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Abstract
Purpose  To describe the relationships between Neisseria meningitidis (NM) and Neisseria gonorrhoeae (NG) at genetic, 
population, and individual levels; to review historical trends in antimicrobial resistance (AMR); to review the treatment and 
preventive landscapes and explore their potential impact on AMR.
Methods  A narrative literature search was conducted in PubMed, with searches restricted to 2003–2023 and additional 
articles included based on expertise.
Results  NM and NG are closely related bacterial pathogens causing invasive meningococcal disease (IMD) and gonorrhea, 
respectively. NM can currently be treated with most antibiotics and generally has a wild-type susceptibility profile, whereas 
NG is increasingly resistant even in the first line of treatment. These pathogens share 80–90% genetic identity and can asymp-
tomatically cohabit the pharynx. While AMR has historically been rare for NM, recent reports show this to be an emerging 
clinical concern. Extensively drug-resistant NG are reported globally, with data available from 73 countries, and can lead to 
treatment failure. Importantly, Neisseria commensals within the normal microbiota in the pharynx can act as a genetic reservoir 
of resistance to extended-spectrum cephalosporins. Novel oral antibiotics are urgently needed to treat a growing threat from 
antibiotic-resistant NG, recognized as a major global concern to public health by the World Health Organization. Numerous 
vaccines are available to prevent IMD, but none are approved for gonorrhea. Research to identify suitable candidates is ongoing.
Conclusion  Holistic management of AMR in IMD and gonorrhea should couple judicious use of existing antibiotics, opti-
mization of vaccination programs, and development of novel antibiotics and vaccines.
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Introduction

Neisseria meningitidis (NM) and N. gonorrhoeae (NG) 
are the only two bacterial species of the Neisseria genus 
recognized as strict human pathogens [1]. They are 
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genetically related and mostly colonize the upper res-
piratory tract and genitourinary tract, respectively [2–4]. 
Both bacteria can inhabit the pharynx and the urogenital 
tract, cohabiting these anatomic niches with commensal 
Neisseria species within the normal human microbiota 
[5]. While closely related, the two Neisseria pathogens 
cause different clinical diseases with widespread public 
health impact.

NM infections can be caused by different meningococ-
cal serogroups. Five serogroups (A, B, C, W, and Y) cause 
the majority of invasive meningococcal disease (IMD) 
cases. Although uncommon, IMD is life-threatening and 
a principal cause of bacterial meningitis and septicemia 
globally [3, 6, 7]. The case-fatality rate (CFR) of IMD 
ranges between 4 and 20% [8, 9], and survivors can have 
lifelong physical and neurological complications, as severe 
as amputations, hearing loss, vision loss, learning disabili-
ties, and epilepsy [10, 11]. Clinical management is chal-
lenging due to the diverse and often nonspecific spectrum 
of presenting clinical features [12].

NG causes gonorrhea, which is one of the most com-
mon sexually transmitted infections (STI) in adolescents 
and adults worldwide [13–15]. Infections are often asymp-
tomatic, especially in women who carry a greater disease 
burden than men. Indeed, if the infection is not detected 
or adequately treated, long-term complications in women 
include pelvic inflammatory disease, chronic pelvic pain, 
ectopic pregnancy, tubal factor infertility, and preterm pre-
eclampsia. Other potential pregnancy or neonatal complica-
tions include spontaneous abortion, preterm birth, stillbirth, 
low birthweight, neonatal conjunctivitis, and growth retar-
dation [13, 16, 17]. Even if treated, gonorrhea during preg-
nancy may lead to preterm birth [18]. In 2015 gonorrhea 
caused ~ 700 deaths worldwide [19]. Given the widespread 
public health impact of both meningitis and gonorrhea, the 
World Health Organization (WHO) developed global strate-
gies aiming to defeat meningitis by 2030 [20] and reduce 
the incidence of gonorrhea by 90% from 2018 to 2030 [21].

Although antibiotics (e.g., β-lactams) remain the main-
stay of treatment for both IMD and gonorrhea [13, 22], 
antimicrobial resistance (AMR) is a major and growing 
public health concern [23–30]. A global modelling study 
estimated that 4.95 million deaths (95% uncertainty inter-
val [UI]: 3.62–6.57 million) were associated with bacte-
rial AMR in 2019, and 25% of these deaths were directly 
attributed to drug resistance [31, 32]. Some reports have 
estimated that, by 2050, the mortality rate from AMR 
could be as high as 10 million deaths per year worldwide 
[31, 33]. Overall, global control of AMR requires a holis-
tic approach with broad control of AMR through antibi-
otic stewardship, coupled with management of the specific 
disease [15].

The aims of this narrative review are to describe the rela-
tionship between NM and NG at genetic, population, and 
individual levels. It will also review the historical trends in 
AMR over time for both pathogens; and explore the treat-
ment and preventative landscape, including the potential 
impact of vaccination and treatment on AMR.

Relationship between NM and NG

At the genetic level

NM and NG share up to 80–90% of their genomic identity 
and acquire much of their diversity by recombination [3, 
34, 35]; however, they differ in their levels of diversity, 
how genomic variation is acquired, and their adaptive evo-
lution of core genomes [1, 3, 36–38]. A core-pangenome 
analysis of NM, NG, and Neisseria commensal strains 
reported 78 gene families unique to meningococci, 452 
gene families unique to gonococci, and 319 shared genetic 
families [1, 39]; further, four distinct protein–protein 
interaction clusters were identified for NM, and five for 
NG [39]. The specific and shared genetic elements may 
underlie the similarities and differences in pathogenicity 
and niche adaptation [1].

Importantly, NM and NG may both acquire AMR by 
transformation through horizontal gene transfer with 
Neisseria commensals in the pharynx (e.g., N. cinerea, 
N. lactamica, N. subflava) [40–43]. Commensal Neisse-
ria species, including N. cinerea, might be genetic res-
ervoirs of resistance determinants for β-lactam antimi-
crobials (including third-generation cephalosporin) that 
can be transferred to the pathogenic species of NM and 
NG [40]. Igawa et al. demonstrate that N. cinerea strains 
with high ceftriaxone minimum inhibitory concentra-
tions (MICs; 1 to 2 µg/ml) possess ceftriaxone resist-
ance-mediating penA sequences that can be transferred 
to gonococci by transformation and result in ceftriaxone 
and cefixime resistance [40]. This creates clinical chal-
lenges in the antibiotic management of IMD and gon-
orrhea, and emphasized the importance of preventative 
measures. Other mechanisms of horizontal gene transfer 
may also be important in the development of AMR and 
warrant further investigation [44].

While NM is not historically recognized as a significant 
cause of urogenital infections, the incidence of meningo-
coccal urethritis has increased in heterosexual men in mul-
tiple locations in the US since 2015 [45]. The unique non-
encapsulated clade involved in these infections may have 
adapted to the urogenital environment through genotypic 
and phenotypic changes that make it better suited to sexual 
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transmission and colonization of the urogenital tract, includ-
ing acquisition of the gonococcal denitrification pathway 
which facilitates anaerobic growth [45].

At the population and individual levels

IMD and gonorrhea differ in terms of epidemiology and 
clinical course [1]. NM resides in the pharyngeal mucosa 
of healthy carriers [7, 46]. Occasionally, the bacteria invade 
the bloodstream and cause systemic infection [11, 12, 47]. 
IMD evolves rapidly and is life-threatening with a CFR 
ranging from 4 to 20% and lifelong sequelae in approxi-
mately 20% of survivors [8, 9, 23, 48]. The distribution of 
the main disease-causing serogroups varies by geographic 
region [49–51]. In 2019, the most frequent serogroups caus-
ing IMD were B, C, Y (US); B, C, W (South America); B, 
W (Europe); B (North Africa); C, W, X (Central Africa); 
B, W (South Africa); A, W (Central Asia); B, W (Southeast 
Asia); and B (Australia) [3].

The introduction of meningococcal vaccines in national 
immunization programs (NIPs) and for the immunization 
of high-risk individuals has enabled great progress in IMD 
prevention [52]. The global incidence of IMD is generally 
low, with a literature review collecting data from 77 coun-
tries between 2010 and 2019 reporting a range of 0.0–10.2 
cases per 100,000 population [53]. Incidence was greatest 
in infants aged < 1 year (0.0–71.7 per 100,000), followed 
by young children aged 1–4 years (0.0–18.2 per 100,000) 
[53]. In some countries, secondary incidence peaks were 
noted in adolescents and young adults [53]. During the 
coronavirus disease (COVID)-19 pandemic, incidence of 
IMD decreased due to stringent national lockdown meas-
ures [54]. This was followed by a resurgence of disease, 
particularly among adolescents and young adults in Europe 
and Australia [55–57].

During the past 20 years, several outbreaks of IMD have 
occurred in Europe and North America in men who have 
sex with men (MSM), since meningococci can be transmit-
ted from the urogenital tract to the pharynx, and vice versa; 
the pathogenic meningococci belonged mainly to an espe-
cially virulent serogroup C lineage, including isolates that 
could grow anaerobically in the anorectal and urogenital 
tracts [45].

The obligate pathogen NG causes the STI gonorrhea 
[13, 14]. Asymptomatic pharyngeal and rectal carriage 
of NG is common, and NG can cohabit asymptomati-
cally with NM in the oropharynx, particularly in MSM 
[5]. Symptomatic infections can present as urethritis in 
men, cervicitis or urethritis in women, and in extragenital 
sites (pharynx, rectum, conjunctiva, and, rarely, systemi-
cally) in both sexes [13]. At the population level, high-
risk groups (e.g., sex workers and their male partners 
or MSM) contribute to maintaining transmission of NG 

within communities and the development and spread of 
antibiotic-resistant strains [58, 59].

Gonorrhea is more widespread than IMD [60]. The 
WHO estimated that there were 82 million new gonorrhea 
infections in individuals aged 15–49 years in 2020, with a 
global incident rate of 19 per 1000 women and 23 per 1000 
men; most cases were in the WHO African Region and the 
Western Pacific Region [15]. Approximately 710,000 infec-
tions were reported to the US Centers for Disease Con-
trol and Prevention (CDC) in 2021, representing a 118% 
increase from 2009 [61, 62]. However, the CDC estimates 
that there may be as many as 1.6 million new infections 
each year [63]. As no specific vaccine against gonorrhea 
is currently available, prevention relies on promoting safe 
sexual behaviors and STI testing enabling prompt diagnosis 
and treatment initiation [13].

