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Introduction: Outer membrane vesicles (OMVs) of Neisseria meningitidis in the

group B-directed vaccine MenB-4C (BexseroR) protect against infections with

Neisseria gonorrhoeae. The immunological basis for protection remains unclear.

N. meningitidis OMV vaccines generate human antibodies to N. meningitidis and

N. gonorrhoeae lipooligosaccharide (LOS/endotoxin), but the structural

specificity of these LOS antibodies is not defined.

Methods: Ten paired human sera obtained pre- and post-MenB-4C immunization

were used in Western blots to probe N. meningitidis and N. gonorrhoeae LOS.

Post-MenB-4C sera (7v5, 19v5, and 17v5), representing individual human variability

in LOS recognition, were then used to interrogate structurally defined LOSs of

N. meningitidis and N. gonorrhoeae strains and mutants and studied in

bactericidal assays.

Results and discussion: Post-MenB-4C sera recognized both N. meningitidis

and N. gonorrhoeae LOS species, ~10% of total IgG to gonococcal OMV

antigens. N. meningitidis and N. gonorrhoeae LOSs were broadly recognized

by post-IgG antibodies, but with individual variability for LOS structures. Deep

truncation of LOS, specifically a rfaK mutant without a-, b-, or g-chain
glycosylation, eliminated LOS recognition by all post-vaccine sera. Serum 7v5

IgG antibodies recognized the unsialyated L1 a-chain, and a 3-PEA-HepII or 6-

PEA-HepII was part of the conformational epitope. Replacing the 3-PEA on HepII

with a 3-Glc blocked 7v5 IgG antibody recognition of N. meningitidis and N.

gonorrhoeae LOSs. Serum 19v5 recognized lactoneotetrose (LNT) or L1 LOS-

expressingN.meningitidis orN. gonorrhoeaewith aminimal a-chain structure of

Gal-Glc-HepI (L8), a 3-PEA-HepII or 6-PEA-HepII was again part of the

conformational epitope and a 3-Glc-HepII blocked 19v5 antibody binding.

Serum 17v5 LOS antibodies recognized LNT or L1 a-chains with a minimal

HepI structure of three sugars and no requirement for HepII modifications.
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These LOS antibodies contributed to the serum bactericidal activity against N.

gonorrhoeae. The MenB-4C vaccination elicits bactericidal IgG antibodies to N.

gonorrhoeae conformational epitopes involving HepI and HepII glycosylated

LOS structures shared between N. meningitidis and N. gonorrhoeae. LOS

structures should be considered in next-generation gonococcal vaccine design.
KEYWORDS

Neisseria meningitidis, lipooligosaccharide (LOS), meningococcal vaccine, IgG, glycan
epitope, gonorrhea (Neisseria gonorrhoeae), bactericidal, endotoxin
1 Introduction

Gonorrhea, a sexually transmitted infection caused by Neisseria

gonorrhoeae, is an increasing global health concern. The World

Health Organization estimated 82.4 million new gonorrhea cases

among adolescents and adults worldwide in 2020. In the USA,

approximately 1.6 million new gonococcal infections per year were

estimated by the US Centers for Disease Control and Prevention,

and gonorrhea is the second most reported bacterial communicable

disease (1). The rise of multidrug-resistant gonorrhea (2, 3) suggests

that a vaccine with even partial effectiveness against gonorrhea

would provide a substantial public health benefit.

Gonococcal vaccine development has been challenging due to

the lack of defined immune protection correlates and unclear

mechanisms of protective immunity against gonococcal

infections. However, declines in the incidence of gonorrhea, in

contrast with other sexually transmitted infections, followed the

implementation of Neisseria meningitidis outer membrane vesicles

(OMV)-based vaccines in Norway, Cuba, and Canada (4–6).

Furthermore, a 2017 retrospective casecontrol study assessed

vaccine effectiveness against gonorrhea among young adults who

received the meningococcal MeNZB vaccine (OMV vaccine derived

from the New Zealand group B outbreak strain NZ98/254) and

found an estimated vaccine effectiveness against gonorrhea of 31%

after adjustment (7). Recently, additional retrospective studies

reported the effectiveness of a broadly licensed N. meningitidis

serogroup B meningococcal vaccine (MenB-4C/Bexsero) against

gonorrhea. US data from New York City and Philadelphia showed

that, compared to no vaccination, individuals who received two

doses and one dose of MenB-4C had 40% and 26% effectiveness,

respectively, in preventing gonorrhea (8). Another US study of

teens and young adults in Southern California found a 46% lower

rate of gonorrhea, but not chlamydia, among recipients of MenB-4C

compared with matched counterparts who had received

MenACWY (9). A study from South Australia found that two

doses of MenB-4C vaccination provided an effectiveness of 32.7%

against gonorrhea compared to a control of chlamydia infections

(10). The modest effectiveness of MenB-4C in protecting against

gonococcal infections suggests that shared antigens between N.
02
meningitidis and N. gonorrhoeae elicit an antibody (Ab) response

and provide cross-reactivity. The molecular basis for this protection

remains unclear.

The MenB-4C vaccine is composed of OMVs from the same

serogroup B strain NZ98/254 used in MeNZB, three recombinant

major antigens (NHBA, FHbp, and NadA), and two minor antigens

that are presented as fusion proteins with NHBA (NHBA-GNA1030)

and FHbp (GNA2091-FHbp). Outer membrane protein (OMP)

PorA subtype P1.7-2,4 is the major protein in OMVs. Among the

recombinant protein antigens in MenB-4C, N. gonorrhoeae does not

have NadA but encodes NHBA and FHbp orthologs. PorA, the major

N. meningitidis OMP, is also absent in N. gonorrhoeae. Furthermore,

the gonococcal FHbp lacks a signal peptide and is not surface-

exposed (11). Therefore, the recombinant N. meningitidis NHBA,

which is ~70% conserved in N. gonorrhoeae, and other minor OMPs

shared between N. meningitidis and N. gonorrhoeae are the potential

cross-reactive protein antigens in MenB-4C. Lipooligosaccharide

(LOS/endotoxin) (Figure 1A), the major component of the outer

membrane, is readily accessible as a target of adaptive immunity and

provides adjuvant activity as an additional benefit for the vaccine.

Previous studies have shown that the sera of MenB-4C (18), MeNZB,

and MenBVac (19) contain antibodies to N. meningitidis and N.

gonorrhoeae LOS. In this study, we provide a further understanding

of the LOS structures (Figure 1A) recognized by human serum IgG

antibodies elicited by the MenB-4C vaccine and show that LOS-

specific antibodies are bactericidal to N. gonorrhoeae. The work

indicates approaches to next-generation gonococcal vaccine design.
2 Materials and methods

2.1 Bacterial isolates and
growth conditions

The bacterial strains used in this study are listed in

Supplementary Table S1. Neisseria were cultured on GC-base agar

containing 0.4% glucose and 0.68 mM Fe(NO3)3 at 37°C and 5%

CO2 or in GC broth with the same supplements and 0.043%

NaHCO3 as the CO2 source at 37°C.
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1350344
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Tzeng et al. 10.3389/fimmu.2024.1350344
2.2 Outer membrane vesicle preparation

Naturally secreted OMVs of N. meningitidis and N. gonorrhoeae

are isolated from overnight GC broth cultures. Cultures were

treated with 0.05% sodium azide and incubated at 60°C for 30

min to kill bacteria, and then bacteria were removed by
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centrifugation at 5,000×g for 15 min. The supernatant was cleared

by PES filter (0.45 mm), concentrated with Centricon Plus 70

filtration units with a 100-kDa cut-off (Thermo Fisher Scientific,

Waltham, MA) at 3,500×g, and then OMV collected by

ultracentrifugation (100,000×g, 80 min, 4°C). The resulting pellets

containing OMVs were washed three times with PBS and then
B

C

A

FIGURE 1

Neisseria meningitidis and Neisseria gonorrhoeae LOS assembly and structures that are recognized by IgG antibodies elicited MenB-4C
immunization. (A) LOS structures of N. meningitidis and N. gonorrhoeae and epitope recognition by mAbs are shown. The presence of lactose (Gal-
Glc) on both HepI and HepII simultaneously is required for mAb 2C7 (orange-shaded structure) (12). The mAb 2-1-L8 requires the lactose-HepI in
conjunction with a 3-PEA-HepII (blue font) (13). Thus, the binding of 2C7 and 2-1-L8 occurs exclusively. The mAb 4C4 detects lactose-HepI (L8) (14)
and maltose-HepI (L11) (15), pointing to a minimal structural requirement of Glc-HepI. The mAb 3F11 binds to the terminal lactosamine of the LNT
structure (underlined in red); extension of the terminal Gal with either GalNAc or Neu5Ac abolishes 3F11 binding (16). The mAb L1 binds to the Gal-
Gal-Glc-HepI structure (yellow shade) (17). The phase-variable LOS biosynthesis enzymes are italicized. (B) Western blot of meningococcal and
gonococcal OMVs after PK digestion and an equivalent undigested OMV of N. gonorrhoeae strain 1291 was probed with post-MenB-4C sera 19v5.
(C) Western blots of 12 defined LOS immunotypes, L1-L12, probed with post-MenB-4C human sera. Signal intensity variations within a single blot
were analyzed by Image J and compared by densitometry with normalization to the strongest signal in the blot (L3 for 19v5 and L1 for 7v5 and 17v5,
respectively), set as a value of 10 in a 0-10 scale. The positions of 10 KD and 5 KD prestained protein molecular weight markers are marked by
arrows on the left.
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solubilized in PBS containing 0.2% SDS. The protein concentration

was measured using a BCA protein assay (Thermo Fisher Scientific,

Waltham, MA).
2.3 Human sera

The anonymized-residual, pre- and postvaccine human sera used

in this study were obtained from a vaccine clinical trial of MenB-4C

in laboratory workers in the Public Health Laboratory, Manchester,

UK (20); www.clinicaltrials.gov identifier: NCT00962624. Enrollment

was open to staff aged 18-65 years. MenB-4C was administered at 0

month, 2 months, and 6 months in the nondominant arm and

ACWY-CRM concomitantly at 0 months in the dominant arm.

Samples used in this study were obtained at 0 months (visit 1, v1)

and 1 month after the third dose, (visit 5, v5).
2.4 LOS purification

L3 and L5 LOS from the respective immunotyping strains 6275

and M981 were isolated following the previously described phenol-

chloroformpetroleum ether extraction procedure (21).
2.5 Western blots

To study vaccine-induced anti-LOS IgG antibodies, proteins in

purified meningococcal and gonococcal OMV preparations were

digested by proteinase K (PK) prior to probing by Western blots

with human sera obtained pre- and postimmunization with MenB-

4C. LOS expression and LOS structures were confirmed with a

collection of five monoclonal antibodies (mAbs), 3F11, L1, 2C7,

4C4, and 2-1-L8, directed at meningococcal and gonococcal LOS.

Aliquots of 15 mg OMVs were incubated at 60°C overnight with 100

mg of PK in the presence of 1.5% SDS in a total volume of 30 mL.
After the digestion, 30 mL of 2× Tricine sample buffer was added.

Aliquots containing 1 mg of OMV protein were resolved by 16.5%

Tris-Tricine gel (Bio-Rad, Hercules, CA) and then transferred to the

PVDF membrane. Precision Plus Protein™ Dual Xtra Prestained

Protein Standards (Bio-Rad, Hercules, CA) was used as the

molecular weight marker. The membrane was blocked with Block

Buffer of 5% nonfat dry milk (NFDM) in 1 × TBS for 1 h at RT and

then probed with MenB-4C serum 19v5 (1:5,000) in 2.5% NFDM-

0.1% Tween-1X TBS overnight at 4°C. After 3-min × 5-min washes

with 1× TBST + 0.1% Tween 20, the membrane was incubated with

horse radish peroxidase (HRP)-conjugated secondary Ab IgG-HRP

at 1:10,000 dilution for 1 h at room temperature, followed by three

additional 15-min washes. The signals were developed with West

Pico Plus (Thermo Fisher Scientific, Waltham, MA) and recorded

with an I Bright 20 scanner. When working with whole cell lysates,

overnight plate-grown bacteria at 0.1 OD550 was resuspended in 10

mL of 1.5% SDS in TE buffer and 5 mL of 100 mg/mL proteinase K.

