p <0.001, ****: p <0.0001.
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Figure 22 Mouse sera controls of Study 3 analysed with FA1090. The graphic represents the distribution of luminescence
signal expressed as relative luminescence unit (RLU) in the different condition at 10 % (v/v) of complement. The control
“bacteria only” was greater than “active complement” and “inactive complement”, but the results were accepted because there
was no difference between active and inactive complement. The difference between the control groups were analysed with
One-way ANOVA, *: p <0.05, ns: not significant. The bars reported the mean and the standard deviation for each group.
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Figure 23: L-SBA results of Study 3 mouse sera analysed with WHO-R. The graphic represents the
distribution of the ICso (corresponding to the reciprocal serum dilution necessary to obtain 50% bacterial
growth inhibition obtained via 4PL regression with SoftMax) and the significant difference between the
groups calculated with One-way ANOVA. The bars reported the mean and the standard deviation for each
group. ¥*: p<0.01.
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Figure 24 Mouse sera controls of Study 3 analysed with WHO-R. The graphic represents the distribution of luminescence
signal expressed as relative luminescence unit (RLU) in the different condition at 10 % (v/v) of complement. The difference
between the control groups were analysed with One-way ANOVA, ns: not significant. The bars reported the mean and the
standard deviation for each group.

5.2.4 Rabbit sera results (Study 4)

The sera belonging to Study 4 were analysed by L-SBA with the strain WHO-R. The titres
obtained are showed in the figure 25. For each group, 3 pre-immunisation samples (as pooled
in pairs) and 6 post-immunisation samples were tested. Similar to the data obtained by L-SBA
testing the rabbit sera in Study 2, high pre-treatment ICso and no difference in terms of SBA
titres between pre- and post-treatment were observed for the group 1 (control) and 4 (treated
with OMVs without antigens). Only for group 2 and 3, a low difference (approximately 2.5-
fold) was detected between pre- and post-immunisation. The assay controls are reported in the
figure 26, no growth differences were found in the different conditions, reporting an absence of

non-specific killing by active complement at 10% v/v.
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Figure 25 L-SBA results of Study 4 rabbit sera analysed with WHO-R. The graphic represents the distribution of the ICso
(corresponding to the reciprocal serum dilution necessary to obtain 50% bacterial growth inhibition obtained via 4PL regression
with SoftMax) for each group, pre- and post-immunization. The bars reported the mean and the standard deviation for each
group.
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Figure 26 Rabbit sera controls of Study 4 analysed with WHO-R. The graphic represents the distribution of luminescence
signal expressed as relative luminescence unit (RLU) in the different condition at 10 % of complement. The difference between

the control groups were analysed with One-way ANOVA, ns: not significant. The bars reported the mean and the standard
deviation for each group.
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5.2.5 Monoclonal antibodies results

The mAb 2C7 was tested with the strain FA1090, at a starting concentration of 10 pg/ml and 2-
fold serially diluted. The results achieved are presented in the figure 27.

The reported ICso value is expressed, in the case of antibodies, as the lowest concentration
(ng/ml) capable of killing half of the total bacteria.

The 2C7 showed a bactericidal activity at very low concentrations, the mean of ICsp was of
0.43 ng/ml £0.18 (calculated by 13 independent replicates).

In accordance with these results, 2C7 was chosen as a positive control in SBA tests with
FA1090.

In contrast to the two WHO strains, 2C7 showed no bactericidal activity by the SBA assay. It
was tested from starting concentration of 10 pg/ml up to a concentration of 50 pg/ml. In this
case, at different mAb concentrations the luminescent signal (directly proportional to the
number of bacteria) did not vary.

The same results were achieved by testing mAb 6E4 with the WHO strains, initially a
concentration of 10 pg/ml was evaluated, up to 50 pg/ml, but no bactericidal activity was
detected. The detected luminescent signal, which is directly proportional to the number of

bacteria, does not vary at the different concentrations of mAb 6E4 tested.
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Figure 27 L-SBA results of 2C7 mAb tested with FA1090. In the figure a, b, ¢ and d are reported some bactericidal curve of 2C7
and the corresponding ICso, expressed as a concentration (ng/ml) capable of killing the 50% of the total bacteria, obtained via 4PL
regression with SoftMax. The luminescence signal (Y axis) proportional to bacterial concentration, decreases with increasing
concentration of mAb 2C7 (X axis). In the figure e are expressed the distribution of ICso achieved with the experiments, the bars

indicate the mean and the standard deviation.
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6. Discussion and conclusions

The human-restricted pathogen, Neisseria gonorrhoeae (gonococcus) is the etiological agent of
STI gonorrhoea, estimated to cause millions of cases worldwide every year. Untreatable
gonococcal infections are rising due to the increase in antibiotic resistance, limiting future
therapeutic options. The WHO identified gonococcus as high priority pathogen for research
into novel treatments, such as new antibiotics or a vaccine, because its ability to develop
antibiotic resistance!’. In addition, high-throughput assays are needed to achieve strategies to

screen and identify bactericidal antibodies.

The SBA is the selection method for assessing the complement-mediated functional activity of
vaccine-induced antibodies directed against extracellular Gram negative bacteria, including the
related N. meningitidis 1°%1°%15%19,

For example, the licensure of vaccine against N. meningitidis serogroup B required detection
of immune response that confer protection against infection, assessed by a validated SBA!'*°.
Clow et al., in 2019 published a study that reported a correlation between the detection of
bactericidal antibodies against gonococcus obtained with C-SBA and L-SBA!86,

The L-SBA is based on the same principle as the SBA, but allows for an increased speed of
execution and data acquisition, is highly reproducible, more operator independent and permit
an higher throughput'*®. The detection and quantification of bacterial cells is achieved by using
a luminescent component capable of binding ATP!'>®. The ATP present is directly proportional
to the number of viable bacteria, which will inversely correlate with the number of functional
antibodies present.

In this study, the development of L-SBA method to detect functional antibodies against
gonococcus have been described and experiments were carried out to optimise all the variables
related to this type of assay.

First, initial experiments were carried out to establish growth, starting concentrations and
incubation time.

N. gonorrhoeae is characterized as a fastidious organism, requiring enriched media with a CO»
atmosphere of 3% to 10% at 37 °C for growth. The viability of the pathogen decreases rapidly
in stationary phase, due to autolysis. Therefore, many techniques used for growth, such as
overnight broth cultures, are not suitable for gonococcus®.

In the present study the fresh culture for the L-SBA test were prepared from isolated colonies,
streak onto agar plates, after ON incubation. The cells were grown in enriched liquid medium

composed of 10% FBS as a source of iron and 1% of the supplement IsoVitalex that provides
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vitamins, amino acids, coenzyme and other factors which improve the growth of Neisseria'®?.

The buffer used for the test also contained enrichments such as FBS at 2% and glucose 0.1%.
The initial concentration for the bacteria cells was set by choosing the lowest initial dilution of
1:5, and the optimal incubation time was fixed at 180 minutes, since the highest level of
luminescence was obtained under these conditions.

Another important aspect was to assess the optimal concentration of exogenous complement
source, in this set up HC was the source of complement chosen for the animal samples testing.
The data obtained showed that the optimal concentration was 10% v/v for the Ng strains. To
further investigate, the HC and BRC at 10% v/v were compared, confirming the use of the HC
as the BRC showed elevated non-specific killing.

These assay parameters have been optimised to test serum samples from immunised animals
and monoclonal antibodies directed against specific gonococcal antigens. Ng is restricted to
human host, the bacterial proteins have evolved specific interactions with human molecules,
rendering difficult to find a study model capable of reproducing what happens in the original
host!'®”. The preliminary studies also have the function of identifying the model that reflects this
concept more closely. Experimental data show that mice are better suited than rabbits as animal
models. Rabbit sera show intrinsic bactericidal activity, exhibiting high titres even before
immunisation. While some sera from mouse groups show a significant increase in bactericidal
activity after immunisation.