Global trends in AMR

Emergence of AMR in NM and NG

In the 1960s, NM and NG were both highly susceptible 
to penicillin [64]. Following decades of antibiotic expo-
sure, the MICs of penicillin against NG increased mark-
edly [64]. A similar evolutionary trend was observed for 
Neisseria commensals forming part of the normal human 
microbiota although the MIC of commensal Neisseria was 
already higher than that of NG and NM in the past [64]. 
Genetic transformation from resistant strains of the com-
mensal N. cinerea in the pharynx has been suggested as 
a probable source of β-lactam resistance in both NM and 
NG [64]. This suggests that commensal Neisseria spe-
cies can exchange genetic information, leading to AMR 
across species. Consequently, MIC surveillance of Neis-
seria commensals could be monitored as a warning sign 
of a potentially increased risk of the emergence of AMR 
in Neisseria pathogens [64].

Evidence of AMR in NG has been accumulating globally 
over the past eight decades [13, 65], leading to the recogni-
tion of drug-resistant NG as a major public health threat by 
the CDC [30] and the WHO [66]. Of note, the CDC reports 
that approximately half of all NG infections are resistant 
to at least one antibiotic and that only one recommended 
treatment remains for gonorrhea [67]. NG has acquired or 
evolved AMR via multiple mechanisms of resistance, the 
effects of which are cumulative [68]. Additionally, in the 
absence of antimicrobials these AMR mechanisms do not 
appear to lower the biological fitness of NG, as is typically 
seen in other resistant bacterial strains, and some AMR 
determinants, such as gyrA mutations, might even enhance 
the fitness of certain NG strains [68]. While AMR in NM 
has historically been uncommon, evidence of new cases has 
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recently emerged in North America, Europe, and Asia [9, 
22, 24–26, 69, 70].

In the USA, 500 mg ceftriaxone is currently the last 
treatment option for gonorrhea after removal of ciproflox-
acin (in 2006) [71], cefixime (in 2012) [72], and azithro-
mycin (in 2020) [73, 74] from the US CDC guidelines 
due to concerns over resistance. Current US guidelines 
advocate single-dose ceftriaxone with the addition of a 
course of doxycycline if chlamydial infection has not 
been excluded [75]. Current European guidelines (2020) 
also recommend high-dose ceftriaxone plus azithromy-
cin in adults with uncomplicated gonorrhea, or in well-
controlled settings, ceftriaxone monotherapy [76, 77]. 
Monitoring resistance will be particularly important until 
new drugs or vaccines become available [78]. Overall, 
the number of effective oral and parenteral antibacterial 
treatments has decreased, despite prevention programs 
from public health authorities and recommendations to 
use condoms [13, 65, 79]. This led the US CDC and the 
WHO to recognize drug-resistant NG as a major world-
wide threat to public health [30, 66].

β-lactams, a class that includes penicillins, cephalo-
sporins, carbapenems, and monobactams, are the main 
antibiotics for the treatment of both IMD and gonorrhea 
[13, 22]. Currently, at most centers, empirical therapy for 
suspected acute bacterial meningitis comprises parenteral 
administration of the third-generation cephalosporin cef-
triaxone (or cefotaxime) [80–82]. Typically, parenteral 
ceftriaxone or cefotaxime is continued after the identifica-
tion of NM, and a single oral dose of ciprofloxacin 500 mg 
may be added for patients not treated with ceftriaxone [81, 
82]. Ciprofloxacin, rifampin, and ceftriaxone can be used 
for the chemoprophylaxis of close contacts [22, 83]. Rare 
reports of AMR involving these currently recommended 
treatments have been published since the 1990s [25, 84].

There is evidence that β-lactam resistance is increasing 
worldwide in both NM and NG [85, 86]. In 2012, a genetic 
variant in a penicillin-binding protein (i.e., penA327 allele) 
originated in NG was observed in NM strains with decreased 
susceptibility to third-generation cephalosporins [85, 87, 88]. 
A structurally similar variant (penA1C allele) currently found 
only in NG confers extensive resistance to third-generation 
cephalosporins, raising the possibility of NM strains with 
resistance to third-generation cephalosporins in the future 
[85]. Additionally, there has also been recent international 
spread of ceftriaxone-resistant NG strains linked to the 
penA60 allele [89–91].

AMR trends for NM

Resistance of NM to sulfonamides, penicillin, and chloram-
phenicol was reported in the 1970s and 1980s [92–94], but 
historically, AMR reports have been rare [23, 69]. Penicillin 

resistance in NM generally remains at < 5% worldwide, 
although a few studies reported rates of non-sensitivity to 
penicillin of up to 27% [95], suggesting a potential reduction 
in the suitability of penicillin as a treatment for IMD [96]. 
In Egypt, a study reported more than 40% of NM isolates 
as resistant to penicillin [97], and in Ethiopia, more than 
30% of NM isolates were reportedly resistant to ampicillin 
[98]. Moreover, in India and Southeast Asia, high rates (in 
some cases > 70%) of quinolone resistance in NM have been 
reported [85, 99].

Importantly, and, somewhat surprisingly, given recent peri-
ods of social isolation due to COVID-19, there have been recent 
reports of drug-resistant NM strains in the UK [22], the US 
[23, 69], China [24], Japan [25], and Southeast Asia [26]. In 
the US, AMR was reported among meningococcal serogroup 
Y (MenY) isolates containing a β-lactamase gene (blaROB−1) 
associated with penicillin resistance (22 cases) or penicillin and 
ciprofloxacin resistance (11 cases) [23]; of relevance, MenY 
isolates caused recent outbreaks with CFR up to 27% [23, 69]. 
In France, testing of various meningococcal isolates (primarily 
serogroups B [50%], C [18%], W [17%], and Y [14%]) revealed 
a general increase in intermediate susceptibility to penicillin, 
from 36% of isolates in 2017 to 58% in 2021 [100].

A systematic review and meta-analysis of 24 stud-
ies worldwide published between 2000 and 2020 showed 
low resistance rates among NM (1–3.4%) to ceftriaxone, 
cefotaxime, ciprofloxacin, and rifampin and a higher rate 
to penicillin (27.2%) [95]. Additionally, AMR increased in 
the second half versus first half of this two-decade period 
[95]. Based on these data, NM was recently flagged as a 
reemerging pathogen with increasing AMR and an emerg-
ing clinical concern [101].

AMR trends for NG

For NG, AMR has been an increasing concern over the past 
eight decades, with resistance to sulfonamides and penicillin 
observed since the 1940s [13, 65]. This expanded to spectino-
mycin in the 1960s, tetracycline in the 1980s, and ciprofloxa-
cin, cefixime, and azithromycin in the 1990s [13, 65].

In the WHO Asia-Pacific region in 2011–2016, the 
percentage of locations reporting > 5% of gonococcal iso-
lates with decreased susceptibility to ceftriaxone increased 
from 14.3 to 35.3%, and the percentage of locations report-
ing > 5% of gonococcal isolates with resistance to azithro-
mycin increased from 14.3 to 38.9% [102]. A review of 
AMR surveillance data from Africa found that the overall 
extent of surveillance is low, with data available from just 
13 of 54 African countries, and that suboptimal protocols 
are frequently used to conduct antimicrobial susceptibil-
ity testing [103]. NG with very high rates of resistance to 
ciprofloxacin, tetracycline, and penicillin are present in all 
regions of sub-Saharan Africa; resistance to azithromycin 
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has been observed in all regions, whereas resistance to 
cefixime or ceftriaxone has been less commonly observed 
in West Africa [104]. A systematic review of AMR pat-
terns in Latin America and the Caribbean found widespread 
resistance to penicillin, tetracycline, and ciprofloxacin; vari-
able levels of resistance to azithromycin (up to 32%, Brazil 
2014–2017); and infrequent resistance to extended-spec-
trum cephalosporins [105]. It is important to note that study 
designs, methods for performing antimicrobial suscepti-
bility testing, and MIC breakpoints used to interpret the 
results (e.g., Clinical and Laboratory Standards Institute or 
EUCAST breakpoints) may vary across studies [104, 106].

Extensively drug-resistant strains of NG have now been 
reported globally [1, 27–29, 107]. A WHO surveillance pro-
gram involving data submitted from 73 countries during 
2017–2018 showed decreased susceptibility or resistance of 
NG strains to ceftriaxone (in 21/68 countries; 31%), cefix-
ime (24/51 countries; 47%), azithromycin (51/61 countries; 
84%), and ciprofloxacin (70/100 countries; 100%) [108].

The first treatment failure with ceftriaxone was reported in 
Japan in 2009 [13, 65], and in the past 10 years, treatment fail-
ures for ceftriaxone (± azithromycin or doxycycline) have been 
reported in Australia, France, Japan, Slovenia, Sweden, and the 
UK [15]. These treatment failures with currently recommended 
antibiotics indicate the potential for a period of untreatable gon-
orrhea in the near future [86, 109]. In the US, the Massachusetts 

Department of Public Health recently reported a novel gonor-
rhea strain with resistance (one case) or a decreased response 
(another case) to five antibacterial classes; however, high-dose 
ceftriaxone treatment was successful in both cases [110].

New antibiotics in development for gonorrhea

Given the growing concerns regarding increased AMR and 
the reports of treatment failures with the currently recom-
mended antibiotics [23–30], novel antibiotics are urgently 
needed for the treatment of drug-resistant gonorrhea [111].

Two novel first-in-class antibiotics are currently being 
investigated in phase 3 studies: gepotidacin and zoliflo-
dacin are the first triazaacenaphthylene and spiropyrimi-
dinetrione, respectively [112]. Gepotidacin selectively 
inhibits bacterial DNA gyrase (GyrA) and topoisomerase 
IV (ParC) by a distinct binding site, unique from other 
therapeutics [113, 114]. It is likely that mutations in both 
enzymes would be needed for resistance to occur and sur-
veillance of susceptibility to gepotidacin (both phenotypi-
cally and genomically, and especially regarding GyrA A92 
and ParC D86) will become imperative [115–117]. Zolif-
lodacin inhibits bacterial type II topoisomerases by target-
ing the GyrB protein which is different to the mechanism 
of action of fluoroquinolones, which target the GyrA and 
ParC proteins [118]. Evidence from phase 2 and 3 trials 

Table 1   Efficacy of gepotidacin, zoliflodacin, and ceftriaxone against uncomplicated urogenital gonorrhea: results of randomized phase 2 and 
phase 3 trials

CI confidence interval; IM intramuscular, micro-ITT microbiologic intent-to-treat; MC multicenter; NG Neisseria gonorrhoeae; NI non-inferior-
ity; PO oral; R randomized
*Studies listed are distinct, unrelated trials, and thus comparisons should not be made between them
a Key inclusion criteria for this study were: age ≥ 12 years; signs and symptoms of uncomplicated urethral or endocervical gonorrhea; and/or 
culture, Gram stain or nuclear acid amplification test positive for NG within 14 days prior to screening; and/or unprotected sexual contact with 
confirmed infected partner within 14 days prior to screening
b N numbers not reported in reference
c The microbiologically evaluable population included all randomized participants who had NG isolated from baseline cultures of urogenital 
swab specimens, received either dose of gepotidacin, and returned for test of cure
d The micro-ITT population included all randomized participants with NG at urethral or cervical sites at enrollment

