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Introduction: The 4CMenB vaccine licensed against serogroup B Neisseria
meningitidis (MenB) contains three recombinant proteins and Outer Membrane
Vesicles (OMV) from a New Zealand epidemic strain. The protective response
mediated on differentmeningococcal strains has been historically ascribed to
one of the four main vaccine antigens fHbp, NHBA, NadA, and PorA nominated as
the immunodominant antigen of the OMV component. It is however accepted
that the extensive cross-protection observed after vaccination may be attributed
to other proteins in the OMV. Here we interrogate the B cell responses elicited in
humans to the OMV component after 4CMenB vaccination to elucidate the
contribution of additional OMV antigens to meningococcal cross-protection.

Methods: Following the isolation of plasmablasts from vaccinees, the OMV-
specific human monoclonal antibodies (HumAbs) were recombinantly expressed
and characterized for their binding and functional activity on a panel of MenB
strains. Their target specificity was assessed through a tailor-made protein array
and Western blot.

Results: We found that 18 HumAbs showing bactericidal activity were PorB-
specific, 1 was LOS-specific and 4 functional HumAbs remain with unknown
targets. We identified three functional classes within the PorB HumAbs, through
binding and in silico docking experiments, likely to be elicited from distinct
epitopes on PorB and highlighting this antigen as a multi-epitope immunogenic
OMV component responsible for distinct cross-protection across multiple MenB
strains. Interestingly three of the PorB HumAbs and the LOS-specific HumAb
showed bactericidal activity also against gonococcus.

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1565862/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1565862/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1565862/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1565862/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1565862/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2025.1565862&domain=pdf&date_stamp=2025-04-16
mailto:elisabetta.x.frigimelica@gsk.com
mailto:isabel.x.delany@gsk.com
https://doi.org/10.3389/fimmu.2025.1565862
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2025.1565862
https://www.frontiersin.org/journals/immunology

Vezzani et al.

10.3389/fimmu.2025.1565862

Discussion: We identified PorB and LOS as antigens on the OMV that may be
implicated in the real-world observations of moderate protection against
gonorrhea infection after OMV-based vaccinations.

4CMenB, outer membrane vesicles, PorB, lipooligosaccharides (LOS), cross-strain
protection, human monoclonal antibodies

Introduction

Over the last three decades, several outer membrane vesicle
(OMV)-based vaccines have been used to control infection from
outbreaks of Neisseria meningitidis serogroup B (MenB) causing
meningococcal disease in Cuba (1), Norway (2), Chile (3), and New
Zealand (4). Furthermore, one of the two broadly cross-protective
MenB vaccines, currently licensed for all age groups, is the 4-
component multivalent 4CMenB vaccine comprising detergent
extracted OMV from the New Zealand 98/254 epidemic strain
and three recombinant proteins (fHbp, NadA and NHBA),
identified with the reverse vaccinology approach (5). The main
OMYV antigen contributing to protection has been historically
recognized to be the Porin A (PorA), which is one of the most
abundant proteins in the OMV (6) however non-PorA antigens are
thought to contribute to the full extent of cross protection. Clinical
studies have shown added value of inclusion of the OMV
component with the three recombinant antigens in 4CMenB
vaccine formulations for broad protection across MenB strains
(7-9). Moreover, studies performed in infants showed that
4CMenB was able to induce immunogenicity and bactericidal
activity against strains bearing heterologous PorA, suggesting that
additional, non-PorA, antigens in the OMV could generate
functional antibodies (8).

Due to the diversity of disease-causing isolates, the
Meningococcal Antigen Typing System (MATS) was developed in
an attempt to predict which strains would be covered by the
multicomponent vaccine-induced responses. MATS combines
conventional genotyping of PorA with a specialized sandwich
ELISA that measures the levels of expression of fHbp, NadA, and
NHBA proteins in a given meningococcal isolate and their
immunological cross reactivity with the corresponding vaccine
antigen (10). The effectiveness of 4CMenB vaccine measured after
widespread implementation revealed that vaccine efficacy of
4CMenB in infants, measured as bactericidal activity elicited in
infant sera, was usually higher than the strain coverage rates
predicted using MATS (11, 12). Several non-exclusive
explanations have been proposed to support the observed
protection (1): synergy among antibodies targeting the multiple
components included in the vaccine; (2) an intrinsic adjuvating
effect of OMV and its components; or (3) the role of non-PorA
antigens within the OMV component which act as additional
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protective antigens (13). Preclinical evidence on the importance
of other OMV components in eliciting protective immune
responses came from the work of Matthias and co-workers, which
showed that OMV derived from bacteria depleted of PorA still
conferred cross-strain protection in immunized mice and rabbits
(14). Furthermore, after the MenZB immunization program in New
Zealand, a vaccine that consists solely of the OMV component of
4CMenB, effectiveness against non-strain specific group B
demonstrated protection beyond the PorA subtype (15). Finally, a
recent publication from Viviani and collaborators identified OpcA
and PorB as antigens involved in the broad cross-protection
induced by the 4CMenB vaccine in mice and humans (16).

Besides the coverage of different MenB strains, 4CMenB elicits
immune responses effective against non-B meningococcal
serogroups that can be mainly attributed to antibodies targeting
one or more antigens acting alone or synergistically (17-19). In
particular, the potential coverage of 4CMenB on meningococcal
serogroups A (20), C, W, X (21) and Y has been evaluated by testing
a large number of clinical isolates from different countries in human
serum bactericidal assay (hSBA). In addition, real world data
suggest an effective role of 4CMenB vaccination in the prevention
of infections from MenW strains (22-25).

Interestingly, a moderate effectiveness against gonorrhea
infection has been reported recently in a number of observational
retrospective studies after vaccination with OMV-containing
meningococcal vaccines (26-33). Meningococcus and gonococcus,
although etiological agents of very different human diseases, share
greater than 85% of sequence conservation in their genomes (34)
and it has been shown that OMV-induced antibodies recognized
gonococcal proteins (35, 36) and human 4CmenB vaccinees have
antibodies that recognize both gonococcal proteins and LOS
(37, 38).

Overall, in the last decade the protective role played by different
antigens contained in the OMV component of 4CMenB vaccine has
been demonstrated, but their exact identity and contribution still
need to be fully understood and characterized. Interrogating
vaccine-induced B cell responses in humans is a powerful
approach to identify protective antigens and epitopes included in
a vaccine formulation. The approach, named Reverse Vaccinology
2.0, is based on the isolation of the variable regions of heavy (VH)
and light (VL) chain genes of vaccine-specific immunoglobulins
and on their recombinant expression and functional
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characterization (39, 40). This approach has been previously
applied to isolate and characterize human monoclonal antibodies
(HumADbs) elicited by the three recombinant proteins of 4CMenB in
adult subjects after vaccination (5). Very recently the isolation of
gonococcal -specific HumAbs from memory B cells from 4CMenB
vaccinees has been reported (Troisi, Fabbrini et al., 2023, bioRxiv,
https://www.biorxiv.org/content/10.1101/2023.12.07.570438v1).
Here we selected vaccinees that after 4CMenB immunization are
highly responsive to the OMV component and recovered the Ig
sequences from single sorted B cells, to clone HumAbs from
vaccine-responsive plasmablast mononucleate cells (PBs). By
characterizing the OMV-specific HumAbs, we determined the
antibody targets and hence immunogenic antigens contained in
the OMV preparation. We characterized their bactericidal killing
against a panel of meningococcal strains as well as their cross-
functionality on N.gonorrhoeae.

Methods
Ethics statement

Human samples obtained from adults immunization in a Phase
I clinical study conducted in Krakow, Poland and sponsored by
Novartis Vaccine, now part of the GSK group of Companies, using
two doses of multicomponent serogroup B meningococcal vaccine
4CMenB formulations. In this study vaccinated subjects were
immunized with formulations with 2 different doses of OMV
component: rMenB + 25 pg OMV, and rMenB + 6.25 pg OMV.
The Clinical trial protocol was approved by the Bioethics
Committee of the District Medical Doctors’ Chamber in Krakow
(authorization number: 87/KBL/OIL/2010; approval date:

September 15™ 2010) and the study was conducted in accordance
with the Declaration of Helsinki. Written informed consent was

obtained from each of the subjects.

Elispot assay

Plasmablasts were collected from subjects 1 week after the
second immunization and were tested for specificity and quantity
using a standard ELISpot protocol. Ninety-six well ELISpot plates
(Millipore MultiScreenHTS HA Filter Plate) were coated with 100
uL/well of phosphate-buffered saline (PBS), OMV (5 pg/mL) or 2.5
pg/mL goat anti-human IgG +5 pg/mL goat anti-human IgM (BD
Pharmingen). Coated plates were incubated at 4°C overnight and
then washed 3 times with 200 ul per well of sterile PBS. Wells were
blocked with 200 ul of PBS containing 1% dried skimmed milk for 2
h at room temperature prior to the addition of cells, which were
diluted in complete medium (RPMI, Invitrogen 12633012,
supplemented with 5% FBS, HyClone, Cytiva SH30070.01HI).
Suspensions of 4 — 8 x 10° thawed PBMC were seeded in
duplicate wells and serially diluted 2-fold in a final volume of 100
ul/well and plates were incubated at 37°C, 5% CO?2 for 2 h before
stopping the assay by extensive washing with PBS 0.05% - Tween 20
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(Sigma-Aldrich). Secondary antibodies anti human IgG FITC
(Jackson ImmunoResearch 609-095-213), and anti-human IgM
biotinylated (BD Biosciences 314504) were then added for
detection in 100 ul/well of PBS containing 4% bovine serum
albumin and incubated ON at 4°C. After the incubation, plates
were washed and further incubated for 40 min with 100 pl/well of
PBS - 0.05% Tween20 containing horseradish peroxidase (HRP)-
conjugated streptavidin (MERCK GERPN1231) and an alkaline
phosphatase (AP)-conjugated mouse anti-FITC antibody (Roche
11426338910). Spots of antibody secreting cells were revealed by
adding in the dark the HRP substrate AEC kit (Vectro Laboratories
SK4200) for 40 min and, after extensive washings with deionized
water, the AP substrate kit III for 40 min (Vector Laboratories
SK5300). Antigen-specific and total IgG and IgM Ab-secreting cells
were enumerated using the CTL immunospot S5 UV analyzer (CTL
Europe, Bonn, Germany).

