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Introduction: Limited protective immunologic responses to natural N.
gonorrhoeae infection and a lack of knowledge about mechanisms of
protection have hampered development of an effective vaccine. Recent
studies in humans and mice have found meningococcal outer membrane
vesicle-containing vaccines (OMV) induce cross species immune responses
against gonococci and are associated with protection. The exact mechanisms
or how humoral and cellular immunity are related to protection, remain unclear.

Methods: To study this, we immunized mice with two meningococcal OMV-
containing vaccines known to accelerate clearance of N. gonorrhoeae, 4CMenB
and OMV from an engineered N. meningitidis strain lacking major surface
antigens PorA, PorB, and Rmp (MC58 AABR). We assessed serologic and
cellular immune signatures associated with these immunizations and assessed
bacterial clearance in the mice using a vaginal/cervical gonococcal
infection model.

Results: Mice immunized with 4CMenB or MC58 AABR demonstrated shortened
courses of recovery of vaginal N. gonorrhoeae compared to control mice
immunized with alum alone. Vaccination with 4CMenB or MC58AABR OMV
elicited serum and vaginal cross-reactive anti-Ng-OMV antibody responses that
were augmented after vaginal challenge with N. gonorrhoeae. Further,
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splenocytes in 4CMenB and MC58 AABR immunized mice exhibited elevated
cytokine production after restimulation with heterologous N. gonorrhoeae OMV
when compared to splenocytes from Alum immunized mice. We further tested
for correlations between bacterial burden and the measured anti-gonococcal
immune responses within each vaccination group and found different
immunologic parameters associated with reduced bacterial burden for
each vaccine.

Discussion: Our findings suggest the cross-protection against gonococcal
infection induced by different meningococcal OMV vaccines is likely
multifactorial and mediated by different humoral and cellular immune
responses induced by these two vaccines.

Neisseria gonorrhoeae, vaccine, Neisseria meningitidis, outer membrane vesicle (OMV),

correlates of protection

1 Introduction

Neisseria gonorrhoeae is a highly prevalent bacterial sexually
transmitted pathogen that can cause both symptomatic or
asymptomatic infection of the genital tract and other mucosal
surfaces. N. gonorrhoeae infection is typically treated with
antibiotic therapy, but the pathogen has remarkable capacity for
the development of antibiotic resistance. N. gonorrhoeae isolates
with resistance to all classes of antibiotic used to treat these
infections have been identified (1). Vaccines would be the most
efficient way to mitigate antimicrobial resistance. Despite the urgent
need, the development of N. gonorrhoeae vaccines has been
hindered by a lack of understanding of how host immunity
eliminates this pathogen and provides protection. Recurrent
infections with N. gonorrhoeae are common, and it is believed
that most humans infected with N. gonorrhoeae fail to develop
protective immunity. Natural immune responses to infection in
female mouse models of gonococcal infection are also inadequate to
drive protection (2). However, when vaginal immune responses are
driven toward Thl polarization through blockade of endogenous
IL-17 polarizing cytokines or through administration of Thl
polarizing cytokines, accelerated clearance of the bacteria has
been observed (3-5). The protection observed in these murine
studies required intact serologic and cellular immune functions.

For many years, gonorrhea vaccine research efforts struggled
after failure of a vaccine against the N. gonorrhoeae pilus in field
trials suggested phase variable expression and antigenic shift of
gonococcal surface antigens could prevent the human host from
mounting key protective immune responses (6). In recent years,
retrospective case-control studies have found a reduction in the
incidence of gonorrhea following vaccination with meningococcal
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serogroup B OMV containing vaccines. Although the estimated
efficacy of these vaccines in preventing gonococcal infection is
relatively low, ~30-40% effectiveness, this epidemiologic evidence
of vaccine induced cross-species protective immunity has
reinvigorated the gonococcal vaccine field (7-13). Unlike capsular
polysaccharide-based meningococcal vaccines, group B
meningococcal OMV vaccines target cell surface proteins (14-16).
Because Neisseria gonorrhoeae and Neisseria meningitidis are closely
related, sharing between 80 and 90% genome sequence identity,
their OMV contain numerous conserved vaccine candidates,
including proteins and glycolipids (17-21). In theory, cross-
protective immunity could arise through the highly conserved
antigens shared by both species. Cross reactive serologic immune
responses against N. gonorrhoeae proteins in both humans and mice
immunized with a licensed OMV-containing vaccine has been
reported (22). Additionally, cross species immune reactivity to N.
gonorrhoeae has been observed in mice immunized with pre-clinical
stage OMV based vaccines generated from N. meningitidis strains
engineered to lack major immunodominant membrane antigens
(23). Mice immunized with either a commercial OMV-containing
MenB vaccine (4CMenB) through the subcutaneous route or a
preclinical MenB OMV vaccine through the intraperitoneal route
have been shown to have accelerated clearance of N. gonorrhoeae
infection but the immunologic mechanism driving this enhanced
clearance has not yet been determined. We sought to learn whether
the mechanisms of protection against N. gonorrhoeae driven by
these two different vaccine formulations administered through two
different routes could be determined by comparing an analysis of
humoral and cellular immune responses to each vaccine along with
clearance of N. gonorrhoeae after vaginal challenge in
vaccinated mice.
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2 Materials and methods
2.1 Bacterial strains and culture conditions

N. gonorrhoeae strains F62 and FA1090 A25 were used in
mouse intravaginal challenge, assays of serum bactericidal and
opsonophagocytic activity assays, and to generate OMV as
indicated. Gonococcal strains were cultured on GC base medium
(Difco) supplemented with Kellogg’s supplement I under 5% CO2
at 37°C. GC-VNCTS agar [GC agar with vancomycin, colistin,
nystatin, trimethoprim (VCNTS supplement; Difco) and 100 pg/ml
streptomycin (Sm)] and heart infusion agar (HIA) were used to
isolate N. gonorrhoeae and facultatively anaerobic commensal flora,
respectively, from murine vaginal swabs.