Regarding the data obtained from the mAbs tests, the bactericidal activity of murine anti-LOS
mADb 2C7, isolated almost four decades ago'’®!*’, towards strain FA1090 was confirmed'*!->%,
The mAb 2C7 was used as a positive control in the assay with FA1090.

In contrast, no bactericidal activity was detected towards WHO-R and -X strains, even by
increasing the starting concentration 5-fold.

The murine mAb 6E4?"12%2 recognise the KDO epitope, a bacterial-specific carbohydrate
common to the inner core of almost all Gram-negative bacteria’®>. The latter mAb was proved
on Ng strain WHO-R and -X, but no bactericidal activity was detected even by increasing the
starting concentration. These results are confirmed by a study, in which mAb 6E4 was tested
on other Ng strains and defined the presence of bactericidal activity using OPA, but the absence
using the SBA assay'?®. For these latter strains, therefore, it will be necessary to test other
antibodies, probably directed against other Ng antigens.

This study reports the initial development phase of the L-SBA applied to gonococcus. Future
objectives will focus on advancing the assay through subsequent stages of the analytical

process. An analytical procedure progresses through method development, qualification, and
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validation, each involving a series of critical steps to ensure the assay’s reliability, accuracy,
and applicability. Method development focuses on creating a reliable method, qualification
evaluates its performance, and validation ensures it meets regulatory criteria for the intended
use?*,

The objective of method development is to create a robust and reliable assay, is composed of
several steps: clearly define the purpose and the objective of the method, conduct a literature
review to investigate existing methods and scientific literature. Next, create a detailed plan, and
then fine-tune parameters as reagents, incubation time, concentrations, sample preparation.
Finally, assess the method performance.

The purpose of analytical method qualification is to assess and characterise the performance of
the method as an analytical tool at an early stage. Several factors are assessed during this phase:
specificity: its ability to determine solely the concentration of the analyte that it intends to
measure. Robustness: performance under varying conditions. Precision: repeatability.
Accuracy: closeness of results to the true value. Linearity: linear relationship between
concentration and response. Limit of Detection (LOD) and Limit of Quantitation (LOQ): lowest
detectable and quantifiable levels. The established Standard Operating Procedures (SOP) are
not mandatory, follows the standards of regulatory authorities without acceptance criteria, but
this phase serves to define them.

The validation of the analytical method aims at demonstrating that the method performance
meets the stringent requirements necessary for late-stage and post-approval applications. All
acceptance criteria must be defined before method validation is performed. For this purpose,
various validation parameters are tested, such as: specificity: confirm analyte selectivity.
Robustness: evaluate performance under variable conditions. Precision: assess repeatability and
intermediate precision or reproducibility (across sites). Accuracy: verify closeness to true
values. Linearity: validate the linear relationship. Range: define the valid concentration
range. LOD and LOQ: Establish detection and quantitation limits. Stability: assess the
method's long-term stability over time. The assay validation parameters and acceptance criteria
are selected in accordance with the European Medicines Agency (EMA), Food and Drug

Administration (FDA) and International Conference on Harmonization (ICH) guidelines?%*2%".

48



7. References

1. Quillin, S. J. & Seifert, H. S. Neisseria gonorrhoeae host adaptation and pathogenesis.
Nat. Rev. Microbiol. 16, 226240 (2018).

2. Johnson, A. The pathogenic potential of commensal species of Neisseria. J. Clin.
Pathol. 36,213-223 (1983).

3. Liu, G., Tang, C. M. & Exley, R. M. Non-pathogenic Neisseria: members of an
abundant, multi-habitat, diverse genus. Microbiology 161, 1297-1312 (2015).

4. Arenas, J. Editorial: Pathogenic Neisseria: Pathogenicity, vaccines, and antibiotic
resistance. Front. Cell. Infect. Microbiol. 12, (2023).

5. Neisseria gonorrhoeae vaccines: a contemporary overview | Clinical Microbiology
Reviews. https://journals.asm.org/doi/10.1128/cmr.00094-23.

6. Unemo, M. & Shafer, W. M. Antibiotic resistance in Neisseria gonorrhoeae: origin,
evolution, and lessons learned for the future. Ann. N. Y. Acad. Sci. 1230, E19-28 (2011).

7. Suay-Garcia, B. & Pérez-Gracia, M. T. Future Prospects for Neisseria gonorrhoeae
Treatment. Antibiotics 7, 49 (2018).

8. Newman, L. ef al. Global Estimates of the Prevalence and Incidence of Four Curable
Sexually Transmitted Infections in 2012 Based on Systematic Review and Global Reporting.
PloS One 10, 0143304 (2015).

9. Rowley, J. et al. Chlamydia, gonorrhoea, trichomoniasis and syphilis: global
prevalence and incidence estimates, 2016. Bull. World Health Organ. 97, 548-562P (2019).

10. Edwards, J. L. & Apicella, M. A. The Molecular Mechanisms Used by Neisseria
gonorrhoeae To Initiate Infection Differ between Men and Women. Clin. Microbiol. Rev. 17,
965-981 (2004).

11. Walker, C. K. & Sweet, R. L. Gonorrhea infection in women: prevalence, effects,
screening, and management. Int. J. Womens Health 3, 197-206 (2011).

12. Barlow, D. & Phillips, . GONORRHEA IN WOMEN: Diagnostic, Clinical, and
Laboratory Aspects. The Lancet 311, 761-764 (1978).

13.  Adverse pregnancy and neonatal outcomes associated with Neisseria gonorrhoeae:
systematic review and meta-analysis | Sexually Transmitted Infections.
https://sti.bmj.com/content/97/2/104.abstract.

14.  Fall, B. et al. Etiology and current clinical characteristics of male urethral stricture
disease: experience from a public teaching hospital in Senegal. Int. Urol. Nephrol. 43, 969—
974 (2011).

15. Sawatzky, P., Martin, 1., Thorington, R. & Alexander, D. Disseminated Gonococcal
Infections in Manitoba, Canada: 2013 to 2020. Sex. Transm. Dis. 49, 831-837 (2022).

16. Ward, H. & Ronn, M. Contribution of sexually transmitted infections to the sexual
transmission of HIV. Curr. Opin. HIV AIDS 5, 305-310 (2010).

49



17. Unemo, M. & Shafer, W. M. Antimicrobial resistance in Neisseria gonorrhoeae in the
21st century: past, evolution, and future. Clin. Microbiol. Rev. 27, 587-613 (2014).

18.  Kirkcaldy, R. D. et al. Cephalosporin-resistant Neisseria gonorrhoeae public health
response plan.

19. Mlynarczyk-Bonikowska, B., Kowalewski, C., Krolak-Ulinska, A. & Marusza, W.
Molecular Mechanisms of Drug Resistance and Epidemiology of Multidrug-Resistant
Variants of Neisseria gonorrhoeae. Int. J. Mol. Sci. 23, 10499 (2022).

20.  Cole, M. J. et al. Emerging cephalosporin and multidrug-resistant gonorrhoea in
Europe. Euro Surveill. Bull. Eur. Sur Mal. Transm. Eur. Commun. Dis. Bull. 19, 20955 (2014).

21.  Cole, M. J. et al. Is the tide turning again for cephalosporin resistance in Neisseria
gonorrhoeae in Europe? Results from the 2013 European surveillance. BMC Infect. Dis. 15,
321 (2015).

22. Jacobsson, S., Cole, M., Spiteri, G., Day, M. & Unemo, M. Associations between
antimicrobial susceptibility/resistance of Neisseria gonorrhoeae isolates in European
Union/European Economic Area and patients’ gender, sexual orientation and anatomical site
of infection, 2009-2016. BMC Infect. Dis. 21, (2021).

23.  Reygaert, W. C. An overview of the antimicrobial resistance mechanisms of bacteria.
AIMS Microbiol. 4, 482-501 (2018).