Flow cytometry sorting of human B cells

Plasmablasts (PBs) were isolated from human peripheral blood
cells. PB cells were stained with anti-human CD27-PE (BD
Biosciences, 340425), CD38-Cy7 (BD Biosciences 335825), CD19-
V421 (BD Biosciences 562440), CD20-FITC (BD Biosciences
345792) and IgD-A700 (BD Biosciences 561302) for 30’ at 4°C.
After washing with 1% FBS in PBS, cells have been centrifuged and
resuspended in PBS/EDTA 2.5 mM. PB subset has been identified as
CD19+CD20dmIgD-CD27++CD38++ and single-cell sorted using a
FACS sorter (BD Biosciences, FACSAria III Cell Sorter) into 96w
plates containing lysis buffer (RNAse OUT, Invitrogen 10777019;
BSA, AMBION AM2616 1 mg/ml in DEPC water, AMBION
AM9915G) and immediately frozen for storage at -80° until use.

Cloning of variable region genes and
HumAb recombinant expression

Heavy and light chain variable (VH and VL, respectively) region
genes of single plasmablasts isolated from peripheral blood were
retrotranscribed with gene-specific primers and amplified
separately by 2 nested PCR reaction, performed with a mix of
primers designed to amplify the highest number of V families
(Supplementary Table 1), and then ligated by Polymerase
Incomplete Primer Extension (PIPE) into mammalian expression
plasmids (pcDNA 3.1, Thermofisher V79020) containing the leader
sequence for secretion and the constant region fragment of IgGl
heavy or k-light chain, respectively. The plasmid carries, within the
coding sequence of the human IgG1 constant region of heavy chain,
the hexabody mutations E345R/E430G or E345R/E430G/S440Y to
enhance functionality of obtained mAbs (41). For transient
expression of mAbs, two separate linear Transcriptionally Active
PCR (TAP) products were generated for each paired VH-VL
ligation product. TAP fragments were amplified from the plasmid
ligation reactions of the variable regions with primers annealing on
the plasmid and included the HCMV promoter, the full antibody
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sequence and the plasmid poly-adenylation signal (protocol
adapted from (42)). The paired TAP products were then used for
co-transfection and transient expression in Expi293F cells
(Thermofisher A14527), using Expifectamine (Thermofisher
A14525) according to manufacturers’ instructions.

HumADb purification from culture
supernatants

The sequences corresponding to VH and VL of desired human
monoclonal antibodies were obtained by Sanger and Illumina
sequencing of the TAP products, codon-optimized for
mammalian expression and synthetized either by GeneArt
(Thermofisher) or Twist and cloned into expression vectors
containing the human IgGl hexabody, Igk or IgA constant
regions. Transient recombinant expression of antibodies was
achieved by co-transfecting paired heavy and light chain
expression plasmids into suspension cultures of Expi293F cells
according to manufacturer’s protocol. Supernatants were collected
6 days after transfection. Culture supernatants were recovered after
centrifugation at 900xg for 10 min and filtered through a 0.22 um
pore size filter (Millipore P1313), and recombinant antibodies were
purified by affinity chromatography with Protein G (GE Healthcare
17061802) according to the manufacturer’s instructions. Antibodies
were eluted with 0.1 M glycine (pH 2.1), neutralized in 1 M Tris (pH
8.0) and then the buffer was exchanged to PBS. Purified antibodies
were quantified by absorbance at 280 nm and their purity was
assessed by SDS-page electrophoresis and ProBlue safe staining
(Giotto Biotech, GOOPB005).

Luminex binding screening of HumAbs in
culture supernatants

For IgG quantification and binding specificity of the raw
supernatants from TAP-transfected Expi293 cells, a Luminex
assay was developed. The vaccine components fHBP-GNA2091,
GNA1030-NHBA, and NadA recombinant antigens, and OMV
from NZ98/254 (43), and the recombinantly expressed PorA (16)
and Protein A were individually coupled to 6 distinct luminex beads
(MCI12XXX; MagPlex) according to the manufacturers’
instructions. Coated beads were incubated for 1 hour with 5 pl of
raw supernatant diluted (1:2) in PBS with 0.05% Tween 20 (Sigma-
Aldrich 28320) and 1% bovine serum albumin (BSA, A3294
Merck). After washing in PBS with 0.05% Tween 20, the beads
were incubated for 45 min with R-Phycoerythrin-AffiniPure F(ab’)2
Fragment Goat Anti-Human IgG, Fcy Fragment Specific (109-116-
098 Jackson Immunoresearch) and signals were acquired with
BioPlex200 (BIO-RAD) (Subjects 1 and 2) or with BioPlex 3D
suspension array system (BIO-RAD) (Subject 3). All fluorescence
intensities were subtracted of background signals, represented by
the signal of the beads incubated with a transfection supernatant of
an unrelated mAb or a supernatant of non-transfected cells. A
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standard curve with human IgG was made to extrapolate the mAbs
concentration in the supernatants with a dynamic range between 1
ng/ml and 50 ng/ml. All signals were analyzed with Bio-Plex
manager software (BIO-RAD). Supernatants with estimated IgG
concentration ranging between 10 and 20 ng/ul and with an
antigen-specific MFI greater than 5000, or with estimated IgG
concentration greater than 20 ng/ul and an antigen-specific MFI
greater than 10000, were deemed positive for that antigen. All
supernatants analyzed with BioPlex 3D instrument showing
antigen-specific MFI greater than 1000 were deemed positive for
that antigen. With both instruments, in case of MFI < 1000,
supernatants were deemed positive if relative concentration was
<10 ng/pl (Supplementary Table 2).

Bacterial strains and growth conditions

The meningococcal and gonococcal strains used in this study
are listed in Supplementary Tables 3 and 4 respectively. Bacteria
were routinely grown overnight at 37°C on plates containing GC
media with CO, for meningococcus strains, or on plates containing
GC with 1% IsoVitaleX (BD Biosciences, 11798163) for gonococcal
strains. Unless differently stated, the liquid growth conditions were
the following: meningococcal bacteria were grown in Mueller-
Hinton Broth (MHB) containing 0.25% (w/v) glucose until early
log phase (ODgop of ~ 0.25). N.gonorrhoeae (Ng) strain FA1090
bacteria were grown at 37 °C in GC liquid medium supplemented
with 1% IsoVitaleX and 1 pg/mL of CMP-NANA (Cytidine-5'-
MonoPhospho-N-Acetyl NeurAminic acid sodium salt, Merck
C8271) until mid-exponential phase.

OMYV production and purification

N.meningitidis and N.gonorrhoeae strains were plated on GC
agar plates or GC +1% IsoVitaleX, respectively. Plates were
incubated overnight at 37°C in 5% CO,. The following day, N.
gonorrhoeae colonies were inoculated in 5 ml of GC + 1%
IsoVitaleX + lactate and the growth was maintained for 28 h in
24 deep-well plate at 37°C with shaking at 350 rpm. N.meningitidis
colonies were instead inoculated in 10 ml of Mueller-Hinton Broth
at a starting optical density at 600 nm (ODgg0) of ~0.05 and grown
until ODgg of ~1.0-1.5 at 37°C. Then 10 ml were transferred in 50
ml of prewarmed slightly modified MCDMI medium and incubated
at 37°C in 5% CO,. ODgpy was constantly monitored, and the
growth was stopped when ODygy, remained stable for 1.5 hours.
Bacteria cultures were clarified by centrifugation for 60 min at
4000xg and the supernatants were subjected to high-speed
centrifugation at 119000xg for 2 h at 4°C (Beckman Coulter
Optima Ultracentrifuge). The pellets containing the OMV were
washed with phosphate buffer saline (PBS), ultracentrifuged again
as above and finally resuspended in PBS. OMYV total protein content
was quantified through the Lowry assay (DC Protein Assay,
BioRad) following manufacturer’s instructions.
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Protein array design, generation, validation
and hybridization