2.2 Experimental murine vaccination
and infection

All animal experiments were conducted at the Uniformed Services
University according to the guidelines of the Association for the
Assessment and Accreditation of Laboratory Animal Care using a
protocol approved by University’s Institutional Animal Care and Use
Committee. Female BALB/c mice [4-5 weeks, Charles River
Laboratories (Wilmington, MA)] were housed with autoclaved food,
water and bedding and allowed to acclimate to the animal facility for 10
days. Mice were immunized three times at 3-week intervals with 250 pL
of 4CMenB (BexseroTM, Glaxo Smith Kline) administered
subcutaneously, or with a 1:1 mixture of 12.5 ug MC58 AABR (24)
and Alhydrogel (InvivoGen) adjuvant administered intraperitoneally
[prepared as previously described (23)]; Alhydrogel (0.75 mg
Aluminum) diluted to 250 pL in Phosphate Buffered Saline
administered subcutaneously was administered as a control. Three
weeks after the last immunizations, mice in the diestrus stage of the
estrous cycle were identified by vaginal smear and intravaginally
challenged with 1x10° CFU of N. gonorrhoeae F62 as previously
described (22). Vaginal swabs were quantitatively cultured for N.
gonorrhoeae on days 1, 3, 5, and 7 post-inoculation and culture
results were expressed as CFU/ml of vaginal swab suspension (limit
of detection: 20 CFU). The immunization/challenge was performed
twice. In each experiment, fifteen mice were immunized in each
vaccine group and between 12 and 15 mice in each group were in
the correct estrus stage to undergo N. gonorrhoeae challenge. The
percentage of mice with positive cultures at each time point was plotted
using a Kaplan Meier curve and analyzed by the Log Rank test. N.
gonorrhoeae bacterial recovery and vaginal PMN counting area under
the curve (AUC) differences between multiple groups were performed
by ordinary one-way ANOVA with Tukey’s multiple comparisons.
Correlation analyses between bacterial burden and PMN levels used
Pearson Correlation Coefficient. Analyses were performed by
GraphPad Prism software (GraphPad Software, Version 9, La
Jolla, Calif)
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2.3 Enzyme-linked immunosorbent assays
and immunoblots

Microtiter plates (384-well) were coated with 80 ng/well of N.
gonorrhoeae strain F62 OMV, and total IgG, IgG1, IgG2a, IgG3 and
IgA antibodies from serum and vaginal lavage were measured by
standard ELISA (25) using a BioMek i7 liquid handler and isotype-
specific detection antibodies from Southern Biotech. Results were
reported as endpoint titer or EC50 of a 4PL curve fit using
GraphPad Prism software (GraphPad Software, v9 or higher).

Crude outer membranes from N. gonorrhoeae strain F62 were
prepared with deoxycholate and separated by electrophoresis using
single well gels (Invitrogen Cat# EC6026BOX). The separated
proteins were transferred to nitrocellulose membranes and
immunoblotting performed using a slot blot apparatus to allow
the single lane of proteins to be probed with each individual mouse
serum specimen. Immunoblots were developed by incubation with
horseradish peroxidase-conjugated anti-mouse IgG secondary
antibodies (Bio-Rad), followed by Pierce ECL Western Blotting
Substrate (ThermoFisher). The blots were imaged and band
intensities determined using the FlourChem E instrument
(Protein Simple). Antibody titers or levels, and immunoblot
intensity level differences among multiple groups were compared
by ordinary one-way ANOVA with Tukey’s multiple comparisons
using GraphPad Prism software (GraphPad Software, Version 9, La
Jolla, Calif). To assess the change in antibody levels post-gonococcal
challenge relative to pre-challenge levels, fold changes were
calculated using the formula post/pre and expressed on the log,
scale. The mean change in bacterial burden (AUC of log;, CFU)
with respect to antibody levels and immunoblot intensity was
assessed with simple linear regression and 95% confidence
intervals using STATA18.

2.4 Human complement serum
bactericidal assay

SBA was performed as described (26). In brief, twenty
microliters of 5 x 10* CFU/mL bacteria were suspended in 2%
bovine serum albumin in Hank’s Balanced Salt Solution containing
calcium and magnesium (HBSS; Gibco, Catalog # 14025-092), and
incubated with 20uL of heat-inactivated sera pooled from 4-6
immunized mice or control antibodies for 15 minutes at 37°C
with 5% CO,. IgG/IgM-depleted pooled normal human serum (Igd-
NHS, PelFreez Catalog #34010, Lot #28341) used as active
complement source was added at 4% final concentration. Samples
were mixed and incubated for another 30 minutes. Aliquots were
plated on GCB agar and incubated overnight. CFUs of test sera were
enumerated after overnight culture at 37°C with 5% CO,,
Differences in bactericidal titers were assessed by unpaired t and
Mann Whitney tests. Analyses were performed by GraphPad Prism
software (GraphPad Software, Version 9, La Jolla, Calif)
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2.5 Opsonophagocytic killing assay

OPK assays were performed using fresh human neutrophils as
effector phagocytes and C6-depleted pooled normal human serum
as a source of complement as previously described (26). Neutrophils
were purified from the venous blood of healthy human subjects who
provided written consent, following a protocol approved by the
University of Virginia Institutional Review Board for Health
Sciences Research (#13909). In brief, strain FA1090 bacteria (1000
CFU/well) in HBSS were incubated with 20uL of heat-inactivated
sera pooled from 4-6 immunized mice for 30 minutes at 37°C with
5% CO,. Sixty puL of Cé6-depleted pooled NHS (5% final
concentration, Complement Technology, Catalog # A323) and
100 pL of 2 x 10°/mL neutrophils were added to each well, mixed
well and incubated for 2 hours at 37°C with 5% CO,. Aliquots of 20
pL of each suspension were plated onto GCB agar. CFU were
enumerated and presented as the percentage of bacteria killed.
Differences in opsonophagocytic killing were assessed by unpaired t
and Mann Whitney tests using GraphPad Prism software
(GraphPad Software, Version 9, La Jolla, Calif)