24. Berry, J.-L., Cehovin, A., McDowell, M. A., Lea, S. M. & Pelicic, V. Functional
Analysis of the Interdependence between DNA Uptake Sequence and Its Cognate ComP
Receptor during Natural Transformation in Neisseria Species. PLOS Genet. 9, €1004014
(2013).

25.  Zhao, S. et al. Genetics of chromosomally mediated intermediate resistance to
ceftriaxone and cefixime in Neisseria gonorrhoeae. Antimicrob. Agents Chemother. 53, 3744—
3751 (2009).

26.  Hagman, K. E. ef al. Resistance of Neisseria gonorrhoeae to antimicrobial
hydrophobic agents is modulated by the mtrRCDE efflux system. Microbiology 141, 611-622
(1995).

27. Olesky, M., Hobbs, M. & Nicholas, R. A. Identification and Analysis of Amino Acid
Mutations in Porin IB That Mediate Intermediate-Level Resistance to Penicillin and
Tetracycline in Neisseria gonorrhoeae. Antimicrob. Agents Chemother. 46, 2811-2820 (2002).

28. Olesky, M., Zhao, S., Rosenberg, R. L. & Nicholas, R. A. Porin-Mediated Antibiotic
Resistance in Neisseria gonorrhoeae: Ion, Solute, and Antibiotic Permeation through PIB
Proteins with penB Mutations. J. Bacteriol. 188, 2300 (2006).

29. McKnew, D. L., Lynn, F., Zenilman, J. M. & Bash, M. C. Porin Variation among
Clinical Isolates of Neisseria gonorrhoeae over a 10-Year Period, as Determined by Por
Variable Region Typing. J. Infect. Dis. 187, 1213—1222 (2003).

30.  Craig, L., Pique, M. E. & Tainer, J. A. Type IV pilus structure and bacterial
pathogenicity. Nat. Rev. Microbiol. 2, 363-378 (2004).

50



31.  Berry, J.-L. & Pelicic, V. Exceptionally widespread nanomachines composed of type
IV pilins: the prokaryotic Swiss Army knives. FEMS Microbiol. Rev. 39, 134—-154 (2015).

32. Cahoon, L. A. & Seifert, H. S. Transcription of a cis-acting, Noncoding, Small RNA Is
Required for Pilin Antigenic Variation in Neisseria gonorrhoeae. PLOS Pathog. 9, €1003074
(2013).

33.  Parge, H. E. et al. Structure of the fibre-forming protein pilin at 2.6 A resolution.
Nature 378, 32-38 (1995).

34.  Sequence diversity, predicted two-dimensional protein structure, and epitope mapping
of neisserial Opa proteins - PubMed. https://pubmed.ncbi.nlm.nih.gov/9495774/.

35. Cole, J. G., Fulcher, N. B. & Jerse, A. E. Opacity Proteins Increase Neisseria
gonorrhoeae Fitness in the Female Genital Tract Due to a Factor under Ovarian Control.
Infect. Immun. 78, 1629-1641 (2010).

36.  Plummer, F. A. et al. Antibodies to opacity proteins (Opa) correlate with a reduced risk
of gonococcal salpingitis. J. Clin. Invest. 93, 1748—1755 (1994).

37.  Yu, Q. et al. Neisseria gonorrhoeae infects the heterogeneous epithelia of the human
cervix using distinct mechanisms. PLOS Pathog. 15, 1008136 (2019).

38.  Choi, H. W. et al. Loss of Bladder Epithelium Induced by Cytolytic Mast Cell
Granules. Immunity 45, 1258-1269 (2016).

39.  Grassmé, H. et al. Acidic sphingomyelinase mediates entry of N. gonorrhoeae into
nonphagocytic cells. Cell 91, 605-615 (1997).

40.  Cr, H. et al. Acid sphingomyelinase is involved in CEACAM receptor-mediated
phagocytosis of Neisseria gonorrhoeae. FEBS Lett. 478, (2000).

41.  Dehio, C., Gray-Owen, S. D. & Meyer, T. F. The role of neisserial Opa proteins in
interactions with host cells. Trends Microbiol. 6, 489—495 (1998).

42. Sadarangani, M., Pollard, A. J. & Gray-Owen, S. D. Opa proteins and CEACAMs:
pathways of immune engagement for pathogenic Neisseria. FEMS Microbiol. Rev. 35, 498—
514 (2011).

43.  GQGulati, S., Shaughnessy, J., Ram, S. & Rice, P. A. Targeting Lipooligosaccharide
(LOS) for a Gonococcal Vaccine. Front. Immunol. 10, (2019).

44, Wetzler, L. M., Barry, K., Blake, M. S. & Gotschlich, E. C. Gonococcal
lipooligosaccharide sialylation prevents complement-dependent killing by immune sera.
Infect. Immun. 60, 3943 (1992).

45.  Porin protein of Neisseria gonorrhoeae: cloning and gene structure.
https://www.pnas.org/doi/epdf/10.1073/pnas.84.22.8135 doi:10.1073/pnas.84.22.8135.

46.  Ngampasutadol, J. ef a/. Human factor H interacts selectively with Neisseria
gonorrhoeae and results in species-specific complement evasion. J. Immunol. Baltim. Md
1950 180, 3426-3435 (2008).

51



47. Bauer, F. J., Rudel, T., Stein, M. & Meyer, T. F. Mutagenesis of the Neisseria
gonorrhoeae porin reduces invasion in epithelial cells and enhances phagocyte
responsiveness. Mol. Microbiol. 31, 903-913 (1999).

48. Kiihlewein, C., Rechner, C., Meyer, T. F. & Rudel, T. Low-phosphate-dependent
invasion resembles a general way for Neisseria gonorrhoeae to enter host cells. Infect. Immun.
74, 42664273 (2006).

49, Chen, A. & Seifert, H. S. Structure-Function Studies of the Neisseria gonorrhoeae
Major Outer Membrane Porin. Infect. Immun. 81, 4383—4391 (2013).

50.  Lee, E. H. & Shafer, W. M. The farAB-encoded efflux pump mediates resistance of
gonococci to long-chained antibacterial fatty acids. Mol. Microbiol. 33, 839-845 (1999).

51.  Rohde, K. H. & Dyer, D. W. Mechanisms of iron acquisition by the human pathogens
Neisseria meningitidis and Neisseria gonorrhoeae. Front. Biosci. J. Virtual Libr. 8, d1186-
1218 (2003).

52. NEISSERIA GONORRHOEAE. I. VIRULENCE GENETICALLY LINKED TO
CLONAL VARIATION - PubMed. https://pubmed.ncbi.nlm.nih.gov/14047217/.

53.  Laboratory maintenance of Neisseria gonorrhoeae - PubMed.
https://pubmed.ncbi.nlm.nih.gov/18770539/.

54.  Platt, D.J. Carbon dioxide requirement of Neisseria gonorrhoeae growing on a solid
medium. J. Clin. Microbiol. 4, 129-132 (1976).

55. St Amant, D. C., Valentin-Bon, I. E. & Jerse, A. E. Inhibition of Neisseria gonorrhoeae
by Lactobacillus species that are commonly isolated from the female genital tract. Infect.
Immun. 70, 7169-7171 (2002).

56.  Spurbeck, R. R. & Arvidson, C. G. Inhibition of Neisseria gonorrhoeae epithelial cell
interactions by vaginal Lactobacillus species. Infect. Immun. 76, 3124-3130 (2008).

57.  Spurbeck, R. R. & Arvidson, C. G. Lactobacillus jensenii surface-associated proteins
inhibit Neisseria gonorrhoeae adherence to epithelial cells. Infect. Immun. 78, 31033111
(2010).

58.  Preparation and characterization of Neisseria meningitidis mutants deficient in
production of the human lactoferrin-binding proteins LbpA and LbpB - PubMed.
https://pubmed.ncbi.nlm.nih.gov/9620956/.

59. Noinaj, N., Buchanan, S. K. & Cornelissen, C. N. The transferrin-iron import system
from pathogenic Neisseria species. Mol. Microbiol. 86, 246257 (2012).