All the HumAbs produced and purified were tested for antigen
identification on protein microarrays previously generated (16).
In particular, the recombinant protein microarray encompassed
12 recombinant proteins spotted at 0.5mg/ml in 40% glycerol
along with the three recombinant meningococcal antigens of the
4CMenB vaccine (NHBA-GNA1030; GNA2091-fHbp and NadA
at 0.5mg/ml in 40% glycerol) while the vesicles protein chip
contained 26 recombinant E.coli Generalized Modules for
Membrane Antigens (GMMA) expressing meningococcal
antigens and two GMMA empty (16) (Supplementary
Figure 3A). The species-specific N.meningitidis and
N.gonorrhoeae OMV array were printed with 18 different
meningococcal (at 1.0 mg/ml or 0.5 mg/ml in 20% glycerol) and
23 gonococcal OMV (at 0.25 mg/ml in 20% glycerol). Controls
consisted of 8 serial two-fold dilutions of human IgG (from
0.5mg/ml to 0.004 mg/ml in 40% glycerol), unrelated proteins
expressed and purified from E. coli following the same expression
and purification protocol but originating from pathogens other
than MenB (0.5 mg/ml in 40% glycerol), and PBS +40% glycerol
spots. Each sample was spotted randomly in replicates per array
onto ultra-thin nitrocellulose coated glass slides (FAST slides;
Maine Manufacturing Z721158). Printing was performed with the
ink-jet spotter Marathon Argus (Arrayjet) (200 pl each spot) in a
cabinet with controlled temperature and humidity (18 °C and 50-
55%, respectively). To ensure efficient and reproducible protein
immobilization a preliminary array validation was carried out.
Preliminary experiments with mAbs showed that a range of 0.5-1
pg/ml corresponded to the best signal to noise ratio. For mAbs
hybridization experiments, nonspecific binding was minimized by
preincubating the slides with a blocking solution (BlockIt, Arraylt
BKT) for 1hour. Purified mAbs were then diluted in Block-It
buffer and overlaid for 1h at room temperature prior to
undergoing two washes with Tween 0.1% in PBS (TPBS).
AlexaFluor 647-conjugated anti-human IgG secondary antibody
(Jackson Immunoresearch, 115-605-174) diluted 1:800 was
incubated for another hour, before proceeding with slide
scanning. Fluorescence images were obtained using InnoScan
710 AL (Innopsys) and the images were generated with Mapix
software at 10 pum/pixel resolution. ImaGene 9.0 software
(Biodiscovery Inc.) was used to calculate spot fluorescence
intensities while the microarray data analysis step was carried
out with an in-house developed R script. For each protein the
Mean Fluorescence Intensity (MFI) of replicates was obtained
after the subtraction of local background values surrounding each
spot. MFI greater than 5000, corresponding to the MFI of control
protein spots after detection with fluorescent-labelled antibodies,
plus ten times the standard deviation, were considered positive.
MFI scores were ranked in four categories (1): high reactivity;
MFI = 30000; (2) medium reactivity; 15000 < MFI < 30000; (3) low
reactivity; 5000 < MFI < 15000; (4) no reactivity; MFI < 5000.
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Bactericidal activity assay

The bactericidal activity of the HumAbs against N.meningitidis
strains was evaluated in a bactericidal assay with rabbit complement
as previously reported (5). Briefly, meningococcal bacteria were
grown in MHB containing 0.25% (w/v) glucose until early log phase
(ODgpp of ~ 0.25) and diluted in Dulbecco’s Phosphate Buffered
Saline (DPBS) containing 0.25% glucose and 0.1% BSA to the
working dilution of 10° CFU/ml and incubated with serial two-
fold dilutions of test monoclonal antibodies starting from either raw
supernatants from TAP transfections diluted 1:4, or purified
HumAbs at a concentration of 125 ug/ml with the addition of
25% baby rabbit complement (Cedarlane CL3441-R). Bactericidal
activity of mAbs against Ng strain FA1090 was assessed with a
similar approach. Bacteria were grown at 37°C in GC liquid
medium supplemented with 1% IsoVitaleX and 1 ug/mL of CMP-
NANA until mid-exponential phase. Then bacteria were diluted in
Dulbecco’s Phosphate-Buffered Saline (DPBS, Sigma) containing
0.1% glucose and 1% BSA, to the working dilution of 1x10> CFU/ml
and incubated for 1h at 37°C with serial two-fold dilutions of test
monoclonal antibodies and exogenous human complement,
obtained from volunteer donors under informed consent, at 10%
final concentration. After the incubation, 100 pl of GC medium plus
0.5% of Bacto Agar was added to the reaction mixture and
incubated overnight at 37C° with 5% CO2. The day after, the
plate well images were automatically acquired with a high
throughput image analysis system and the Colony Forming Units
(CFUs) were automatically counted for each well by an internally
customized colony counting software. Bactericidal titers were
defined as the monoclonal antibody concentration giving 50%
decrease in CFU number compared to the reaction mixture, in
the absence of antibodies.

LOS and protein immunostaining

To analyze LOS, meningococcal strains were grown in the same
conditions utilized to perform bactericidal assay experiments. Once
ODggg of ~0.25 was reached, 30 ml of culture were centrifuged at
2500xg for 15 minutes, washed with sterile-filtered PBS, and
pelleted again. Bacterial pellets were boiled for 10 minutes at 100°
C in reducing conditions (1x 1,4-dithioreitol, Sigma Aldrich
15508013) and equilibrated in LDS sample buffer 1x
(ThermoFisher J61894) and 10 ul were loaded into 4-12% Bis
Tris gel that was run at 120 V for 90 minutes. To analyze the
proteins, the same preparation and running procedures were
applied to 10 pg of each protein of interest loaded in the wells.
Proteins and polysaccharides were transferred on a nitrocellulose
membrane with iBlot (Invitrogen IB23001) and membranes, after
1h saturation in PBS - 10% BSA, were incubated overnight at 4°C
with the antibodies for which the target was to assess. After 3 washes
with PBS - 0.5% Tween20 (PBST) membranes were incubated with
anti-human HRP conjugated polyclonal antibody (Invitrogen
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A18817) for 1 hour at room temperature, washed three times with
PBST and incubated for 5 minutes with Super signal west pico
PLUS (ThermoFisher 34579). Chemiluminescent signals were
acquired by ChemiDoc instrument (BIORAD) with auto
optimal option.

Electron microscopy immunogold
experiments

Meningococcal strains were grown in the same conditions
utilized to perform bactericidal assay experiments. Once ODg of
~0.25 was reached, 5 ml of culture were centrifuged at 2500xg for 15
minutes, washed with sterile-filtered PBS, and centrifuged again.
Pelleted bacteria were then resuspended in 4% paraformaldehyde
for 5 minutes at room temperature for fixation. The fixation buffer
was then removed, and bacteria resuspended in PBS to a final ODgg,
of 1. Five pl of bacteria suspension were adsorbed to 300-mesh
nickel grids, blocked in PBS containing 1% bovine serum albumin
(BSA) and incubated with HumAbs at a concentration of 0.5 pg/ml
in PBS, for 1 h. Grids were washed several times and incubated with
12-nm gold-labeled anti-human secondary antibody diluted 1:40 in
PBS for 1 h. After several washes with distilled water the grids were
air dried and analyzed using a TEM FEI Tecnai G2 spirit
microscope operating at 120kV. The micrographs were acquired
using a Tvips TemCam-F216.

FACS staining

Bacteria were pelleted at 2500xg for 15 minutes, washed and
resuspended in an equal amount of sterile-filtered PBS. 50 pl of
bacterial suspension were incubated for 1h at RT with 50 pl of each
HumADb at a final concentration of 10 pug/ml. Bacteria were pelleted
at 4000xg for 5 minutes, washed 2 times and resuspended in 100 pl
of anti-Human IgG-FITC conjugated antibody (Invitrogen, cat.
31529) at the final concentration of 10 ug/ml diluted in PBS - 1%
BSA - 0.5% Tween20. After 30 minutes incubation at room
temperature, bacteria were washed twice, and fluorescent intensity
was acquired by CANTOII Flow cytometer (Becton Dickinson).
Signals were analyzed by FlowJo software (BD Biosciences),
considering as positive bacteria with fluorescence intensity higher
than the negative control, i.e. bacteria incubated only with
secondary anti-Human IgG-FITC conjugated antibody.

Functional data clustering

The mAbs clustering, based on functional data, was performed
using ad-hoc code developed in Python (v3.9.12) by using the
AgglomerativeClustering function from the Scikit-learn (v0.24.1)
package (https://scikit-learn.org/). To express a global measure of
similarity for the functional activity of the 18 tested anti-PorB
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mAbs, binding and killing activity data were combined. Since the
two data sources presented very different scales, they were pre-
processed separately to transform data in the same range. MFI
values from binding activity were scaled by computing the
logarithm (base 10) and then normalized in the range by the
Min-Max normalization. To describe the bactericidal activity, we
started from the last detected value of positivity from the serial two-
fold dilutions of the assay. We applied a logarithmic scale, with base
2, to get the number of dilution steps and, again, we normalized data
in the range by the Min-Max scaling. The two datasets (binding and
killing activity) were then merged to create a unique set of
normalized features for each mAb. The distance matrix was
computed by the Euclidean distance and the threshold for the
hierarchical clustering was set to fall in the largest interval where the
number of clusters remains constant when varying the

threshold itself.