2.6 Spleen cell restimulation and multiplex
cytokine analysis

Mice vaccinated and inoculated with N. gonorrhoeae F62 (26-29
mice/group), were euthanized at the end of the experiment using CO,
overdose. Spleens were harvested, and a single cell suspension of
splenocytes was prepared By crushing and passing the suspension
through a 70pm filter in T cell Media (RPMI 1640, 10% FBS, 1%
HEPES, 1% Pen/Strep, 0.1% 2-ME, 1% IN NaOH, 1% sodium
pyruvate, 1% MEM non-essential amino acids, 2% MEM amino
acids). Cells were centrifuged at 400 x g for 10 minutes and
resuspended in ACK lysing buffer (Thermo Fisher Scientific) then
washed twice and resuspended in T cells media at the concentration
of 1x107 cells/mL. Splenocytes were re-stimulated ex vivo by mixing
100ul of cells with 100 pl of [1 ug/ml] Ng-OMV or media as control
in 96-well plate. The plates were incubated at 37°C 5% CO, for 48
hours and supernatants were harvested and stored at -80°C. Thawed
samples were analyzed using the Invitrogen Th1/Th2/Th9/Th17/
Th22/regulatory T cell (Treg) cytokine 17-plex mouse ProcartaPlex
panel (Thermo Fisher Scientific) to determine levels of cytokines/
chemokines. Assays were read on a Luminex 200 or FlexMAP 3D
reader, and the background-corrected mean fluorescence intensities
were compared to standard curves to calculate concentrations of each
protein using BioPlex Manager v6.2 (Bio-Rad). Results below the
lower limit of quantitation (LLOQ) were imputed as half the LLOQ.
Differences between groups were assessed with one-way ANOVA
followed by no paring Sidak’s multiple comparison test, with a single
polled variance. using GraphPad Prism software (GraphPad
Software, Version 9, La Jolla, Calif). The effect of each measured
cytokine on the mean change in bacterial burden (AUC of log; o CFU)
was assessed with simple linear regression with 95% confidence
intervals using STAT18.
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2.7 Principal Coordinate Analysis

Principal Coordinates Analysis (PCoA) was conducted in R to
assess sample similarity patterns with respect to antibody and
antigen-specific cellular responses. Data were preprocessed using
the dplyr package for filtering and transforming, and standardized
with clusterSim. The pcoa function in the ape package function
computed principal coordinates based on a distance matrix,
providing a visual representation of sample similarities in reduced
dimensional space. The package ggfortify was used for visualization
and graphing purposes. The following variables were considered for
the generation of the distance matrix: the pre-gonococcal and post-
gonococcal serum immunoglobulin, post-gonococcal challenge and
vaginal wash immunoglobulin, and the magnitude of the antigen-
specific cellular immune responses (as defined by the log, fold
change in secreted cytokines measured by multiplex Luminex when
the splenocytes of immunized and challenged mice were co-
cultured with gonococcal OMV).

3 Results

3.1 Vaccination with 4CMenB or MC58
AABR shortens bacterial colonization in
mice after intravaginal
gonococcal challenge

Prior studies have demonstrated that immunization with
4CMenB, administered subcutaneously, or MC58 AABR OMYV,
administered intraperitoneally, leads to a shortened duration of
infection and reduced recovery of viable N. gonorrhoeae bacteria in
a murine genital tract infection model (22, 23). In order to determine
whether there were shared mechanisms of enhanced clearance
between these two OMV-containing vaccines administered by
different routes, BALB/C mice were vaccinated with 3 doses of
4CMenB (administered subcutaneously), MC58 AABR OMV
(administered intraperitoneally), or Alum (administered
subcutaneously) and subsequently intravaginally challenged with
gonococcal strain F62 (Figure 1). 4CMenB- and MC58 AABR
OMV- vaccinated mice both demonstrated a significant increase in
bacterial clearance compared to Alum controls (Figure 2A;
Supplementary Figures 1A, 2A). At day 7, 34.8% of 4CMenB
immunized mice and 64.2% of MC58 AABR OMV-immunized
mice remained infected with N. gonorrhoeae while 88.5% of the
Alum-injected control animals continued to have recoverable N.
gonorrhoeae. The total bacterial burden, measured as the area
under the curve for recovered N. gonorrhoeae CFU plotted against
time for each individual mouse, was lower in animals with clearance
of N. gonorrhoeae (Figure 2B; Supplementary Figures 1B, 2B). AABR-
immunized mice had a slight delay in neutrophil influx with
significantly lower vaginal neutrophils on day 5, when compared to
Alum and 4CMenB (Figure 2C; Supplementary Figures 1C, 2C).
However, there was not a statistically significant difference in the total
neutrophil influx during the infection measured as the area under
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A mouse vaccination followed by vaginal challenge with N. gonorrhoeae experimental schema was executed to test whether common immunologic
responses to different N. meningitidis OMV vaccines that correlated with clearance of infection could be identified. Two identical experiments were
performed in which mice were assigned to one of three vaccine groups: Alum (the adjuvant alone control group), MC58 AABR OMV vaccine, or
4CMenB vaccine. After the indicated vaccines were administered, an intravaginal challenge with N gonorrhoeae strain F62 was conducted and
vaginal N. gonorrhoeae and PMN influx was assessed over 7 days. Blood, vaginal wash fluid and splenocytes were collected from the mice at the
indicated times for the indicated battery of immunologic tests were conducted. The immune responses were tested for correlation to reduced
bacterial burden during the period of infection. Created in BioRender. Zhu, W (2025). https://BioRender.com/m71q724.