Phase and reference* Study design Drug (N randomized) Confirmed 
NG infection, n

Microbiologic eradication, 
% (n)

Pre-defined non-
inferiority criterion

Treatment differ-
ence (%, 95% CI)

Phase 3 [119, 126] R, MC, NI Gepotidacin 3000 mg PO × 2 (202) 187 92.6 (187) Lower limit of the two-
sided 95% CI 

>–10.0%

–0.1 (–5.6, 5.5)

Ceftriaxone 500 mg IM plus azithromycin 
1000 mg PO × 1 (204)

186 91.2 (186)

Phase 3 [130] R, MC, NI Zoliflodacin 3000 mg PO × 1 (621) 621a 90.9b 12% 5.31 (1.38, 8.65)
Ceftriaxone 500 mg IM plus azithromycin 

1000 mg PO × 1 (309)
309a 96.2b

Phase 2 [121] R, MC Gepotidacin 1500 mg PO × 1 (53) 30c 29 (97) NA
Gepotidacin 3000 mg PO × 1 (53) 39c 37 (95)

Phase 2 [120] R, MC Zoliflodacin 2000 mg PO × 1 (72) 57d 55 (96) −−−−−−−−−−−−−− NA
Zoliflodacin 3000 mg PO × 1 (67) 56d 54 (96) −−−−−−−−−−−−−−
Ceftriaxone 500 mg IM × 1 (41) 28d 28 (100)
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conducted in the US suggests that gepotidacin and zoliflo-
dacin are highly effective for urogenital infections caused 
by NG (Table 1) [119–121]. In the phase 2 randomized 
study, a single oral 1500 or 3000 mg dose of gepotida-
cin produced an overall microbiologic cure rate of ≥ 95% 
[121]. While three microbiologic failures and two cases 
of resistance development to gepotidacin were reported in 
the phase 2 study, additional pharmacokinetic/pharmaco-
dynamic modeling predicted that use of a higher dose for 
the phase 3 trial (two 3000 mg doses given 10–12 h apart) 
would provide better efficacy and limit the potential for 
resistance development [121–123]. It should be noted that 
treatment failures for gepotidacin and zoliflodacin have 
been reported at the oropharyngeal site, an important site 
of infection in MSM and sex workers, although data is 
limited as only two cases of pharyngeal NG were reported 
in the phase 2 study [121, 124]. At the time of publication, 
no cases of treatment failure at extragenital sites have been 
reported in phase 3 trials. No treatment-limiting adverse 
events (AEs) were observed for either dose, and most 
reported AEs were gastrointestinal, as is frequently the 
case with antibacterial therapies [121, 125].

The global randomized phase 3 EAGLE-1 trial 
(NCT04010539; N = 620) showed that gepotidacin (oral, 
two doses of 3,000 mg) was non-inferior to ceftriaxone 
(intramuscular, 500 mg) plus azithromycin (oral, 1000 mg) 
in adolescent and adult participants with uncomplicated 
urogenital NG, with microbiological success rates (deter-
mined 3–7 days post treatment) of 92.6% and 91.2%, 
respectively [119, 126]. In the microbiologically-evaluable 
population, the success rate of gepotidacin was 100% for 
both treatment groups [119]. No isolates from any site 
developed resistance to gepotidacin, and safety results 
were consistent with phase 1/2 data [119]. The positive 
results from the EAGLE-1 trial highlight the future poten-
tial of gepotidacin as a new oral treatment for uncom-
plicated urogenital NG. Recently, gepotidacin (oral, two 
daily 1500 mg doses for five days) was reported to be 
non-inferior (EAGLE-2, NCT04020341; N = 1531) or 
superior (EAGLE-3, NCT04187144; N = 1605) to nitro-
furantoin (oral, two daily 100 mg doses) in adolescent and 
adult female individuals with uncomplicated urinary tract 
infections [127].

Gepotidacin had consistent in vitro activity against NG 
when tested against 252 clinical isolates and international 
reference strains, with no evidence of target-specific cross 
resistance with other antibiotics [128]. The presence of the 
ParC D86N mutation associated to the GyrA S91F + GyrA 
D95G mutation, which confers high level of resistance to 
fluoroquinolones, was associated with increased MICs to 
gepotidacin [128].

Zoliflodacin was also effective for urogenital infec-
tions in a randomized phase 2 study. Zoliflodacin (oral, 

2000 or 3000 mg doses) produced microbiologic cure 
rates of 96% with both doses compared with 100% 
achieved with ceftriaxone (intramuscular, 500  mg) 
[120]. Most reported AEs were gastrointestinal [120]. 
In a recently completed phase 3 noninferiority study, 
zoliflodacin (oral, 3000 mg) was compared with ceftri-
axone (intramuscular, 500 mg) plus azithromycin (oral, 
1000 mg) in adolescents and adults with uncomplicated 
gonorrhea (ClinicalTrials.gov identifier: NCT03959527; 
N = 930) [129]. According to a press release and data 
presented at ECCMID 2024, the efficacy of zoliflodacin 
was noninferior to the comparator using a pre-specified 
12% margin (treatment difference: 5.31% lower for zoli-
flodacin vs. comparator, 95% CI 1.38, 8.65%), and the 
safety profile was also similar to the comparator [129]. 
The success rate for zoliflodacin was 96.8% in the micro-
biologically-evaluable population [130].

When evaluated against clinical NG isolates from Europe 
[131], and from Thailand and South America [132], in vitro 
antibacterial activity of zoliflodacin was consistent, and no evi-
dence of cross-resistance between zoliflodacin and any other 
antimicrobial was observed. The zoliflodacin target GyrB was 
highly conserved and no zoliflodacin gyrB gene resistance 
mutations were detected in the European study [131].

Impact of vaccination in reducing 
or preventing AMR

Lessons learned from studies evaluating different vac-
cines support the notion that vaccines could reduce dis-
ease burden and antibiotics use [133–135]. Firstly, vac-
cines reduce both prevalence of the resistant pathogen 
and antibiotic use [133]. An example is provided by vac-
cination against Streptococcus pneumoniae, with a few 
studies indicating that reduced carriage of, and infections 
due to, S. pneumoniae in vaccinated individuals led to 
markedly decreased antibiotic prescribing and reduced 
circulation of resistant S. pneumoniae strains; therefore, 
herd immunity may be a principal factor in decreasing the 
circulation of pneumococci with AMR [133–135]. In the 
US, rates of antibiotic-resistant invasive pneumococcal 
infections decreased in children and adults after introduc-
tion of a 7-valent conjugate vaccine in 2000–2004 [136]. 
In Finland, use of a 10-valent pneumococcal conjugate 
vaccine (PCV10) significantly reduced the proportion of 
multidrug-resistant S. pneumoniae isolates from 22 to 6%, 
from 2009 to 2014, in children aged < 5 years [135].

A systematic literature review of studies published in 
2008–2017, primarily in France and the US, evaluated 
the impact of routine infant immunization with PCV10 
or PCV13 on AMR in children and adults. This analy-
sis concluded that vaccination of children with PCV13 
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was associated with a reduced incidence of AMR otitis 
media and nasopharyngeal carriage in children and of 
AMR invasive pneumococcal disease in both children and 
adults [137].

Consistent with these findings, a systematic review of 
data from 559 studies of pediatric isolates from 104 coun-
tries showed decreases in pneumococci resistant to penicil-
lin, trimethoprim/sulfamethoxazole, third-generation cepha-
losporins, macrolides, and tetracycline over 10 years after 
implementation of any PCV immunization program [138].

Vaccination more broadly may also have an indirect 
effect on AMR by preventing viral infections and second-
ary bacterial superinfections that may occur in individuals 
infected with a virus, as observed for influenza vaccination 
[133, 139].

Vaccination to prevent IMD

Vaccines protecting against the main disease-causing 
meningococcal serogroups have been introduced world-
wide (Table 2), resulting in a reduced overall disease bur-
den [3, 48, 140]. Since the UK first introduced MenC vac-
cination in the infant NIP in 1999, many countries have 
followed, using different schedules and targeting different 
age groups [52]. In the UK, Australia, and other countries, 
quadrivalent conjugate vaccines against meningococcal 

serogroups A, C, W, and Y (MenACWY) have now 
replaced or will replace monovalent vaccines against sero-
groups C and A for all adolescents and young adults [52, 
80, 141, 142]. Post-licensure data from many countries 
has shown demonstrable positive impacts through both 
direct and herd protection [143]. MenACWY vaccines can 
reduce incidence of IMD even in high-exposure groups, 
with a recent study of soldiers in South Korea demon-
strating a reduction of 88% in IMD incidence following 
vaccination [144]. Two protein-based vaccines against 
serogroup B are available, 4CMenB and MenB-FHbp. The 
latter is not currently included in any NIPs but is approved 
for individuals aged 10–25 years in the US, Canada, and 
Brazil and those aged ≥ 10 years in Australia, Europe, and 
a number of other countries [52]. 4CMenB is the only 
MenB vaccine licensed for use in infants, with vaccination 
in infants recommended and publicly funded in the UK 
and several European countries. Additionally, vaccination 
in adolescents is recommended in the Czech Republic, 
South Australia, and recently Queensland, Australia. In 
the three years following the introduction of the 4CMenB 
vaccine program in England, a continued positive effect 
against group B IMD was observed [145]. Real-world data 
has also shown that the protective effects of 4CMenB may 
extend to other subgroups, with effectiveness seen against 
MenW disease in the UK [146, 147].