Sequence analysis and clustering

Sequence level properties of acquired HumAbs were analyzed
after alignment against human Ig germlines downloaded from
IMGT (https://www.imgt.org/) germline database (v202038-1). A
first alignment of nucleotide sequences was performed by NCBI
IgBLAST (v1.17.1) suite (44) to get V(D)] gene labeling and CDRs/
FWRs regions annotation, together with the corresponding
aminoacidic sequence translation. ANARCI (https://
opig.stats.ox.ac.uk/webapps/newsabdab/sabpred/anarci/) was used
to annotate equivalent antibody residue positions enabling the
comparison of conserved amino acid residues in the hyper-
variable CDRs loops following the canonical IMGT numbering
scheme (45). Obtained annotations were used to cluster mAbs
sequences in clonotypes having identical V-] genes and maximum
1 aa mismatch over 12 residues in CDR3 (46). We grouped
sequences based on the heavy chain only, this one being usually
assumed to contribute more to the epitope binding. All the data
processing and clustering was performed in Python (v3.9.12) with
the Scikit-learn (v0.24.1) package (https://doi.org/10.48550/
arXiv.1201.0490). The Plotly (v5.9.0) package (https://plotly.com/)
was used for visualization, while the clonotype network was realized
with the NetworkX (v.2.6.3) package (https://networkx.org/).

Computational structure modeling and
docking experiments

PorB forms trimer on the bacterial surface as well as in the
available X-ray structure (PDB: 3VZT). The whole trimeric
organization was used in the docking set up but only the monomer
unit was considered as binding partner. Similarly, only the variable
domain of the antibody was docked. The New Zealand 98/254 MenB
PorB 3D structure was modeled with AlphaFold2 multimer protocol
showing an RMSD of 2.68 A compared to the experimental structure
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publicly available (PDB: 3VZT) and highlighting the conformational
variability of the loop regions. The HumAbs were modeled with
DeepAb (47) by applying the default protocol.

We docked the 18 selected mAbs to the modeled trimeric PorB
with version 2.4 of the HADDOCK software (48). The binding site
on PorB was defined as the solvent-exposed loop regions with
respect to the embedded transmembrane part. The paratope region
of the selected mAbs was identified with Paragraph (49) and defined
in HADDOCK as “active” while the epitope regions on PorB as
“passive”, meaning the paratope region needed to make contact
with at least one of the PorB residues and there was no penalty if it
didn’t contact them all, allowing the HumAb to freely explore the
binding loops. All three docking iterations (namely it0, itl, and
water) were performed generating 1000, 400, and 200 poses
respectively using the default values and scoring function.
Clustering was performed based on backbone RMSD with a
distance cutoff of 5 A on the latest 200 generated poses. Finally,
the lowest score was used to select the “best cluster” as the most
antigen/antibody interaction representative.

10.3389/fimmu.2025.1565862

Results

Isolation of plasmablasts from blood of
4CMenB vaccinees identifies 100 OMV-
specific HumAbs

To interrogate the human B cell responses to the OMV
component of 4CMenB, we screened Peripheral Blood
Mononuclear Cells (PBMCs) from multiple subjects after
vaccination with 4CMenB formulations for OMV-specific
Plasmablasts (PBs). PBMCs from 56 adult subjects immunized
with the 4CMenB vaccine formulations were collected 1 week
after the last vaccine dose. The percentage of OMV-specific PBs
in the total population of PBMCs from each subject was measured
by ELISpot analysis. We observed some heterogeneity in the
frequency of OMV-specific PBs among the different subjects,
which ranged from more than 20% in a few subjects to less than
5% in half of the individuals (Supplementary Figure S1). We
selected three subjects (Sbj 1-3) among those with the highest
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FIGURE 1

Western blot

Luminex beads conjugated to:
NadA, NHBA, fHbp, PorA, OMV and Protein A

168 4C-MenB positive supernatants

Exploitation of the human antibody repertoire induced by 4CMenB vaccination to elucidate the contribution of OMV component to cross-
protection. Plasmablasts (PBs) isolated from blood of selected subjects 1 week after the last immunization were single cell sorted (1), retrotranscribed
and IgG variable region of Heavy (VH) and Light (VL) chains were amplified and cloned into IgG1 expression plasmids. Minimal gene fragments to
allow recombinant mAbs expression (transcriptionally active PCR amplicons, TAP) were amplified and used to co-transfect mammalian cell line
Expi293 for small scale expression in 96w plates (2). Raw supernatants were tested in Luminex assay for IgG quantification and binding specificity of
the expressed HumAbs (3). 100 OMV-specific HumAbs were sequenced and unique HumAbs were expressed at larger scale and 58 purified HumAbs
were then tested on protein microarray and Western blot for target identification (4). HumAbs were further characterized and assessed for
functionality with different approaches (5). Created in BioRender. Cinelli, P. (2025) https://BioRender.com/vbcb0d5.
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frequency of OMV-specific PBs for which adequate PMBCs were
recovered for the following analyses. Interestingly, Sbjl and Sbj3
were immunized with the complete formulation of 4CMenB vaccine
(rMenB + 25 pg OMV), while Sbj2 received the formulation
containing % of the OMV dose (rMenB + 6.25 ug OMV).

For the identification of 4CMenB-specific PBs and OMV-
specific HumAbs we used the approach depicted in Figure 1. PBs
were stained and sorted by flow cytometry, from PBMCs of each of
the three subjects, as positive for CD27, CD38 and CD19 markers
and negative for CD20 and IgD receptor and were isolated as
single cells. The variable regions of paired heavy and light chains
(VH and VL, respectively) were amplified from single PBs and
ligated into linearized plasmids containing the constant chain of a
human IgG1 and the constant chain of human Igk, respectively.
The IgG1 constant chain included an Fc modification (E345R/
E430G or E345R/E430G/S440Y, Hexabody) to enhance
complement activation capability of mAbs (41) to increase the
possibility of identifying functional HumAbs in our screening. In
a second step, ligation products of paired VH/VL were further
amplified to produce Transcriptionally Active PCR (TAP)
fragments which were then used to transiently transfect the
mammalian cell line Expi293 for small-scale expression of the

FIGURE 2

Luminex analysis of binding specificity of TAP-expressed recombinant HumAbs derived from PBs isolated from three subjects immunized with
4CMenB. Representation of specificity distribution of recombinant HumAbs for the 4 main antigen components as well as PorA (NadA, NHBA-
GNA1030, GNA2091-fHbp, OMV, and recombinant PorA_P1.7 2.4), highlighted with different colors. Luminex beads were conjugated with each
component (GNA2091-fHBP, blue; NHBA-GNA1030, grey; NadA; red, and OMV from NZ98/254, green; and the recombinantly expressed PorA,
hashed green). Doughnut pies represent distribution and absolute numbers for each subject (N reported in the center of doughnut pies represents
the total number of 4CMenB-specific mAbs identified for the subject). Pie chart represents the overall distribution and absolute numbers of the 168

4CMenB-specific HumAbs identified.
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recombinant HumAbs. Raw supernatants containing secreted
antibodies were tested in two different Luminex binding assays:
a mono-plex assay with Protein A beads, to quantify the total IgG
content, and a multiplex assay with beads coated with fHbp,
NHBA, NadA vaccine antigens, the OMV component and the
PorA recombinant protein, to evaluate HumAb specificity for the
different 4CMenB components. A total of 1024 PBs were sorted
and their corresponding recombinant HumAbs were expressed
with a success rate of 98%, as revealed by a concentration of IgG >
1 ng/ml measured in the supernatant of 1004 transfected cells.
Among the 1004 IgG-positive supernatants screened, a total of
168, corresponding approximately to 16%, were positive for one of
the 4CMenB components as determined by the multiplex
4CMenB component Luminex assay. The distribution of the
overall and subject-related HumAb antigen specificity is
depicted in Figure 2. Overall, 100 out of the 168 HumAbs
(representing approximately 60% of 4CMenB-specific
antibodies) resulted positive for OMV (Figure 2, green) and,
quite surprisingly, only 11 of these recognized the recombinant
PorA protein, commonly considered as the immunodominant
antigen in the OMV (Figure 2, dashed green). The specificity of
the remaining HumAbs was distributed among the recombinant

m fHbp
W NadA
mNHBA
HOMV

% PorA
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antigens present in 4CMenB, with a slight prevalence for anti-
NadA mAbs (Figure 2, orange), in line with previous findings (5).

The entire set of OMV-positive supernatants, including those
specific for PorA, was tested for functionality in a bactericidal assay,
which measures the ability of the HumAbs to engage the
complement on the surface of the bacterium resulting in bacterial
lysis. The bactericidal assay was performed with two different
meningococcal strains: NZ98/254, the isolate from which the
OMV of 4CMenB are produced and which is the reference strain
for the vaccine PorA protein (P1.7 - 2.4), and the strain M07576,
mismatched for the PorA antigen (P1.22-2.14) and selected because
of its high susceptibility to the OMV-mediated killing from human
sera (16). These two strains were used to discriminate the PorA
contribution to bacterial killing. Out of 100 raw supernatants tested,
29 showed bactericidal activity at a dilution > 2 on the selected
strains, including 6 of the 11 PorA-positive HumAb supernatants
and 23 of the 89 OMV-specific supernatants (Supplementary Figure
S2). In general, all the PorA-specific HumAbs with killing ability
(Sbjl_mAbl, Sbjl_mAb23, Sbjl_mAb30, Sbj2_mAb9,
Sbj2_mAb29 and Sbj3_mAb3) exhibited higher bactericidal
activity towards NZ98/254 than MO07576. The other non-
bactericidal 5 supernatants were estimated at Luminex to have
low levels of expressed IgG (Supplementary Table 2). On the
contrary, all the other functional OMV-specific supernatants
surprisingly showed no or low activity against the NZ98/254
strain, with the exception of Sbjl_mAb16, and higher bactericidal
activity towards the M07576 strain, in line with the observation that
these HumAbs recognize a non-PorA meningococcal antigen. We
considered of lower interest HumAbs with high concentration in
the supernatant (>10 ng/mL), low signal in the Luminex binding
assay (<1000 MFI) and no bactericidal activity as raw supernatant.
Based on this assumption, we prioritized a subset of 66 HumAbs for
large-scale expression and purification, based on their positive
activity in the bactericidal assay in supernatants and/or their
relative binding signal on the vaccine OMV in the Luminex assay.