The mixtures were incubated at 60°C overnight. Aliquots of 7.5 mL
of the digested mixture were mixed with 7.5 mL of 2× Tricine sample

buffer premixed with 5% b-mercaptoethanol and boiled for 10 min
Frontiers in Immunology 04
before loading. Signal intensity variations within a single blot were

compared by densitometry with normalization to the strongest

signal in the blot (set as a value of 10 on a 0-10 scale). The

mouse mAbs as hybridoma cell supernatants were used at a 1:100

dilution together with anti-mouse IgM-HRP at 1:1,000 for 3F11 and

anti-mouse IgG-HRP at 1:3,000 for all other mAbs. The monoclonal

antibodies developed by P. A Rice (L1, 2C7, and 2-1-L8) and

developed by M. Apicella (3F11 and 4C4) were obtained from the

Developmental Studies Hybridoma Bank, created by the NICHD of

the NIH and maintained at the University of Iowa. We next

examined whether the structure of lactose-HepI + phosphorylated

HepII without 3-Glc competed away the post-MenB-4C signals to

LOS immunotypes with extended a-chains. The 19v5 serum was

preincubated with cells of the L8 prototype strain M978 to remove

Abs binding to the truncated LOS structures or with the L2

prototype strain 35E to titrate away Abs targeting an intact a-
chain (1 h incubation with cells at 0.2 OD550 per mL at RT, and then

cells were removed by centrifugation). A mock incubation without

cells was also performed as a control. The absorbed sera were

subsequently used to probe five purified 19v5-positive LOS

immunotypes (L1, L3, L7, L8, and L9).
2.6 Genome survey

The PubMLST database was searched on 16 January 2024. The

query was limited to isolates with a total WGS length of at least 2

Mbp, which resulted in 19,555 N. gonorrhoeae genome records. The

“Gene Presence” analysis tool available as a plug-in at PubMLST

was used to examine six loci: neis1986 (lpt3), neis2010, neis2011

(lgtG), neis2012 (lpt6), neis2014 (gmhB), and neis2015 (nlaB). The

default parameters of minimal identity at 70%, minimal alignment

at 50%, and a BLASTN word size of 20 were applied.
2.7 Serum bactericidal assays with
human complement

SBA protocol was as described (22). A commercial IgG- and

IgM-depleted normal human serum pool (Pel-Freez, Rogers, AR) is

used as the complement source at 10% and assayed with serum

collected after MenB-4C vaccination, of which the complement has

been heat inactivated at 56°C for 30 min. Strains grown in

supplemented GC broth to mid-log phase of OD550 at ~ 0.4 - 0.7

were adjusted to 0.12 for N. meningitidis and 0.15 for N.

gonorrhoeae with clear RPMI Media and further diluted 1:2,500

in RPMI. A 20-mL aliquot of bacterial suspension was added to a

mixture (60 mL) of pooled complement source (8 mL) and diluted

test sera in a 96-well plate to start the assay. After 1-h incubation at

37°C, 40-mL aliquots were diluted with 160 mL of RPMI, and 25 mL
of the dilutions were spotted onto GC agar plates using the tilted

plating method. Viable counts were obtained after overnight

incubation. When needed, 50 ng of purified L3 LOS or L5 LOS,

which were isolated from the immunotyping strains 6275 and

M981, respectively, was added and incubated at 37°C for 30 min

prior to the addition of bacteria. The wells with 10% Pel-Freez sera
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only, which has no bactericidal activity up to 40%, were set at 100%

for normalization.
2.8 Statistical analysis

A one-way ANOVA with an uncorrected Fishers least

significant difference test or two-tailed unpaired Students t-tests

were performed to compare serum bactericidal activities. The p-

values less than 0.05 (*) and 0.001 (***) were considered

statistically significant.
3 Results

3.1 MenB-4C immunization elicits N.
meningitidis and N. gonorrhoeae LOS-
specific IgG antibodies

Initial data demonstrated that post-MenB-4C sera recognized

both meningococcal and gonococcal LOS species. As shown in

Figure 1B, proteinase K (PK)-digested OMVs probed with a post-

MenB-4C serum (19v5) showed LOS reactive bands for two N.

gonorrhoeae strains, 1291 and CNG20, as well as the N. meningitidis

strain H44/76 used to generate the Norwegian serogroup B OMV
Frontiers in Immunology 05
vaccine, MenBVac (23). Such signals constitute a fraction of the

post-MenB-4C IgG antibodies that recognize meningococcal and

gonococcal protein antigens, shown by multiple bands in

undigested gonococcal 1291 OMVs (Figure 1B, lane 4).

Densitometry analysis estimated that antibodies against LOS

accounted for ~10% of the total IgG response to OMV antigens

in gonococcal strain 1291. No LOS signal was detected when

Western blots were probed with the preimmune 19v1 sera from

the same individual, indicating that MenB-4C immunization

elicited IgG antibodies to N. meningitidis and N. gonorrhoeae LOS.

N. meningitidis expresses twelve LOS immunotypes, L1 - L12,

which are defined by structural differences (Table 1) (29, 38). PK

digests of the L1 - L12 LOS immunotyping strains were probed with

three post-MenB-4C sera (Figure 1C). Each serum was quite

distinct in the recognition of LOS immunotypes in addition to

both L1 and L3 LOSs present in the strain NZ98/254 OMV

component of MenB-4C. With serum 19v5, LOS of immunotypes

L3, L7, L8, and L9 reacted intensely, and immunotypes L10 and L11

reacted weakly, but immunotypes L2, L4, L5, L6, and L12 did not

react. The 7v5 serum recognized L1 LOS, with faint signals detected

for immunotypes L3, L4, and L6 - L11 (~3% - 12% of L1) and no

signal for L2, L5, and L12 LOS. Lastly, serum 17v5 recognized most

LOS immunotypes, intensely with L1 LOS and immunotypes L2,

L3, L4, L6, L7, and L9 (~50% - 90% of L1), but L8 reactivity was

diminished (~20% of L1), and no signal was detected for L5 and L10
TABLE 1 Structures of N. meningitidis LOS immunotypes and prototype strains.

Immunotype (strain) a-Chain (HepI) b-Chain (HepII)f g-Chain (HepII) Reference

3- 6- 2-

L1 (126E) Gala1→4Galb1→4Glcb1→4
Neu5Aca2→6Gala1→4Galb1→4Glcb1→4

PEAa H GlcNAc(OAc) (17)

L2 (35E) Neu5Aca2→3Galb1→4GlcNAcb1→3Galb1→4Glcb1→4 Glc PEA GlcNAc(OAc) (24)

L3 (6275) Neu5Aca2→3Galb1→4GlcNAcb1→3Galb1→4Glcb1→4 PEAa H GlcNAc (25)

L4 (89I) Neu5Aca2→3Galb1→4GlcNAcb1→3Galb1→4Glcb1→4 H PEA GlcNAc(OAc) (26)

L5 (M981) Galb1→4GlcNAcb1→3Galb1→4Glcb1→4Glcb1→4 Glc H GlcNAc(OAc) (27)

L6 (M992) GlcNAcb1→3Galb1→4Glcb1→4 H PEAc GlcNAc(OAc) (26, 28)

L7 (6155) Galb1→4GlcNAcb1→3Galb1→4Glcb1→4 PEAa H GlcNAc (26)

L8 (M978) Galb1→4Glcb1→4 PEAa H GlcNAc (29)

L9 (120M) Galb1→4GlcNAcb1→3Galb1→4Glcb1→4 PEAa H/PEAd GlcNAc(OAc) (30)

L10 (7880) Galb1→4Glcb1→4Glcb1→4- PEAa nd GlcNAc(OAc)e (31)

L11 (7889) Glcb1→4Glcb1→4- PEAa PEA GlcNAc(OAc) (32)

L12 (7897)b nd PEAa nd GlcNAc(OAc)e (33)
aThe LOS of these immunotyping N. meningitidis strains reacts positively with mAb B5, which specifically recognizes inner core structures that contain a PEA attached at the 3-position on of
HepII, as reported by Mackinnon et al. (34).
bNo structural characterization has been reported for L12 LOS. However, L12 LOS migrates faster than L8 and L11 LOS on silver-stained SDS-PAGE (33), thus L12 LOS is a lower MW species,
likely an extensively truncated LOS species, and does not react with post-MenB-4C sera.
cL6 LOS was reported to have a 7-PEA and no 6-PEA on HepII (26); a subsequent NMR study demonstrated that the PEA is located at the six-position (28).
dThe presence of a single 6-PEA of HepII was reported for the L9 strain Z2491 (lgtG-, lpt3-) (30). However, the immunotyping strain 120 M encodes lpt3 and is mAb B5 positive (i.e., carrying
3-PEA).
eThe gene, lot3, encoding the O-acetyltransferase of 2-GlcNAc on HepII is identified in all immunotyping strains. Thus, the GlcNAc of L10 and L12 immunotypes are predicted to be O-acetylated
(35); however, there is no biochemical structure determination.
fGlycine at the 7-position of HepII has been reported to be present in the L2 strain NMB (36) as well as the L3 and L4 immunotypes (37). The attachment of glycine to the inner cores of L1 and
L5L7 immunotypes has not been investigated.
nd, not determined.
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- L12 LOS. These data indicated that LOS-specific Ab populations

generated are different in individuals vaccinated with MenB-4C.

The lactoneotetrose (LNT, Gal-GlcNAc-Gal-Glc) a-chain is

present in L2, L3, L4, L7, and L9 LOS structures (Table 1), but

immunotypes L2 and L4 LOSs did not react with serum 19v5

(Figure 1C). Serum 19v5 recognized L1 LOS with the alternate a-
chain (Gal-Gal-Glc-HepI) and the truncated L8 LOS (Gal-Glc-HepI).

All 19v5-reactive immunotypes also carry a phosphoethanolamine

(PEA) at the 3-position of HepII (L1, L3, L7 - L11), while the

immunotypes not recognized by 19v5 have either 3-Glc (L2, L5) or 3-

H (L4, L6) at HepII (Table 1). This profile suggested that the majority

of LOS antibodies in the serum 19v5 did not require an intact a-chain
(LNT or L1) but were directed at structures of a truncated a-chain
together with phosphorylated HepII shared by meningococcal and

gonococcal LOS. In addition, absorbing serum 19v5 with the

prototype L8 strain M978, but not the L2 strain 35E, markedly

reduced the signals of L1, L3, L7, and L9 that have intact LOS a-chain
(Supplementary Figure S1). These data further support the finding

that the dominant LOS-specific Abs in 19v5 serum target structures

of phosphorylated HepII with a truncated alpha-chain (i.e., L8).

However, we cannot rule out the presence of a small fraction of

Abs in 19v5 serum that is directed against the longer a-chains.
In comparison, the immunodominant LOS-specific antibodies in

serum 17v5 recognized L1 LOS and a higher molecular weight (MW)

band, representing an extended LNT a-chain. All immunotypes with

a complete LNT were reactive with serum 17v5. L6 LOS missing the

terminal galactose (29) remained 17v5 reactive, but further truncation

of the a-chain to the L8 structure significantly diminished 17v5

recognition. The HepII inner core decoration at the 3-position was

not critical for serum 17v5 reactivity, as either 3-Glc, 3-PEA, or 3-H

were found in various 17v5-reactive immunotypes. Thus, the a-chain
structures with a minimum of 3 sugars, GlcNAc-Gal-Glc-HepI (i.e.,

L2, L3, L4, L6, L7, and L9) or Gal-Gal-Glc-HepI (i.e., L1), were the

targets for LOS recognition by serum 17v5.

The L5, L10, and L11 immunotypes with a maltose (Glc-Glc)

instead of a lactose (Gal-Glc) linkage to HepI (Table 1) did not react

or react weakly with each MenB-4C sera. Among the L5, L10, and

L11 immunotypes, L5 has a 3-Glc-HepII moiety and no PEA. L5 LOS

was not recognized by the three post-MenB-4C sera, while L10 and

L11 with a 3-PEA-HepII reacted weakly with 19v5 and 7v5 sera

(~10% of the most reactive immunotype). Sialylation of the terminal

Gal of the LNT was not required for Ab binding since both the

sialylated (L3) and nonsialylated forms (L7, L9) of the LNT moieties

reacted with each of the three sera in Western blots. Consistently, the

nonsialylated gonococcal LOS structures were also recognized by

post-MenB-4C sera (Figures 1B, 2B, below), further indicating that

LOS sialylation did not significantly interfere with Ab binding.
3.2 MenB-4C elicited LOS-specific IgG
antibodies for different LOS structures of
N. meningitidis

With the evidence that IgG responses to LOS differed among

individuals after MenB-4C vaccination, we studied ten post
Frontiers in Immunology 06
MenB-4C sera using additional meningococcal and gonococcal

strains (Figure 2). For the meningococcal panel, the MenB-4C

vaccine strain NZ98/254, strain H44/76, strain NMB and the

NMBcssA mutant expressing nonsialylated LOS (39) were

included. As noted, strain H44/76 was used for MenBVac, the

Norwegian serogroup B OMV vaccine (23), and had been reported

to express L3 and nonsialylated (L7) or truncated (L8) LOS

structures. The group B strain NMB, producing predominantly

L2 and L4 LOS (40), has been used extensively in the study of

meningococcal LOS assembly with detailed structural

characterizations performed for multiple mutants in the LOS

biosynthesis pathway (36, 41–43). Data with the mAb 3F11

(Figure 2A), which only recognizes nonsialylated LNT (44),

indicated that strains NZ98/254, H44/76 and NMB were fully

sialylated. Probing with mAb L1, which specifically recognizes the

alternate L1 a-chain (Gal-Gal-Glc-HepI, Figure 1A), confirmed

that only the vaccine strain NZ98/254 produced L1 LOS

(Figure 2A). No signals were detected when probed with mAb

2C7 that targets 3-lactose-HepII/lactose HepI, or with mAb 2-1-

L8 that recognizes a truncated a-chain (Gal-Glc-HepI) with a 3-

PEA-HepII (Figure 1A). Recognition by mAb 2-1-L8 is known to

be masked by an intact a-chain (45).