60.  Evans, R. W. & Oakhill, J. S. Transferrin-mediated iron acquisition by pathogenic
Neisseria. Biochem. Soc. Trans. 30, 705-707 (2002).

61.  Kehl-Fie, T. E. & Skaar, E. P. Nutritional immunity beyond iron: a role for manganese
and zinc. Curr. Opin. Chem. Biol. 14, 218-224 (2010).

62.  Evans, B. A. Ultrastructural study of cervical gonorrhea. J. Infect. Dis. 136, 248-255
(1977).

52



63. King, G., James, J. F. & Swanson, J. Studies on gonococcus infection. XI. Comparison
of in vivo and vitro association of Neisseria gonorrhoeae with human neutrophils. J. Infect.
Dis. 137, 3843 (1978).

64. Ma, A. et al. The pathogenesis of gonococcal urethritis in men: confocal and
immunoelectron microscopic analysis of urethral exudates from men infected with Neisseria
gonorrhoeae. J. Infect. Dis. 173, (1996).

65. Criss, A. K. & Seifert, H. S. A bacterial siren song: intimate interactions between
Neisseria and neutrophils. Nat. Rev. Microbiol. 10, 178-190 (2012).

66.  Importance of lipooligosaccharide structure in determining gonococcal resistance to
hydrophobic antimicrobial agents resulting from the mtr efflux system - PubMed.
https://pubmed.ncbi.nlm.nih.gov/7476176/.

67.  Zalucki, Y. M., Dhulipala, V. & Shafer, W. M. Dueling regulatory properties of a
transcriptional activator (MtrA) and repressor (MtrR) that control efflux pump gene
expression in Neisseria gonorrhoeae. mBio 3, €00446-00412 (2012).

68.  Ad, M. et al. MpeR regulates the mtr efflux locus in Neisseria gonorrhoeae and
modulates antimicrobial resistance by an iron-responsive mechanism. Antimicrob. Agents
Chemother. 56, (2012).

69.  Gangaiah, D. ef al. Both MisR (CpxR) and MisS (CpxA) Are Required for Neisseria
gonorrhoeae Infection in a Murine Model of Lower Genital Tract Infection. Infect. Immun. 885,
€00307-17 (2017).

70.  Overton, T. W. et al. Coordinated regulation of the Neisseria gonorrhoeae-truncated
denitrification pathway by the nitric oxide-sensitive repressor, NsrR, and nitrite-insensitive
NarQ-NarP. J. Biol. Chem. 281, 33115-33126 (2006).

71. Tseng, H.-J., McEwan, A. G., Apicella, M. A. & Jennings, M. P. OxyR acts as a
repressor of catalase expression in Neisseria gonorrhoeae. Infect. Immun. 71, 550-556 (2003).

72.  Garcia, M. L. Sexually Transmitted Diseases. Yale J. Biol. Med. 82, 93 (2009).
73.  Unemo, M. et al. Gonorrhoea. Nat. Rev. Dis. Primer 5, 79 (2019).

74.  Pearce, W. A. & Buchanan, T. M. Attachment role of gonococcal pili. Optimum
conditions and quantitation of adherence of isolated pili to human cells in vitro. J. Clin.
Invest. 61, 931-943 (1978).

75.  Massari, P. ef al. Cutting edge: Immune stimulation by neisserial porins is toll-like
receptor 2 and MyD88 dependent. J. Immunol. Baltim. Md 1950 168, 1533—-1537 (2002).

76. Mavrogiorgos, N., Mekasha, S., Yang, Y., Kelliher, M. A. & Ingalls, R. R. Activation
of NOD receptors by Neisseria gonorrhoeae modulates the innate immune response. Innate
Immun. 20, 377-389 (2014).

77.  Nguyen, T. A., Pang, K. C. & Masters, S. L. Intercellular communication for innate
immunity. Mol. Immunol. 86, 16-22 (2017).

53



78.  Melly, M. A., McGee, Z. A. & Rosenthal, R. S. Ability of monomeric peptidoglycan
fragments from Neisseria gonorrhoeae to damage human fallopian-tube mucosa. J. Infect.
Dis. 149, 378-386 (1984).

79. Johnson, M. B. & Criss, A. K. Resistance of Neisseria Gonorrhoeae to Neutrophils.
Front. Microbiol. 2, (2011).

80. Chateau, A. & Seifert, H. S. Neisseria gonorrhoeae survives within and modulates
apoptosis and inflammatory cytokine production of human macrophages. Cell. Microbiol. 18,
546-560 (2016).

81.  Ortiz, M. C. et al. Neisseria gonorrhoeaec Modulates Immunity by Polarizing Human
Macrophages to a M2 Profile. PLoS ONE 10, ¢0130713 (2015).

82. Sarma, J. V. & Ward, P. A. The complement system. Cel/ Tissue Res. 343, 227-235
(2011).

83.  Interaction of complement with Neisseria meningitidis and Neisseria gonorrhoeae. -
PMC. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC358071/.

84.  Lewis, L. A. & Ram, S. Complement interactions with the pathogenic Neisseriae:
clinical features, deficiency states, and evasion mechanisms. FEBS Lett. 594, 2670-2694
(2020).

85. Belcher, T., Rollier, C. S., Dold, C., Ross, J. D. C. & MacLennan, C. A. Immune
responses to Neisseria gonorrhoeae and implications for vaccine development. Front.
Immunol. 14, (2023).

86.  Borrow, R. et al. Methods to evaluate serogroup B meningococcal vaccines: From
predictions to real-world evidence. J. Infect. 81, 862—872 (2020).

87.  Edwards, J. L. & Apicella, M. A. The role of lipooligosaccharide in Neisseria
gonorrhoeae pathogenesis of cervical epithelia: lipid A serves as a C3 acceptor molecule. Cell.
Microbiol. 4, 585-598 (2002).

88.  Ram, S. et al. A novel sialic acid binding site on factor H mediates serum resistance of
sialylated Neisseria gonorrhoeae. J. Exp. Med. 187, 743—752 (1998).

89.  Ram, S. ef al. Binding of complement factor H to loop 5 of porin protein 1A: a
molecular mechanism of serum resistance of nonsialylated Neisseria gonorrhoeae. J. Exp.
Med. 188, 671-680 (1998).

90.  Ram, S. et al. Binding of C4b-binding protein to porin: a molecular mechanism of
serum resistance of Neisseria gonorrhoeae. J. Exp. Med. 193, 281-295 (2001).

91. Lambden, P. R., Heckels, J. E., James, L. T. & Watt, P. J. Variations in surface protein
composition associated with virulence properties in opacity types of Neisseria gonorrhoeae. J.
Gen. Microbiol. 114, 305-312 (1979).

92.  Mandrell, R. E. Further antigenic similarities of Neisseria gonorrhoeae
lipooligosaccharides and human glycosphingolipids. Infect. Immun. 60, 3017-3020 (1992).

54



93.  Moran, A. P., Prendergast, M. M. & Appelmelk, B. J. Molecular mimicry of host
structures by bacterial lipopolysaccharides and its contribution to disease. FEMS Immunol.
Med. Microbiol. 16, 105-115 (1996).

94. Liu, Y., Islam, E. A., Jarvis, G. A., Gray-Owen, S. D. & Russell, M. W. Neisseria
gonorrhoeae selectively suppresses the development of Th1 and Th2 cells, and enhances Th17
cell responses, through TGF-B-dependent mechanisms. Mucosal Immunol. 5,320-331 (2012).

95. Feinen, B., Jerse, A. E., Gaffen, S. L. & Russell, M. W. Critical role of Th17 responses
in a murine model of Neisseria gonorrhoeae genital infection. Mucosal Immunol. 3, 312-321
(2010).

96.  Zhu, W. et al. Neisseria gonorrhoeae Suppresses Dendritic Cell-Induced, Antigen-
Dependent CD4 T Cell Proliferation. PLOS ONE 7, 41260 (2012).