10.3389/fimmu.2025.1565862

Specificity of 4CMenB-induced HumAbs
revealed that PorB is a highly immunogenic
OMYV antigen able to induce bactericidal
activity

To further investigate the specificity and functionality of the
selected HumAbs, we cloned codon optimized gene fragments into
expression vectors and attempted their production at larger scale.
We successfully obtained 58 HumAbs in the recombinant form,
including two out of the eight PorA-specific HumAbs. The
specificity of the purified HumAbs was determined using a
protein microarray previously described (16), encompassing
approximately 30 of the most abundant proteins found in OMV
vaccine lots. All the purified HumAbs were tested at a normalized
concentration and results are summarized in Figure 3A and
Supplementary Figure 3. A total of 26 out of the 58 HumAbs
tested were able to recognize at least one antigen present on the
protein microarray. In particular, the most recognized antigen was
PorB, for which 18 antibodies resulted specific. The 2 HumAbs
previously defined as anti-PorA were confirmed by microarray
analysis able to recognize the PorA antigen either as recombinant
or when expressed in GMMA. Finally, the antigens RmpM
(NEIS1783), BamE (NEIS0196), PilW (NEIS1264), ComL
(NEIS0653) and the hypothetical protein NEIS1065 were
recognized by one single HumAb each, namely Sbj3_mAble,
Sbj3_mAb9, Sbjl_mAb22, Sbj3_mAb6 and Sbj3_mAb4
respectively (Figure 3A, Supplementary Figure 3). Interestingly,
12 HumAbs reacted positively only with the NZ98/254 OMV
suggesting that the target antigen was not represented in the
protein microarray, preventing its identification. Surprisingly, 22
of the tested HumAbs, almost 1/3, did not react with any specific
antigen nor with the NZ98/254 OMYV on the array, conflicting with
the Luminex results (Supplementary Figure 2). We hypothesized,
given the higher sensitivity of Luminex technique with respect to
the protein array, that these 20 HumAbs might have a target with
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Identification of HumAbs cognate target by protein microarray and Western blot. (A) Representation of the targets identified by protein microarray
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the horizontal axis (humbers reported in (A) are derived from data described in Supplementary Figure S3). (B) Western blot analysis of the only LOS-
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very low abundance in the OMV bacterial membrane and we did
not investigate them any further.

When multiple positive signals were obtained for the same
HumAb according to protein microarray screening, the specific
target was confirmed by Western blot analysis performed with
specific recombinant proteins, vaccine OMV (detergent extracted)
and/or OMV naturally released in culture supernatants during
bacteria growth and hereafter called nOMV (native outer
membrane vesicles) (Supplementary Figure 3B). Interestingly,
when the Sbjl_mAb24 was probed by Western blot it reacted
with two low molecular weight bands in both OMV preparations
(Figure 3B). This profile was compatible with the recognition of the
meningococcal lipooligosaccharide (LOS), that normally run in
SDS-page with apparent molecular weight between 3.5 and 10
kDa. In line with this, the bands were clearly visible in the nOMV
preparation and barely detectable in the OMV sample, in which the
LOS is largely lost due to the detergent extraction of
the preparation.

In conclusion, the protein microarray and Western blot
screening were instrumental in discovering the targets of 26
HumAbs identifying highly immunogenic antigens of the OMV
able to trigger potentially protective immune responses.

PorB- and LOS-specific mAbs show
bactericidal activity against a panel of
MenB strains

In order to investigate the functional activity of 36 cloned
recombinant antibodies, including the 12 OMV+ mAbs with
unknown targets and the 24 mAbs with known non-PorA targets,
a panel of 18 different meningococcal strains were selected
(Supplementary Table 3). The 18 MenB strains have been
previously shown to be susceptible to killing mediated by sera
from 4CMenB vaccinees but the bactericidal activity was largely not
expected to be mediated by the major antigenic vaccine components
(fHbp, NHBA, NadA and PorA) as these strains are largely
mismatched in the strain panel. In particular, 7 of the 18 strains
(namely M07 0241084, M07576, M09929, M08389, M14569,
M12898, and LNP24651) had previously shown susceptibility in
SBA to sera from infants vaccinated with 4CMenB formulation but
not with the rMenB formulation (fHbp, NHBA, and NadA only)
and were recently reported to be suitable OMV-indicator strains
(16). They include the PorB reference strains M07576 and M09929.
Five strains from Argentina that were MATS negative but showed
susceptibility to 4CMenB infant sera were included (50). In
addition, NZ98/254 as PorA indicator strain and M13520 and
MO07463, M13547, M08129 and M18717 were included as they
resulted susceptible in the serum bactericidal assay performed with
sera from 4CMenB vaccinated subjects.

In order to test the reactivity of the 36 HumAbs to surface
antigens across the entire panel of meningococcal isolates, we
generated a multi-strain OMV microarray from the panel for
high throughput simultaneous binding analysis with low amount
of HumAb. Native OMV (nOMYV) were purified from supernatants
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after bacterial growth and, following quality assessment, nOMV
were spotted onto nitrocellulose-coated glass slides along with the
NZ98/254 OMV component from 4CMenB as positive control. All
the HumAbs were then tested for binding on this multi-strain
microarray and their reactivity was assessed as mean fluorescence
intensity (MFI) values on each OMV sample. Hybridization results
are summarized in the heatmap of Figure 4A where almost all the
tested mAbs showed a signal higher than the cut-off on at least one
of the 18 nOMVs spotted on the array, exhibiting strain-specific
binding profiles. Around 50% of HumAbs were highly cross-
reactive, showing binding on most of the tested strains, even if
with different intensities. Only the PilW- and ComL-specific mAb
did not react with any OMV on the array.

Based on the results of the OMV array, the 36 mAbs with
positive signals were tested for functionality in a bactericidal assay
in presence of a rabbit complement source on the strains for which
they showed recognition (Figure 4B). Six of the 12 mAbs with
unidentified target showed no bactericidal activity on any of the
tested strains, while the remaining 6 were able to kill at least 3
strains. The highest bactericidal activity across the panel of strains
was observed with Sbjl_mAbl6, exhibiting cross-killing on all of
the 17 tested strains. The 5 HumAbs with known protein target (i.e.
PilW, RmpM, BamE, ComL, and NEIS1065) did not show any
bactericidal activity on the tested strains, while the LOS-specific
HumAb Sbjl_mAb24 was able to mediate bactericidal killing on
four of the five Argentinian strains tested. Interestingly, our analysis
revealed that all the anti-PorB mAbs were able to kill at least one of
the MenB strains tested, with the majority of HumAbs (12 out of
18) being cross-functional on more than 3 strains. Hierarchical
clustering of the PorB-specific mAbs based on their binding and
killing features revealed three major groups, as shown in Figure 4.
Cluster 1, constituted by a single HumAb (Sbj2_mAb13) was able to
kill all the MenB strains recognized on the OMV array. Cluster 2
included 6 HumAbs from Sbj1 and 1 HumAb from Sbj2, and while
these mAbs recognized the majority of the strains on the OMV
array they were able to kill only a subgroup of them which included
most of the Argentinian strains tested. Cluster 3, composed of 10
HumAbs from subjects 2 and 3, whose mAbs were able to recognize
areduced number of strains on the array and to kill mainly the PorB
reference strains M07576 and M09929. Overall, we observed that
PorB HumAbs with similar cross-binding and cross-killing
behaviors isolated from different subjects could be grouped by
these features.

From this analysis, the correlation between OMV binding and
the bactericidal activity on the corresponding strain of our HumAbs
existed only for cluster 1 mAb, Sbj2_mAb13. The strains M07576
and M09929, that are considered reference strains for PorB-
mediated killing were indeed recognized and killed by almost all
the PorB-specific mAbs tested (except for Sbj3_mAb5, that did not
show functional activity on M09929). However, we identified
strains that were recognized by almost all HumAbs on the OMV
array (such as M14569, M07 241084 and LNP24651) but were only
killed by one HumAD in bactericidal assay. On the other hand, we
identified some highly cross reactive mAbs (such as the mAbs in
Cluster 2 and the Sbj3_mAbl14 in Cluster 3) that were able to kill
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relative strain.

only a subset of the recognized strains. This lack of consistency
between binding to the OMV and killing of the corresponding
strain for the PorB-specific mAbs could be ascribed to a low
accessibility or density of the mAbs to PorB on the bacterial
surface, suggesting that PorB per se might be accessible on the
bacterial surface but in an epitope-dependent manner.