All 10 post-MenB-4C sera reacted, with different intensities, to

the LOS of NZ98/254 (Figure 2A). Half of the post-MenB-4C sera

(7v5, 17v5, 19v5, 20v5, and 21v5) showed strong anti-LOS signals to

NZ98/254 LOS. Variability in the recognition of other

meningococcal LOSs by post-MenB-4C sera was also seen. For

example, serum 10v5, but not most other sera, recognized a lower

MW structure of NMB and NMBcssA (Figure 2A). In contrast,

serum 19v5 showed strong reactivity to the LOSs of NZ98/254 and

H44/76, but not to the LOS of NMB and NMBcssA. Strain H44/76

expressing L3 (but not L1) demonstrated reactivity with sera 17v5,

19v5, and 21v5, but weakly (2v5, 6v5, and 15v5) or not at all with

the other sera. Serum 20v5 was weakly reactive with a high MW

LOS species of H44/76, NMB, and NMBcssA. The 17v5 serum

recognized two LOS bands of strain NZ98/254, one specific for

NZ98/254 not seen in H44/76 and one higher LOS band found in all

tested N. meningitidis strains. The 2v5 serum showed relatively

equal intensities among all four N. meningitidis strains. In contrast,

the serum 9v5 only reacted with LOS of the vaccine strain

NZ98/254.

The reactivity profiles of three post-MenB-4C sera toward the

12 N. meningitidis immunotypes (Figure 1C) implied that LOS

sialylation did not interfere with recognition. The impact of LOS

sialylation on Ab recognition was further addressed with the

additional MenB-4C sera. MenB-4C sera (Figure 2A) recognized

the sialylated NZ98/254, H44/76, and NMB LOSs as well as the

nonsialylated NMBcssA LOS, again indicating that LNT sialylation

was not critical for recognition by LOS antibodies in post MenB-4C

sera. One exception was sera 15v5, which was reactive only for

sialylated LOS samples (Figure 2A). In summary, the Western

blot data on the meningococcal LOS panel confirmed the

heterogeneity of LOS species expressed by meningococci and that

LOS antibodies of individual post-MenB-4C sera recognized

different LOS structures.
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3.3 MenB-4C elicited LOS-specific IgG
antibodies for different LOS structures of
N. gonorrhoeae

For the N. gonorrhoeae panel, we studied the LOS of six N.

gonorrhoeae strains: CNG20 (a 2015 N. gonorrhoeae clinical

isolate), 1291, FA1090, MS11, FA19, and F62. The LOS structures

of 1291, FA19, MS11 and F62 have been previously reported

(Supplementary Table S2), while those of FA1090 and CNG20

were predicted based on mAb reactivity (Figure 2B). Four (CNG20,

1291, FA1090, and MS11) of the six N. gonorrhoeae strains were

3F11-positive, indicating the presence of nonsialylated LNT a-
chain (Figure 2B). The published structure for 1291

(Supplementary Table S2) (46, 47) is consistent with L7 LOS

(nonsialylated L3). Two of these four N. gonorrhoeae strains

(FA1090 and MS11, Figure 2B) also showed strong mAb 2C7

signals. Strain FA19 had both L1 and 2-1-L8 signals but was 3F11

negative, indicating FA19 produced LOSs with truncated and

alternate a-chains. F62, which has a GalNAc substitution on the

terminal galactose of LNT (48) was weakly positive for mAb L1, but

negative for 3F11, 2C7, and 2-1-L8.
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Three of ten post-MenB-4C sera - 2v5, 17v5, and 20v5 -

demonstrated broad cross-reactivity to gonococcal LOS

(Figure 2B). Four other post-MenB-4C sera (7v5, 9v5, 19v5, 21v5)

were discriminatory for N. gonorrhoeae WT LOS structures

(Supplementary Table S2), two others reacted weakly with

gonococcal LOS (6v5 and 15v5) and one did not recognize N.

gonorrhoeae LOS (10v5). The three post-MenB-4C sera that showed

strong signals to LOS of the N. meningitidis strain H44/76 (17v5,

19v5, and 21v5, Figure 2A), also reacted strongly with the LOS of

both N. gonorrhoeae CNG20 and 1291. Sera 7v5 and 20v5, which

were only strongly reactive with L1 LOS in NZ98/254 (Figure 2A),

displayed weak signals to LOSs of CNG20 and 1291. The LOS of

CNG20 had a higher MW than the L7 LOS of 1291, possibly due to

additional glycan substitutions. LOS structures expressed by strain

FA1090 and MS11 were recognized by fewer sera (2v5, 17v5, and

20v5) than other N. gonorrhoeae strains. FA19 LOS was recognized

by most post-MenB-4C sera and strongly with 4 sera (2v5, 7v5, 9v5,

and 20v5) at a lower MW than those of other N. gonorrhoeae

strains. Most post-MenB-4C sera also recognized LOS expressed by

N. gonorrhoeae F62, identified as a higher MW band, consistent

with the reported terminal GalNAc addition on the a-chain
B CA

FIGURE 2

Immunodominant LOS-specific IgG antibody responses to N. meningitidis and N. gonorrhoeae differ among MenB-4C-vaccinated individuals.
(A) LOS of representative N. meningitidis strains probed with 10 post MenB-4C sera and four relevant LOS-specific mAbs (3F11, L1, 2C7, and 2-1-L8).
PK-digested whole cell lysates were resolved, and Western blots performed as described in the procedures. The positions of 10 KD and 5 KD
prestained protein molecular weight markers are marked by arrows on the left. (B) Five N. gonorrhoeae reference strains (see Supplementary Tables
S2 for structures) and one 2015 clinical isolate CNG20 were analyzed as in (A). (C) The 2C7-positive gonococcal strain FA1090 and its 2C7-negative
lgtG mutant were probed with 10 post-MenB-4C sera. Loss of mAb 2C7 epitope in FA1090 enhanced N. gonorrhoeae recognition by most MenB-
4C sera.
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(Supplementary Table S2). Loss of the 2C7 epitope in strain

FA1090lgtG, created by an lgtG mutation that eliminates the

lactose addition to the 3-position of HepII (Figure 2C, top),

enhanced the recognition by most of the post-MenB-4C sera

compared to the parental FA1090 LOS (Figure 2C). Of ten sera

tested with the FA1090lgtG mutant, the 10v5 serum, which overall

does not recognize N. gonorrhoeae LOS (Figure 2B), was the

exception. In summary, the Western blot data on the gonococcal

LOS panel confirmed that LOS antibodies of individual post-MenB-

4C sera recognized distinct gonococcal LOS structures, and the

removal of the 3-lactose-HepII enhanced recognition.
3.4 Meningococcal and gonococcal LOS
structures recognized by LOS-specific
IgG antibodies

Based on these initial studies, antibodies in post-MenB-4C sera

detected different LOS structural epitopes. To further define the N.

meningitidis and N. gonorrhoeae LOS epitope(s) recognized by IgG

antibodies elicited by MenB-4C vaccination, a collection of LOS

biosynthesis mutants of two N. meningitidis and two N. gonorrhoeae

strains with LOS structures defined by biochemical studies or mAb

reactivities were further probed in detail with three post-MenB-4C

sera. Stains used included the N. meningitidis strain NMB expressing

both L2 and L4 LOS structures (36, 41–43), the vaccine strain NZ98/

254 producing both L1 and L3 LOSs, and two gonococcal strains,

FA19 and F62, which have well-characterized LOS structures (46, 48).

The mutations investigated in these strains included lgtG (49), lpt3,

lpt6, lpt3/lpt6 (34, 36), lpt6/lgtG, lgtA (50), lgtA/lgtC, lgtF (51), rfaK

(21, 36, 43), galE (41), galE/lgtG, and cssA (Figure 1A).

3.4.1 N. meningitidis strain NMB
The LOS structures of strain NMB and mutant are shown in

Supplementary Table S3. There was no reactivity with mAbs L1 and

2-1-L8. The NMBlgtA mutant was weakly reactive with mAb 4C4

(Figure 3A) and not reactive with 2-1-L8, indicating that the

NMBlgtA mutant had no 3-PEA-HepII and instead was mostly

substituted with 3-Glc. The NMBgalE/lgtG mutant was strongly

reactive with mAb 4C4, but the NMBgalE mutant (41, 52) was 4C4

negative. The mAb 4C4 recognizes both Gal-Glc-HepI and Glc-

HepI structures (53) as well as Glc-Glc-HepI of the L11 LOS (15),

thus the 3-Glc-HepII moiety of the NMBgalE mutant likely

prevented 4C4 binding. When the NMB panel was probed with

3F11, only the nonsialylated NMBcssA mutant was reactive,

indicating that the LNT a-chains of WT and the inner core

mutants (NMBlgtG, lpt3, lpt6, and lpt6/lgtG) were sialylated.

These defined NMB LOS structures were probed with three post-

MenB-4C sera (Figure 3A). LOS species of both the WT and the

nonsialylated cssAmutant were not recognized by sera 19v5 and 7v5

but were reactive with 17v5, confirming the initial results shown in

Figure 2A. The LOS of the NMBlgtG mutant, also devoid of 3-PEA

addition to HepII (54), was now recognized by sera 19v5 and 7v5, but

the lgtG mutation did not alter reactivity for serum 17v5 (Figure 3A,

lane 2). The recognition of the WTlgtG was extended to the LOSs of
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the lpt6/lgtG and galE/lgtG mutants (lanes 5 vs. 4 and 10 vs. 9). A

shared feature among WT, lpt6, and galEmutants is the 3-Glc-HepII

moiety, a defining feature for the L2 immunotype. As a structural

characterization of NMBlpt3 LOS has shown complete glycosylation

at the 3-position of HepII (36) (Supplementary Table S3), the lack of

19v5 and 7v5 reactivities with this mutant is also correlated with

blocking by 3-Glc-HepII. In addition, the NMBlgtA mutant, which

presumably retained the 3-Glc-HepII, was also not reactive for sera

19v5 and 7v5. Thus, the presence of 3-Glc on HepII interfered with

Ab recognition by 19v5 and 7v5, regardless of an intact (WT and lpt6)

or a truncated a-chain (lgtA and galE). These data were consistent

with the observation of the FA1090lgtG LOS being significantly more

reactive than the parental FA1090 LOS when probed with most of the

post-MenB-4C sera (Figure 2C). The NMBlgtGmutant with a 6-PEA

and the NMBlpt6/lgtG mutant predicted to have a 3-PEA on HepII

were both reactive with sera 19v5 and 7v5, suggesting that, while PEA

on Hep II was critical, the linkage of PEA (either 3-PEA or 6-PEA)

was not important for LOS antibodies in these two post-MenB-4C

sera to recognize the LOS species.

The NMBlgtF mutant was recognized by 7v5, but not by 19v5.