97.  Galluzzi, L. et al. Cell death modalities: classification and pathophysiological
implications. Cell Death Differ. 14, 1237-1243 (2007).

98.  Green, D. R. & Llambi, F. Cell Death Signaling. Cold Spring Harb. Perspect. Biol. 7,
a006080 (2015).

99. Walker, E., van Niekerk, S., Hanning, K., Kelton, W. & Hicks, J. Mechanisms of host
manipulation by Neisseria gonorrhoeae. Front. Microbiol. 14, 1119834 (2023).

100. Elmore, S. Apoptosis: A Review of Programmed Cell Death. Toxicol. Pathol. 35, 495—
516 (2007).

101. Beck, S. C. & Meyer, T. F. IgA1 protease from Neisseria gonorrhoeae inhibits
TNFalpha-mediated apoptosis of human monocytic cells. FEBS Lett. 472, 287-292 (2000).

102.  Binnicker, M. J., Williams, R. D. & Apicella, M. A. Gonococcal porin IB activates NF-
kappaB in human urethral epithelium and increases the expression of host antiapoptotic
factors. Infect. Immun. 72, 6408—6417 (2004).

103. Follows, S. A., Murlidharan, J., Massari, P., Wetzler, L. M. & Genco, C. A. Neisseria
gonorrhoeae Infection Protects Human Endocervical Epithelial Cells from Apoptosis via
Expression of Host Antiapoptotic Proteins. Infect. Immun. 77, 3602-3610 (2009).

104. Howie, H. L., Shiflett, S. L. & So, M. Extracellular signal-regulated kinase activation
by Neisseria gonorrhoeae downregulates epithelial cell proapoptotic proteins Bad and Bim.
Infect. Immun. 76, 2715-2721 (2008).

105. 'V, K.-P. et al. Bacterial porin disrupts mitochondrial membrane potential and sensitizes
host cells to apoptosis. PLoS Pathog. 5, (2009).

106. Yang, Y., Liang, Z., Gu, Z. & Qin, Z. Molecular mechanism and regulation of
autophagy. Acta Pharmacol. Sin. 26, 1421-1434 (2005).

107. Mendes, A. C., Ciccone, M., Gazolla, B. & Bahia, D. Epithelial Haven and Autophagy
Breakout in Gonococci Infection. Front. Cell Dev. Biol. 8, (2020).

108. Lu, P. ef al. A Subpopulation of Intracellular Neisseria gonorrhoeae Escapes
Autophagy-Mediated Killing Inside Epithelial Cells. J. Infect. Dis. 219, 133—144 (2019).

55



109. Pe, J. et al. Autophagy induction by the pathogen receptor CD46. Cell Host Microbe 6,
(2009).

110. Russell, M. W., Jerse, A. E. & Gray-Owen, S. D. Progress Toward a Gonococcal
Vaccine: The Way Forward. Front. Immunol. 10, (2019).

111. Paynter, J. et al. Effectiveness of a Group B Outer Membrane Vesicle Meningococcal
Vaccine in Preventing Hospitalization from Gonorrhea in New Zealand: A Retrospective
Cohort Study. Vaccines 7, 5 (2019).

112.  Abara, W. E. et al. Effectiveness of a serogroup B outer membrane vesicle

meningococcal vaccine against gonorrhoea: a retrospective observational study. Lancet Infect.
Dis. 22, 1021-1029 (2022).

113.  Wang, B. et al. Effectiveness and impact of the 4CMenB vaccine against invasive
serogroup B meningococcal disease and gonorrhoea in an infant, child, and adolescent
programme: an observational cohort and case-control study. Lancet Infect. Dis. 22, 1011—
1020 (2022).

114. van der Pol, L., Stork, M. & van der Ley, P. Outer membrane vesicles as platform
vaccine technology. Biotechnol. J. 10, 1689—-1706 (2015).

115. Gerritzen, M. J. H., Salverda, M. L. M., Martens, D. E., Wijffels, R. H. & Stork, M.
Spontaneously released Neisseria meningitidis outer membrane vesicles as vaccine platform:
production and purification. Vaccine 37, 6978—6986 (2019).

116. Immune modulation by bacterial outer membrane vesicles | Nature Reviews
Immunology. https://www.nature.com/articles/nri3837.

117. Beernink, P. T. ef al. A Meningococcal Native Outer Membrane Vesicle Vaccine With
Attenuated Endotoxin and Overexpressed Factor H Binding Protein Elicits Gonococcal
Bactericidal Antibodies. J. Infect. Dis. 219, 1130-1137 (2019).

118. Matthias, K. A. et al. Meningococcal Detoxified Outer Membrane Vesicle Vaccines
Enhance Gonococcal Clearance in a Murine Infection Model. J. Infect. Dis. 225, 650—-660
(2022).

119. Plante, M. ef al. Intranasal immunization with gonococcal outer membrane
preparations reduces the duration of vaginal colonization of mice by Neisseria gonorrhoeae. J.
Infect. Dis. 182, 848—855 (2000).

120. Liu, Y. et al. Microencapsulated IL-12 Drives Genital Tract Inmune Responses to
Intranasal Gonococcal Outer Membrane Vesicle Vaccine and Induces Resistance to Vaginal
Infection with Diverse Strains of Neisseria gonorrhoeae. mSphere 8, 0038822 (2023).

121.  Semchenko, E. A., Jen, F. E.-C., Jennings, M. P. & Seib, K. L. Assessment of Serum
Bactericidal and Opsonophagocytic Activity of Antibodies to Gonococcal Vaccine Targets. in
Bacterial Vaccines: Methods and Protocols (eds. Bidmos, F., Bossé, J. & Langford, P.) 363—
372 (Springer US, New York, NY, 2022). doi:10.1007/978-1-0716-1900-1 19.

122. Baarda, B. I., Martinez, F. G. & Sikora, A. E. Proteomics, Bioinformatics and
Structure-Function Antigen Mining For Gonorrhea Vaccines. Front. Immunol. 9, (2018).

56



123.  Zielke, R. A. et al. Proteomics-driven Antigen Discovery for Development of Vaccines
Against Gonorrhea. Mol. Cell. Proteomics MCP 15, 2338 (2016).

124. El-Rami, F. E., Zielke, R. A., Wi, T., Sikora, A. E. & Unemo, M. Quantitative
Proteomics of the 2016 WHO Neisseria gonorrhoeae Reference Strains Surveys Vaccine
Candidates and Antimicrobial Resistance Determinants*[S]. Mol. Cell. Proteomics 18, 127—
150 (2019).

125. Baarda, B. I, Zielke, R. A., Holm, A. K. & Sikora, A. E. Comprehensive
Bioinformatic Assessments of the Variability of Neisseria gonorrhoeae Vaccine Candidates.
mSphere 6, €00977-20 (2021).

126. Jolley, K. A., Bray, J. E. & Maiden, M. C. J. Open-access bacterial population
genomics: BIGSdb software, the PubMLST.org website and their applications. Wellcome
Open Res. 3, 124 (2018).

127. Cash, D. R., Noinaj, N., Buchanan, S. K. & Cornelissen, C. N. Beyond the Crystal
Structure: Insight into the Function and Vaccine Potential of TbpA Expressed by Neisseria
gonorrhoeae. Infect. Immun. 83, 4438 (2015).

128.  Wang, S. ef al. Gonococcal MtrE and its surface-expressed Loop 2 are immunogenic
and elicit bactericidal antibodies. J. Infect. 77, 191-204 (2018).

129. Jen, F. E.-C., Semchenko, E. A., Day, C. J., Seib, K. L. & Jennings, M. P. The
Neisseria gonorrhoeae Methionine Sulfoxide Reductase (MsrA/B) Is a Surface Exposed,
Immunogenic, Vaccine Candidate. Front. Immunol. 10, 137 (2019).

130. Marjuki, H. et al. Genetic Similarity of Gonococcal Homologs to Meningococcal
Outer Membrane Proteins of Serogroup B Vaccine. mBio 10, e01668-19 (2019).

