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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.  
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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 18791.  

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 meningitis2–4.   

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 milion5. 

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)6,7.  

 

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 years8,9. 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 region5.  

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 nonspecific10,11. 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 infertility12. 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 blindness13. Relative to male gender, ascending infection can cause 

epididymitis, and untreated infection can cause male infertility and urethral stenosis10,14. 

Manifestations of disseminated gonococcal infection (DGI) include purulent arthritis, 

tenosynovitis, dermatitis, polyarthritis, and osteomyelitis. Rare life-threatening complications 

of infection include meningitis and endocarditis15. Gonorrhoeae also facilitates the transmission 

and the acquisition of other STIs including HIV infection16.  

 

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 untreatable7,17,18. 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 azithromycin19.  

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)19–22.  

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

decreased influx of antibiotics into the cell through transport proteins, increased efflux from the 
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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)23.  

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 transformation24. 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 species6. 

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:  

(i) PBP2 is a periplasmic transpeptidase, encoded by the penA gene, that play role in the 

beta-lactam resistance and is the main target of the cephalosporins. Most resistant 

isolates carry mutations in the penA gene, especially in the domain encoding PBP2 

transpeptidase19,25.  

(ii) The efflux pump MtrC–MtrD–MtrE and its repressor MtrR, the mutations in mtrR 

result in overexpression of the efflux pump26.  

(iii) The porin protein PorB, encoded by porB, the mutated alleles penB, decrease the 

influx of the antibiotic in the periplasm27. The resistance conferred by penB requires 

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

understood28. 
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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 IV 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 targets13,29.  

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 variation30–33.  

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 penA 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 
 



 
 

6 
 

Opa proteins are a large family of integral outer membrane proteins, consisting of a β-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 variants34. 

The importance of Opa proteins in infection is evidenced by the reported increased expression 

of Opa in the female reproductive tract of mice35 and the presence of Opa antibodies in the 

blood of infected woman that is correlates with a lower risk of gonococcal salpingitis36.   

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 Opa37. The exfoliation is a defensive mechanism that reduces the 

bacterial colonization38.  

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 cells39,40. 

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

and promoting bacterial survival within host tissues41,42. 

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 infections43,44.  

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 infections1. 
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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 loops45. 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 cells46–49.  

Gonococcus expresses several efflux pump systems, among these: MtrC–MtrD–MtrE, MacA–

MacB–MtrE, NorM, FarA–FarB–MtrE and MtrF650. 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)51.  
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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, phosphate52–54. 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 

compete with the resident microbiota for the nutrients55–57 and others substances as iron, zinc 

and manganese are scavenge from host complexes of bound, thanks to transport complexes of 

the bacterial surface58–61 (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 component62–65.  

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 MtrR66–68 (Fig.1-3). Sensor histidine kinase and 

response regulator, MisR-MisS responds to membrane damage69.  

 

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 TbpA–

TbpB contribute to iron transport and iron homeostasis.  
The illustration is inspired by (Quillin and Seifert, 2018) and created with BioRender.com 
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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 respiration70. Oxidative stress regulatory protein (OxyR) responds to 

the presence of ROS as a positive regulator of genes encoding catalase, glutathione reductase, 

alkyl hydroperoxide reductase71 (Fig. 3). 

 

 

 

 

 

 

 

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 
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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 intercourse72. 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 

defences73.  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 transcytosis1,74.  

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)75–77. 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 (PMNLs) to the site of infection78 (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 PMNLs including phagocytosis, ROS, antimicrobial enzyme and 

cationic peptides79. 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 proliferation80,81.   

 

 
 
 
 
 
 

 

 

 

Figure 4 Neisseria gonorrhoeae infection. In the initial phase of infection, gonococcus establish a contact with the host epithelial cell trough 

type IV 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 (PMNLs).  
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)82 (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 infection83.  

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 disease84,85. 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 genus86. 