Another deeply truncated LOS, the NMBrfaK mutant, was not

reactive with either sera. The LOS of NMBlgtF has no sugar added

to either a-chain or b-chain but retains the 2-GlcNAc of the g-chain
(41), while the NMBrfaK mutant has further lost g-chain
glycosylation (36, 43) (Figure 1A; Supplementary Table S3). The

importance of 2-GlcNAc-HepII in triggering Ab responses has been

shown by synthetic oligosaccharides (55). The difference between

lgtF and rfaK LOSs indicated that, when HepI is not glycosylated,

the 2-GlcNAc on HepII may be sufficient for 7v5 Ab binding but

insufficient for 19v5. These results from the NMB genetic

background indicated that post-MenB-4C sera 19v5 and 7v5 have

no requirement for an intact or sialylated LNT a-chain, and LOS-

specific antibodies likely recognized LOS structure(s) with at least a

Glc extension on HepI (19v5) and a 2-GlcNAc on HepII (7v5). The

presence of PEA at either 3- or 6-positions of HepII was not as

critical, but the 3-Glc-HepII completely blocked the recognition by

sera 19v5 and 7v5. In contrast, the major LOS antibodies in sera

17v5 recognize structures that have an intact LNT (or L1) a-chain.
Mutations causing truncation in the a-chain (lgtA, lgtF, rfaK, and

galE) eliminated recognition by the 17v5 serum. Serum 17v5 has a

reduced signal for truncated a-chain structures (Figure 1C),

explaining the weak signal for the low MW LOS of the NMBgalE/

lgtGmutant (Figure 3A). Unlike 7v5 and 19v5, the 3-Glc-HepII did

not block binding of 17v5 antibodies, as shown by signals for the

WT, the lpt3, and the lpt6 mutants.

3.4.2 N. meningitidis strain NZ98/254
Mutations in cssA, lpt3, lgtA/lgtC, and rfaK were examined in

strain NZ98/254. Strain NZ98/254 does not encode the lgtG-lpt6

genetic island critical for LOS inner core modifications and expresses

L1 and L3 LOS structures that differ in a-chain compositions, but

both structures have a 3-PEA on Hep II (Table 1). Terminal 2,6-

linked sialylation of L1 LOS has been reported in N. meningitidis (17,

56), and N. gonorrhoeae (57). The stronger L1 signal in the cssA

mutant implied that L1 LOSs in the WT and the lpt3 mutant of
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NZ98/254 were partially sialylated. In contrast, 3F11 was only

positive in the cssA mutant, suggesting that the LNT a-chain of L3

LOS was sialylated in WT and the lpt3 mutant.

When probed with the three post-MenB-4C sera (Figure 3B),

stronger signals were detected for the LOS of the NZ98/254cssA

mutant than that of the WT, implying LOS-specific antibodies in

the post-MenB-4C sera have greater affinities for unsialylated LOS

species. The LOS of the NZ98/254lpt3 mutant, which has no

modification on HepII (lpt3, lpt6, and lgtG are absent in the

genome), essentially lost reactivity when probed with sera 7v5

and 19v5. Thus, a single PEA on HepII (either 3-PEA or 6-PEA)

was needed to fulfill the epitope requirement for sera 7v5 and 19v5.

The NZ98/254lpt3 mutant remained positive for 17v5, as a PEA-

HepII substitution was not critical. The LOS of the NZ98/254rfaK
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mutant, like the mutant in strain NMB, did not react with MenB-4C

sera and all mAbs, indicating this deeply truncated structure, lacked

the necessary LOS epitopes.

3.4.3 N. gonorrhoeae strain FA19
The FA19 strain produces L8 LOS, as reported by Shafer et al.

(58), and L1 LOS (Figure 4A) (46). A LNT in the a-chain was not

detected with mAb 3F11 (Figure 2B). The 2-1-L8 signals of the WT,

the FA19lgtG and FA19lpt6/lgtG mutants (Figure 4A), also

indicated the presence of 3-PEA on HepII. The 2-1-L8 signal, as

expected, disappeared in the lpt3 mutant. We detected doublet

bands in the 2-1-L8 blots of L8-positive samples (Figures 2B, 4A).

The 2-1-L8 mAb does not react with Glc-HepI (17). Thus, this

faster migrating band may be a variant of L8 LOS with structural
B

A

FIGURE 3

Recognition of N. meningitidis LOS structures by post-MenB-4C sera. (A) Western blots of N. meningitidis parental NMB and mutants, as probed by
three post MenB-4C sera (7v5, 17v5, and 19v5) and two mAbs 3F11 and 4C4. The loss of glucose on HepII allowed recognition of N. meningitidis NMB
LOS; all three post-MenB-4C sera recognized LOS in the genetic background of lgtG mutations. (B) LOS Western blots of the vaccine strain NZ98/254
and mutants. Both sialylated and unsialylated LOS were recognized by all three sera, but the removal of 3-PEA by the lpt3 mutation eliminated
recognition by sera 19v5 and 7v5. The positions of 10 KD and 5 KD prestained protein molecular weight markers are marked by arrows on the left.
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1350344
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Tzeng et al. 10.3389/fimmu.2024.1350344
change(s) at the basal region (e.g., lipid A head groups). A lpt6

mutation eliminated L1 LOS expression and converted FA19 LOS

to strongly 2C7 reactive and 2-1-L8 nonreactive, indicating lactose

substitution (Gal-Glc) at the 3-position of HepII. This profile

indicated either that lgtG in the WT FA19 was phase-off but

switched to phase-on in the FA19lpt6 mutant clone or that the 6-

PEA on HepII interfered with the Gal extension on 3-Glc-HepII, a

phenomenon not previously described. The 2C7 signal of the

FA19lpt6 mutant predictably disappeared with the additional lgtG

mutation (Figure 4A), and the FA19lpt6/lgtG double mutant again

became mAb 2-1-L8 reactive.

Because the dominant LOS species of WT FA19 are L8 and L1

with a 3-PEA on HepII the binding of sera 7v5 and 19v5 to LOS was

not affected by a lgtGmutation (Figure 4A). Binding of 19v5 was not

affected by the absence of 3-PEA in FA19lpt3 (Figure 4A), likely due

to the presence of 6-PEA-HepII. However, serum 7v5 binding was

markedly reduced due to the absence of 3-PEA on the

immunodominant L1 LOS. Serum 17v5 binding to FA19 LOS was

not altered by the lpt3 or lgtG mutations (Figure 4A), consistent

with the notion that 17v5 did not require a specific HepII structure.

WT FA19 LOS (2C7 nonreactive) was recognized by at least half of

the post-MenB-4C sera (Figure 2B); conversely, the 2C7-positive

FA19lpt6 LOS was not reactive, while the 2C7-negative FA19lpt6/

lgtG double mutant yielded strong signals with MenB-4C sera, again

illustrating the inhibition of post-MenB-4C Ab binding to LOS by

3-lactose-HepII (Figure 4A), a finding also demonstrated with N.

gonorrhoeae FA1090 and the FA1090lgtG mutant (Figure 2C).

3.4.4 N. gonorrhoeae strain F62
N. gonorrhoeae F62 is reported to express a terminal GalNAc-

modified LNT a-chain LOS (Supplementary Table S2) (48).

Compatible with this structure, Western blots showed a higher MW
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LOS of WT F62 that did not react with mAbs 3F11, 2-1-L8, and 2C7

(Figure 2B). In addition to WT F62 LOS, we examined LOS of lgtG,

lgtG/lpt6, lpt3, lpt3/lpt6, lpt6, lgtA, and lgtA/lgtC mutants (Figure 4B).

The F62lgtG and the F62lgtG/lpt6 mutants, but not the WT, initiated

L1 LOS expression. In addition, the F62lgtA with a truncated a-chain
was also positive for mAb L1. As expected, the L1 signal of the F62lgtA

mutant disappeared when lgtC was also disrupted (Figure 1A). The

F62lgtA/lgtC double mutant was reactive for both 2-1-L8 and 2C7,

indicating a mixture of 3-PEA and 3-Gal-Glc on HepII. The

appearance of 2C7 signals in the F62 mutants with a lpt6 mutation

(F62lpt6 and F62lpt3/lpt6) correlated with that observed for FA19lpt6.

WT F62 LOS was recognized by nine of 10 of the post-MenB-

4C sera (Figure 2B). The F62lgtG, F62lgtG/lpt6, and F62lgtA

mutants expressing predominantly L1 LOS were weakly reactive

with 19v5, while the F62lgtA/lgtC mutant producing L8 LOS with a

3-PEA-HepII showed stronger signals (Figure 4B). Mutations in

lpt6 became 2C7 positive and eliminated 19v5 recognition. Thus,

accumulated data indicate that serum 19v5 reacted with LOS

epitope(s) with either a 3- or 6-PEA but not glycosylated HepII.

As anticipated, sera 7v5 reacted strongly with three F62 mutants

expressing L1 LOS and did not bind mutants that were 2C7 positive

(lpt3/lpt6 and lpt6). Similarly, sera 17v5 displayed strong reactivity

for three F62 mutants expressing L1 LOS and less reactivity with

those expressing extended LNT a-chain LOS, regardless of HepII

modifications (WT, lpt3, lpt6, and lpt3/lpt6).
3.5 Genomic content for inner core HepII
modification genes

As noted above, modifications on HepII by LgtG, Lpt3, and Lpt6

influenced the recognition by LOS-specific antibodies of post-MenB-
BA

FIGURE 4

Recognition of LOS structures in N. gonorrhoeae strains by post-MenB-4C sera. (A) Western blots of strain FA19 and four mutants. Blots probed with
three mAbs (2-1-L8, 2C7, and L1) and three post-MenB-4C sera are shown. (B) Western blots of the gonococcal strain F62 and seven mutants
probed with the same mAbs and sera as in (A). Lpt6 mutations in FA19 and F62 have strong 2C7 signals that were no longer recognized by post-
MenB-4C sera. An additional lgtG mutation rescued reactivity. The positions of 10 KD and 5 KD prestained protein molecular weight markers are
marked by arrows on the left.
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4C sera. Of the HepII modification genes, lpt3 is encoded separately

from the lgtG-lpt6 genetic island. Four configurations of the lgtG-lpt6

locus are reported in N. meningitidis (1): lgtG alone (H44/76 and

MC58) (2), lpt6 alone (Z2491) (3), both lgtG and lpt6 (NMB and all

six N. gonorrhoeae strains in Figure 2B), and (4) missing the lgtG-lpt6

genetic island (NZ98/254) (Figure 5). To more broadly evaluate the

content of HepII modification genes in N. gonorrhoeae genomes,

whole genome sequences (WGS) of N. gonorrhoeae in the PubMLST

database were interrogated using the ‘Gene Presence analysis tool. Of

19,555 gonococcal genome records, 19,475 were marked as lgtG-

positive (99.59%), and 80 were categorized as lgtG-negative. Blast

analysis showed the majority of these 80 genomes (73/80), while

having <50% sequence alignment, do contain highly homologous

partial lgtG coding sequences (< 9 mismatches, and 0 - 1 gap) of

variable lengths. The limited alignments were due to contig breaks

within or adjacent to the lgtG coding sequence. One of the seven

genomes without lgtG has poor WGS quality (> 1,000 contigs), and

two genomes have contig breaks within the upstream neis2010 as well

as between lgtG and lpt6 or within lpt6. Thus, whether lgtG is present

in these three genomes is unclear. Two genomes, while having large

continuous contigs, lack the lgtG-lpt6 island and the surrounding

genes. Finally, two lgtG-negative genomes have the upstream

neis2010 and the downstream lpt6 genes, analogs to those of N.

meningitidis strain Z2491 (Figure 5). Taken together, four of 19,552

genomes are most likely lgtG null (i.e., 99.98% lgtG positive).