Characterization of PorB-specific mAbs
binding on meningococcal strains

To further characterize the accessibility of the PorB protein on
the bacterial surface of different meningococcal strains, we selected
a subset of 13 PorB-specific mAbs, representative of the different
behaviors observed, and analyzed 5 strains with different
susceptibility to PorB-mediated killing by FACS surface staining
experiments. Bacteria were collected in early exponential phase and
incubated with the monoclonal antibodies. The binding of the
mAbs to the different strains was then revealed using
fluorescently labelled secondary antibodies. Secondary antibody
alone, as well as an unrelated mAbs, were used as negative
controls. As shown in Figure 5A, FACS experiments revealed not

Frontiers in Immunology

11

only that the accessibility of PorB is different among different
strains, as we might expect, but also that the bacterial population
in the same preparation is not homogeneous for the accessibility of
this antigen. The strain M09929 was recently shown to be sensitive
to PorB-dependent killing and, in line with this finding, all the
mAbs but one (Sbj3_mAb5, not bactericidal on this strain) were
able to bind the surface of this strain. On the contrary, the NZ98/
254 strain, that shared an identical PorB (variant 3.42), was negative
for the majority of the tested mAbs, in line with the already
described low accessibility of PorB on this strain (16). The only
HumAb tested able to bind more than 50% of the bacterial
population for this strain was Sbj2_mAbl13 (cluster 1), that
resulted also the only one bactericidal on this strain. Interestingly,
another 4 weakly FACS-positive mAbs on NZ98/254 were able to
recognize less than 50% of bacteria after staining. The LNP24651
strain, that carried a different PorB variant (PorB 3.63) and was a
strain resistant to PorB-mediated bactericidal killing with the mAbs
identified in this study, was also poorly recognized by the HumAbs
except for Sbj2_mAb13 (Cluster 1) which kills this strain. As for the
strains M12898 (bearing a similar PorB3.63 to LNP24651), and
M18711 (bearing a different PorB3 variant) the binding pattern
observed in FACS with the panel of mAbs was more heterogeneous:
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Accessibility of HumAbs epitopes on different MenB strains: (A) FACS analysis of 13 PorB-specific HumAbs binding to the surface of 5 MenB strains.
On the X axis are reported the 5 different MenB strains and the PorB variant expressed. On the Y axis is reported, for each strain, the percentage of
bacteria showing a fluorescence intensity superior to the secondary mAb alone when incubated with the different strains. Full circle represents the
only HumAb belonging to Cluster 1 (Sbj2_mAb13). (B) Histograms showing the binding profile of 3 representative HumAbs on the MenB strain
M18711 and identified by asterisks in panel A: the upper panel (*) shows the binding profile of a HumAb binding the surface of the whole bacterial
population (Sbj2_mAb4); the central panel (**) shows the binding profile of a HumAb able to bind the surface of almost 50% of the bacterial
population with good intensity, while the remaining 50% of the population is almost completely negative (Sbj3_mAb5); the lower panel (***) shows
the binding profile of a HumAb not binding the selected strain (Sbjl1_mAb19). (C) Immunogold analysis of the binding profile of 3 representative
HumAbs on the MenB strain M18711: the upper panels shows the binding profile of a HumAb binding the surface of the whole bacterial population;
the central panel shows the binding profile of a HumAb able to bind the surface of almost 50% of the bacterial population with good intensity, while
the remaining 50% of the population is almost completely negative; the lower panel shows the binding profile of a HumAb not binding the selected

strain. Two representative images are reported for each HumAb, black bar represents 100nm.

we observed the three representative binding patterns, 1) mAbs able
to bind the entire bacterial population (*), 2) mAbs able to bind only
a sub-population of bacteria, around 50% or less (**), and 3) mAbs
that were largely negative (***) (Figure 5A). Figure 5B shows the
MEFI per count FACS scan for 3 mAbs with representative binding
patterns on the strain M18711, highlighting the diverse FACS-
positive subpopulation patterns. This different binding behavior of
HumAbs was confirmed by immunoelectron microscopy (IEM)
analysis (Figure 5C), in which we clearly see a mixed population of
gold-particle coated or negative bacteria for the weakly FACS
positive mAb with intermediate binding around 50% or less (**).
This is indicative of a bi-phasic behavior in which bacterial
subpopulations within the same strain exhibit binding or no-
binding and interestingly this bi-phasic behavior is measured only
for the cluster 2 and cluster 3 mAbs, and not for cluster 1 which
binds highly and kills all strains tested. We interpret this biphasic
behavior of the PorB mAbs to suggest that the accessibility of PorB
epitopes on the surface of different meningococcal strains could be
masked by other membrane components that seem subjected to
phase variation.

VH4 and VH3 gene families dominate the
PorB-specific mAbs repertoires
We analyzed the PorB mAbs of the three clusters identified by

functional data clustering in terms of gene usage and sequence
heterogeneity (Supplementary Table 5). To shed light on their
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sequence characteristics, we performed multiple sequence
alignments of CDR3 regions (Figure 6A) and clonotype analysis
of mutations and the variety of V-J genes pairing were sufficient to
segregate the sequences into multiple clonotypes (Figure 6B). The
10 mAbs in cluster 3 showed high diversity both in terms of CDR3H
aminoacidic sequence length and identity (Figure 6A) as well as
diversity in VH gene usage (Figure 6B) since sequences are spread
across VH1, VH3 and VH4 gene families. Three mAbs shared the
same VHI1-69 gene, one mAb used a different VH1 family gene
(VH1-18) while the rest of members mainly used different VH3
family genes and one of VH4 family (VH4-30-4). Conversely,
cluster 2 mAbs showed highly polarized VH usage and were all
rearranged with the VH4-34 germline, often pairing with same light
chain V gene (VL1-51) (Supplementary Table 5). Furthermore
cluster 2 exhibit high CDR3H sequence similarity (Figure 6A).
This may be related back to the origin of the monoclonals, with 6
out of the 7 sequences coming from the same donor Sbjl and being
identified by clonotype analysis as one large clonal family within the
VH4-34 germline (Figure 6B).

In silico docking of PorB-specific HumAbs
on NZ98/254 PorB model reveals different
loops preferentially bound by the 3
clusters

To better understand the possible implications, in terms of
physico-chemical and structural properties, of the observed
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mutations, we decided to further investigate them through
computational structure modeling and docking experiments.
Given the results described before, we were interested in better
defining the epitopes recognized by the diverse clusters of mAbs on
PorB. With this aim, the 18 PorB-specific mAbs were further
analyzed with an in-silico docking approach to the immunogen
PorB protein of the NZ98/254 strain. The foundation for each
docking analysis requires the molecular structures and as diverse
PorB allele structures have been solved and characterized as
trimeric (51-53), we employed AlphaFold2 Multimer to
computationally predict a trimeric conformation of the NZ98/254
PorB allele. As shown in Figure 7A, the resulting model is a trimeric
complex with 6 out of 8 loops located in the outward facing portion
while loop2 and loop3 remain inside the $3-barrel, with the first
located at the interface between the monomers. A total of eight
regions were identified as potential binding sites, defined by the

10.3389/fimmu.2025.1565862

following aminoacidic positions: 39-46 (loopl), 81-95 (loop2), 113-
143 (loop3), 164-176 (loop4), 197-210 (loop5), 234-249 (loop6),
270-284 (loop7) and 309-319 (loop8) (Figure 7A). For the structural
prediction of the paratope region from each of the HumAb
sequences, DeepAb, an AI algorithm specific for antibody
modeling that provides a highly confident estimation of the
CDR3 region, was used while the paratope region was predicted
with Paragraph (54) on the generated models. Each of the 18 PorB
mAbs paratope structures were docked to the modeled trimeric
PorB with multiple iterations of the HADDOCK software, and the
docking interface for each HumAb/PorB pair was identified as the
functional cluster giving rise to the lowest energy pose and therefore
the most representative antigen/antibody interaction. Figures 7B-D
shows the docking analysis with individual histograms for the highest
relative number of poses (Y axis) on each aminoacidic position
of PorB (X axis) for the each HumAb from cluster 1 (Figure 7B),
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Sequence analysis of PorB-specific HumAbs: (A) Heavy and Light chain CDRs sequence alignment of PorB-specific HumAbs. Sequences are grouped
according to the 3 identified functional clusters of the HumAbs and vertically ordered, inside the same cluster, according to length and similarity of
the Heavy chain CDR3 (CDR3H). Different colors within each box differentiate CDRs with at least one mutation at residue level. Gap positions (-) are
inserted according to ANARCI alignment at cluster level following IMGT numbering scheme. (B) Clonotypes network of HumAbs identified in this
study in a 2D map representing Heavy chain sequences properties. HumAbs, each represented by an individual symbol, are closer in the map if they
share the V family, V gene and J gene, as well as if they have similar CDR3 sequence. Symbols connected by a solid black line are assigned to the
same clonotype. Groups of mAbs using the same Heavy chain V gene family are surrounded by a dashed circle reporting the corresponding family
label. Orange, lilac and green color of each symbol indicates the functional cluster of the PorB-specific mAbs while blue identifies the LOS-specific
mAb and grey identifies mAbs with other specificity. The shape indicates the subject from which each mAb has been isolated while the red edge
line identifies mAbs resulted bactericidal against Gonococcus FA1090 strain.
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cluster 2 (Figure 7C), and cluster 3 (Figure 7D), highlighting the loops
with which they interact and the likely epitopes for each. The
Sbj2_mAbl13 HumAb (cluster 1) showed a preferential binding on
the NZ98/254 PorB loop5 (Figure 7B) and the epitope is highlighted
in Figure 7E (left panel). Binding profile analysis conducted on the
best docking pose from mAbs from cluster 2, composed of mAbs that
showed high sequence similarity for both heavy and light chain CDRs
(Figure 6A), revealed a preferential interaction with the PorB loop7,
that was bound by all HumAbs mostly as single loop (5/7 tested
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mAbs) or in combination with PorB loop3 (2/7 tested mAbs)
(Figures 7C, E, central panel). The third cluster (Cluster 3) includes
HumAbs exhibiting high sequence heterogeneity for both heavy and
light chain CDRs (Figure 6A), and, not surprisingly, in silico docking
revealed a mixed PorB binding profile (Figure 7D): the most
representative group of mAbs (5/10) interacted with PorB loop8
alone or in combination with loop7; another group of mAbs (4/10)
that interact with PorB loop7 alone or in interaction with loop6; and
one that interacts with loop6 only. While the docking highlights
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FIGURE 7