131. Role of the Gonococcal Neisserial Heparin Binding Antigen in Microcolony
Formation, and Serum Resistance and Adherence to Epithelial Cells - PubMed.
https://pubmed.ncbi.nlm.nih.gov/31781772/.

132. Semchenko, E. A., Day, C. J. & Seib, K. L. The Neisseria gonorrhoeae Vaccine
Candidate NHBA Elicits Antibodies That Are Bactericidal, Opsonophagocytic and That
Reduce Gonococcal Adherence to Epithelial Cells. Vaccines 8, 219 (2020).

133.  Cornelissen, C. N. ef al. The transferrin receptor expressed by gonococcal strain
FA1090 is required for the experimental infection of human male volunteers. Mol. Microbiol.
27,611-616 (1998).

134. Price, G. A., Russell, M. W. & Cornelissen, C. N. Intranasal administration of
recombinant Neisseria gonorrhoeae transferrin binding proteins A and B conjugated to the

cholera toxin B subunit induces systemic and vaginal antibodies in mice. Infect. Immun. 73,
3945-3953 (2005).

135. Mellies, J., Jose, J. & Meyer, T. F. The Neisseria gonorrhoeae gene aniA encodes an
inducible nitrite reductase. Mol. Gen. Genet. MGG 256, 525-532 (1997).

136. Shewell, L. K., Jen, F. E.-C. & Jennings, M. P. Refinement of immunizing antigens to
produce functional blocking antibodies against the AniA nitrite reductase of Neisseria
gonorrhoeae. PLOS ONE 12, 0182555 (2017).

57



137. Baarda, B. 1, Zielke, R. A, Jerse, A. E. & Sikora, A. E. Lipid-Modified Azurin of
Neisseria gonorrhoeae Is Not Surface Exposed and Does Not Interact With the Nitrite
Reductase AniA. Front. Microbiol. 9, (2018).

138.  Guidelines on clinical evaluation of vaccines: regulatory expectations.
https://www.who.int/publications/m/item/WHO-TRS-1004-web-annex-9.

139. Boero, E., Vezzani, G., Micoli, F., Pizza, M. & Rossi, O. Functional assays to evaluate
antibody-mediated responses against Shigella: a review. Front. Cell. Infect. Microbiol. 13,
1171213 (2023).

140. Plotkin, S. A. Updates on immunologic correlates of vaccine-induced protection.
Vaccine 38, 2250-2257 (2020).

141. Kaminski, R. W., Clarkson, K., Kordis, A. A. & Oaks, E. V. Multiplexed immunoassay
to assess Shigella-specific antibody responses. J. Immunol. Methods 393, 18-29 (2013).

142. Mancini, F. et al. Exploring the Role of GMMA Components in the Immunogenicity
of a 4-Valent Vaccine against Shigella. /nt. J. Mol. Sci. 24, 2742 (2023).

143. A novel chemistry for conjugating pneumococcal polysaccharides to Luminex
microspheres - PubMed. https://pubmed.ncbi.nlm.nih.gov/16448665/.

144. de Voer, R. M. et al. Development of a fluorescent-bead-based multiplex immunoassay

to determine immunoglobulin G subclass responses to Neisseria meningitidis serogroup A and
C polysaccharides. Clin. Vaccine Immunol. CVI 15, 11881193 (2008).

145. Feavers, 1. & Walker, B. Functional Antibody Assays. in Vaccine Adjuvants: Methods
and Protocols (ed. Davies, G.) 199-211 (Humana Press, Totowa, NJ, 2010). doi:10.1007/978-
1-60761-585-9 14.

146. Toh, Z. Q. et al. Evaluating Functional Immunity Following Encapsulated Bacterial
Infection and Vaccination. Vaccines 9, 677 (2021).

147. Fantoni, G. ef al. Current challenges and improvements in assessing the
immunogenicity of bacterial vaccines. Front. Microbiol. 15, (2024).

148. Holst, J. et al. Serum bactericidal activity correlates with the vaccine efficacy of outer
membrane vesicle vaccines against Neisseria meningitidis serogroup B disease. Vaccine 21,
734-737 (2003).

149. Boyd, M. A. ef al. Serum bactericidal assays to evaluate typhoidal and nontyphoidal
Salmonella vaccines. Clin. Vaccine Immunol. CVI 21, 712721 (2014).

150. Rossi, O. ef al. Intra-Laboratory Evaluation of Luminescence Based High-Throughput
Serum Bactericidal Assay (L-SBA) to Determine Bactericidal Activity of Human Sera against
Shigella. High-Throughput 9, 14 (2020).

151.  Micoli, F. et al. Antibodies Elicited by the Shigella sonnei GMMA Vaccine in Adults
Trigger Complement-Mediated Serum Bactericidal Activity: Results From a Phase 1 Dose
Escalation Trial Followed by a Booster Extension. Front. Immunol. 12, 671325 (2021).

58



152. Borrow, R. et al. Neisseria meningitidis group B correlates of protection and assay
standardization—International Meeting Report Emory University, Atlanta, Georgia, United
States, 16—17 March 2005. Vaccine 24, 5093-5107 (2006).

153. Balmer, P. & Borrow, R. Serologic correlates of protection for evaluating the response
to meningococcal vaccines. Expert Rev. Vaccines 3, 77-87 (2004).

154. Maslanka, S. E. et al. Standardization and a multilaboratory comparison of Neisseria
meningitidis serogroup A and C serum bactericidal assays. The Multilaboratory Study Group.
Clin. Diagn. Lab. Immunol. 4, 156—167 (1997).

155. Borrow, R. ef al. Interlaboratory Standardization of the Measurement of Serum
Bactericidal Activity by Using Human Complement against Meningococcal Serogroup B,
Strain 44/76-SL, before and after Vaccination with the Norwegian MenBvac Outer Membrane
Vesicle Vaccine. Clin. Diagn. Lab. Immunol. 12, 970 (2005).

156.  'WHO Immunological Basis for Immunization Series: Module 15: meningococcal
disease. https://www.who.int/publications/i/item/9789240017481.

157. Gioia, C. a. C. et al. Seroprevalence of bactericidal antibodies against serogroup B and
C Meningococci in a University Hospital. Braz. J. Med. Biol. Res. 50, 5590 (2017).

158. Necchi, F., Saul, A. & Rondini, S. Development of a high-throughput method to
evaluate serum bactericidal activity using bacterial ATP measurement as survival readout.
PLoS ONE 12, 0172163 (2017).

159. Mclntosh, E. D. G., Broker, M., Wassil, J., Welsch, J. A. & Borrow, R. Serum
bactericidal antibody assays - The role of complement in infection and immunity. Vaccine 33,
44144421 (2015).

160. Findlow, J., Balmer, P. & Borrow, R. A review of complement sources used in serum
bactericidal assays for evaluating immune responses to meningococcal ACWY conjugate
vaccines. Hum. Vaccines Immunother. 15, 2491-2500 (2019).

161. Gill, C. J., Ram, S., Welsch, J. A., Detora, L. & Anemona, A. Correlation between
serum bactericidal activity against Neisseria meningitidis serogroups A, C, W-135and Y
measured using human versus rabbit serum as the complement source. Vaccine 30, 29-34
(2011).

162. Jodar, L., Cartwright, K. & Feavers, . M. Standardisation and Validation of
Serological Assays for the Evaluation of Immune Responses to Neisseria meningitidis
Serogroup A and C Vaccines. Biologicals 28, 193—-197 (2000).

163. Borrow, R. & Carlone, G. M. Serogroup B and C serum bactericidal assays. Methods
Mol. Med. 66,289-304 (2001).

164. Detection of complement-mediated antibody-dependent bactericidal activity in a
fluorescence-based serum bactericidal assay for group B Neisseria meningitidis - PubMed.
https://pubmed.ncbi.nlm.nih.gov/10921943/.