However, lgtG has a poly C track-causing phase onoff switch (the

11C track is in-frame). Overall, lpt3 and lpt6 were also encoded by

most N. gonorrhoeae, with 98.95% and 99.82% prevalence,

respectively, based on the Gene Presence analyses.
3.6 MenB-4C immunization produces LOS-
specific IgG antibodies to gonococcal LOS
that are bactericidal

LOS antibodies have been reported to be bactericidal against N.

meningitidis and N. gonorrhoeae (59–61). We estimated antibodies

against LOS in post-MenB-4C accounted for ~10% of the total IgG

response to gonococcal OMV preparations. The serum bactericidal

activity (SBA) of post-MenB-4C sera against gonococcal strain

1291, which expresses L7 LOS (L3 LOS without terminal

sialylation, Table 1) (46, 47) was determined. Two post-MenB-4C
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sera, 17v5 and 19v5, at 10% (v/v), yielded 33.2% ± 1.3% and 33.6% ±

4.0% killing of N. gonorrhoeae strain 1291, respectively (Figure 6A,

no LOS). To remove antibodies specific to LOS, 50 ng of purified L3

LOS was added to the reactions. Similarly, equal amounts of L5

LOS, which does not react with the post-MenB-4C sera (Figure 1C),

were examined in parallel as a control. The presence of excess L3

LOS, but not L5 LOS, significantly enhanced survival (p < 0.001) for

both the 17v5 and 19v5 sera (Figure 6A), supporting that antibodies

in these post-MenB-4C sera targeting LOS were bactericidal. The

nonreactive L5 LOS at an equivalent amount and the presence of

either purified LOS alone or the preimmune sera from the same

individuals had no effect on survival . Sera 7v5 with

immunodominant L1 LOS antibodies (Figure 1C) showed weaker

bactericidal activity (13% ± 9.7%) against N. gonorrhoeae 1291,

likely due to the absence of L1 LOS targets, and this serum was not

examined with SBA assays. Excess L3 LOS also specifically titrated

away the killing of the 19v5 serum against the 2C7-expressing N.

gonorrhoeae strain FA1090 (Figure 6B), further confirming the

contribution of LOS-specific bactericidal antibodies.
4 Discussion

The outer membrane of N. meningitidis and N. gonorrhoeae,

containing proteins and lipooligosaccharides (LOS), is key to the

immunological recognition of these pathogens. Much work has

defined the differences and similarities between the N. meningitidis

and N. gonorrhoeae outer membranes and has led to successful

OMV vaccines for N. meningitidis (MenB-directed vaccines). A

recent study has shown that OpcA and PorB are two important

OMV protein antigens of MenB-4C, providing broad protection

against different group B N. meningitidis (62). However, the

identification of immunologically critical and distinctive

gonococcal outer membrane antigens as vaccine candidates has

continued to be elusive. Mounting evidence from multiple

retrospective and ecological studies in several countries suggests

that meningococcal OMV vaccines, including MenB-4C (BexseroR),

have effectiveness against gonococcal infections (4, 5, 7–10). The

OMV proteins in MenB-4C share a high degree of amino acid

sequence identity/similarity with corresponding homologs in N.

gonorrhoeae (63, 64) and likely contribute to this effect, yet the

precise mechanism(s) of cross-protection conferred by these
FIGURE 5

Schematic representation of the lgtG-lpt6 genetic island. Four different genomic organizations are found in representative strains of N. meningitidis
(black) or N. gonorrhoeae (blue). The dotted line indicated the absence of the lgtG-lpt6 genetic island in strain NZ98/254.
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meningococcal vaccines against N. gonorrhoeae remains to

be determined.

LOS is the major surface component of N. meningitidis and N.

gonorrhoeae outer membrane. LOS expression is heterogeneous, with

multiple LOS species produced by a single strain. For example,

studies using monoclonal antibodies indicate that a particular

gonococcal strain can change LOS structure at high frequencies of

10−210−3 due to slipped strand mispairing of LOS biosynthesis genes

(65). Thus, considerable LOS antigenic variability exists in N.

meningitidis and N. gonorrhoeae. Furthermore, several LOS glycans

are not recognized as foreign and contribute to immune evasion by

molecular mimicry with host antigen structures. For example, the a-
chain lacto-N-neotetraose (Galb1→4GlcNAcb1→3Galb1→4Glcb1→4) is

identical to human erythrocyte glycosphingolipids (66); and the

alternative a-chain structure (Gala1→4Galb1→4Glcb1→4) of the L1

immunotype is structurally similar to human paraglobosides (67).

Despite these challenges, LOS, as the vaccine antigen, has been

evaluated for the prevention of both N. meningitidis (68) and N.

gonorrhoeae (67), and unique conformational LOS-derived

oligosaccharides are being examined as an N. gonorrhoeae vaccine

candidates (69). In particular, the mAb 2C7-specific LOS epitope

composed of a b-linked lactose (Gal-Glc) to HepI and an a-linked
lactose to HepII (shaded in Figure 1A) (45, 61) is under active study.

The 2C7 epitope is a conserved N. gonorrhoeae LOS inner core

structure and is widely expressed by gonococci but not meningococci

(70); in one study, mAb 2C7 recognized 95% of 101 second-passaged

N. gonorrhoeae clinical isolates (45), and in a second, was present in

100% of the 75 isolates collected from Nanjing, China (71). The 3-Glc

addition to HepII, a prerequisite for the 2C7 epitope, is added by

LgtG, which is phase variable (49). As noted (and supported by this

study, Figure 2), N. gonorrhoeae is the only member of the genus

Neisseria that expresses lactose, extending from HepII (71). N.

meningitidis strains (e.g., L2 strains such as NMB, Figure 3A) can

place Glc at the 3-position of HepII, but further extension (i.e., 2C7

reactive) is not seen in N. meningitidis (Figure 2A).

MenB-4C immunization was found to elicit a spectrum of N.

meningitidis andN. gonorrhoeae LOS-specific IgG antibodies. These

LOS antibodies were in response to the L1 and L3 LOS antigens in
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MenB-4C, despite detergent extraction that reduces LOS content of

25 - 50% by weight relative to protein in native OMV to 5 - 8%

residual LOS in MenB-4C (72). The immunodominant LOS Ab

responses differed in vaccinated individuals. A schematic

presentation summarizing the minimal LOS epitopes specific to

predominant antibodies in three post-MenB-4C sera is shown in

Figure 7. In sera 19v5, a conformational epitope that includes a

truncated LNT or L1 a-chain (Gal-Glc-HepI) and a 2-GlcNAc-

HepII with one PEA phosphorylation, but not 3-Glc, was

recognized (Figure 7A). Other sera (e.g., 17v5) recognized a

minimal tri-saccharide a-chain structure, including LOS

immunotypes (L2, L3, L4, L7, L9) with complete LNT a-chain or

alternate L1 a-chain, but not requiring specific HepII

modifications, except the 2-GlcNAc-HepII (Figure 7B). The L6

LOS (GlcNAc-Gal-Glc-HepI) missing the terminal galactose of

LNT remained quite reactive, but further truncation to an L8

structure (Gal-Glc-HepI) significantly diminished 17v5

recognition. Sialylation of the terminal Gal of the LNT or L1 was

not required or blocked 17v5 Ab binding. In the 7v5 serum, L1-

specific antibodies (Gal-Gal-Glc-HepI) were immunodominant.

LOSs with a complete or truncated LNT a-chain were also

weakly reactive with 7v5 if either a 3- or a 6-PEA-HepII was

present and 3-Glc was absent on HepII (Figure 7C). An

alternative a-chain linkage, maltose instead of lactose (e.g., L5,

L10, and L11, Table 1) attached to HepI diminished or eliminated

MenB-4C Ab reactivity. MenB-4C reactivity was also eliminated or

diminished in the presence of the Gal-Glc a-linked to HepII,

needed for 2C7 reactivity. The lgtG mutation in multiple N.

meningitidis and N. gonorrhoeae strains enhanced recognition by

post-MenB-4C sera (Figures 2, 3, 7). Thus, the 3-Glc or 3-Gal-Glc

addition on HepII was an unfavorable feature for LOS antibodies

elicited by MenB-4C. The LOS in MenB-4C OMVs are prepared

from strain NZ98/254, which does not encode lgtG (Figure 5) and

thus lacks a 3-Glc-HepII.

LOS-specific antibodies of post-MenB-4C sera were bactericidal

against gonococci (Figure 6). Killing of gonococcal strain 1291

expressing the L7 LOS (Table 1) can be titrated away by excess

purified L3 LOS, but not by a nonbinding L5 LOS (Figure 1C) that
BA

FIGURE 6

Serum bactericidal activities of post-MenB-4C sera against N. gonorrhoeae. (A) Serum bactericidal activities of two post-MenB-4C sera, 17v5 and
19v5, against N. gonorrhoeae strain 1291. When indicated, the reactions contain 50 ng of purified L3 LOS or L5 LOS. The CFU counts from reactions
with 10% complement sera only are set as 100% for normalization. Data are represented as mean ± standard deviation. Statistical significance is
analyzed by one-way ANOVA with an uncorrected Fishers least significant difference test, ***p < 0.001. (B) Serum bactericidal assays of sera 19v5
against N. gonorrhoeae strain FA1090, as described above. Statistical significance is analyzed by unpaired two-tailed Students t-tests, *p < 0.05.
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has a Galb1→4GlcNAcb1→3Galb1→4Glcb1→4Glcb1→4-a-chain with a 3-

Glc addition at HepII. Post-MenB-4C sera 17v5 and 19v5 at 10% (v/

v) with a 10% complement source showed ~30% killing against the

N. gonorrhoeae strain 1291 and, as anticipated, near 100% killing of

the vaccine strain NZ98/254 (unpublished data). Gonococci lack the

MenB-4C-targeted protein antigens present in meningococci (e.g.,

NadA, FHbp, and PorA), and LOS-specific antibodies constitute a

small fraction of total antibodies (~10% estimated in Figure 1B).

However, the reduction in killing by post-MenB-4C sera 17v5 and
Frontiers in Immunology 13
19v5 in the presence of excess L3 LOS suggests that the LOS-specific

antibodies represent a significant proportion of bactericidal

antibodies against N. gonorrhoeae in these sera. In separate

preliminary studies, a significant amount of the remaining N.

gonorrhoeae bactericidal activity in serum 17v5 is directed at the

cross-reactive N. gonorrhoeae OMV proteins, especially NHBA

(unpublished data).

Inner core structural variations of N. meningitidis and N.

gonorrhoeae, LOS affect susceptibility to Ab-mediated immunity.
B

C

A

FIGURE 7

N. meningitidis and N. gonorrhoeae LOS epitopes recognized by post-MenB-4C sera. The minimal LOS structural epitope required for the dominant
antibody population in 19v5 (A), 7v5 (B), and 17v5 (C) is shaded, and this description does not exclude some antibodies in the polyclonal population
in these sera recognizing longer glycan structures. The key for the saccharide units is shown at the bottom.
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In previous work on N. meningitidis and N. gonorrhoeae, human

sera, and functional mAbs were shown to recognize LOS inner core

heptose structures (34, 73, 74). For example, mAb B5, which

specifically targets the 3-PEA-HepII of N. meningitidis LOS

exhibits opsonophagocytic and bactericidal killing against the

MC58::galE mutant, and a mutation in lpt3 resulted in a

significant decrease in the functional activity of mAb B5 (34).

Thus, the 3-PEA-HepII has been proposed to be an N.

meningitidis immunodominant epitope (34) and is found on

~70% of hypervirulent N. meningitidis strains (73). Furthermore,

Ram et al. showed that the PEA groups on N. meningitidis and N.

gonorrhoeae HepII form amide linkages with C4b (75). Strains with

6-PEA are more efficient than those with 3-PEA in binding C4b and

are more susceptible to complement-mediated killing in serum

bactericidal assays (75); this correlates with the dominance of 3-

PEA-bearing meningococci among clinical N. meningitidis isolates.

In addition, mAb 2C7, which requires 3-lactose-HepII for binding,

showed functional activity against all gonococcal HepI LOS

structures defined by various lgtA/C/D on/off combinations (76,

77). The data presented in this paper show that HepII inner core

modifications by PEA or glucose/lactose greatly influence

recognition by antibodies elicited by MenB-4C immunization.

The preference for 3-PEA-HepII over a glycosylated HepII was

the likely result of the 3-PEA-HepII LOS antigen present in the

OMV component of MenB-4C.

Convalescent infections and multicomponent vaccines such as

MenB-4C induce antibodies (78), including those to LOS that act

cooperatively and synergistically, as simultaneous binding of

antibodies to various surface-exposed antigens can overcome the

threshold density of antigen - antibody complexes needed for

complement activation (79). Previous studies of OMV-based

meningococcal vaccines have demonstrated that LOS antibodies

significantly contribute to the bactericidal activity against N.

meningitidis in vaccine responders (80, 81). Furthermore,

antibodies to LOS are found to mediate significant bactericidal

activity in normal human sera against group B meningococci using

bactericidal depletion assays, with the implication that anti-LOS

antibodies can persist and play an important role in natural

immunity to N. meningitidis (82). In support of the importance of

N. gonorrhoeae LOS antibodies, an early study by Rice et al. (83)

noted that specific inhibition of serum bactericidal activity against the

infecting disseminated gonococcal strain was detected when the

patients convalescent serum was pre-incubated with the endotoxin

fraction and the outer membrane, while the protein fraction exhibited

no inhibition. Antibodies to N. gonorrhoeae LOS have been found in

both normal human sera and in sera from N. gonorrhoeae-infected

individuals (78). Furthermore, experimental gonococcal urethritis

and reinfection with homologous gonococci in male volunteers

show that men with IgG antibodies against LOS were significantly

less likely to become infected when later challenged than were men

who did not have an IgG response to LOS (84).