Representation of AF model of trimeric PorB NZ98/254 and in silico binding profile analysis of anti PorB HumAbs: (A) AF2 multimer model of PorB
forming a trimer. The whole model is represented in white cartoon and surface while the 8 loops facing outwards the OM are highlighted with
different colors on all the three monomers (left) or only on one monomer (right) to highlight the trimeric assembly of PorB. Loops are colored as
follows: loopl in light green, loop2 in medium purple, loop3 in brown, loop4 in orange, loop5 in green, loop6 in dark slate gray, loop7 in light blue
and loop8 in dark blue. Binding profile analysis conducted on the best docking pose of each HumAb (reported below in the histogram) for each of
the PorB HumAbs functional clusters: (B) cluster 1, (C) cluster 2, and (D) cluster 3. Histograms represent the relative number of poses (Y axis) for the
individual HumAbs on each aminoacidic position (X axis), color bars highlight the interacting loop. (E) Structural models with the loops preferentially
interacting with each HumAb cluster highlighted (loop5 for cluster 1 on the left, loop7 for cluster 2 in the middle and loop 8 for cluster 3 on

the right).
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heterogeneity of the epitopes from this cluster, in line with the
heterogeneity of the functional responses observed, the most
representative epitope from this cluster, loop 8, is highlighted in
Figure 7E (right panel).

PorB and LOS HumAbs are able to bind
multiple gonococcal strains and are
bactericidal against Neisseriae gonorrhoeae
FA1090 strain

Our results suggest that HumAbs elicited by 4CMenB against
PorB and LOS may enhance the breadth of coverage of this vaccine
on meningococcal strains. To investigate whether HumAbs
identified in our study against these antigens may be involved in
the cross-protection against Gonococcus induced by 4CMenB
vaccination in humans, we investigated binding and functional
activity of the HumAbs against gonococcal strains. An OMV
array printed with native OMVs purified from 23 different
gonococcal strains, representative of both laboratory and
circulating strains, was used to screen gonococcal surface antigen
binding of a subset of 13 PorB-specific mAbs belonging to all the 3
clusters, together with the only LOS-specific mAb identified in this
study. Five PorB mAbs belonging to clusters 1 and 2, and the LOS-
specific HumAb, were able to recognize OMV derived from the
selected N.gonorrhoeae strains (Figure 8A, red heatmap), with
different binding profiles. Interestingly, cluster 1 did not show

10.3389/fimmu.2025.1565862

binding to OMV from the PorBIA strains in the panel (SK92-
679, WHO-N and BG11), while some cluster 2 mAbs bound both
PorB1B and PorB1A, and cluster 3 did not bind gonococcus OMV
at all. We tested the ability of the 6 mAbs to kill the gonococcal
strain FA1090 through a bactericidal assay performed with human
serum as complement source. Three PorB-specific mAbs (from
cluster 2) and the LOS-specific mAb showed bactericidal activity on
FA1090 (Figure 8A, green heatmap), suggesting that PorB and LOS
antibodies may cross-bind and kill gonococcal strains with cross-
recognized epitopes adequately presented on their surface.

Identification of the LOS epitope bound by
the 4CMenB-elicited by the Sbjl_mAb24
cross-functional mAb

LOS from meningococcus and gonococcus share partial
similarity (55, 56) and consist of a lipid An anchor connected by
a heptose (Hep) and KDO containing inner core to the outer
oligosaccharide extensions. The biosynthesis of LOS in Neisseria
spp is under the control of phase variable gt genes (57) and can be
synthesized with diverse oligosaccharide structures, depending on
the complement of LOS biosynthetic genes expressed in each single
bacterium (Figure 8B). While the y-chain is constant, the IgtG
phase-variable (PV) gene controls the B-chain glycan extension
from the Hep2 core heptose and the PV IgtA, IgtC and IgtD genes
control o-chain glycan extensions from the Hepl core heptose and
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Characterization of HumAbs on N.gonorrhoeae: (A) Binding and functionality of PorB- and LOS-specific mAbs on gonococcus: red heatmap on the
left represents the reactivity (MFI) of the 14 HumAbs (13 PorB specific and 1 mAb directed against LOS) against OMV from the 23 selected
gonococcal strains. White boxes represent values below cut-off of positivity (MFI < 5000). Green heatmap on the right shows the EC50 of each mAb
against FA1090 gonococcal strain. White boxes represent EC50 higher than the cut-off of 150 ug/ml, while light grey boxes indicate mAbs not
tested in SBA. (B) Schematic representation of gonococcal LOS structures, with the 3 chains boxed with different colors and the relevant (gt genes
involved in its biosynthesis reported in the respective attachment sites. The alternative a-chain, through activity of the [gtC gene, is highlighted by
dotted line and nominated the 3Hex structure. (C) Binding profile of LOS-specific mAb Sbjl_mAb24 on a panel of 8 different gonococcal mutant
strains on the MS11 genetic background, each one exposing largely a single LOS structures reported in the legend. (D) Identification of the putative
epitope recognized by the LOS-specific mAb Sbjl_mAb24 based on the Western blot results. Created in BioRender. Cinelli, P. (2025) https://

BioRender.com/9k43x2j.
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depending on which Igt genes are expressed may be of variable
length or consist of an alternate o-chain structure. As a result of PV
Igt genes LOS structures expressed by Neisserial strains may vary
considerably. In order to define the putative LOS epitope recognized
by the specific Sbjl_mAb24 antibody, we performed Western blot
analysis on 8 different MS11 gonococcal strains genetically
engineered to express only one LOS structure (58). In each MSI11
mutant strain, the phase variable lgt loci (IgtA, C, D and G) were
genetically fixed either ‘ON’ or ‘OFF in different combinations
giving rise to 8 possible glycan structures characterized by different
number of hexose (Hex) sugars in the o-chain (2Hex, 3Hex, 4Hex
and 5Hex), with or without the B-chain (B+ or -, respectively) as
represented in Figure 8B. Western blot analysis showed that the
Sbjl_mAb24 HumAb was able to recognize LOS structures
characterized by 4 or 5 hexoses in the o-chain (4Hex and 5Hex),
regardless of the presence of the B-chain, while it did not cross-react
with the shorter 2Hex and 3Hex structures (Figure 8C). This
binding profile was consistent with the LOS structure present on
the 4CMenB OMV component as the NZ98/254 MenB strain
expresses mainly L1 and L3,7,9 LOS, the latter of which consists
of the extended a-chain (7). We conclude that the specific epitope
recognized by the Sbjl_mAb24 HumAb is likely contained in the
extended o-chain mADb between the 2Hex and 4Hex structures and
consisting of the GIcNAc-Gal sugar moiety, as highlighted
in Figure 8D.

Discussion

Real world evidence from different countries have demonstrated
that OMV-based vaccines can provide broader than expected
protection against meningococcal disease (27) and moderate
protection against gonorrhoeae (59). To assess the breadth of
coverage of the OMV-based MenB vaccines, the immunogenicity
profile of different OMV formulations have been analyzed and
many OMV components other than PorA have been previously
identified as immunogenic (16, 60, 61). Recent studies have focused
on identifying the contribution of the OMV component of 4CMenB
to the full extent of protection against different N.meningitidis
strains (13, 16) as well as cross-reacting proteins in gonococcal
strains (38). In this study, we isolated 36 OMV-specific HumAbs
from sorted plasmablasts of three 4CMenB vaccinees in order to
identify the target OMV antigens of antibodies that may be
responsible for cross protection in humans. The dissection of
their target specificity allowed us to identify, in addition to PorA,
seven OMV immunogenic antigens, and among those already
known - PorB, RmpM, BamE and LOS - we identified the novel
immunogenic antigens NEIS1065, PilW and ComL proteins.
Interestingly, while the target antigens of one third of the mAbs
remain still unidentified, half of the characterized antibodies
resulted specific to the Porin B, confirming that this antigen
elicits strong responses in humans, unsurprisingly as it is the
most abundant OMV antigen estimated around 40% of the total
protein, as opposed to 25-30% measured for PorA of the OMV
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protein content (62). All 18 PorB HumAbs were bactericidal for at
least one MenB strain in our OMV-indicator strain panel and, in
addition, a single LOS HumAb was also identified as bactericidal.
Therefore, through B cell cloning of HumAbs from plasmablasts
collected 1 week after 4CMenB vaccination we identified PorB and
LOS as antigens in the OMV that elicit functional bactericidal
responses and likely contribute to cross protection across MenB
strains. The identification of PorB as a bactericidal antigen of the
OMV is in agreement with recent work by Viviani and co-authors,
where both PorB and OpcA were identified as antigens eliciting
responses contributing to the 4CMenB cross-coverage in humans,
while NspA was able to mediate bactericidal killing in immunized
mice. We did not however identify any HumAb specific for OpcA
or NspA. The identification of 6 bactericidal HumAbs with
unknown targets suggests that there may be other minor antigens
contributing to 4CMenB protective responses in humans and in
particular the highly cross-reactive Sbjl_mAbl6 HumAb appears
very interesting as it targets a common antigen across diverse MenB
strains. However, we cannot exclude that these mAbs may recognize
conformational epitopes that are not faithfully maintained in
recombinantly produced proteins of the microarray or Western
blot and these will be the focus of future studies.