Table 2   Currently available vaccines against Neisseria meningitidis [52, 80, 183–185]

EMA European Medicines Agency, FHbp meningococcal surface protein factor H-binding protein, Hib Haemophilus influenzae type b, Men 
meningococcus, NM Neisseria meningitidis, OMV outer-membrane vesicle
a Information from US package insert, unless otherwise stated
b From UK Summary of Product Characteristics for combined Hib and meningococcal group C vaccine (Menitorix)
c From US Prescribing Information for Menactra
d From EMA Summary of Product Characteristics for Bexsero
e From VA-Mengoc-BC package insert (Finlay Institute, Cuba)

Vaccine formulation and name Serotypes covered Trade name Indicationa

Conjugate vaccines
MenA A MenAfriVac (Serum Institute of India) Active immunization of children aged 3–24 months against 

NM group A
MenC C (Hib) Menitorix (GSK); Menjugate (GSK); NeisVac-

C (Pfizer); Meningitec (Nuron Biotech)
Active immunization of children aged 2–24 months against 

Hib and NM group Cb

MenACWY​ ACWY​ Menactra (Sanofi); MenQuadfi (Sanofi); 
Menveo (GSK); Nimenrix (Pfizer)

Active immunization of individuals aged 9 months to 55 years 
against NM serogroups A, C, Y, and Wc

Polysaccharide vaccine
Protein-based vaccines
4CMenB B Bexsero (GSK) Active immunization of individuals aged ≥ 2 months against 

NM group Bd

MenB-FHbp B Trumenba (Pfizer) Active immunization of individuals aged 10–25 years against 
NM serogroup B

OMV meningococcal BC BC VA-Mengoc-BC (Finlay Institute) Active immunization from 3 months of age against NM sero-
group B and Ce

Combination conjugate and protein-based vaccine
MenACWY-TT/MenB-FHbp ABCWY​ Penbraya (Pfizer) Active immunization from 10 to 25 years of age against NM 

serogroups A, B, C, W, and Y
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Prevention of IMD with meningococcal vaccines could 
contribute to a reduction in antibiotic use and AMR. Inter-
estingly, it has been demonstrated that influenza infections 
contribute to a population risk of IMD and that vaccina-
tion against seasonal influenza may reduce the risk of 
IMD and related antibiotic use [148]. Moreover, the 4th 
Summit Meeting of the Global Meningococcal Initiative 
highlighted the decrease in IMD infections as well as vac-
cinations during COVID-19 (with an increase in infections 
observed post-COVID [54]) including that pre-emptive use 
of broad-spectrum antibiotics might have promoted AMR 
and catchup IMD vaccination could help compensate the 
reduction in vaccination [54].

Based on the recent reports of AMR in NM and the recogni-
tion that this is an emerging clinical concern, using a combina-
tion of these approaches, especially improving prevention via 
vaccination, will be important in future decades [101]. Accord-
ingly, because of the high CFR and severe sequelae that can 
result from NM infection, despite prompt antibiotic treatment 
[140], vaccination is the most important aspect of the WHO-
led strategy aiming to defeat meningitis by 2030 [20, 80].

Vaccination to prevent gonorrhea

There are currently no approved vaccines for prevention of 
gonorrhea [149], an important global barrier to the man-
agement of this disease. Traditionally, several factors hin-
dered the development of specific gonococcal vaccines: the 
biological diversity and high plasticity of antigens in NG 
strains, making the selection of relevant vaccine antigens 
difficult; the lack of an immunoprotective response after 

NG infection, limiting the availability of biologic indices 
of immunoprotection; and the lack of animal models of NG 
infection that accurately mimic the clinical setting of human 
infection [150–152]. Failure of at least one vaccine candidate 
trialed in humans against the pilin protein was attributable 
to the significant antigenic variability demonstrated by NG 
[153]. Existing animal models also present challenges due 
to NG being a strictly human pathogen. While female mouse 
genital tract infection models have allowed for candidate 
antigenic screening there are still limitations in their ability 
to accurately reflect infection dynamics in humans [153].

Bacterial outer-membrane vesicles (OMVs) as potential 
vaccine antigens have stimulated much recent research inter-
est [150], as have novel liposomal and nanoparticle formu-
lations [152]. Observational studies have reported 31–47% 
effectiveness of serogroup B OMV-based meningococcal 
vaccines against gonorrhea (Table 3) [154–160]. A cohort 
and case-control study evaluated the impact of the South 
Australia 4CMenB vaccination program on serogroup B 
meningococcal disease and gonorrhea [154]. Two-dose 
vaccine effectiveness against serogroup B IMD was 94.2% 
(95% CI 36.6–99.5; screening method) in children and 100% 
in adolescents and young adults [154]. Estimated two-dose 
vaccine effectiveness against gonorrhea in adolescents and 
young adults was 32.7% (95% CI 8.3–50.6) [154].

Although the mechanisms by which meningococcal 
vaccines may protect against gonorrhea are not yet well 
understood, these mechanisms may involve the homol-
ogy of OMVs and recombinant Neisseria heparin-binding 
antigen (NHBA) proteins present in both NM and NG and 
included in meningococcal vaccines; further, OMV-induced 

Table 3   Effectiveness of serogroup B OMV meningococcal vaccines against gonorrhea based on observational studies

CI confidence interval, HIV human immunodeficiency virus, MBV meningococcal group B vaccine, Men meningococcus, MSM men who have 
sex with men, OMV outer-membrane vesicle, STI sexually transmitted infection
a The MeNZB vaccine was developed to control a serogroup B epidemic and is no longer available; the new generation 4CMenB vaccine uses the 
same OMV as MeNZB
b Reported as median (range)
c Reported as adjusted prevalence ratio
d Reported as hazard ratio

Country and study Vaccine Population and age range Study design Control Observation period post 
vaccination, years

Effectiveness (95% CI)

New Zealand [186] MeNZBa Adolescents and young 
adults, 15–30 years old

Case-control Individuals with chlamydia 1, 3, and 6 months 31% (21, 39)

US [155] 4CMenB Adolescents and young 
adults, 16–23 years old

Case-control Individuals with chlamydia 2 40%c (23, 53)

Australia [154, 158] 4CMenB Adolescents and young 
adults, 15–20 years old

Cohort and case-control Individuals with chlamydia 3 33.2% (15.9, 47.0)

US [156] 4CMenB Adolescents and young 
adults, 15–30 years old

Matched cohort MenACWY​ 1.9 (1.16–2.97)b 46%d

Italy [157] 4CMenB MSM living with HIV, 
≥ 18 years old

Case-control Individuals with ≥ 1 STI 
other than gonorrhea

3.8 (2.1–4.3)b 42% (6, 64)

US [160] 4CMenB 18–29 years old Case-control Non–OMV-based MBV 
recipients

1 month to 2 years 47% (13, 68)
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antibodies recognize gonococcal proteins and NHBAs [3, 
151, 155, 159, 161]. In addition, antibody activity studies 
showed that 4CMenB elicits antigonococcal NHBA anti-
bodies [151, 162]. A reduction in pharyngeal carriage of 
unencapsulated meningococci suggests absence of a capsule 
as seen with gonococci may facilitate outer membrane pro-
tein exposure and susceptibility to bacterial killing [163]. 
Overall, clearer definition of mechanisms responsible for the 
antigonorrheal efficacy of meningococcal vaccines, includ-
ing characterization of the genomics and proteomics of Neis-
seria species [164], will facilitate the ongoing development 
of clinically effective vaccines for gonorrhea [37, 159, 165].

Preclinical, clinical, and proteomic studies evaluating suit-
able vaccine candidates are ongoing, including a randomized 
clinical trial evaluating efficacy and immunogenicity of an 
investigational vaccine based on the generalized modules for 
membrane antigens (GMMA) technology [13, 159, 166].

The efficacy and safety of 4CMenB for the prevention 
of gonorrhea have been evaluated in several completed and 
ongoing studies (Table 4), including phase 2 and phase 3 
clinical trials [167–175].

A recently completed phase 3 randomized controlled 
trial (RCT, DOXYVAC) evaluated the impact of 4CMenB 
on time to a first episode of NG infection in MSM receiv-
ing post-exposure prophylaxis (PrEP) with a history of STI 
[175]. In the final analysis, although fewer vaccine than 
placebo recipients developed NG during a median follow-
up of 14 months, the difference was not statistically sig-
nificant (adjusted hazard ratio: 0.78 [95% CI: 0.60–1.01]; 
p = 0.061). Analysis of secondary efficacy outcomes 
(cumulative incidence of gonorrhea and of symptomatic 
gonorrhea) provided similar results [175]. Thus, the data 
available to date on the effect of 4CMenB on gonorrhea is 
heterogeneous and additional data from ongoing studies 

Table 4   Prospective and retrospective studies of serogroup B OMV-based meningococcal vaccines for the prevention of gonorrhea

aHR adjusted hazard ratio, CI confidence interval, co cohort, cr crossover, db double-blind, FHbp meningococcal surface protein factor H-bind-
ing protein, Flu/TDP combined quadrivalent influenza and tetanus/diphtheria vaccine, GBM + men (cis and trans), trans women, and non-binary 
people who have sex with men, HIV human immunodeficiency virus, mc multicenter, Men meningococcus, MSM men who have sex with men, 
NA not applicable, ob observer-blind, OMV outer-membrane vesicle, pc placebo-controlled, PrEP pre-exposure prophylaxis with tenofovir diso-
proxil fumarate/emtricitabine
a Participants are randomized in a 2 × 2 factorial manner to one of four study groups in which they receive either 4CMenB or no 4CMenB and 
either doxycycline or no doxycycline single dose for post-exposure prophylaxis
b Due to be completed in the final quarter of 2025

Trial name, registration, design Country Study population 
and age, years

No. of participants Vaccine Comparator Follow-up Status

Randomized phase 3 studies
ANRS174 DOXYVAC; 

NCT04597424; mc
[171, 175]

France MSM on PrEP or 
HIV+, ≥ 18

556 4CMenB No vaccinea 14 months aHR 0.78
(95% CI 0.60–1.01); 

p = 0.061 [175]) 
Trial completed

GoGoVax; NCT04415424; db, 
mc, pc

[167]

Australia GBM + on PrEP 
or HIV+, 
18–50

730 4CMenB Placebo 2 years Ongoing

MenGO; 
ACTRN12619001478101;

[168]

Australia MSM on PrEP, 
≥ 18

130 4CMenB No vaccine 2 years Ongoing

NCT05766904; db, pc
[170]

China MSM, ≥ 18 150 4CMenB Placebo 2 years Ongoing

Randomized phase 2 studies
NCT04350138; mc, ob, pc
[169]

US, Thailand Men and women, 
18–50

2200 4CMenB Placebo Ongoingb

NCT05294588; human challenge 
db, cr

[172]

US Men, 18–36 120–140 4CMenB Flu/TDP NA Ongoing

Observational studies
NCT05873751; co
[174]

US Men and women, 
15–30

MenB-
FHbp + Men-
ACWY​

MenACWY 
only

PharMetrics Plus 
database from 
01 Jan 2016 to 
31 Dec 2022

Ongoing

NCT04398849; “B part of it NT”. 
Immunisation for adolescents 
against serious communicable 
diseases.

Cohort and case-control study 
[173]

Northern Territory, 
Australia

Adolescents, 
14–19

2649 recruited, 
recruitment 
completed

4CMenB No comparator Follow-up 3 
years

Undergoing analysis
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(Table 4) may shed further light on the effect of 4CMenB 
against NG.