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 cascade87. 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 lysis88,89. The porin can 

bind C4BP, a classical complement pathway regulator, that has a similar function to factor H90.  
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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 pili91.  

The structure of the LOS can mimics host molecules evading the immune response92. 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 system93. 

In addition, it has been reported that in mice, Ng can selectively inhibit the T helper 1 (Th1) 

and Th2 cell proliferation and cytokine secretion by mouse CD4+ T cells, and concomitantly 

enhance Th17 activity, by a mechanism dependent upon TGF- β. The Opa protein seem to be 

the principal factor involve in the suppression of Th1- and Th2-driven immune response trough 

the TGF- β94 (Fig. 6b).  

 
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 C5 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). 
 



 
 

14 
 

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 

killing95.  

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 proteins96.   

 

 

 

 

 

 

 

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 I.  
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 

death97,98.  

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 elucidated99. 

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 receptor100. Studies reported that 

gonococcus is associated with pro- and anti-apoptotic responses in different cells types as 

urethra, cervix, fallopian tubes and immune cells37,101–105.  

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

to the lysosome for degradation106, it is involved in the control of infection upon intracellular 

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 CD4699,107,108. The latter, positive regulate intracellular 

signals to activate the autophagy109.  

 

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 5,110.  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 response110. However, epidemiological 

studies reported a partial effectiveness of the Neisseria meningitis serogroup B OMV vaccines 

against Ng infection111–113, 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 formation114–116. 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 responses116.  

Novel OMV vaccines has recently shifted towards optimising the design of meningococcal 

OMVs based on known features of gonococcal pathogenesis117,118. 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 model119,120.  

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 humans5. 

The features of vaccine antigen include: surface exposure, immunogenicity, conservation 

among the strains and importance related in virulence and in survival121. Novel approaches 

characterized the current strategy to gonococcal vaccine antigen detection. The proteomic 

approaches have provided the possibility to identify several potential vaccine antigens122–124.  

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 globally125,126. 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 infection127–129. These functions 

include adhesion and invasion of epithelial cells, protection from oxidative stress or 

antimicrobials, nutrient acquisition and immune evasion.  

https://pubmlst.org/organisms/neisseria-spp
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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 variations29,110.  

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 antibodies130–

132.Other potential vaccine targets involve systems implicated in the acquisition of nutrients 

such as iron and zinc, as TbpA-B133,134. Another vaccine target is represented by the reductase 

AniA, required for anaerobic growth, antibodies against AniA inhibit nitrite reductase 

activity135–137.  

 

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 licensure138. 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 138.  

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 pathogenicity139  

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 B140,141.  

Flow cytometry can also be used to evaluate serum binding to whole pathogen instead of 

specific antigens142.  

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 polysaccharides143,144.  
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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 efficacy145. The main important 

functional assays are serum bactericidal assay (SBA) and opsonophagocytic assay 

(OPA)139,146,147. Their theoretical concepts are described in Figure 7.  

 

 
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 

development139,148–151.  

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. 152,153. Standardisation of functional SBA has been 

developed for Meningococcal A and C154; however, there isn’t the consensus for groups B, 

W135 and Y. Despite the effort there isn’t a standardised method for Meningococcal B SBA155. 
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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 challenging156,157. 

This technique assesses the complement-dependent bactericidal activity of antibodies in sera 

by exploiting the activation of the classical pathway of the complement158.  

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 (C1q, C1r, C1s) binds to the Fc region 

of the antibody, only when the antibody binds the antigen, activating the classical pathway of 

the complement system82. 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 (IC50)
159.  

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 SBA145–

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 study160,161. 

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 

laboratories162,163.  

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 

complement146. 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 standardisation156,160. The rSBA 

tests therefore became the standard for the evaluation of meningococcal vaccine efficacy and 

subsequent authorisation160. 

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 

readouts158,164,165.  