The lack of functionality of the RmpM, BamE, NEIS1065, PilW
or ComL specific mAbs, despite complement activation mutations
included in the Fc portion of the recombinant antibodies, suggests
that, although these OMV antigens are immunogenic in humans,
their expression levels on bacterial surface may be insufficient to
trigger, at least alone, the complement cascade leading to
bacteriolysis. However, these antigens may contribute to
cooperativity or synergy occurring in polyclonal responses
following 4CMenB vaccination (13). We know indeed that the
combination of multiple HumAbs, targeting the distinct fHbp and
NHBA antigens, while not bactericidal alone, act synergistically in
the killing when combined (5, 63).

Through hierarchical clustering of binding and functional
behavior and in silico docking experiments of the 18 PorB
HumAbs, we show that PorB in the OMV may have multiple
immunodominant epitopes driving distinct antibody features. In
silico docking analysis of the binding profile of each mAb suggested
loop5, loop7 and loop8 on PorB as the prevalent targets of mAbs
belonging to cluster 1, 2 and 3, respectively. Only the unique
HumAb belonging to cluster 1 (Sbj2_mAb13) showed bactericidal
activity for each of the strains to which it bound suggesting that its
predicted epitope, loop5, is highly accessible on the bacterial surface
of these strains. Conversely, FACS and EM data showed that the
accessibility of epitopes bound by HumAbs belonging to clusters 2
and 3 was variable among different strains, even bearing the same
allele of PorB, but also within the same bacterial population. These
PorB HumAbs demonstrated biphasic behavior, either binding or
not binding to distinct subpopulations within each strain, and as
PorB itself is not phase variable the data suggest that loop7 and
loop8 accessibility may be masked by another membrane
component subject to phase-variation. This different accessibility
of PorB on distinct strains has been reported previously (16, 64) and
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the lack of epitope exposure has been hypothesized to be a shielding
effect of the carbohydrate chains of LOS possibly combined with
short extra-cellular loops in the PorB protein. Our data demonstrate
that the shielding is phase variable and as such may be dependent
on phase variable nature of LOS or indeed decorations such as
phosphoethanolamine which is also known to be under phase
variation (65). Importantly, different loops showed different
accessibility in our experiments and the unique HumAb
Sbj2_mAbl3 from cluster 1 does not appear to exhibit this
behavior, suggesting that not all epitopes of PorB may be
susceptible to phase variable masking.

Interestingly, all the PorB-specific HumAbs belonging to cluster
2 and two of those belonging to cluster 3 were able to recognize and
kill the Argentinian strains tested in this study, together with the
LOS-specific mAb, suggesting that multiple non-PorA components
of the OMV of 4CMenB contribute together to the cross-coverage
of the vaccine on these strains. These strains belong to the ST-865
complex, which was reported by Efron and co-authors as
susceptible to 4CMenB-induced killing despite the lack of
coverage predicted by MATS (50). The MATS assay predicts the
potential coverage of a strain based on the presence and sero-
conservation of the 4 main vaccine antigens expressed in the strain
and here we revealed that PorB and LOS responses elicited by the
OMYV may be responsible for the 4CMenB coverage of these strains.
Real world evidence showed that protection conferred by 4CMenB
is broader than what is predicted by current typing methods for
circulating strains (11, 12) and has the potential to provide some
protection beyond MenB disease (19) and cross-protecting
responses to OMV antigens such as PorB and LOS may be
responsible for some of this.

Multiple post-implementation surveillance studies revealed a
decline in gonorrhea rates in subjects immunized with OMV-based
meningococcal vaccines, such as 4CMenB and MeNZB, possibly
due to cross-protection induced by similar components on the
surface of meningococci and gonococci (19, 27, 30-33). Preclinical
studies showed that antibodies induced by the OMV-based vaccine
recognized gonococcal surface antigens (37) and 4CMenB
immunization of mice accelerated clearance of the infection after
gonococcal challenge (38). Our results show that despite only
moderate homology (67% identity) between PorB3 of the OMV
and gonococcus PorB1B, anti-PorB mAbs belonging to Cluster 2,
together with the LOS-specific HumAb, could recognize several
laboratory and circulating gonococcal strains (both PorB1A and
PorB1B) and effect bactericidal activity against FA1090 gonococcus
strain. While the serum bactericidal antibody assay is the “gold
standard” for measuring serologic protection against Neisseria
meningitidis (66), there is no such correlate of protection for
gonococcus. However, the cross functional activity of these
4CMenB HumAbs suggests that these antigens could be
implicated in the cross protection observed after vaccination with
4CMenB or indeed MeNZB against gonococcal infections.
Complement-mediated killing has been implicated as important
for protection against gonococcus, and the 2C7 mAb to LOS is
bactericidal in vitro and has been shown to be protective in mouse
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models (67). The cross functional PorB HumAbs that result
bactericidal against gonococcus were all members of a VH4-34
clonal family in cluster 2, all elicited from Sbjl. In a parallel study
isolating OMV-specific HumAbs from memory B cells from
4CMenB vaccinees and selecting specifically for gonococcal-
specific HumAbs, intriguingly the same 2 antigens PorB and LOS
have been identified as the target antigens and all of the functional
PorB HumAbs were from the VH4-34 germline (Troisi, Fabbrini
et al., 2023, bioRxiv, https://www.biorxiv.org/content/10.1101/
2023.12.07.570438v1). Therefore, despite interrogating a distinct
B cell set (memory B cells as opposed to plasmablasts) from
different subjects and using a distinct screening pipeline
(gonococcal-specific mAbs instead of meningococcal-specific)
both studies converged on similar results. Interestingly the LOS
mAbs isolated from both studies appear to recognize distinct
epitopes on the o-chain extended from the Hepl core, which is
within the L3,7,9 LOS immunotype expressed on the
meningococcal 4CMenB OMV component. Both LOS and PorB
antigens contribute to the ability of gonococci to resist
complement-mediated killing through complement negative
regulator engagement in gonococcus (68) and therefore targeting
immune evasion mechanisms may be an important strategy in cross
protection of 4CMenB and future gonococcal interventions.

The LOS HumAb isolated here with cross-functional bactericidal
activity binds an epitope consisting of the third and fourth sugars on
the o-chain extended from the Hep1 core. Interestingly, this epitope
is distinct from the epitope recognized by the bactericidal and
protective 2C7 mAb (69), which was isolated from hybridomas
after immunization of mice with gonococcus. This epitope has
been reported to be commonly present on gonococcus during
human infection (8). 2C7 recognizes an epitope engaging the first 2
sugars of both the oi-chain and B-chain (58). This suggests that the
4CMenB OMV may elicit cross-functional LOS antibodies and may
be distinct from those that are induced by the gonococcus, that can
cross react with gonococcal strains expressing similar LOS structures.
Furthermore, we show here that the PorB HumAbs responses are
multiple and predicted to have been elicited from multiple distinct
epitopes, however only the polarized VH4-34 response in individuals
leads to cross reactivity with gonococcus. There are some evidence
from the literature that anti-LOS and anti-PorB responses in humans
may be protective against gonococcus. In a study of human
experimental gonococcal infection, male volunteers who mounted
an anti-LOS response after gonococcal challenge were relatively
resistant to re-infection with the homologous strain supporting a
protective role for LOS antibodies (70). In a study in women with
recurring gonococcal infections, women subsequently infected with a
strain of the same PorB serotype were less likely to develop salpingitis,
suggesting that PorB responses may provide serotype-specific
protection against ascending gonococcal disease (71). Finally,
retrospective analysis on a failed vaccine human challenge trial
showed that the ratio of the concentration of PorB and LOS
antibodies to that of Rmp antibody (PorB-Ab + LOS-Ab/Rmp-Ab)
in the sera of the subjects was positively correlated with protection in
both vaccine and placebo recipients (72).
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In summary, this study along with others of its type are
revealing interesting results on antigens and epitopes elicited by
current vaccines such as 4CMenB, towards understanding the full
potential for OMV-based meningococcal vaccines to confer broad
protection against meningococcal disease and also against
N.gonorrhoeae infection. Given the lack of correlates of protection
against gonorrhea infection and slow progress in vaccine
candidates, these findings were both reminiscent of early studies
where anti PorB and LOS responses were investigated and
intriguing for future gonococcal vaccine design.
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