The safety and reactogenicity of an investigational vac-
cine (GSK4348413A) based on NG GMMAs are being 
evaluated in a phase 1/2, first-in-human, proof-of-concept 
study [166]. GMMAs are OMVs with an over-vesiculating 
phenotype and reduced lipopolysaccharide endotoxicity 
[176]. Preclinical and proteomic studies aimed at identify-
ing suitable vaccine candidates are also ongoing [13, 159].

Importantly, modeling data suggest that a vaccine with 
modest efficacy against gonorrhea could have a marked 
influence on disease prevalence [159]. One such study 
in England, which assumed 31% vaccine efficacy against 
gonorrhea and 85% vaccine uptake, calculated that ado-
lescent 4CMenB vaccination, together with MenACWY 
vaccination, could potentially avert 25% (95% credible 
interval: 17–33) of heterosexual incident gonorrhea infec-
tions over 70 years; catch-up and booster vaccinations 
could also enhance impact of the vaccination program 
and reduce the risk of additional AMR [177]. Another 
model predicted that vaccination of 100,000 heterosexual 
individuals at age 13 years (for a non-waning vaccine with 
50% efficacy) would reduce the prevalence of gonococcal 
infection by ≥ 90% after 20 years; the corresponding pre-
dicted decrease in the prevalence of gonococcal infection 
for a non-waning vaccine with only 20% efficacy was 40% 
[178]. Finally, a model simulating gonorrhea transmission 
from 2008 to 2030 (using surveillance data from 2008 
to 2017 for calibration) predicted that, if all MSM who 
attend sexual health clinics were vaccinated against gon-
orrhea with a vaccine with 31% efficacy over 2–4 years, 
the occurrence of gonorrhea in the vaccinated population 
would decrease by 45% in 2030 (even if untreatable gono-
coccal infections emerge) [179].

Overall, these estimates of the predicted impact that a 
gonorrhea vaccine could have on disease incidence taken 
together with the lessons learned from other vaccines on 
AMR reduction (see Impact of vaccination in reducing or 
preventing AMR) suggest that vaccination programs against 
gonorrhea would likely bring a substantial contribution to 
mitigating AMR in NG.

Conclusions

IMD and gonorrhea have a widespread public health 
impact, which the WHO set out to tackle with global 
strategies aiming to defeat meningitis by 2030 [20] and 
to reduce the incidence of gonorrhea by 90% from 2018 
to 2030 [21]. In this review, we described the relation-
ship between NM and NG, the growing trends in AMR 
for those bacteria, and the impact of both antibiotics and 
vaccines on AMR.

NM and NG are closely related bacterial species that 
can cause disease but also asymptomatically cohabit 
anatomic niches with Neisseria commensals within the 
normal microbiota. Antibacterial-resistant Neisseria com-
mensals (e.g., N. cinerea) can transfer genetic material to 
NM and NG in the pharynx and promote AMR [40–42].

While historically rare, recent reports of AMR in NM 
have pointed to an emerging clinical concern, especially as 
a few cases of potential treatment failure with ceftriaxone 
have been flagged [23, 25, 69, 84, 90]. AMR in NG has been 
a growing public health issue in the past eight decades, with 
multiple reports of treatment failures with the currently rec-
ommended treatments [13, 65]. The number of drugs avail-
able to treat gonorrhea is decreasing and novel antibiotics 
to treat emerging drug-resistant strains of gonorrhea are 
urgently needed. New candidates to treat gonorrhea which are 
under development include anti-gonococcal peptides [180] 
and fatty acids [181] which hold the potential to treat without 
development of AMR. Future research directions should also 
focus on understanding the genetic interactions between NM 
and NG, and how this knowledge can be leveraged to develop 
more effective AMR interventions.

In the current climate of increasing AMR, coupled with 
evidence that vaccination could reduce AMR disease, it is 
clear that tandem disease-management strategies incorpo-
rating both novel antibiotics and vaccines will be needed 
to attain the WHO strategic goals [20, 21, 133].

Development of an effective vaccine protecting against gon-
orrhea is estimated to provide substantial public health benefits, 
with candidates currently being evaluated in preclinical, clini-
cal, and proteomic studies [13, 37, 159, 165–172, 175]. These 
include the GMMAs-based gonorrhea vaccine currently under 
investigation. Results of randomized clinical trials evaluating the 
efficacy of serogroup B OMV meningococcal vaccines against 
gonorrhea are awaited [182]. In addition, novel antibiotics (i.e., 
gepotidacin, zoliflodacin) are currently in late-stage develop-
ment and, if approved, will be the first new classes of small 
molecule antibiotics to become available for the treatment of 
gonorrhea in over a decade. Overall, the holistic management of 
AMR in IMD and gonorrhea will have to couple judicious use of 
existing antibiotics with optimization of vaccination programs, 
as well as development of novel vaccines and antibiotics.

Methods

Literature search

A literature search was conducted in PubMed for full-text 
publications in English language using the following sepa-
rate search strings: (‘Neisseria meningitidis’ OR ‘invasive 
meningococcal disease’) AND (‘Neisseria gonorrhoeae’ OR 
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‘Neisseria gonorrhea’ OR ‘gonorrhea’); (‘Neisseria menin-
gitidis’ OR ‘invasive meningococcal disease’) AND (‘Neisse-
ria gonorrhoeae’ OR ‘Neisseria gonorrhea’ OR ‘gonorrhea’) 
AND ‘vaccines’; (‘Neisseria gonorrhoea’ OR ‘Neisseria men-
ingitidis’) AND ‘antimicrobial resistance’; (‘Neisseria menin-
gitidis’ OR ‘invasive meningococcal disease’ OR ‘Neisseria 
gonorrhoeae’ OR ‘Neisseria gonorrhea’ OR ‘gonorrhea’) 
AND ‘antimicrobial resistance’ AND ‘impact of vaccines’. 
Relevant congress abstracts and presentations and studies 
from Clinicaltrials.gov were also included in this review.

The searches were restricted to 2003–2023 and limited 
to clinical trials, meta-analyses, RCTs, reviews, and system-
atic reviews. Articles were selected for inclusion based on 
titles and abstracts. Additional articles were included by the 
authors based on expertise.

Data Availability
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sets were generated or analyzed for this publication.

Acknowledgements  This work was supported by GSK. Medical writing 
support was provided by Blair Jarvis and David Murdoch, contract writ-
ers working on behalf of Luna, and Silvia Pregnolato of Luna, OPEN 
Health Communications funded by GSK, in accordance with Good 
Publication Practice 3 (GPP) guidelines (www.ismpp.org/gpp-2022).

Author contributions  All authors contributed substantially to the concep-
tion or design of the work or to the acquisition, analysis, or interpretation of 
data for the work; all authors drafted the work or reviewed it critically for 
important intellectual content; all authors gave final approval of the version 
to be published; and all authors agreed to be accountable for all aspects of 
the work in ensuring that questions related to the accuracy or integrity of 
any part of the work are appropriately investigated and resolved.

Declarations 

Competing interests  Author HSM is an investigator on clinical trials 
sponsored by Industry including Iliad, Pfizer, Moderna, and Seqirus. 
Author HSM’s institution receives funding for sponsored studies from 
GSK, Pfizer, Sanofi-Pasteur. Author HSM receives no personal funding 
from Industry. Authors SB, AM, VB, and WS are employees of GSK 
and may hold stock or stock options. Author SB holds patents on antimi-
crobial peptides and related methods issued prior to employment at GSK 
and before this work began. Author JM has received institutional grants 
and personal fees for advisory boards from Gilead, Helix, and Merck. 
Author BB declares no financial or non-financial competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 

need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1. 	 Humbert MV, Christodoulides M (2019) Atypical, yet not infre-
quent, infections with Neisseria species. Pathogens 9(1):10. 
https://​doi.​org/​10.​3390/​patho​gens9​010010

	 2. 	 Liu G, Tang CM, Exley RM (2015) Non-pathogenic Neisseria: 
members of an abundant, multi-habitat, diverse genus. Microbiol 
(Reading) 161:1297–1312. https://​doi.​org/​10.​1099/​mic.0.​000086

	 3. 	 Ruiz Garcia Y, Sohn WY, Seib KL, Taha MK, Vazquez JA, de 
Lemos APS, Vadivelu K, Pizza M, Rappuoli R, Bekkat-Berkani 
R (2021) Looking beyond meningococcal B with the 4CMenB 
vaccine: the Neisseria effect. NPJ Vaccines 6:130. https://​doi.​org/​
10.​1038/​s41541-​021-​00388-3

	 4. 	 Baerentsen R, Tang CM, Exley RM (2022) Et Tu, Neisseria? 
Conflicts of interest between Neisseria species. Front Cell Infect 
Microbiol 12:913292. https://​doi.​org/​10.​3389/​fcimb.​2022.​
913292

	 5. 	 Weyand NJ (2017) Neisseria models of infection and persistence 
in the upper respiratory tract. Pathog Dis 75(3). https://​doi.​org/​
10.​1093/​femspd/​ftx031

	 6. 	 Tzeng YL, Stephens DS (2015) Antimicrobial peptide resistance 
in Neisseria meningitidis. Biochim Biophys Acta 1848:3026–
3031. https://​doi.​org/​10.​1016/j.​bbamem.​2015.​05.​006

	 7. 	 Mbaeyi SA, Bozio CH, Duffy J, Rubin LG, Hariri S, Stephens 
DS, MacNeil JR (2020) Meningococcal vaccination: recommen-
dations of the Advisory Committee on Immunization Practices, 
United States, 2020. MMWR Recomm Rep 69:1–41. https://​doi.​
org/​10.​15585/​mmwr.​rr690​9a1

	 8. 	 Wang B, Santoreneos R, Giles L, Haji Ali Afzali H, Marshall H 
(2019) Case fatality rates of invasive meningococcal disease by 
serogroup and age: a systematic review and meta-analysis. Vaccine 
37:2768–2782. https://​doi.​org/​10.​1016/j.​vacci​ne.​2019.​04.​020

	 9. 	 Centers for Disease Control and Prevention (2023) Enhanced 
Meningococcal Disease Surveillance Report, 2021. https://​www.​
cdc.​gov/​menin​gococ​cal/​downl​oads/​NCIRD-​EMS-​Report-​2021.​
pdf. Accessed June 10, 2024

	 10. 	 Voss SS, Nielsen J, Valentiner-Branth P (2022) Risk of sequelae 
after invasive meningococcal disease. BMC Infect Dis 22:148. 
https://​doi.​org/​10.​1186/​s12879-​022-​07129-4

	 11. 	 Olbrich KJ, Müller D, Schumacher S, Beck E, Meszaros K, 
Koerber F (2018) Systematic review of invasive meningococcal 
disease: sequelae and quality of life impact on patients and their 
caregivers. Infect Dis Ther 7:421–438. https://​doi.​org/​10.​1007/​
s40121-​018-​0213-2