 

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 bacteria158. The L-SBA is based on the same principle of the C-SBA but differs in the read-

out method158(Fig. 8). The L-SBA allow to avoid the major inconvenience of the C-SBA and 

can be used as a high-throughput functional assay147. 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 present158. 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 light158. 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 serum158. 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 sera158,166,167. 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. freundii167. 
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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 phagocytosis168. The activation of the classical 

pathway is assessed by the SBA assay, while the presence of opsonophagocytic activity is 

evaluated by OPA145. The opsonization of the bacteria cells with antibodies and the complement 

factor C3b activates the phagocytosis process169. The OPA protocol involves the incubation of 

the opsonized bacteria with serially diluted sera and exogenous source of complement, together 

with phagocytic cells139,170. 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)139,139,142.  

The readout of the internalization and/or killing of the bacteria cells can be evaluated with 

different methods: CFU counting or based on flow cytometry171–173. Phagocytosis is quantified 

and plotted against serum concentration, allowing for the extrapolation of an IC50 value, similar 

to SBA171. The OPA can be used for a different type of bacteria including Streptococcus 

pneumoniae, Staphylococcus aureus, Pseudomonas aeruginosa170,174–176 and is actually 

recognised as a correlate of protection for pneumococcal conjugate vaccine (PCV)147.  

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 vaccination146,177,178.  
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3. Aim of the study  
 

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

protective immunity against Neisseria meningitis, closely related to  Ng 179,180, and is considered 

likely important for protection against gonococcus as well121,181,182. Meningococcus vaccines 

also provide cross-protection for gonococcus111,113,183–185.  

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 Ng150,158,186.  

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 infection145. However, in some cases, it is preferable to use an animal-derived 

complement due to its higher availability and standardization 146.    

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 187 
WHO-R Japan WHO, 2014 188 
WHO-X Japan  WHO, 2016 189,190 

Table 1. Bacterial strain of Neisseria gonorrhoeae. 

 

 

Complement  Product lot Source 
Human complement (HC)- 

IgG/IgM/IgA Antibody 

Depleted, Pooled Serum 

09545 Pel-freez  

Baby rabbit complement 

(BRC)  
23067786R Euroclone  

Table 2. Exogenous source of complement.  

 

 

Group  Number 

of 

animals 

Immunization* Number of pre-

immunization 

sample** 

Number of post-

immunization 

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 

membrane 

vesicle without 

antigens 

1 5 

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 

animals 
Immunization* Number of pre-

immunization 

sample** 

Number of post-

immunization 

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 

vesicle without 

antigens 

1 1 

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 

animals 
Immunization* Number of pre-

immunization 

sample** 

Number of post-

immunization 

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 

vesicle without 

antigens 

N/A 5  

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 

animals 
Immunization*  Number of pre-

immunization 

sample** 

Number of post-

immunization 

sample  
1 6 Control 3 6 
2 6 N/A 3 6 
3 6 N/A 3 6 
4 6 Outer membrane 

vesicle without 

antigens 

3 6 

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 

antibody 
Product lot Supplier  

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 

saline (DPBS) 

2581509 Life technologies  

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% CO2, 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 (OD600) and incubated 

at 37°C, 5% CO2 with shaking, until the mid-log phase cultures was reached (for about 3 hours), 

approximately OD600 of 0.5 ( ̴ 2 x 108 CFU/ml)186,191.  

 

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 candidate192. 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 
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addition to Ng LOS by the sialyltransferase Lst193. 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 µl, containing 40 µl of serum sample or mAb, 20 µl of bacterial strain 

and 40 µl 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 µg/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% CO2 for 3 hours. 

The luminescence was detected at time zero (T0) by adding 10 µl of bacterial cultures to 40 µl 

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 µl). After 5 minutes of shaking at RT, 

the luminescence signal was measured by a luminometer SpectraMax i3x (Molecular Devices). 