165. Rodriguez, T. et al. Validation of colorimetric assay to detect complement-mediated
antibody-dependent bactericidal activity against serogroups B and C Neisseria meningitidis.
Biol. J. Int. Assoc. Biol. Stand. 31,209-212 (2003).

59



166. Necchi, F., Saul, A. & Rondini, S. Setup of luminescence-based serum bactericidal
assay against Salmonella Paratyphi A. J. Immunol. Methods 461, 117-121 (2018).

167. Aruta, M. G., Carducci, M., Micoli, F., Necchi, F. & Rossi, O. Increasing the High
Throughput of a Luminescence-Based Serum Bactericidal Assay (L-SBA). BioTech 10, 19
(2021).

168. Forthal, D. N. Functions of Antibodies. Microbiol. Spectr. 2,
10.1128/microbiolspec.aid-0019-2014 (2014).

169. Rosales, C. & Uribe-Querol, E. Phagocytosis: A Fundamental Process in Immunity.
BioMed Res. Int. 2017, 9042851 (2017).

170. Paschall, A. V., Middleton, D. R. & Avci, F. Y. Opsonophagocytic Killing Assay to
Assess Immunological Responses Against Bacterial Pathogens. J. Vis. Exp. JoVE
10.3791/59400 (2019) doi:10.3791/59400.

171. Shimanovich, A. A. et al. Functional and Antigen-Specific Serum Antibody Levels as
Correlates of Protection against Shigellosis in a Controlled Human Challenge Study. Clin.
Vaccine Immunol. CVI 24, e00412-16 (2017).

172.  Ndungo, E. & Pasetti, M. F. Functional antibodies as immunological endpoints to
evaluate protective immunity against Shigella. Hum. Vaccines Immunother. 16, 197-205
(2020).

173. Bernshtein, B. et al. Systems approach to define humoral correlates of immunity to
Shigella. Cell Rep. 40, 111216 (2022).

174.  Romero-Steiner, S. ef al. Standardization of an opsonophagocytic assay for the
measurement of functional antibody activity against Streptococcus pneumoniae using
differentiated HL-60 cells. Clin. Diagn. Lab. Immunol. 4, 415-422 (1997).

175. Nanra, J. S. et al. Capsular polysaccharides are an important immune evasion
mechanism for Staphylococcus aureus. Hum. Vaccines Immunother. 9, 480-487 (2013).

176. Ishibashi, K., Yamaguchi, O., Shiraiwa, Y., Ogihara, M. & Shigeta, S. Combination
therapy of Pseudomonas aeruginosa pyelonephritis in neutropenic mice with human
antilipopolysaccharide monoclonal antibody and cefsulodin. J. Urol. 155, 2094-2097 (1996).

177. Plested, J. S. & Granoff, D. M. Vaccine-induced opsonophagocytic immunity to
Neisseria meningitidis group B. Clin. Vaccine Immunol. CVI 15, 799—804 (2008).

178. Broek, B. van den ef al. Multi-component meningococcal serogroup B (MenB)-4C
vaccine induces effective opsonophagocytic killing in children with a complement deficiency.
Clin. Exp. Immunol. 198, 381 (2019).

179. Frasch, C. E., Borrow, R. & Donnelly, J. Bactericidal antibody is the immunologic
surrogate of protection against meningococcal disease. Vaccine 27 Suppl 2, B112-116 (2009).

180. Marri, P. R. ef al. Genome sequencing reveals widespread virulence gene exchange
among human Neisseria species. PloS One 5, e11835 (2010).

60



181. Gray, M. C. et al. Evaluating vaccine-elicited antibody activities against Neisseria
gonorrhoeae: cross-protective responses elicited by the 4CMenB meningococcal vaccine.
Infect. Immun. 91, €00309 (2023).

182. Gulati, S., Rice, P. A. & Ram, S. Complement-Dependent Serum Bactericidal Assays
for Neisseria gonorrhoeae. Methods Mol. Biol. Clifton NJ 1997, 267-280 (2019).

183. Azze, R. F. O. A meningococcal B vaccine induces cross-protection against gonorrhea.
Clin. Exp. Vaccine Res. 8, 110-115 (2019).

184. Reyes Diaz, L. M. et al. VA-MENGOC-BC Vaccination Induces Serum and Mucosal
Anti Neisseria gonorrhoeae Immune Responses and Reduces the Incidence of Gonorrhea.
Pediatr. Infect. Dis. J. 40, 375-381 (2021).

185. Longtin, J. et al. Possible Impact of Wide-scale Vaccination Against Serogroup B
Neisseria Meningitidis on Gonorrhea Incidence Rates in One Region of Quebec, Canada.
Open Forum Infect. Dis. 4, S734 (2017).

186. Clow, F., O’Hanlon, C. J., Christodoulides, M. & Radcliff, F. J. Feasibility of Using a
Luminescence-Based Method to Determine Serum Bactericidal Activity against Neisseria
gonorrhoeae. Vaccines 7, 191 (2019).

187. Cohen, M. S. et al. Human Experimentation with Neisseria gonorrhoeae: Rationale,
Methods, and Implications for the Biology of Infection and Vaccine Development. J. Infect.
Dis. 169, 532-537 (1994).

188. Unemo, M. et al. The novel 2024 WHO Neisseria gonorrhoeae reference strains for
global quality assurance of laboratory investigations and superseded WHO N. gonorrhoeae
reference strains-phenotypic, genetic and reference genome characterization. J. Antimicrob.
Chemother. 79, 1885—1899 (2024).

189. Unemo, M. et al. The novel 2016 WHO Neisseria gonorrhoeae reference strains for
global quality assurance of laboratory investigations: phenotypic, genetic and reference
genome characterization. J. Antimicrob. Chemother. 71, 30963108 (2016).

190. Unemo, M., Fasth, O., Fredlund, H., Limnios, A. & Tapsall, J. Phenotypic and genetic
characterization of the 2008 WHO Neisseria gonorrhoeae reference strain panel intended for
global quality assurance and quality control of gonococcal antimicrobial resistance
surveillance for public health purposes. J. Antimicrob. Chemother. 63, 1142—1151 (2009).

191. High-throughput bactericidal assays for monoclonal antibody screening against
antimicrobial resistant Neisseria gonorrhoeae - PubMed.
https://pubmed.ncbi.nlm.nih.gov/37655342/.

192. Gulati, S., McQuillen, D. P., Mandrell, R. E., Jani, D. B. & Rice, P. A. Immunogenicity
of Neisseria gonorrhoeae lipooligosaccharide epitope 2C7, widely expressed in vivo with no
immunochemical similarity to human glycosphingolipids. J. Infect. Dis. 174, 1223—1237
(1996).

193. Jen, F. E.-C. et al. The Lst Sialyltransferase of Neisseria gonorrhoeae Can Transfer
Keto-Deoxyoctanoate as the Terminal Sugar of Lipooligosaccharide: a Glyco-Achilles Heel
That Provides a New Strategy for Vaccines to Prevent Gonorrhea. mBio 12, €03666-20
(2021).

61



194.  McQuillen, D. P., Gulati, S. & Rice, P. A. Complement-mediated bacterial killing
assays. Methods Enzymol. 236, 137-147 (1994).

195. Yang, J. S. et al. A semi-automated vibriocidal assay for improved measurement of
cholera vaccine-induced immune responses. J. Microbiol. Methods 71, 141-146 (2007).

196. Martin, D. et al. Validation of the serum bactericidal assay for measurement of
functional antibodies against group B meningococci associated with vaccine trials. Vaccine
23,2218-2221 (2005).

197. Jerse, A. E. et al. Estradiol-Treated Female Mice as Surrogate Hosts for Neisseria
gonorrhoeae Genital Tract Infections. Front. Microbiol. 2, 107 (2011).

198. Mandrell, R. ef al. Antigenic and physical diversity of Neisseria gonorrhoeae
lipooligosaccharides. Infect. Immun. 54, 63—69 (1986).