the curve of vaginal neutrophil count plotted against time
(Supplementary Figure 3). For mice across all groups, the total
neutrophil influx was inversely correlated to the total recovered N.
gonorrhoeae CFU at the individual mouse level (Supplementary
Figure 4). However, when looking groups of animals based on
vaccination status only, 4CMenB-immunized animals showed
significant inverse correlation between neutrophil influx and total
recovered bacterial burden (Figure 2D; Supplementary Figures 1D,
2D). Because 4CMenB immunization demonstrated a similar
inflammatory response but was associated with a significant inverse
correlation between bacterial burden and neutrophil response, these
finding suggest the possibility that 4CMenB immunization leads to an
immune response that enhances neutrophil based clearance of N.
gonorrhoeae in these mice.

3.2 MC58 AABR OMV immunization and
4CMenB immunization induce different
anti-N. gonorrhoeae immunoglobulin
responses associated with

infection clearance

Antibodies can play important roles in protection against
bacterial infection through complement activation, neutralization,
adherence blocking, and antibody-dependent cell-mediated
cytotoxicity. To compare cross-species directed serological
immunity elicited from meningococcal OMV containing vaccines,
we collected serum from immunized mice both before and after the
N. gonorrhoeae challenge and used an ELISA with OMV from N.
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gonorrhoeae strain F62 as a capture antigen to determine the
differences in the anti-N. gonorrhoeae antibodies between
immunized groups. Serum was collected 52 days after the first
immunization (pre-challenge serum) and around 10 days after
intravaginal challenge with N. gonorrhoeae (post-challenge serum).
The titers of anti-N. gonorrhoeae IgG and IgGl in sera of mice that
received either vaccine were dramatically higher than those found in
alum-injected controls, in which almost all animals exhibited titers
below the level of detection for the assay (Figures 3A, B). 4CMenB
immunized mice had significantly higher anti-N. gonorrhoeae IgG,
IgG1 and IgG2a levels than MC58 AABR OMV immunized mice. In
pre-challenge sera, only 4CMenB-immunized mice demonstrated
significantly elevated titers of anti-N. gonorrhoeae 1gG2a when
compared to alum injected animals, though MC58 AABR OMV
immunized mice did have a trend towards increased N. gonorrhoeae-
directed IgG2a. (Figure 3A; Supplementary Figures 5A, 6A). Post
challenge, both 4CMenB and MC58 AABR OMV immunized mice
demonstrated increased anti-N. gonorrhoeae 1gG2a titers when
compared to alum immunized animals (Figure 3B; Supplementary
Figures 5B, 6B). Interestingly, after vaginal N. gonorrhoeae infection,
both groups of immunized mice demonstrated a significant rise of
anti-N. gonorrhoeae specific IgG2A titer suggesting a recall response
to N. gonorrhoeae exposure after immunization with N. meningitidis
OMV. (Figure 3C; Supplementary Figures 5C, 6C). Overall, as
previously shown, immunization with these N. meningitidis OMV-
containing vaccines elicit anti-N. gonorrhoeae serologic responses.
However, we now show that the level and IgG subtype responses to
immunization differ between vaccines as do the responses to antigen
exposure during vaginal infection.
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burden (AUC of Vaginal N. gonorrhoeae recovery) for each individual mouse, the Pearson Correlation Coefficient was determined for each
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(2025). https://BioRender.com/q33k508.

Because vaginal washing prior to N. gonorrhoeae inoculation

might impact infection dynamics, we only measured anti-gonococcal

vaginal antibody titers at the completion of the experiment,

though prior studies have demonstrated anti- N. gonorrhoeae

immunoglobulins are present in vaginal lavage from animals

immunized with these vaccines. Both vaccine immunization groups

demonstrated detectable anti-N. gonorrhoeae immunoglobulin
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levels in their vaginal wash fluid while anti-N. gonorrhoeae

immunoglobulins were not detected in fluid from alum-immunized

mice (Figure 3D; Supplementary Figures 5D, 6D). Because all animals

had received N. gonorrhoeae vaginal inoculations, the lack of anti-

gonococcal immunoglobulin in the vaginal washes of alum control

mice suggests that while immunization or the combination of

immunization and inoculation lead to vaginal anti-N. gonorrhoeae
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FIGURE 3

Vaccination with MC58 AABR and 4CMenB elicited cross-reactive
anti-Ng-OMYV antibodies in serum and vaginal fluid. N. gonorrhoeae
OMYV reactive antibody levels were measured by ELISA as described
in Materials and Methods in sera collected at day 52, two weeks
after final vaccination (A), and at terminal sera collection after N.
gonorrhoeae challenge (B), and in terminal vaginal wash after N.
gonorrhoeae challenge (D). The dilution of sera resulting in 50%
maximal signal (EC50) and the greatest dilution of vaginal wash fluid
resulting in signal above the baseline (Endpoint titer) were
determined for total IgG, 1gG1 or IgG2a isotype using
immunoglobulin subclass specific secondary antibodies. (C) the fold
change in each indicated N. gonorrhoeae OMV-directed
immunoglobulin level between serum collected before challenge
and after N. gonorrhoeae challenge was also determined. Levels
from Alum (black), MC58 AABR (blue) and 4CMenB (Red) immunized
mice are reported. Data were represented at log scale. Statistical
significance was performed using one-way ANOVA followed by no
paring Sidak's multiple comparison test, with a single polled
variance. Created in BioRender. Zhu, W

(2025). https://BioRender.com/h21e029.
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antibodies, N. gonorrhoeae infection alone was insufficient to induced
detectable vaginal anti-gonococcal immunoglobulins.