After the incubation, the plate was centrifuge at 3220×g 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 µl of DPBS and after 50 µl 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 i3x (Molecular 

Devices)150,158. 
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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 IC₅₀, 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 IC50 were determinate using the 

software SoftMax Pro (Version 7.1.2); only those with R2 ≥ 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 OD600 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 T0 and after 120 and 180 minutes of incubation at 37°C, 5% CO2 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 μl of 

DPBS. Fifty microliters of the suspension were transferred to a white 96-well flat bottom plate, 

and 50 μl 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 

i3x (Molecular Devices). As shown in figure 9, the highest span of luminescence was obtained 

between T0 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% CO2 

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 (R2 ≥ 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. 

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 (R2 ≥ 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/v182,191,194. 

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. ii) 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 T0 and after 180 minutes of incubation at 37°C, 5% CO2 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 μl of 

DPBS. 50 μl of these suspensions were transferred into a white 96-well flat bottom plate and 

50 μl (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 i3x (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 N. 

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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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 IC50 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 IC50 value of 12.5 was assigned also to these samples. 

To samples belonging to group 10 were assigned, even in this case, an IC50 of 12.5, which is 

justified by the fact that the animals are immunised with OMVs without antigens. The highest 

IC50 were observed in groups 8 and 2, reporting an average IC50 of around 1500 and 900 

respectively.  

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. 
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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 IC₅₀ of approximately 1400. In contrast, for 

the WHO-X strain, no significant difference in IC₅₀ 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. 

Figure 13 L-SBA results of Study 1 mouse sera analysed with FA1090. The figure shows the distribution of the IC50 

(reciprocal serum dilution necessary to obtain 50% bacterial growth inhibition, IC50 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 15 L-SBA results of Study 1 mouse sera tested with the strains WHO-R and WHO-X. The figure reported the IC50 

(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. 

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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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 

IC50, 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 IC50 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).  

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. 
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The assay’s controls are reported in the figure 20, there were no differences observed in 

bacterial viability. 

 

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 IC50 pre- and post-treatment didn’t change.    

 
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. 

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 IC₅₀ values, with a mean IC₅₀ 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 IC50 values comparable to the other groups. Group 4 showed the highest 

bactericidal titres, with a mean IC₅₀ 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. 

 
Figure 21 L-SBA results of Study 3 mouse sera analysed with FA1090. The graphic represents the distribution of the IC50, 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. 

 

 

 

 

Figure 23: L-SBA results of Study 3 mouse sera analysed with WHO-R. The graphic represents the 

distribution of the IC50 (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 IC50 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 IC50 

(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. 

 

 

 

 
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 µg/ml and 2-

fold serially diluted. The results achieved are presented in the figure 27.  

The reported IC50 value is expressed, in the case of antibodies, as the lowest concentration 

(µg/ml) capable of killing half of the total bacteria.  

The 2C7 showed a bactericidal activity at very low concentrations, the mean of IC50 was of 

0.43 µg/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 µg/ml up to a concentration of 50 µg/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 µg/ml was evaluated, up to 50 µg/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.  

 

 

 

Figure 27 L-SBA results of 2C7 mAb tested with FA1090. In the figure a, b, c and d are reported some bactericidal curve of 2C7 

and the corresponding IC50, expressed as a concentration (µg/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 IC50 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 resistance17. 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 152,154,159,195.  

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 SBA196.  

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-SBA186.  

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 throughput158. The detection and quantification of bacterial cells is achieved by using 

a luminescent component capable of binding ATP158. 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 CO2 

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 gonococcus53.  

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 Neisseria182. 

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 

host197. 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 

mAb 2C7, isolated almost four decades ago198,199, towards strain FA1090 was confirmed191,200. 

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 6E4201,202 recognise the KDO epitope, a bacterial-specific carbohydrate 

common to the inner core of almost all Gram-negative bacteria203. 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 assay193. 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 

use204.  

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) guidelines204–207. 
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