	 12. 	 Corr M, Waterfield T, Shields M (2020) Fifteen-minute consulta-
tion: symptoms and signs of meningococcal disease. Arch Dis 
Child Educ Pract Ed 105:200–203. https://​doi.​org/​10.​1136/​archd​
ischi​ld-​2019-​317722

	 13. 	 Unemo M, Seifert HS, Hook EW 3rd, Hawkes S, Ndowa F, Dil-
lon JR (2019) Gonorrhoea. Nat Rev Dis Primers 5:79. https://​
doi.​org/​10.​1038/​s41572-​019-​0128-6

	 14. 	 McElligott KA (2014) Mortality from sexually transmitted dis-
eases in reproductive-aged women: United States, 1999–2010. 
Am J Public Health 104:e101–105. https://​doi.​org/​10.​2105/​
ajph.​2014.​302044

	 15. 	World Health Organization (2022) Multi-drug resistant gon-
orrhoea. https://​www.​who.​int/​news-​room/​fact-​sheets/​detail/​
multi-​drug-​resis​tant-​gonor​rhoea. Accessed June 10, 2023

	 16. 	 Taylor BD, Adekanmbi V, Zhang Y, Berenson A (2023) The 
impact of Neisseria gonorrhoeae mono- and coinfection 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/pathogens9010010
https://doi.org/10.1099/mic.0.000086
https://doi.org/10.1038/s41541-021-00388-3
https://doi.org/10.1038/s41541-021-00388-3
https://doi.org/10.3389/fcimb.2022.913292
https://doi.org/10.3389/fcimb.2022.913292
https://doi.org/10.1093/femspd/ftx031
https://doi.org/10.1093/femspd/ftx031
https://doi.org/10.1016/j.bbamem.2015.05.006
https://doi.org/10.15585/mmwr.rr6909a1
https://doi.org/10.15585/mmwr.rr6909a1
https://doi.org/10.1016/j.vaccine.2019.04.020
https://www.cdc.gov/meningococcal/downloads/NCIRD-EMS-Report-2021.pdf
https://www.cdc.gov/meningococcal/downloads/NCIRD-EMS-Report-2021.pdf
https://www.cdc.gov/meningococcal/downloads/NCIRD-EMS-Report-2021.pdf
https://doi.org/10.1186/s12879-022-07129-4
https://doi.org/10.1007/s40121-018-0213-2
https://doi.org/10.1007/s40121-018-0213-2
https://doi.org/10.1136/archdischild-2019-317722
https://doi.org/10.1136/archdischild-2019-317722
https://doi.org/10.1038/s41572-019-0128-6
https://doi.org/10.1038/s41572-019-0128-6
https://doi.org/10.2105/ajph.2014.302044
https://doi.org/10.2105/ajph.2014.302044
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


244	 European Journal of Clinical Microbiology & Infectious Diseases (2025) 44:233–250

on adverse pregnancy outcomes. Open Forum Infect Dis 
10:ofad220. https://​doi.​org/​10.​1093/​ofid/​ofad2​20

	 17. 	 Vaezzadeh K, Sepidarkish M, Mollalo A, As’adi N, Rouhola-
min S, Rezaeinejad M, Mojtahedi MF, Hosseini SMM, Taheri 
M, Mahjour S, Mohammadi M, Chemaitelly H, Rostami A 
(2023) Global prevalence of Neisseria gonorrhoeae infection 
in pregnant women: a systematic review and meta-analysis. 
Clin Microbiol Infect 29:22–31. https://​doi.​org/​10.​1016/j.​cmi.​
2022.​08.​008

	 18. 	 Ravindran J, Richardson BA, Kinuthia J, Unger JA, Drake AL, 
Osborn L, Matemo D, Patterson J, McClelland RS, John-Stewart 
G (2021) Chlamydia, gonorrhea, and incident HIV infection dur-
ing pregnancy predict preterm birth despite treatment. J Infect 
Dis 224:2085–2093. https://​doi.​org/​10.​1093/​infdis/​jiab2​77

	 19. 	 (2016) Global, regional, and national life expectancy, all-cause 
mortality, and cause-specific mortality for 249 causes of death, 
1980–2015: a systematic analysis for the Global Burden of Dis-
ease Study 2015. Lancet 388:1459–1544. https://​doi.​org/​10.​
1016/​s0140-​6736(16)​31012-1

	 20. 	 World Health Organization (2021) Defeating Meningitis by 2030. 
https://​www.​who.​int/​initi​atives/​defea​ting-​menin​gitis-​by-​2030. 
Accessed May 17, 2023

	 21. 	 World Health Organization (2016) Global health sector strategy 
on sexually transmitted infections 2016–2021. Towards ending 
STIs. https://​apps.​who.​int/​iris/​bitst​ream/​handle/​10665/​246296/​
WHO-​RHR-​16.​09-​eng.​pdf;​jsess​ionid=​ADE61​3A231​CC53A​
23016​46DDC​A496B​B3?​seque​nce=1. Accessed 10 June 2024

	 22. 	 Willerton L, Lucidarme J, Walker A, Lekshmi A, Clark SA, 
Walsh L, Bai X, Lee-Jones L, Borrow R (2021) Antibiotic resist-
ance among invasive Neisseria meningitidis isolates in England, 
Wales and Northern Ireland (2010/11 to 2018/19). PLoS ONE 
16:e0260677. https://​doi.​org/​10.​1371/​journ​al.​pone.​02606​77

	 23. 	 McNamara LA, Potts C, Blain AE, Retchless AC, Reese N, 
Swint S, Lonsway D, Karlsson M, Lunquest K, Sweitzer JJ, 
Wang X, Hariri S, Fox LM, Antimicrobial-Resistant Neisseria 
meningitidis Team (2020) Detection of ciprofloxacin-resistant, 
beta-lactamase-producing Neisseria meningitidis serogroup Y 
isolates - United States, 2019–2020. MMWR Morb Mortal 
Wkly Rep 69:735–739. https://​doi.​org/​10.​15585/​mmwr.​mm692​
4a2

	 24. 	 Chen M, Shao Y, Luo J, Yuan L, Wang M, Chen M, Guo Q 
(2023) Penicillin and cefotaxime resistance of quinolone-resist-
ant Neisseria meningitidis clonal complex 4821, Shanghai, 
China, 1965–2020. Emerg Infect Dis 29:341–350. https://​doi.​
org/​10.​3201/​eid29​02.​221066

	 25. 	 Saito R, Nakajima J, Prah I, Morita M, Mahazu S, Ota Y, Kob-
ayashi A, Tohda S, Kamiya H, Takahashi H, Ohnishi M (2022) 
Penicillin- and ciprofloxacin-resistant invasive Neisseria men-
ingitidis isolates from Japan. Microbiol Spectr 10:e0062722. 
https://​doi.​org/​10.​1128/​spect​rum.​00627-​22

	 26. 	 Batty EM, Cusack TP, Thaipadungpanit J, Watthanaworawit W, 
Carrara V, Sihalath S, Hopkins J, Soeng S, Ling C, Turner P, 
Dance DAB (2020) The spread of chloramphenicol-resistant 
Neisseria meningitidis in Southeast Asia. Int J Infect Dis 95:198–
203. https://​doi.​org/​10.​1016/j.​ijid.​2020.​03.​081

	 27. 	 Aitolo GL, Adeyemi OS, Afolabi BL, Owolabi AO (2021) Neis-
seria gonorrhoeae antimicrobial resistance: past to present to 
future. Curr Microbiol 78:867–878. https://​doi.​org/​10.​1007/​
s00284-​021-​02353-8

	 28. 	 Berçot B, Caméléna F, Mérimèche M, Jacobsson S, Sbaa G, 
Mainardis M, Valin C, Molina JM, Bébéar C, Chazelle E, Lot 
F, Golparian D, Unemo M (2022) Ceftriaxone-resistant, multid-
rug-resistant Neisseria gonorrhoeae with a novel mosaic penA-
237.001 gene, France, June 2022. Euro Surveill 27:2200899. 
https://​doi.​org/​10.​2807/​1560-​7917.​Es.​2022.​27.​50.​22008​99

	 29. 	 Costa-Lourenco A, Barros Dos Santos KT, Moreira BM, Fra-
calanzza SEL, Bonelli RR (2017) Antimicrobial resistance in 
Neisseria gonorrhoeae: history, molecular mechanisms and epi-
demiological aspects of an emerging global threat. Braz J Micro-
biol 48:617–628. https://​doi.​org/​10.​1016/j.​bjm.​2017.​06.​001

	 30. 	 Centers for Disease Control and Prevention (2019) Antibiotic 
Resistance Threats in the United States, 2019. https://​doi.​org/​
10.​15620/​cdc:​82532. Accessed 10 June 2024

	 31. 	 Antimicrobial Resistance Collaborators (2022) Global burden of 
bacterial antimicrobial resistance in 2019: a systematic analysis. 
Lancet 399:629–655. https://​doi.​org/​10.​1016/​S0140-​6736(21)​
02724-0

	 32. 	 Ho CS, Wong CTH, Aung TT, Lakshminarayanan R, Mehta JS, 
Rauz S, McNally A, Kintses B, Peacock SJ, de la Fuente-Nunez 
C, Hancock REW, Ting DSJ (2024) Antimicrobial resistance: a 
concise update. Lancet Microbe 12:100947. https://​doi.​org/​10.​
1016/j.​lanmic.​2024.​07.​010

	 33. 	 European Antimicrobial Resistance Collaborators (2022) The 
burden of bacterial antimicrobial resistance in the WHO Euro-
pean region in 2019: a cross-country systematic analysis. Lan-
cet Public Health 7:e897–e913. https://​doi.​org/​10.​1016/​S2468-​
2667(22)​00225-0

	 34. 	 Tinsley CR, Nassif X (1996) Analysis of the genetic differences 
between Neisseria meningitidis and Neisseria gonorrhoeae: two 
closely related bacteria expressing two different pathogenicities. 
Proc Natl Acad Sci U S A 93:11109–11114. https://​doi.​org/​10.​
1073/​pnas.​93.​20.​11109

	 35. 	 Perrin A, Bonacorsi S, Carbonnelle E, Talibi D, Dessen P, Nassif 
X, Tinsley C (2002) Comparative genomics identifies the genetic 
islands that distinguish Neisseria meningitidis, the agent of cere-
brospinal meningitis, from other Neisseria species. Infect Immun 
70:7063–7072. https://​doi.​org/​10.​1128/​iai.​70.​12.​7063-​7072.​2002

	 36. 	 Vigué L, Eyre-Walker A (2019) The comparative population 
genetics of Neisseria meningitidis and Neisseria gonorrhoeae. 
PeerJ 7:e7216. https://​doi.​org/​10.​7717/​peerj.​7216