The relationship between anti-N. gonorrhoeae OMV
immunoglobulin levels measured by ELISA and the level of N.
gonorrhoeae recovered from vaginal swabs after intravaginal
challenge was examined. In pre-challenge serum, anti-N.
gonorrhoeae 1gG, IgA or specific IgG subtype (IgGl and IgG2a)
titer was not significantly associated with total recovered N.
gonorrhoeae after challenge in MC58 AABR-immunized animals
(Figure 4A; Supplementary Figure 7). A significant correlation
between anti-N. gonorrhoeae OMV IgG2a and lower recovered N.
gonorrhoeae was observed in serum from these animals collected
after challenge (Figure 4B; Supplementary Figure 7). Similarly, the
magnitude of change in IgG2a levels after challenge was also
correlated with reduced bacterial recovery after MC58 AABR
immunization (Figure 4C; Supplementary Figure 7). Despite
having higher titers of anti-N. gonorrhoeae immunoglobulins than
those observed after MC58 AABR immunization (Figure 3),
4CMenB-immunized animals demonstrated no association
between these titers and the level of recovered bacteria after
challenge (Figures 4A-C). Unexpectedly, anti-N. gonorrhoeae
immunoglobulins present in vaginal wash fluid after challenge
were correlated with increased N. gonorrhoeae burden after
challenge in MC58 AABR immunized animals (Figure 4D).

We also sought to assess whether vaccination with 4CMenB or
MC58 AABR elicited antibodies that induced bactericidal antibody
activity or promoted human neutrophil opsonophagocytic killing
activity against N. gonorrhoeae, and whether these functional
responses correlated with protection. Sera from mice were pooled
to provide adequate volume of specimen to conduct the killing
assays. Mice were grouped into pools by the N. gonorrhoeae
bacterial burden to allow comparisons in these assays between
serum from mice that rapidly cleared infection and those in
which N. gonorrhoeae infection persisted (Supplementary
Figure 8A). While both immunizations were associated with
increased serum bactericidal activity and opsonophagocytic killing
activity when compared to serum from alum immunized animals,
the point estimate for SBA titer was higher in MC58 AABR immune
sera (Supplementary Figures 8B, C) and the point estimate for OPK
activity was higher in 4CMenB immune sera (Supplementary
Figures 8E, F). Though the number of pools was insufficient for
rigorous statistical testing, there was no association between SBA
titer (Supplementary Figure 8D) or OPK activity (Supplementary
Figure 8G) and the recovered bacterial burdens during infection.

SDS-PAGE and immunoblot analysis were used to qualitatively and
semi-quantitatively assess the identify of N. gonorrhoeae proteins that
cross-react with immune sera collected from immunized mice after
intravaginal challenge with N. gonorrhoeae. Sera from 4CMenB and
MC58 AABR immunized mice were used individually to probe a
membrane carrying proteins from OMYV derived from N. gonorrhoeae
strain F62. Serum from alum immunized animals did not recognize N.
gonorrhoeae proteins at the dilution used for these experiments
(Figure 5A). Serum from each immunized mouse recognized a similar
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Anti-gonoccoccal IgG2A levels measured by ELISA in serum correlate with reduced gonococcal burden during infection in MC58 AABR OMV-
immunized mice but not 4CMenB-immunized mice. Mice were immunized with MC58 AABR OMV or 4CMenB and subsequently intravaginally
challenged with N. gonorrhoeae (as described in Figure 1), serum antibody levels of total anti-gonococcal OMV IgG, IgG1, 1gG2a and 1gG3 were
measured by ELISA before and after gonococcal challenge and, levels expressed as log, (ECsp). The change in levels for each immunoglobulin
between levels determined before and after gonococcal challenge were determined as described in Figure 3. Mouse vaginal total anti-gonococcal
IgG, 1gG1, IgG2a and IgG3 was measured after gonococcal challenge only and measured by ELISA, expressed as log, (endpoint titers). The mean
change in bacterial burden (AUC of log;o CFU) with respect to serum antibody pre-challenge levels (A), post-challenge levels (B), and fold change
(C) and vaginal wash antibody levels (D) for each mouse was assessed with simple linear regression and 95% confidence intervals are being reported.

but not completely overlapping set of N. gonorrhoeae OMV proteins
within each immunization group though the intensity of
immunoreactivity against each band had some variation between
individual mice (Figure 5A). Antibodies in the sera of MC58 AABR
immunized mice sera consistently bound to antigens with apparent
molecular weights of approximately 85, 66, 55, and 42 kDa, while
antibodies in the sera of 4CMenB immunized mice consistently
recognized antigens with a molecular weight of approximately 66, 55,
37, and 15 kDa (Figure 5A). The signal intensity for the entire lane and
for each of the consistently identified bands were determined using
densitometry for each serum specimen used in these immunoblots. The
relationship between immunoblot reactivity of each serum specimen
and the quantity of N. gonorrhoeae recovered during vaginal challenge
was explored using linear regression. For AABR OMV-immunized mice,
the total level of immunoreactivity as well as intensity of the 85 and 66
kDa bands were associated with increased recovered N. gonorrhoeae
(Figure 5B; Supplementary Figure 9). For 4CMenB-immunized animals,
the immunoreactivity against the 37 kDa band was correlated with lower
N. gonorrhoeae recovery (Figure 5B; Supplementary Figure 9) suggesting
an association of immunoglobulins directed against this 37 kDa protein
with protection from infection. Overall, these serologic studies
demonstrate that immunoreactivity against N. gonorrhoeae antigens
measured by ELISA and immunoblot likely detect antibodies with
different properties and ability to provide protection from
gonococcal infection.