Thus, MenB-4C immunization elicits serum bactericidal IgG

antibodies to shared LOS conformational epitopes on N.

gonorrhoeae and N. meningitidis that may contribute to the

effectiveness of meningococcal OMV vaccines against gonococcal
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infections. The LOS immunogenicity of MenB-4C was anchored in

the prokaryotic heptoses of LOS, a sugar unique to gram-negative

bacteria and not found in human antigens (85). When a microarray

of the a-chain glycans (L1, L6, L8, and LNT) not linked to heptose

was examined, no differential binding by pre- or post-MenB-4C

sera was observed (unpublished data). LOS-specific recognition was

influenced by heterogeneous LOS expression in N. meningitidis and

N. gonorrhoeae, and MenB-4C-induced LOS Ab populations were

strikingly different among vaccinated individuals. The individual

variability in response to LOS may suggest vaccine boosting of

preexisting populations of glycan-specific memory B cells (86)

previously programmed following exposure to Neisseria spp. LOS

antigens. LOS antibodies in many post-MenB-4C sera recognized

gonococci without the 2C7 epitope. The study suggests that

modification of the LOS structures in licensed meningococcal

OMV vaccines may enhance protection against N. gonorrhoeae.

Because the 2C7 LOS epitope is unique to gonococci, the inclusion

of the 2C7-reactive oligosaccharides (or 2C7-positive N.

gonorrhoeae OMV) as an example in such tailored next-

generation vaccine formulations may enhance the contribution of

LOS-specific antibodies and increase the effectiveness of OMV

vaccines against N. gonorrhoeae.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors without undue reservation.
Ethics statement

The studies involving humans were approved by National

Research Ethics Service, Wandsworth Research Ethics Committee.

The EudraCT number was 2008-007182-23. The studies were

conducted in accordance with the local legislation and

institutional requirements. The participants provided their written

informed consent to participate in this study.
Author contributions

Y-LT: Conceptualization, Formal analysis, Funding acquisition,

Investigation, Methodology, Project administration, Supervision,

Visualization, Writing – original draft, Writing – review & editing.

SS: Data curation, Investigation, Writing – review & editing. RB:

Formal analysis, Resources, Writing – review & editing. DS:

Conceptualization, Funding acquisition, Supervision, Writing –

original draft, Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This work
frontiersin.or
g

https://doi.org/10.3389/fimmu.2024.1350344
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Tzeng et al. 10.3389/fimmu.2024.1350344
was supported in part by NIAID Grant No. R01AI127863 and No.

R21AI164733. The funders had no role in study design, data

collection and interpretation, or the decision to submit the work

for publication.

Acknowledgments

We thank Jose Bazan, MD Abigail Norris-Turner, PhD (Ohio

State University), and Varun Phadke, MD, and Nadine Rouphael,

MD (Emory University) for discussions and support related to this

project. This publication made use of the Neisseria Multi Locus

Sequence Typing website (https://pubmlst.org/neisseria/).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Frontiers in Immunology 15
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.

1350344/full#supplementary-material

SUPPLEMENTARY FIGURE 1

Western blots probed with pre-absorbed 19v5 sera.
References
1. Workowski KA, Bachmann LH, Chan PA, Johnston CM, Muzny CA, Park I, et al.
Sexually transmitted infections treatment guidelines, 2021. MMWR Recomm Rep
(2021) 70:1–187. doi: 10.15585/mmwr.rr7004a1

2. Unemo M, Shafer WM. Antimicrobial resistance in Neisseria gonorrhoeae in the
21st century: past, evolution, and future. Clin Microbiol Rev (2014) 27:587–613.
doi: 10.1128/CMR.00010-14

3. WHO. Multi-drug resistant gonorrhoea WHO (2023). Available at: https://www.
who.int/news-room/fact-sheets/detail/multi-drug-resistant-gonorrhoea.

4. Whelan J, Klovstad H, Haugen IL, Holle MR, Storsaeter J. Ecologic study of
meningococcal B vaccine and neisseria gonorrhoeae infection, Norway. Emerg Infect Dis
(2016) 22:1137–9. doi: 10.3201/eid2206.151093

5. Perez O, Campo J, Cuello M, Gonzalez E, Nunez N, Cabrera O, et al. Mucosal
approaches in Neisseria vaccinology. VacciMonitor (2009) 18:53–5. Available at:
https://www.redalyc.org/articulo.oa?id=203414610001.

6. Petousis-Harris H, Radcliff FJ. Exploitation of Neisseria meningitidis Group B
OMV Vaccines Against N. gonorrhoeae to Inform the Development and Deployment
of Effective Gonorrhea Vaccines. Front Immunol (2019) 10:683. doi: 10.3389/
fimmu.2019.00683

7. Petousis-Harris H, Paynter J, Morgan J, Saxton P, McArdle B, Goodyear-Smith F,
et al. Effectiveness of a group B outer membrane vesicle meningococcal vaccine against
gonorrhoea in New Zealand: a retrospective case-control study. Lancet (2017)
390:1603–10. doi: 10.1016/S0140-6736(17)31449-6

8. Abara WE, Bernstein KT, Lewis FMT, Schillinger JA, Feemster K, Pathela P, et al.
Effectiveness of a serogroup B outer membrane vesicle meningococcal vaccine against
gonorrhoea: a retrospective observational study. Lancet Infect Dis (2022) 22:1021–9.
doi: 10.1016/S1473-3099(21)00812-4

9. Bruxvoort KJ, Lewnard JA, Chen LH, Tseng HF, Chang J, Veltman J, et al.
Prevention of neisseria gonorrhoeae with meningococcal B vaccine: A matched cohort
study in southern california. Clin Infect Dis (2023) 76:e1341–e9. doi: 10.1093/cid/ciac436

10. Wang B, Giles L, Andraweera P, McMillan M, Almond S, Beazley R, et al.
Effectiveness and impact of the 4CMenB vaccine against invasive serogroup B
meningococcal disease and gonorrhoea in an infant, child, and adolescent
programme: an observational cohort and case-control study. Lancet Infect Dis (2022)
22:1011–20. doi: 10.1016/S1473-3099(21)00754-4

11. Jongerius I, Lavender H, Tan L, Ruivo N, Exley RM, Caesar JJ, et al. Distinct
binding and immunogenic properties of the gonococcal homologue of meningococcal
factor H binding protein. PloS Pathog (2013) 9:e1003528. doi: 10.1371/
journal.ppat.1003528

12. Yamasaki R, Koshino H, Kurono S, Nishinaka Y, McQuillen DP, Kume A, et al.
Structural and immunochemical characterization of a Neisseria gonorrhoeae epitope
defined by a monoclonal antibody 2C7; the antibody recognizes a conserved epitope on
specific lipo-oligosaccharides in spite of the presence of human carbohydrate epitopes. J
Biol Chem (1999) 274:36550–8. doi: 10.1074/jbc.274.51.36550

13. OConnor ET, Swanson KV, Cheng H, Fluss K, Griffiss JM, Stein DC. Structural
requirements for monoclonal antibody 2-1-L8 recognition of neisserial
lipooligosaccharides. Hybridoma (Larchmt) (2008) 27:71–9. doi: 10.1089/
hyb.2007.0552

14. Stephens DS, McAllister CF, Zhou D, Lee FK, Apicella MA. Tn916-generated,
lipooligosaccharide mutants of Neisseria meningitidis and Neisseria gonorrhoeae.
Infection Immun (1994) 62:2947–52. doi: 10.1128/iai.62.7.2947-2952.1994

15. Andersen SR, Bjune G, Lyngby J, Bryn K, Jantzen E. Short-chain
lipopolysaccharide mutants of serogroup B Neisseria meningitidis of potential value
for production of outer membrane vesicle vaccines. Microb Pathog (1995) 19:159–68.
doi: 10.1006/mpat.1995.0054

16. Apicella MA, Mandrell RE, Shero M, Wilson ME, Griffiss JM, Brooks GF, et al.
Modification by sialic acid of Neisseria gonorrhoeae lipooligosaccharide epitope
expression in human urethral exudates: an immunoelectron microscopic analysis. J
Infect Dis (1990) 162:506–12. doi: 10.1093/infdis/162.2.506

17. Griffiss JM, Brandt BL, Saunders NB, Zollinger W. Structural relationships and
sialylation among meningococcal L1, L8, and L3,7 lipooligosaccharide serotypes. J Biol
Chem (2000) 275:9716–24. doi: 10.1074/jbc.275.13.9716

18. Leduc I, Connolly KL, Begum A, Underwood K, Darnell S, Shafer WM, et al. The
serogroup B meningococcal outer membrane vesicle-based vaccine 4CMenB induces
cross-species protection against Neisseria gonorrhoeae. PloS Pathog (2020) 16:e100860.
doi: 10.1371/journal.ppat.1008602

19. Wedege E, Bolstad K, Aase A, Herstad TK, McCallum L, Rosenqvist E, et al.
Functional and specific antibody responses in adult volunteers in New Zealand who
were given one of two different meningococcal serogroup B outer membrane vesicle
vaccines. Clin Vaccine Immunol (2007) 14:830–8. doi: 10.1128/CVI.00039-07

20. Findlow J, Bai X, Findlow H, Newton E, Kaczmarski E, Miller E, et al. Safety and
immunogenicity of a four-component meningococcal group B vaccine (4CMenB) and a
quadrivalent meningococcal group ACWY conjugate vaccine administered
concomitantly in healthy laboratory workers. Vaccine (2015) 33:3322–30.
doi: 10.1016/j.vaccine.2015.05.027

21. Kahler CM, Carlson RW, Rahman MM, Martin LE, Stephens DS. Inner core
biosynthesis of lipooligosaccharide (LOS) in Neisseria meningitidis serogroup B:
identification and role in LOS assembly of the alpha1,2 N-acetylglucosamine
transferase (RfaK). J Bacteriol (1996) 178:1265–73. doi: 10.1128/jb.178.5.1265-
1273.1996

22. Tzeng YL, Giuntini S, Berman Z, Sannigrahi S, Granoff DM, Stephens DS.
Neisseria meningitidis urethritis outbreak isolates express a novel factor H binding
protein variant that is a potential target of group B-directed meningococcal (MenB)
vaccines. Infect Immun (2020) 88:e00462-20. doi: 10.1128/IAI.00462-20

23. Bjune G, Hoiby EA, Gronnesby JK, Arnesen O, Fredriksen JH, Halstensen A,
et al. Effect of outer membrane vesicle vaccine against group B meningococcal disease
in Norway. Lancet (1991) 338:1093–6. doi: 10.1016/0140-6736(91)91961-s

24. Gamian A, Beurret M, Michon F, Brisson JR, Jennings HJ. Structure of the L2
lipopolysaccharide core oligosaccharides of Neisseria meningitidis. J Biol Chem (1992)
267:922–5.
frontiersin.org

https://pubmlst.org/neisseria/
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1350344/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1350344/full#supplementary-material
https://doi.org/10.15585/mmwr.rr7004a1
https://doi.org/10.1128/CMR.00010-14
https://www.who.int/news-room/fact-sheets/detail/multi-drug-resistant-gonorrhoea
https://www.who.int/news-room/fact-sheets/detail/multi-drug-resistant-gonorrhoea
https://doi.org/10.3201/eid2206.151093
https://www.redalyc.org/articulo.oa?id=203414610001
https://doi.org/10.3389/fimmu.2019.00683
https://doi.org/10.3389/fimmu.2019.00683
https://doi.org/10.1016/S0140-6736(17)31449-6
https://doi.org/10.1016/S1473-3099(21)00812-4
https://doi.org/10.1093/cid/ciac436
https://doi.org/10.1016/S1473-3099(21)00754-4
https://doi.org/10.1371/journal.ppat.1003528
https://doi.org/10.1371/journal.ppat.1003528
https://doi.org/10.1074/jbc.274.51.36550
https://doi.org/10.1089/hyb.2007.0552
https://doi.org/10.1089/hyb.2007.0552
https://doi.org/10.1128/iai.62.7.2947-2952.1994
https://doi.org/10.1006/mpat.1995.0054
https://doi.org/10.1093/infdis/162.2.506
https://doi.org/10.1074/jbc.275.13.9716
https://doi.org/10.1371/journal.ppat.1008602
https://doi.org/10.1128/CVI.00039-07
https://doi.org/10.1016/j.vaccine.2015.05.027
https://doi.org/10.1128/jb.178.5.1265-1273.1996
https://doi.org/10.1128/jb.178.5.1265-1273.1996
https://doi.org/10.1128/IAI.00462-20
https://doi.org/10.1016/0140-6736(91)91961-s
https://doi.org/10.3389/fimmu.2024.1350344
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Tzeng et al. 10.3389/fimmu.2024.1350344
25. Pavliak V, Brisson JR, Michon F, Uhrin D, Jennings HJ. Structure of the
sialylated L3 lipopolysaccharide of Neisseria meningitidis. J Biol Chem (1993)
268:14146–52.