	 37. 	 Marjuki H, Topaz N, Joseph SJ, Gernert KM, Kersh EN, Antimi-
crobial-Resistant Neisseria gonorrhoeae Working Group, Wang 
X (2019) Genetic similarity of gonococcal homologs to menin-
gococcal outer membrane proteins of serogroup B vaccine. mBio 
10:e01668–e01619. https://​doi.​org/​10.​1128/​mBio.​01668-​19

	 38. 	 Shaskolskiy B, Kravtsov D, Kandinov I, Dementieva E, Gryadu-
nov D (2022) Genomic diversity and chromosomal rearrange-
ments in Neisseria gonorrhoeae and Neisseria meningitidis. Int 
J Mol Sci 23:15644. https://​doi.​org/​10.​3390/​ijms2​32415​644

	 39. 	 Lu QF, Cao DM, Su LL, Li SB, Ye GB, Zhu XY, Wang JP (2019) 
Genus-wide comparative genomics analysis of Neisseria to iden-
tify new genes associated with pathogenicity and niche adap-
tation of Neisseria pathogens. Int J Genomics 2019:6015730. 
https://​doi.​org/​10.​1155/​2019/​60157​30

	 40. 	 Igawa G, Yamagishi Y, Lee KI, Dorin M, Shimuta K, Suematsu 
H, Nakayama SI, Mikamo H, Unemo M, Ohnishi M (2018) Neis-
seria cinerea with high ceftriaxone MIC is a source of ceftriaxone 
and cefixime resistance-mediating penA sequences in Neisseria 
gonorrhoeae. Antimicrob Agents Chemother 62:e02069–e02017. 
https://​doi.​org/​10.​1128/​AAC.​02069-​17

	 41. 	 Manoharan-Basil SS, González N, Laumen JGE, Kenyon C 
(2022) Horizontal gene transfer of fluoroquinolone resistance-
conferring genes from commensal Neisseria to Neisseria gonor-
rhoeae: a global phylogenetic analysis of 20,047 isolates. Front 
Microbiol 13:793612. https://​doi.​org/​10.​3389/​fmicb.​2022.​
793612

	 42. 	 Chen M, Zhang C, Zhang X, Chen M (2020) Meningococcal 
quinolone resistance originated from several commensal Neis-
seria species. Antimicrob Agents Chemother 64:e01494–e01419. 
https://​doi.​org/​10.​1128/​aac.​01494-​19

https://doi.org/10.1093/ofid/ofad220
https://doi.org/10.1016/j.cmi.2022.08.008
https://doi.org/10.1016/j.cmi.2022.08.008
https://doi.org/10.1093/infdis/jiab277
https://doi.org/10.1016/s0140-6736(16)31012-1
https://doi.org/10.1016/s0140-6736(16)31012-1
https://www.who.int/initiatives/defeating-meningitis-by-2030
https://apps.who.int/iris/bitstream/handle/10665/246296/WHO-RHR-16.09-eng.pdf;jsessionid=ADE613A231CC53A2301646DDCA496BB3?sequence=1
https://apps.who.int/iris/bitstream/handle/10665/246296/WHO-RHR-16.09-eng.pdf;jsessionid=ADE613A231CC53A2301646DDCA496BB3?sequence=1
https://apps.who.int/iris/bitstream/handle/10665/246296/WHO-RHR-16.09-eng.pdf;jsessionid=ADE613A231CC53A2301646DDCA496BB3?sequence=1
https://doi.org/10.1371/journal.pone.0260677
https://doi.org/10.15585/mmwr.mm6924a2
https://doi.org/10.15585/mmwr.mm6924a2
https://doi.org/10.3201/eid2902.221066
https://doi.org/10.3201/eid2902.221066
https://doi.org/10.1128/spectrum.00627-22
https://doi.org/10.1016/j.ijid.2020.03.081
https://doi.org/10.1007/s00284-021-02353-8
https://doi.org/10.1007/s00284-021-02353-8
https://doi.org/10.2807/1560-7917.Es.2022.27.50.2200899
https://doi.org/10.1016/j.bjm.2017.06.001
https://doi.org/10.15620/cdc:82532
https://doi.org/10.15620/cdc:82532
https://doi.org/10.1016/S0140-6736(21)02724-0
https://doi.org/10.1016/S0140-6736(21)02724-0
https://doi.org/10.1016/j.lanmic.2024.07.010
https://doi.org/10.1016/j.lanmic.2024.07.010
https://doi.org/10.1016/S2468-2667(22)00225-0
https://doi.org/10.1016/S2468-2667(22)00225-0
https://doi.org/10.1073/pnas.93.20.11109
https://doi.org/10.1073/pnas.93.20.11109
https://doi.org/10.1128/iai.70.12.7063-7072.2002
https://doi.org/10.7717/peerj.7216
https://doi.org/10.1128/mBio.01668-19
https://doi.org/10.3390/ijms232415644
https://doi.org/10.1155/2019/6015730
https://doi.org/10.1128/AAC.02069-17
https://doi.org/10.3389/fmicb.2022.793612
https://doi.org/10.3389/fmicb.2022.793612
https://doi.org/10.1128/aac.01494-19


245European Journal of Clinical Microbiology & Infectious Diseases (2025) 44:233–250	

	 43. 	 Bowler LD, Zhang QY, Riou JY, Spratt BG (1994) Interspecies 
recombination between the penA genes of Neisseria meningitidis 
and commensal Neisseria species during the emergence of peni-
cillin resistance in N. meningitidis: natural events and laboratory 
simulation. J Bacteriol 176:333–337. https://​doi.​org/​10.​1128/​jb.​
176.2.​333-​337.​1994

	 44. 	 Liu G, Thomsen LE, Olsen JE (2021) Antimicrobial-induced 
horizontal transfer of antimicrobial resistance genes in bacteria: 
a mini-review. J Antimicrob Chemother 77:556–567. https://​doi.​
org/​10.​1093/​jac/​dkab4​50

	 45. 	 Tzeng Y-L, Bazan JA, Turner AN, Wang X, Retchless AC, Read 
TD, Toh E, Nelson DE, Del Rio C, Stephens DS (2017) Emer-
gence of a new Neisseria meningitidis clonal complex 11 lineage 
11.2 clade as an effective urogenital pathogen. Proc Natl Acad 
Sci U S A 114:4237–4242. https://​doi.​org/​10.​1073/​pnas.​16209​
71114

	 46. 	 European Centre for Disease Prevention and Control (2023) 
Meningococcal disease. https://​www.​ecdc.​europa.​eu/​en/​menin​
gococ​cal-​disea​se#:​~:​text=​Menin​gococ​cal%​20dis​ease%​20is%​
20cau​sed%​20by,an%​20acu​te%​20sev​ere%​20bac​terial%​20inf​
ection. Accessed 12 Sept 2023

	 47. 	 Nguyen N, Ashong D (2024) Meningococcal disease (Neisseria 
meningitidis infection). StatPearls [Internet]

	 48. 	 Mbaeyi S, Duffy J, McNamara LA (2021) The Pink Book. Chap-
ter 14. Meningococcal Disease. https://​www.​cdc.​gov/​vacci​nes/​
pubs/​pinkb​ook/​mening.​html. Accessed 10 Jun 2024

	 49. 	 Borrow R, Alarcón P, Carlos J, Caugant DA, Christensen H, 
Debbag R, De Wals P, Echániz-Aviles G, Findlow J, Head C, 
Holt D, Kamiya H, Saha SK, Sidorenko S, Taha MK, Trotter 
C, Vázquez Moreno JA, von Gottberg A, Sáfadi MA (2017) 
The Global Meningococcal Initiative: global epidemiology, the 
impact of vaccines on meningococcal disease and the importance 
of herd protection. Expert Rev Vaccines 16:313–328. https://​doi.​
org/​10.​1080/​14760​584.​2017.​12583​08

	 50. 	 Dretler AW, Rouphael NG, Stephens DS (2018) Progress toward 
the global control of Neisseria meningitidis: 21st century vac-
cines, current guidelines, and challenges for future vaccine devel-
opment. Hum Vaccin Immunother 14:1146–1160. https://​doi.​org/​
10.​1080/​21645​515.​2018.​14518​10

	 51. 	 Read RC (2014) Neisseria meningitidis; clones, carriage, and 
disease. Clin Microbiol Infect 20:391–395. https://​doi.​org/​10.​
1111/​1469-​0691.​12647

	 52. 	 Pizza M, Bekkat-Berkani R, Rappuoli R (2020) Vaccines against 
meningococcal diseases. Microorganisms 8:1521. https://​doi.​org/​
10.​3390/​micro​organ​isms8​101521

	 53. 	 Pardo de Santayana C, Tin Tin Htar M, Findlow J, Balmer P 
(2023) Epidemiology of invasive meningococcal disease world-
wide from 2010–2019: a literature review. Epidemiol Infect 
151:e57. https://​doi.​org/​10.​1017/​S0950​26882​30003​28

	 54. 	 Alderson MR, Arkwright PD, Bai X, Black S, Borrow R, Cau-
gant DA, Dinleyici EC, Harrison LH, Lucidarme J, McNamara 
LA, Meiring S, Sáfadi MAP, Shao Z, Stephens DS, Taha MK, 
Vazquez J, Zhu B, Gmi Collaborators (2022) Surveillance and 
control of meningococcal disease in the COVID-19 era: A Global 
Meningococcal Initiative review. J Infect 84:289–296. https://​doi.​
org/​10.​1016/j.​jinf.​2021.​11.​016

	 55. 	 Clark SA, Campbell H, Ribeiro S, Bertran M, Walsh L, Walker 
A, Willerton L, Lekshmi A, Bai X, Lucidarme J, Ladhani SN, 
Borrow R (2023) Epidemiological and strain characteristics 
of invasive meningococcal disease prior to, during and after 
COVID-19 pandemic restrictions in England. J Infect 87:385–
391. https://​doi.​org/​10.​1016/j.​jinf.​2023.​09.​002

	 56.	 Lahra MM, George CR, Van Hal S, Hogan TR (2023) Australian 
Meningococcal Surveillance Programme Annual Report, 2022. 
Commun Dis Intell 24:47. https://​doi.​org/​10.​33321/​cdi.​2023.​47.​
44

	 57. 	 Taha S, Hong E, Denizon M, Falguières M, Terrade A, Degh-
mane AE, Taha MK (2023) The rapid rebound of invasive menin-
gococcal disease in France at the end of 2022. J Infect Public 
Health 16:1954–1960. https://​doi.​org/​10.​1016/j.​jiph.​2023.​10.​001