199. Erwin, A. L., Haynes, P. A, Rice, P. A. & Gotschlich, E. C. Conservation of the
lipooligosaccharide synthesis locus 1gt among strains of Neisseria gonorrhoeae: requirement
for 1gtE in synthesis of the 2C7 epitope and of the beta chain of strain 15253. J. Exp. Med.
184, 1233—-1241 (1996).

200. Beernink, P. T. ef al. Gonococcal Mimitope Vaccine Candidate Forms a Beta-Hairpin
Turn and Binds Hydrophobically to a Therapeutic Monoclonal Antibody. JACS Au 4, 2617—
2629 (2024).

201. Abu Kwaik, Y., McLaughlin, R. E., Apicella, M. A. & Spinola, S. M. Analysis of
Haemophilus influenzae type b lipooligosaccharide-synthesis genes that assemble or expose a
2-keto-3-deoxyoctulosonic acid epitope. Mol. Microbiol. 5, 2475-2480 (1991).

202. Spinola, S. M., Kwaik, Y. A., Lesse, A. J., Campagnari, A. A. & Apicella, M. A.
Cloning and expression in Escherichia coli of a Haemophilus influenzae type b
lipooligosaccharide synthesis gene(s) that encodes a 2-keto-3-deoxyoctulosonic acid epitope.
Infect. Immun. 58, 1558-1564 (1990).

203. Apicella, M. A. et al. Nontypeable Haemophilus influenzae Lipooligosaccharide
Expresses a Terminal Ketodeoxyoctanoate In Vivo, Which Can Be Used as a Target for
Bactericidal Antibody. mBio 9, €01401-18 (2018).

204. What are the differences and key steps in Analytical Method Development,
Qualification, and Validation.
https://resources.eirgenix.com/blog/method dev_qual validation.

205. Volta e Sousa, L., Gongalves, R., Menezes, J. C. & Ramos, A. Analytical Method
Lifecycle Management in Pharmaceutical Industry: a Review. A4PS PharmSciTech 22, 128
(2021).

206. Burgess, C. et al. Lifecycle Management of Analytical Procedures: Method
Development, Procedure Performance Qualification, and Procedure Performance
Verificationa.

207. FDA/CDER/"Beers, D. Analytical Procedures and Methods Validation for Drugs and
Biologics. (2015).

62



8. Acknowledgements

I would like to sincerely thank my supervisor, Prof Francesco Iannelli, for his support and
guidance during my PhD. The two years spent in academic research were crucial to my
development and I am particularly grateful to him for supporting my academic research and
giving me the opportunity to spend a year in industry.

I am also deeply grateful to Prof. Emanuele Montomoli for welcoming me at VisMederi,
where I had the valuable experience of working alongside professionals with diverse
backgrounds, who enriched my perspective and contributed to extending my education.

Finally, I would like to thank everyone I have worked with, both at university and in the
company, for their support and encouragement along the way. This work would not have been
possible without them.

63



Appendix: Curriculum vitae

Name: Chiara Petri
e-mail: chiara.petri@student.unisi.it

ORCID ID: 0009-0005-2562-1625

Professional Experience

* December 2021 — Present

PhD Student in Medical Biotechnologies

University of Siena, Laboratory of Molecular Microbiology and Biotechnology, Department
of Medical Biotechnology, Policlinic Le Scotte, Siena

Research Focus: bacterial genomics, particularly on studying transmission and the
genotypic/phenotypic impacts of integrative and conjugative elements (ICEs).

Techniques: In vitro bacterial conjugation and transformation, bacterial DNA and RNA
extraction and quantification, DNA sequencing using Oxford Nanopore Technologies.
Industry Placement: Completed a one-year placement at VisMederi, where I developed skills
in testing bacterial vaccine efficacy against key pathogens relevant to public health.
Techniques: Luminescence-based Serum Bactericidal Assay (SBA).

* April 2021 — December 2021

Research Fellowship

Environmental Hygiene Laboratory, Department of Molecular and Developmental Medicine,
University of Siena

Research Focus and activities: evaluated disinfection systems using both chemical and
physical approaches (for air, surfaces and liquids). Independently managed data collection,
performed descriptive analysis, presented and discussed results. Developed experimental
setups in both laboratory and real-world conditions, prepared scientific reports. Operated
instruments for monitoring airborne microbial and particulate contamination.

* October 2020 — March 2021

Non-Curricular Internship

Environmental Hygiene Laboratory, Department of Molecular and Developmental Medicine,
University of Siena

Research Focus and activities: disinfection techniques using UV technology (for air, surfaces,
and liquids). Utilized spectrophotometry, characterized light sources (LEDs), conducted
microbiological analysis of water samples, including field sampling. Techniques included
Legionella identification, biological sample processing for culture media, histological
staining, and microbial contamination detection.

* July 2020 — September 2020

Volunteer Research Assistant

Environmental Hygiene Laboratory, Department of Molecular and Developmental Medicine,
University of Siena

Research Focus and activities: conducted microbiological analysis of water samples,
quantified chlorine levels, and contributed to UV-based disinfection research. Techniques
included Legionella identification, biological sample processing, Gram staining, and
equipment sterilization.

64



* July 2019 — March 2020

Curricular Internship and Thesis Research

Department of Molecular and Developmental Medicine, University of Siena

Thesis Title: “The Fasting-Mimicking Diet inhibits cell proliferation and enhances TKIs
efficacy in thyroid cancer cell models”

Objective: Investigated thyroid cancer cells' susceptibility to fasting and its potential role in
enhancing the anti-tumor activity of TKIs.

Techniques: Thyroid cancer cell culture maintenance, MTT assay, protein quantification,
Western Blot, real-time PCR.

* October 2016 — March 2017

Curricular Internship and Thesis Research

Department of Life Sciences, University of Siena

Thesis Title: “Localization of Sas-4 during eye development in Drosophila melanogaster”
Objective: Reported Sas-4 localization in the ciliary rootlet associated with centrioles in
Drosophila eye cells.

Techniques: Drosophila melanogaster strain maintenance and manipulation, fluorescence
microscopy.

Education

* November 2020
Professional Biologist Certification Exam
Score: 44/50

*2017 -2020
Master’s Degree in Health Biology (LM-6), University of Siena
Grade: 110/110 with honors

* 2013 -2017
Bachelor’s Degree in Biological Sciences (L-13), University of Siena
Grade: 110/110 with honors

*2013
High School Diploma, Liceo Scientifico Alessandro Volta
Grade: 74/100
Publications
e Messina, G., Bosco, R., Amodeo, D., Nante, N., De Palma, 1., Petri, C., Cevenini, G.

“Safer school with near-UV technology: novel applications for environmental
hygiene.”

65



Conferences

* XXXIV SIMGBM Congress — Cagliari, 2023

Poster Presentation: “Prophage ¢1207.3 is responsible for a temporary activation of a
mutator phenotype in Streptococcus pneumoniae upon irradiation at different UV-C light
wavelengths.”

* 54th National Congress of S.It.I. — Lecce, 2021
Poster Presentation: “In vitro evaluation of disinfection with nUV A light in combination with
photosensitizing compounds.”

* 2021 IUVA World Congress — Online, 2021
Poster Presentations:

e “An innovative UV-C chip technology against Candida auris.”
“UV Disinfection of KN95 face masks for safe reuse and ecological savings.”

* ICULTA 2021 — Online, 2021

Language

* English: B2 level

La borsa di dottorato & stata cofinanziata con risorse del
Programma Operativo Nazionale Ricerca e Innovazione 2014-2020 (CCl 2014IT16M20P005)
Fondo Sociale Europeo, Azione 1.1 “Dottorati Innovativi con caratterizzazione Industriale”

O B PON REACT EU::.

UNIONE EUROPEA Aiston dt? Whisressis ¢ innovazione

Fondo Sociale Europeo v ibtln Hdireer

66



		2024-11-13T14:56:40+0000
	PETRI CHIARA