26. Kogan G, Uhrin D, Brisson JR, Jennings HJ. Structural basis of the Neisseria
meningitidis immunotypes including the L4 and L7 immunotypes. Carbohydr Res
(1997) 298:191–9. doi: 10.1016/s0008-6215(96)00305-9

27. Michon F, Beurret M, Gamian A, Brisson JR, Jennings HJ. Structure of the L5
lipopolysaccharide core oligosaccharides of. Neisseria meningitidis. J Biol Chem (1990)
265:7243–7.

28. St Michael F, Vinogradov E, Wenzel CQ, McIntosh B, Li J, Hoe JC, et al.
Phosphoethanolamine is located at the 6-position and not at the 7-position of the distal
heptose residue in the lipopolysaccharide from Neisseria meningitidis. Glycobiology
(2009) 19:1436–45. doi: 10.1093/glycob/cwp117

29. Scholten RJ, Kuipers B, Valkenburg HA, Dankert J, Zollinger WD, Poolman JT.
Lipo-oligosaccharide immunotyping of Neisseria meningitidis by a whole-cell ELISA
with monoclonal antibodies. J Med Microbiol (1994) 41:236–43. doi: 10.1099/
00222615-41-4-236

30. Choudhury B, Kahler CM, Datta A, Stephens DS, Carlson RW. The structure of
the L9 immunotype lipooligosaccharide from Neisseria meningitidis NMA Z2491.
Carbohydr Res (2008) 343:2971–9. doi: 10.1016/j.carres.2008.08.026

31. Kim JJ, Phillips NJ, Gibson BW, Griffiss JM, Yamasaki R. Meningococcal group
A lipooligosaccharides (LOS): preliminary structural studies and characterization of
serotype-associated and conserved LOS epitopes. Infect Immun (1994) 62:1566–75.
doi: 10.1128/iai.62.5.1566-1575.1994

32. Mistretta N, Seguin D, Thiebaud J, Vialle S, Blanc F, Brossaud M, et al. Genetic
and structural characterization of L11 lipooligosaccharide from Neisseria meningitidis
serogroup A strains. J Biol Chem (2010) 285:19874–83. doi: 10.1074/jbc.M110.100636

33. Achtman M, Kusecek B, Morelli G, Eickmann K, Wang JF, Crowe B, et al. A
comparison of the variable antigens expressed by clone IV-1 and subgroup III of
Neisseria meningitidis serogroup A. J Infect Dis (1992) 165:53–68. doi: 10.1093/infdis/
165.1.53

34. Mackinnon FG, Cox AD, Plested JS, Tang CM, Makepeace K, Coull PA, et al.
Identification of a gene (lpt-3) required for the addition of phosphoethanolamine to the
lipopolysaccharide inner core of Neisseria meningitidis and its role in mediating
susceptibility to bactericidal killing and opsonophagocytosis. Mol Microbiol (2002)
43:931–43. doi: 10.1046/j.1365-2958.2002.02754.x

35. Kahler CM, Lyons-Schindler S, Choudhury B, Glushka J, Carlson RW, Stephens
DS. O-Acetylation of the terminal N-acetylglucosamine of the lipooligosaccharide
inner core in Neisseria meningitidis. Influence on inner core structure and assembly. J
Biol Chem (2006) 281:19939–48. doi: 10.1074/jbc.M601308200

36. Kahler CM, Datta A, Tzeng YL, Carlson RW, Stephens DS. Inner core assembly
and structure of the lipooligosaccharide of Neisseria meningitidis: capacity of strain
NMB to express all known immunotype epitopes. Glycobiology (2005) 15:409–19.
doi: 10.1093/glycob/cwi018

37. Cox AD, Li J, Richards JC. Identification and localization of glycine in the inner
core lipopolysaccharide of Neisseria meningitidis. Eur J Biochem (2002) 269:4169–75.
doi: 10.1046/j.1432-1033.2002.03131.x

38. Tsai CM, Civin CI. Eight lipooligosaccharides of Neisseria meningitidis react
with a monoclonal antibody which binds lacto-N-neotetraose (Gal b 1-4GlcNAc b 1-
3Gal b 1-4Glc). Infect Immun (1991) 59:3604–9. doi: 10.1128/iai.59.10.3604-3609.1991

39. Stephens DS, Swartley JS, Kathariou S, Morse SA. Insertion of Tn916 in Neisseria
meningitidis resulting in loss of group B capsular polysaccharide. Infect Immun (1991)
59:4097–102. doi: 10.1128/iai.59.11.4097-4102.1991

40. Rahman MM, Stephens DS, Kahler CM, Glushka J, Carlson RW. The
lipooligosaccharide (LOS) of Neisseria meningitidis serogroup B strain NMB
contains L2, L3, and novel oligosaccharides, and lacks the lipid-A 4-phosphate
substituent. Carbohydr Res (1998) 307:311–24. doi: 10.1016/s0008-6215(98)00012-3

41. Kahler CM, Martin LE, Shih GC, Rahman MM, Carlson RW, Stephens DS. The
(a2>8)-linked polysialic acid capsule and lipooligosaccharide structure both contribute
to the ability of serogroup B Neisseria meningitidis to resist the bactericidal activity of
normal human serum. Infect Immun (1998) 66:5939–47. doi: 10.1128/IAI.66.12.5939-
5947.1998

42. Kahler CM, Stephens DS. Genetic basis for biosynthesis, structure, and function
of meningococcal lipooligosaccharide (endotoxin). Crit Rev Microbiol (1998) 24:281–
334. doi: 10.1080/10408419891294216

43. Rahman MM, Kahler CM, Stephens DS, Carlson RW. The structure of the
lipooligosaccharide (LOS) from the alpha-1,2-N-acetyl glucosamine transferase (rfaK
(NMB)) mutant strain CMK1 ofNeisseria meningitidis: implications for LOS inner core
assembly and LOS-based vaccines. Glycobiology (2001) 11:703–9. doi: 10.1093/glycob/
11.8.703

44. Apicella MA, Bennett KM, Hermerath CA, Roberts DE. Monoclonal antibody
analysis of lipopolysaccharide from Neisseria gonorrhoeae and Neisseria meningitidis.
Infect Immun (1981) 34:751–6. doi: 10.1128/iai.34.3.751-756.1981

45. Gulati S, McQuillen DP, Mandrell RE, Jani DB, Rice PA. Immunogenicity of
Neisseria gonorrhoeae lipooligosaccharide epitope 2C7, widely expressed in vivo with
no immunochemical similarity to human glycosphingolipids. J Infect Dis (1996)
174:1223–37. doi: 10.1093/infdis/174.6.1223
Frontiers in Immunology 16
46. Burch CL, Danaher RJ, Stein DC. Antigenic variation in Neisseria gonorrhoeae:
production of multiple lipooligosaccharides. J Bacteriol (1997) 179:982–6. doi: 10.1128/
jb.179.3.982-986.1997

47. John CM, Griffiss JM, Apicella MA, Mandrell RE, Gibson BW. The structural
basis for pyocin resistance in Neisseria gonorrhoeae lipooligosaccharides. J Biol Chem
(1991) 266:19303–11.

48. Yamasaki R, Bacon BE, Nasholds W, Schneider H, Griffiss JM. Structural
determination of oligosaccharides derived from lipooligosaccharide of Neisseria
gonorrhoeae F62 by chemical, enzymatic, and two-dimensional NMR methods.
Biochemistry (1991) 30:10566–75. doi: 10.1021/bi00107a028

49. Banerjee A, Wang R, Uljon SN, Rice PA, Gotschlich EC, Stein DC. Identification
of the gene (lgtG) encoding the lipooligosaccharide beta chain synthesizing glucosyl
transferase from Neisseria gonorrhoeae. Proc Natl Acad Sci USA (1998) 95:10872–7.
doi: 10.1073/pnas.95.18.10872

50. Berrington AW, Tan YC, Srikhanta Y, Kuipers B, van der Ley P, Peak IR, et al.
Phase variation in meningococcal lipooligosaccharide biosynthesis genes. FEMS
Immunol Med Microbiol (2002) 34:267–75. doi: 10.1111/j.1574-695X.2002.tb00633.x

51. Kahler CM, Carlson RW, Rahman MM, Martin LE, Stephens DS. Two
glycosyltransferase genes, lgtF and rfaK, constitute the lipooligosaccharide ice (inner
core extension) biosynthesis operon of Neisseria meningitidis. J Bacteriol (1996)
178:6677–84. doi: 10.1128/jb.178.23.6677-6684.1996

52. Lee FK, Stephens DS, Gibson BW, Engstrom JJ, Zhou D, Apicella MA.
Microheterogeneity of Neisseria lipooligosaccharide: analysis of a UDP-glucose 4-
epimerase mutant of Neisseria meningitidis NMB. Infect Immun (1995) 63:2508–15.
doi: 10.1128/iai.63.7.2508-2515.1995

53. Zhou D, Stephens DS, Gibson BW, Engstrom JJ, McAllister CF, Lee FK, et al.
Lipooligosaccharide biosynthesis in pathogenic Neisseria. Cloning, identification, and
characterization of the phosphoglucomutase gene. J Biol Chem (1994) 269:11162–9.

54. Tzeng YL, Datta A, Ambrose KD, Davies JK, Carlson RW, Stephens DS, et al.
The MisR/MisS two-component regulatory system influences inner core structure and
immunotype of lipooligosaccharide in Neisseria meningitidis. J Biol Chem (2004)
279:35053–62. doi: 10.1074/jbc.M401433200

55. Reinhardt A, Yang Y, Claus H, Pereira CL, Cox AD, Vogel U, et al. Antigenic
potential of a highly conserved Neisseria meningitidis lipopolysaccharide inner core
structure defined by chemical synthesis. Chem Biol (2015) 22:38–49. doi: 10.1016/
j.chembiol.2014.11.016

56. Wakarchuk WW, Gilbert M, Martin A, Wu Y, Brisson JR, Thibault P, et al.
Structure of an alpha-2,6-sialylated lipooligosaccharide from Neisseria meningitidis
immunotype L1. Eur J Biochem (1998) 254:626–33. doi: 10.1046/j.1432-
1327.1998.2540626.x

57. Gulati S, Cox A, Lewis LA, Michael FS, Li J, Boden R, et al. Enhanced factor H
binding to sialylated Gonococci is restricted to the sialylated lacto-N-neotetraose
lipooligosaccharide species: implications for serum resistance and evidence for a
bifunctional lipooligosaccharide sialyltransferase in Gonococci. Infect Immun (2005)
73:7390–7. doi: 10.1128/IAI.73.11.7390-7397.2005

58. Shafer WM, Datta A, Kolli VS, Rahman MM, Balthazar JT, Martin LE, et al.
Phase variable changes in genes lgtA and lgtC within the lgtABCDE operon of Neisseria
gonorrhoeae can modulate gonococcal susceptibility to normal human serum. J
Endotoxin Res (2002) 8:47–58. doi: 10.1177/09680519020080010501

59. Weynants V, Denoel P, Devos N, Janssens D, Feron C, Goraj K, et al. Genetically
modified L3,7 and L2 lipooligosaccharides from Neisseria meningitidis serogroup B
confer a broad cross-bactericidal response. Infect Immun (2009) 77:2084–93.
doi: 10.1128/IAI.01108-08

60. Estabrook MM, Jarvis GA, McLeod Griffiss J. Affinity-purified human
immunoglobulin G that binds a lacto-N-neotetraose-dependent lipooligosaccharide
structure is bactericidal for serogroup B. Neisseria meningitidis. Infect Immun (2007)
75:1025–33. doi: 10.1128/IAI.00882-06

61. Gulati S, Zheng B, Reed GW, Su X, Cox AD, St Michael F, et al. Immunization
against a saccharide epitope accelerates clearance of experimental gonococcal infection.
PloS Pathog (2013) 9:e1003559. doi: 10.1371/journal.ppat.1003559

62. Viviani V, Fantoni A, Tomei S, Marchi S, Luzzi E, Bodini M, et al. OpcA and
PorB are novel bactericidal antigens of the 4CMenB vaccine in mice and humans. NPJ
Vaccines (2023) 8:54. doi: 10.1038/s41541-023-00651-9

63. Semchenko EA, Tan A, Borrow R, Seib KL. The serogroup B meningococcal
vaccine Bexsero elicits antibodies to Neisseria gonorrhoeae. Clin Infect Dis (2019)
69:1101–11. doi: 10.1093/cid/ciy1061

64. Marjuki H, Topaz N, Joseph SJ, Gernert KM, Kersh EN, A-RNgW G, et al.
Genetic similarity of gonococcal homologs to meningococcal outer membrane proteins
of serogroup B vaccine. mBio (2019) 10:e01668-19. doi: 10.1128/mBio.01668-19