3.3 Vaccination with 4CMenB or MC58
AABR generated cell mediated cross-
reactive immune responses against Ng

To determine whether 4CMenB and MC58 AABR vaccinations
activated anti-Ng-OMYV specific cellular immune responses, spleens of

Frontiers in Immunology

immunized and N. gonorrhoeae challenged mice were harvested, and
single-cell suspensions were prepared and cultured in the presence or
absence of Ng- OMYV as a source of gonococcal antigens. After two
days of restimulation, cell supernatants were collected and used to
measure production of 12 different cytokines using bead based
multianalyte arrays. Baseline splenocyte secretion of all measured
cytokines from MC58 AABR-immunized and N. gonorrhoeae
challenged mice was significantly lower than that of Alum control
and 4CMen immunized and N. gonorrhoeae challenged mice
(Supplementary Figures 10-12). To assess the adaptive immune
responses specific to N. gonorrhoeae antigens that were specific to
immunization, we compared the fold-increase between baseline and
stimulation with Ng-OMV (Figure 6A; Supplementary Figures 13A,
14A) or 4CMenB (Figure 6B, Supplementary Figures 13B, 14B) for
each secreted cytokine in splenocytes harvested from alum, MC58
AABR, and 4CMenB immunized mice after N. gonorrhoeae challenge
was completed. After restimulation with Ng-OMV antigens,
splenocytes from 4CMenB and MC58 AABR immunized mice
exhibited increased IL-2, IL-4 and IL-5 secretion compared to the
controls (Figure 6A; Supplementary Figures 13A, 14A). Splenocytes
from MC58 AABR immunized animals also exhibited enhanced N.
gonorrhoeae OMV-stimulated IFN-y, TNF-q, IL-10, and IL-17 when
compared to splenocytes from control mice. While splenocytes from
MC58 AABR immunized animals exhibited stimulation of a broader
variety of cytokines than 4CMenB immunized animals in response to
N. gonorrhoeae OMV, splenocytes from 4CMenB-immunized mice
demonstrated robust stimulation of all cytokines measured when
stimulated ex vivo with 4CMenB. Linear regression analysis
examining relationships between the burden of N. gonorrhoeae
during infection and splenocyte cytokine production at baseline
(Figure 7A), with N. gonorrhoeae OMV stimulation (Figure 7B),
and with 4CMenB stimulation (Figure 7C) was conducted.
Interestingly, the level of 4CMenB stimulated secretion of the
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FIGURE 5

Immunoblot reactivity against N. gonorrhoeae OMV proteins correlates with increased N. gonorrhoeae burden in MC58 AABR OMV-immunized
mice and with decreased N. gonorrhoeae burden in 4CMenB-immunized mice. (A) Proteins from crude outer membrane vesicle (cOMV)
preparations from N. gonorrhoeae strain F62 were separated using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to nitrocellulose. The separated N. gonorrhoeae proteins were blotted with individual mouse serum from mice immunized with either
MC58 AABR OMV (top panel) or 4CMenB (bottom panel) collected after N. gonorrhoeae challenge used at 1:1500 dilution in a slot blotting
apparatus. Sera from alum-immunized control mice was pooled from each of the two experiments performed and these two pools were used in the
indicated slots on each immunoblot as hon-vaccine exposed control serum. The order of the analyzed serum specimens from each immunized
group was arranged by recovered N. gonorrhoeae burden of each mouse and the relative burden of recovered N. gonorrhoeae is noted below slot
lane for each mouse. The relative antibody reactivity in each slot lane was assessed by densitometric analysis of total peak area for the peak area of
each of the 4 most reactive bands common to each immunization type. (B) The relationship between immunoblot signal intensity (assessed by
densitometry) and the N. gonorrhoeae burden in the vaginal tract of each mouse over the course of infection, expressed as the area under the curve
AUC of logyp (CFU) recovered from all culture-positive days, was assessed using simple linear regression and 95% confidence intervals.

immunosuppressive cytokine IL-10 was correlated with increased N.
gonorrhoeae burden in 4CMenB immunized mice. 4CMenB
stimulated IL-2 secretion was also associated with increased N.
gonorrhoeae burden (Figure 7; Supplementary Figure 15).

3.4 Principal Coordinate Analysis
demonstrates differences in profile of
immunologic response between vaccine
used but no common immune response
profile associated with N.

gonorrhoeae clearance

Our data illustrate that vaccination with 4CMenB and MC58
AABR is associated with enhanced gonococcal clearance in a mouse
infection model, but immune components (immunological factors)
common to both immunizations that were associated with this

Frontiers in Immunology

protection were not identified using simple linear regression
analysis to determine the relationship of each parameter with
infection intensity. To test whether multiple parameters in
combination with one another might yield a common
immunologic mechanism for N. gonorrhoeae clearance,
we conducted unsupervised principal coordinate analysis
(Figure 8A). The result showed that mice immunized with Alum,
4CMenB or MC58 AABR formed clusters that were distinct from
each other, suggesting that different vaccinations exhibited
difference in polarization of immune responses, either due to the
antigenic make up of each vaccine or due to the route of vaccine
administration. When Alum immunized animals were taken out of
the PCoA, 4CMenB or MC58 AABR continued to cluster based on
vaccination group (Figure 8B). However, in both these analyses,
there was not clustering of mice that cleared infection separate from
mice that did not clear infection. PCoA was also conducted on each
group of immunized mice separately to test whether there was
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FIGURE 6

Immunization with MC58 AABR OMV and 4CMenB induce N. gonorrhoeae antigen induced cellular immune responses. Splenocytes were collected
from mice immunized with Alum, MC58 AABR, or 4CmenB and subsequent N. gonorrhoeae vaginal challenge. Cells were cultured without
stimulation or were stimulated ex vivo with either N. gonorrhoeae OMV (A) or 4CMenB (B). After 48 hours, cell culture supernatant was collected
and the indicated secreted cytokines were measured using a multiplexed bead array based assay. The antigen-induced response is reported as fold
increase in cytokine production in supernatant from antigen stimulated cells and unstimulated cells. Statistical significance was performed using
one-way ANOVA followed by no paring Sidak's multiple comparison test, with a single polled variance. Created in BioRender. Zhu, W

(2025). https://BioRender.com/p88e324.

within group parameters that were associated with N. gonorrhoeae
clearance (Figures 8C, D). Neither vaccination group was found to
have clustering of mice that cleared or failed to clear N. gonorrhoeae
infection. Taken together, the PCoA data showed that vaccination
yielded distinct immunological profile and that there was not a
distinct profile that separated mice based on their clearance of N.
gonorrhoeae infection.
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4 Discussion

Growing experimental evidence in humans and mice suggests
that meningococcal OMV based vaccines provide cross-species
protection against the heterologous bacterium, N. gonorrhoeae.
We have demonstrated that two different vaccines containing N.
meningitidis OMV induce robust serologic and cellular immune
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FIGURE 7

Assessment of the relationship between bacterial burden and cytokine secretion profile of the post-vaccination mouse splenocytes reveals 4CMenB
stimulated IL-10 and IL-2 is associated with increased N. gonorrhoeae burden in 4CMenB immunized mice. The association between bacterial
burden and post-vaccination unstimulated splenocyte cytokine secretion (A), gonococcal-specific response when splenocytes were stimulated ex
vivo with N. gonorrhoeae OMV (B), and 4CMenB-induced cytokine secretion when splenocytes were stimulated ex vivo with 4CMenB as antigen
(C) was examined. The effect of each measured cytokine on the mean change in bacterial burden (AUC of log;o CFU) was assessed with simple
linear regression, the results of which are presented here as forest plots with 95% confidence intervals.

responses against N. gonorrhoeae antigens and conducted studies to
correlate these responses to protection against N. gonorrhoeae
infection in a mouse model. Lack of detectable antibody to
gonococcal antigens is associated with the development of more
severe consequences of N. gonorrhoeae infection such as salpingitis,
suggesting that antibodies may be protective (27-29). Human
challenge studies of N. gonorrhoeae inoculation in healthy young
male volunteers showed a trend toward lower rates of infection in
volunteers who developed the strongest antibody responses to
previous challenge (30). To assess the specific antibody responses
induced by these N. meningitidis OMV containing vaccines that are
responsible for protection against N. gonorrhoeae infection, we used
regression analysis to analyze the correlation between various
immunologic indicators and bacterial clearance. We found that N.
gonorrhoeae-directed cross-specific IgG2 levels in serum measured
by ELISA were significantly associated with a reduction in N.
gonorrhoeae burden in MC58 AABR immunized mice while, in
those same mice, intensity of serologic responses assessed by
immunoblot against N. gonorrhoeae OMV was associated with
higher N. gonorrhoeae burden. Though 4CMenB induced more
robust immunoglobulin responses to N. gonorrhoeae than MC58
AABR OMYV, there was not an association of the anti-gonococcal Ig
levels measured by ELISA to N. gonorrhoeae burden. Two potential
explanations for these findings are plausible and not resolved by our
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experiments. First, there is a maximum protective effect associated
with anti-N. gonorrhoeae immunoglobulins measured by ELISA in
this system. 4CMenB immunization achieved the maximum effect
in all immunized animals, while MC58 AABR OMV immunization
achieved a level of immunoglobulin responses where the maximum
protective effect was not reached by most immunized animals.
Alternatively, the antigens targeted by IgG2 responses to MC58
AABR OMV immunization that are measured by ELISA with N.
gonorrhoeae OMV have a protective effect while antigens that
4CMenB induces immunoglobulins against are not protective.
Interestingly, the intensity of immunoglobulin responses to N.
gonorrhoeae antigens measured by immunoblot had opposite
correlations with bacterial clearance from those observed with
immunoglobulins measured by ELISA. In particular, immunoblot
intensity of MC58 AABR OMV immune sera against gonococcal
OMV was associated with increased bacterial burden during N.
gonorrhoeae cervicovaginal infection and immunoreactivity against
a 37 kDa OMV antigen induced by 4CMenB immunization was
associated with reduced N. gonorrhoeae burden. The identity of this
37 kDa antigen remains to be determined. PorB is the most
abundant outer membrane protein in N. gonorrhoeae and runs
around 37 kDa on SDS-PAGE. When proteins from this region of
an SDS PAGE gel are excised and analyzed by mass spectrometry
(21, 22), PorB is the most commonly identified protein. However,
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FIGURE 8

Principal Coordinate Analysis (PCoA) of antibody and cellular immune responses among mice vaccinated with MC58 AABR OMV, 4CMenB and Alum
control can distinguish immunization type but does not reveal associations between multiple immunologic parameters and clearance of infection.
Principal Coordinate Analysis (PCoA) was utilized in R to quantify and visualize the variation in antibody and antigen-specific cellular responses and
determine if clustering correlates with vaccination status. Data was preprocessed with dplyr for filtering and transformation, and standardized using
clusterSim. The PCoA function in the ape package computed principal coordinates based on a distance matrix, providing a visual representation of
sample similarities in reduced dimensional space. The package ggfortify was used to visualize the clustering. The following variables were considered
for the generation of the distance matrix: the pre-gonococcal and post-gonococcal serum immunoglobulin, post-gonococcal challenge and vaginal