65. Schneider H, Hammack CA, Apicella MA, Griffiss JM. Instability of expression
of lipooligosaccharides and their epitopes in Neisseria gonorrhoeae. Infect Immun
(1988) 56:942–6. doi: 10.1128/iai.56.4.942-946.1988

66. Mandrell RE, Griffiss JM, Macher BA. Lipooligosaccharides (LOS) of Neisseria
gonorrhoeae and Neisseria meningitidis have components that are immunochemically
similar to precursors of human blood group antigens. Carbohydrate sequence
specificity of the mouse monoclonal antibodies that recognize crossreacting antigens
on LOS and human erythrocytes. J Exp Med (1988) 168:107–26. doi: 10.1084/
jem.168.1.107
frontiersin.org

https://doi.org/10.1016/s0008-6215(96)00305-9
https://doi.org/10.1093/glycob/cwp117
https://doi.org/10.1099/00222615-41-4-236
https://doi.org/10.1099/00222615-41-4-236
https://doi.org/10.1016/j.carres.2008.08.026
https://doi.org/10.1128/iai.62.5.1566-1575.1994
https://doi.org/10.1074/jbc.M110.100636
https://doi.org/10.1093/infdis/165.1.53
https://doi.org/10.1093/infdis/165.1.53
https://doi.org/10.1046/j.1365-2958.2002.02754.x
https://doi.org/10.1074/jbc.M601308200
https://doi.org/10.1093/glycob/cwi018
https://doi.org/10.1046/j.1432-1033.2002.03131.x
https://doi.org/10.1128/iai.59.10.3604-3609.1991
https://doi.org/10.1128/iai.59.11.4097-4102.1991
https://doi.org/10.1016/s0008-6215(98)00012-3
https://doi.org/10.1128/IAI.66.12.5939-5947.1998
https://doi.org/10.1128/IAI.66.12.5939-5947.1998
https://doi.org/10.1080/10408419891294216
https://doi.org/10.1093/glycob/11.8.703
https://doi.org/10.1093/glycob/11.8.703
https://doi.org/10.1128/iai.34.3.751-756.1981
https://doi.org/10.1093/infdis/174.6.1223
https://doi.org/10.1128/jb.179.3.982-986.1997
https://doi.org/10.1128/jb.179.3.982-986.1997
https://doi.org/10.1021/bi00107a028
https://doi.org/10.1073/pnas.95.18.10872
https://doi.org/10.1111/j.1574-695X.2002.tb00633.x
https://doi.org/10.1128/jb.178.23.6677-6684.1996
https://doi.org/10.1128/iai.63.7.2508-2515.1995
https://doi.org/10.1074/jbc.M401433200
https://doi.org/10.1016/j.chembiol.2014.11.016
https://doi.org/10.1016/j.chembiol.2014.11.016
https://doi.org/10.1046/j.1432-1327.1998.2540626.x
https://doi.org/10.1046/j.1432-1327.1998.2540626.x
https://doi.org/10.1128/IAI.73.11.7390-7397.2005
https://doi.org/10.1177/09680519020080010501
https://doi.org/10.1128/IAI.01108-08
https://doi.org/10.1128/IAI.00882-06
https://doi.org/10.1371/journal.ppat.1003559
https://doi.org/10.1038/s41541-023-00651-9
https://doi.org/10.1093/cid/ciy1061
https://doi.org/10.1128/mBio.01668-19
https://doi.org/10.1128/iai.56.4.942-946.1988
https://doi.org/10.1084/jem.168.1.107
https://doi.org/10.1084/jem.168.1.107
https://doi.org/10.3389/fimmu.2024.1350344
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Tzeng et al. 10.3389/fimmu.2024.1350344
67. Gulati S, Shaughnessy J, Ram S, Rice PA. Targeting lipooligosaccharide (LOS) for
a gonococcal vaccine. Front Immunol (2019) 10:321. doi: 10.3389/fimmu.2019.00321

68. Bonvehi P, Boutriau D, Casellas J, Weynants V, Feron C, Poolman J. Three doses
of an experimental detoxified L3-derived lipooligosaccharide meningococcal vaccine
offer good safety but low immunogenicity in healthy young adults. Clin Vaccine
Immunol (2010) 17:1460–6. doi: 10.1128/CVI.00129-10

69. Rice PA, Shafer WM, Ram S, Jerse AE. Neisseria gonorrhoeae: drug resistance,
mouse models, and vaccine development. Annu Rev Microbiol (2017) 71:665–86.
doi: 10.1146/annurev-micro-090816-093530

70. Mandrell R, Schneider H, Apicella M, Zollinger W, Rice PA, Griffiss JM.
Antigenic and physical diversity of Neisseria gonorrhoeae lipooligosaccharides. Infect
Immun (1986) 54:63–9. doi: 10.1128/iai.54.1.63-69.1986

71. Ram S, Gulati S, Lewis LA, Chakraborti S, Zheng B, DeOliveira RB, et al. A novel
sialylation site on neisseria gonorrhoeae lipooligosaccharide links heptose II lactose
expression with pathogenicity. Infect Immun (2018) 86:e00285-18. doi: 10.1128/
IAI.00285-18

72. Durand V, Mackenzie J, de Leon J, Mesa C, Quesniaux V, Montoya M, et al. Role
of lipopolysaccharide in the induction of type I interferon-dependent cross-priming
and IL-10 production in mice by meningococcal outer membrane vesicles. Vaccine
(2009) 27:1912–22. doi: 10.1016/j.vaccine.2009.01.109

73. Plested JS, Makepeace K, Jennings MP, Gidney MA, Lacelle S, Brisson J, et al.
Conservation and accessibility of an inner core lipopolysaccharide epitope of Neisseria
meningitidis. Infect Immun (1999) 67:5417–26. doi: 10.1128/IAI.67.10.5417-5426.1999

74. Yamasaki R, Yabe U, Kataoka C, Takeda U, Asuka S. The oligosaccharide of
gonococcal lipooligosaccharide contains several epitopes that are recognized by human
antibodies. Infect Immun (2010) 78:3247–57. doi: 10.1128/IAI.01445-09

75. Ram S, Cox AD, Wright JC, Vogel U, Getzlaff S, Boden R, et al. Neisserial
lipooligosaccharide is a target for complement component C4b. Inner core
phosphoethanolamine residues define C4b linkage specificity. J Biol Chem (2003)
278:50853–62. doi: 10.1074/jbc.M308364200

76. Chakraborti S, Lewis LA, Cox AD, St Michael F, Li J, Rice PA, et al. Phase-
Variable Heptose I Glycan Extensions Modulate Efficacy of 2C7 Vaccine Antibody
Directed against Neisseria gonorrhoeae Lipooligosaccharide. J Immunol (2016)
196:4576–86. doi: 10.4049/jimmunol.1600374
Frontiers in Immunology 17
77. Chakraborti S, Gulati S, Zheng B, Beurskens FJ, Schuurman J, Rice PA, et al.
Bypassing phase variation of lipooligosaccharide (LOS): using heptose 1 glycan
mutants to establish widespread efficacy of gonococcal anti-LOS monoclonal
antibody 2C7. Infect Immun (2020) 88:e00862-19. doi: 10.1128/IAI.00862-19

78. Lovett A, Duncan JA. Human immune responses and the natural history of
neisseria gonorrhoeae infection. Front Immunol (2018) 9:3187. doi: 10.3389/
fimmu.2018.03187

79. Viviani V, Biolchi A, Pizza M. Synergistic activity of antibodies in the
multicomponent 4CMenB vaccine. Expert Rev Vaccines (2022) 21:645–58.
doi: 10.1080/14760584.2022.2050697

80. Keiser PB, Gibbs BT, Coster TS, Moran EE, Stoddard MB, Labrie JE3rd, et al. A
phase 1 study of a group B meningococcal native outer membrane vesicle vaccine made
from a strain with deleted lpxL2 and synX and stable expression of opcA. Vaccine (2010)
28:6970–6. doi: 10.1016/j.vaccine.2010.08.048

81. Keiser PB, Biggs-Cicatelli S, Moran EE, Schmiel DH, Pinto VB, Burden RE, et al.
A phase 1 study of a meningococcal native outer membrane vesicle vaccine made from
a group B strain with deleted lpxL1 and synX, over-expressed factor H binding protein,
two PorAs and stabilized OpcA expression. Vaccine (2011) 29:1413–20. doi: 10.1016/
j.vaccine.2010.12.039

82. Schmiel DH, Moran EE, Keiser PB, Brandt BL, Zollinger WD. Importance of
antibodies to lipopolysaccharide in natural and vaccine-induced serum bactericidal
activity against Neisseria meningitidis group B. Infect Immun (2011) 79:4146–56.
doi: 10.1128/IAI.05125-11

83. Rice PA, Kasper DL. Characterization of gonococcal antigens responsible for
induction of bactericidal antibody in disseminated infection. J Clin Invest (1977)
60:1149–58. doi: 10.1172/JCI108867

84. Schmidt KA, Schneider H, Lindstrom JA, Boslego JW, Warren RA, Van de Verg
L, et al. Experimental gonococcal urethritis and reinfection with homologous gonococci
in male volunteers. Sex Transm Dis (2001) 28:555–64. doi: 10.1097/00007435-
200110000-00001

85. Gaudet RG, Gray-Owen SD. Heptose sounds the alarm: innate sensing of a
bacterial sugar stimulates immunity. PloS Pathog (2016) 12:e1005807. doi: 10.1371/
journal.ppat.1005807

86. Kappler K, Hennet T. Emergence and significance of carbohydrate-specific
antibodies. Genes Immun (2020) 21:224–39. doi: 10.1038/s41435-020-0105-9
frontiersin.org

https://doi.org/10.3389/fimmu.2019.00321
https://doi.org/10.1128/CVI.00129-10
https://doi.org/10.1146/annurev-micro-090816-093530
https://doi.org/10.1128/iai.54.1.63-69.1986
https://doi.org/10.1128/IAI.00285-18
https://doi.org/10.1128/IAI.00285-18
https://doi.org/10.1016/j.vaccine.2009.01.109
https://doi.org/10.1128/IAI.67.10.5417-5426.1999
https://doi.org/10.1128/IAI.01445-09
https://doi.org/10.1074/jbc.M308364200
https://doi.org/10.4049/jimmunol.1600374
https://doi.org/10.1128/IAI.00862-19
https://doi.org/10.3389/fimmu.2018.03187
https://doi.org/10.3389/fimmu.2018.03187
https://doi.org/10.1080/14760584.2022.2050697
https://doi.org/10.1016/j.vaccine.2010.08.048
https://doi.org/10.1016/j.vaccine.2010.12.039
https://doi.org/10.1016/j.vaccine.2010.12.039
https://doi.org/10.1128/IAI.05125-11
https://doi.org/10.1172/JCI108867
https://doi.org/10.1097/00007435-200110000-00001
https://doi.org/10.1097/00007435-200110000-00001
https://doi.org/10.1371/journal.ppat.1005807
https://doi.org/10.1371/journal.ppat.1005807
https://doi.org/10.1038/s41435-020-0105-9
https://doi.org/10.3389/fimmu.2024.1350344
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Neisseria gonorrhoeae lipooligosaccharide glycan epitopes recognized by bactericidal IgG antibodies elicited by the meningococcal group B-directed vaccine, MenB-4C
	1 Introduction
	2 Materials and methods
	2.1 Bacterial isolates and growth conditions
	2.2 Outer membrane vesicle preparation
	2.3 Human sera
	2.4 LOS purification
	2.5 Western blots
	2.6 Genome survey
	2.7 Serum bactericidal assays with human complement
	2.8 Statistical analysis

	3 Results
	3.1 MenB-4C immunization elicits N. meningitidis and N. gonorrhoeae LOS-specific IgG antibodies
	3.2 MenB-4C elicited LOS-specific IgG antibodies for different LOS structures of N. meningitidis
	3.3 MenB-4C elicited LOS-specific IgG antibodies for different LOS structures of N. gonorrhoeae
	3.4 Meningococcal and gonococcal LOS structures recognized by LOS-specific IgG antibodies
	3.4.1 N. meningitidis strain NMB
	3.4.2 N. meningitidis strain NZ98/254
	3.4.3 N. gonorrhoeae strain FA19
	3.4.4 N. gonorrhoeae strain F62

	3.5 Genomic content for inner core HepII modification genes
	3.6 MenB-4C immunization produces LOS-specific IgG antibodies to gonococcal LOS that are bactericidal

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