10.3389/fimmu.2025.1539795

wash immunoglobulin, and the magnitude of the antigen-specific cellular immune responses (as defined by the log2 fold change in secreted
cytokines measured by multiplex Luminex when the splenocytes of immunized and N. gonorrhoeae-challenged mice were co-cultured with
gonococcal outer membrane vesicles, OMV). Data from mice of the three vaccine groups (MC58 AABR, 4CMenB, and control mice immunized with
Alum adjuvant only) were used. Each point on the PCoA plots corresponds to the immune profile of an individual mouse, with respect to the
variables considered. Color coding indicates the three vaccine groups. Open circles denote mice that cleared N. gonorrhoeae and closed circles
denote mice that were persistently colonized with N. gonorrhoeae post-challenge. Clusters indicate relatedness among samples. The differences in
immune response were characteristic of the immunization group and could clearly distinguish between the two vaccine groups and Alum control
mice (A) and between the two vaccine groups (B), with 66.1% and 62.4% of the total variation in the dataset being explained by the first two principal
coordinates, respectively. Within the MC58 AABR vaccine group (C) and 4CMenB vaccine group (D), the variation in the multivariable immune
response was effectively captured by the first two coordinates (60.8% and 59.1%, respectively) but was not correlated with the ability of the mice to
clear infecting gonococci, as evidence by the lack of clustering with respect to gonococcal clearance.

recombinant PorB based protein vaccines have not been shown to
provide protection against N. gonorrhoeae in mouse infection
models, and whether the 37 kDa protein reactivity in 4CMenB
immune sera detected in immunoblot recognizes PorB is an open
question (12). Overall, our experiments do not clearly define an
immunoglobulin response to immunization common to both
OMYV-containing vaccines that is associates with protection in
mouse infection models.

While serum bactericidal activity (SBA) is accepted as a
measurable correlate of protection for vaccines against invasive N.
meningitidis and bactericidal antibodies directed against N.
gonorrhoeae lipooligosaccharide have been demonstrated to
provide protection against N. gonorrhoeae in mouse models of
cervicovaginal infection, our study suggests the bactericidal
responses driven by these OMV vaccines are not responsible for
the enhanced clearance of N. gonorrhoeae observed in vaccinated
mice (23, 26, 31). Antibody-mediated, complement-dependent
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opsonophagocytosis is an accepted correlate of protection for
vaccines against Streptococcus pneumoniae (32) and has been
suggested as a potential protective activity against Neisseria
infections, this activity also did not have a correlation with N.
gonorrhoeae clearance in OMV immunized mice (33, 34). Whether
there are other antibody-mediated mechanisms of protection that
we did not measure, such as FCgamma receptor activation, remains
a possibility.

Whether cellular immune responses are required to prevent
gonococcal infection in humans is unknown. Using murine N.
gonorrhoeae infection models, Russell and colleagues have
demonstrated that skewing of cellular immune responses towards
Thl polarization and results in reduced burden of infection. Our
data show that vaccination with MC58 AABR OMV resulted in
splenocytes that secreted Thl, Th2, and Th17 related cytokines
when stimulated with gonococcal antigens, while 4CMenB
vaccination led to splenocytes that secreted primarily Th2
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cytokines when restimulated with gonococcal OMV. Surprisingly,
given prior reports (5), the most robust Thl responses to
vaccination were not associated with reduced bacterial burden
and neither were the lowest levels of Th17 secretion. In fact, no
specific cytokine responses in MC58 AABR OMV-immunized
animals were strongly associated with reduced bacterial burden.
In 4CMenB immunized mice, the highest levels of induced IL-10, a
known immunosuppressive cytokine produced by T regulatory
cells, correlated with greatest bacterial burden. This finding is
consistent with the published observation that blockade of IL-10
in mice is also associated with increased clearance of bacteria in the
absence of immunization. N. gonorrhoeae infection in humans is
accompanied by increased localized levels of IL-10. These findings
suggest that 4CMenB may induce both protective and non-
protective or even detrimental immune responses to N.
gonorrhoeae antigens, raising the possibility that the partial
protection seen in human observational studies could be
associated with humans that have poor IL-10 responses to
immunization. Further studies are needed to assess which cellular
immune responses are mechanistically protective in mouse models
and true human infection.

While this manuscript was in preparation a manuscript
examining cellular immune responses induced by 4CMenB
immunization in mice and the relationship of those responses to
protection from vaginal challenge with N. gonorrhoeae was
deposited by Zeppa et al. as a preprint manuscript (35). There
were minor differences in how assays were conducted and in the
analysis, such as Zeppa et al. compared results between
“Protected” and “Non Protected” groups to test for association
with protection while we have utilized recovered bacterial burden
as a continuous variable for regression analysis. Despite these
differences, our findings reported in this manuscript largely
corroborate the lack of association between vaccine induced
cytokine secretion and protection from infection in 4CMenB
and alum immunized mice. Our studies lack the single cell
resolution of immune cell populations generated by flow
cytometry based analysis that are reported by Zeppa and
colleagues. Our manuscript also demonstrates cellular immune
responses against heterologous gonococcal antigens rather than
recall responses against 4CMenB alone, confirming as expected
that N. meningitidis OMV based vaccines elicit cellular immune
responses reactive against gonococcal antigens. This manuscript
also extends beyond the reports of Zeppa and colleagues by testing
the relationship between vaccine induced immune responses and
protection from gonococcal infection for two different N.
meningitidis-directed vaccines. Overall, our presented work
indicates that two OMYV based vaccines administered through
two different routes, each inducing enhanced clearance of N.
gonorrhoeae, may achieve that protection via different
mechanisms. Our findings support the possibility that there may
be multiple mechanistic pathways through which a gonococcal
vaccine could achieve protection in humans. Importantly, a
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determination of the effectiveness of 4CMenB in humans and
further correlation of responses to the vaccine to the protected
state in humans is paramount to further development of N.
gonorrhoeae vaccines.
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