	 58. 	 Chan CH, McCabe CJ, Fisman DN (2012) Core groups, antimi-
crobial resistance and rebound in gonorrhoea in North America. 
Sex Transm Infect 88:200–204. https://​doi.​org/​10.​1136/​sextr​
ans-​2011-​050049

	 59. 	 Lewis DA (2013) The role of core groups in the emergence and 
dissemination of antimicrobial-resistant N gonorrhoeae. Sex 
Transm Infect 89(Suppl 4):iv47–51. https://​doi.​org/​10.​1136/​sextr​
ans-​2013-​051020

	 60. 	 Rowley J, Vander Hoorn S, Korenromp E, Low N, Unemo M, 
Abu-Raddad LJ, Chico RM, Smolak A, Newman L, Gottlieb S, 
Thwin SS, Broutet N, Taylor MM (2019) Chlamydia, Gonor-
rhoea, trichomoniasis and syphilis: global prevalence and inci-
dence estimates, 2016. Bull World Health Organ 97:548–562P. 
https://​doi.​org/​10.​2471/​blt.​18.​228486

	 61. 	 Allen KS, Hinrichs R, Heumann CL, Titus MK, Duszynski TJ, 
Valvi NR, Wiensch A, Tao G, Dixon BE (2023) Findings from a 
scoping review: presumptive treatment for chlamydiatrachoma-
tis and Neisseria gonorrhoeae in the United States, 2006–2021. 
Sex Transm Dis 50:209–214. https://​doi.​org/​10.​1097/​OLQ.​00000​
00000​001762

	 62. 	 Centers for Disease Control and Prevention (2021) Sexually 
transmitted disease surveillance, 2021. National overview of 
STDs, 2021. Gonorrhea. https://​www.​cdc.​gov/​std/​stati​stics/​2022/​
2021-​STD-​Surve​illan​ce-​Report-​PDF_​ARCHI​VED-2-​16-​24.​pdf. 
Accessed April 25, 2024

	 63. 	 Centers for Disease Control and Prevention (2022) Gonococcal 
Infections Among Adolescents and Adults. https://​www.​cdc.​gov/​
std/​treat​ment-​guide​lines/​gonor​rhea-​adults.​htm. Accessed June 
11, 2024

	 64. 	 Vanbaelen T, Van Dijck C, Laumen J, Gonzalez N, De Baetselier 
I, Manoharan-Basil SS, De Block T, Kenyon C (2022) Global 
epidemiology of antimicrobial resistance in commensal Neisseria 
species: a systematic review. Int J Med Microbiol 312:151551. 
https://​doi.​org/​10.​1016/j.​ijmm.​2022.​151551

	 65. 	 Unemo M, Shafer WM (2014) Antimicrobial resistance in Neis-
seria gonorrhoeae in the 21st century: past, evolution, and 
future. Clin Microbiol Rev 27:587–613. https://​doi.​org/​10.​1128/​
cmr.​00010-​14

	 66. 	 Tacconelli E, Carrara E, Savoldi A, Harbarth S, Mendelson M, 
Monnet DL, Pulcini C, Kahlmeter G, Kluytmans J, Carmeli 
Y, Ouellette M, Outterson K, Patel J, Cavaleri M, Cox EM, 
Houchens CR, Grayson ML, Hansen P, Singh N, Theuretzbacher 
U, Magrini N (2018) Discovery, research, and development of 
new antibiotics: the WHO priority list of antibiotic-resistant bac-
teria and tuberculosis. Lancet Infect Dis 18:318–327. https://​doi.​
org/​10.​1016/​S1473-​3099(17)​30753-3. W. H. O. Pathogens Prior-
ity List Working Group

	 67. 	 Centers for Disease Control and Prevention (2024) Drug-Resist-
ant Gonorrhea. https://​www.​cdc.​gov/​gonor​rhea/​hcp/​drug-​resis​
tant/​index.​html. Accessed June 11, 2024

	 68. 	Unemo M, Del Rio C, Shafer WM (2016) Antimicrobial 
Resistance expressed by Neisseria gonorrhoeae: a Major 
Global Public Health Problem in the 21st Century. Micro-
biol Spectr 4(3). https://​doi.​org/​10.​1128/​micro​biols​pec.​
EI10-​0009-​2015

	 69. 	 Rubis A (2023) Advisory Committee on Immunization Prac-
tices Meeting. Epidemiology of Meningococcal Disease in the 
United States. https://​www.​cdc.​gov/​vacci​nes/​acip/​meeti​ngs/​
downl​oads/​slides-​2023-​02/​slides-​02-​23/​Mening-​02-​Rubis-​508.​
pdf. Accessed June 10, 2024

	 70. 	 Dinleyici EC (2024) Epidemiology of meningococcal infec-
tions in the Mediterranean region. 42nd Annual Meeting of the 

https://doi.org/10.1128/jb.176.2.333-337.1994
https://doi.org/10.1128/jb.176.2.333-337.1994
https://doi.org/10.1093/jac/dkab450
https://doi.org/10.1093/jac/dkab450
https://doi.org/10.1073/pnas.1620971114
https://doi.org/10.1073/pnas.1620971114
https://www.ecdc.europa.eu/en/meningococcal-disease#:~:text=Meningococcal%20disease%20is%20caused%20by,an%20acute%20severe%20bacterial%20infection
https://www.ecdc.europa.eu/en/meningococcal-disease#:~:text=Meningococcal%20disease%20is%20caused%20by,an%20acute%20severe%20bacterial%20infection
https://www.ecdc.europa.eu/en/meningococcal-disease#:~:text=Meningococcal%20disease%20is%20caused%20by,an%20acute%20severe%20bacterial%20infection
https://www.ecdc.europa.eu/en/meningococcal-disease#:~:text=Meningococcal%20disease%20is%20caused%20by,an%20acute%20severe%20bacterial%20infection
https://www.cdc.gov/vaccines/pubs/pinkbook/mening.html
https://www.cdc.gov/vaccines/pubs/pinkbook/mening.html
https://doi.org/10.1080/14760584.2017.1258308
https://doi.org/10.1080/14760584.2017.1258308
https://doi.org/10.1080/21645515.2018.1451810
https://doi.org/10.1080/21645515.2018.1451810
https://doi.org/10.1111/1469-0691.12647
https://doi.org/10.1111/1469-0691.12647
https://doi.org/10.3390/microorganisms8101521
https://doi.org/10.3390/microorganisms8101521
https://doi.org/10.1017/S0950268823000328
https://doi.org/10.1016/j.jinf.2021.11.016
https://doi.org/10.1016/j.jinf.2021.11.016
https://doi.org/10.1016/j.jinf.2023.09.002
https://doi.org/10.33321/cdi.2023.47.44
https://doi.org/10.33321/cdi.2023.47.44
https://doi.org/10.1016/j.jiph.2023.10.001
https://doi.org/10.1136/sextrans-2011-050049
https://doi.org/10.1136/sextrans-2011-050049
https://doi.org/10.1136/sextrans-2013-051020
https://doi.org/10.1136/sextrans-2013-051020
https://doi.org/10.2471/blt.18.228486
https://doi.org/10.1097/OLQ.0000000000001762
https://doi.org/10.1097/OLQ.0000000000001762
https://www.cdc.gov/std/statistics/2022/2021-STD-Surveillance-Report-PDF_ARCHIVED-2-16-24.pdf
https://www.cdc.gov/std/statistics/2022/2021-STD-Surveillance-Report-PDF_ARCHIVED-2-16-24.pdf
https://www.cdc.gov/std/treatment-guidelines/gonorrhea-adults.htm
https://www.cdc.gov/std/treatment-guidelines/gonorrhea-adults.htm
https://doi.org/10.1016/j.ijmm.2022.151551
https://doi.org/10.1128/cmr.00010-14
https://doi.org/10.1128/cmr.00010-14
https://doi.org/10.1016/S1473-3099(17)30753-3
https://doi.org/10.1016/S1473-3099(17)30753-3
https://www.cdc.gov/gonorrhea/hcp/drug-resistant/index.html
https://www.cdc.gov/gonorrhea/hcp/drug-resistant/index.html
https://doi.org/10.1128/microbiolspec.EI10-0009-2015
https://doi.org/10.1128/microbiolspec.EI10-0009-2015
https://www.cdc.gov/vaccines/acip/meetings/downloads/slides-2023-02/slides-02-23/Mening-02-Rubis-508.pdf
https://www.cdc.gov/vaccines/acip/meetings/downloads/slides-2023-02/slides-02-23/Mening-02-Rubis-508.pdf
https://www.cdc.gov/vaccines/acip/meetings/downloads/slides-2023-02/slides-02-23/Mening-02-Rubis-508.pdf


246	 European Journal of Clinical Microbiology & Infectious Diseases (2025) 44:233–250

European Society for Paediatric Infectious Diseases, Copenha-
gen, Denmark

	 71. 	 Centers for Disease Control and Prevention (CDC) (2007) Update 
to CDC’s sexually transmitted diseases treatment guidelines, 
2006: fluoroquinolones no longer recommended for treatment 
of gonococcal infections. MMWR Morb Mortal Wkly Rep 
56:332–336

	 72. 	 Centers for Disease Control and Prevention (CDC) (2012) Update 
to CDC’s sexually transmitted diseases treatment guidelines, 
2010: oral cephalosporins no longer a recommended treatment 
for gonococcal infections. MMWR Morb Mortal Wkly Rep 
61:590–594

	 73. 	 Unemo M, Lahra MM, Cole M, Galarza P, Ndowa F, Martin I, 
Dillon JR, Ramon-Pardo P, Bolan G, Wi T (2019) World Health 
Organization Global Gonococcal Antimicrobial Surveillance 
Program (WHO GASP): review of new data and evidence to 
inform international collaborative actions and research efforts. 
Sex Health 16:412–425. https://​doi.​org/​10.​1071/​sh190​23

	 74. 	 Centers for Disease Control and Prevention (2020) Update to 
CDC’s Treatment Guidelines for Gonococcal Infection, 2020. 
https://​www.​cdc.​gov/​mmwr/​volum​es/​69/​wr/​mm695​0a6.​htm. 
Accessed June 11, 2024

	 75. 	 Workowski KA, Bachmann LH, Chan PA, Johnston CM, Muzny 
CA, Park I, Reno H, Zenilman JM, Bolan GA (2021) Sexually 
transmitted infections treatment guidelines, 2021. MMWR 
Recomm Rep 70:1–187. https://​doi.​org/​10.​15585/​mmwr.​rr700​
4a1

	 76. 	 Unemo M, Ross J, Serwin AB, Gomberg M, Cusini M, Jensen JS 
(2020) 2020 European guideline for the diagnosis and treatment 
of gonorrhoea in adults. Int J STD AIDS 956462420949126. 
https://​doi.​org/​10.​1177/​09564​62420​949126

	 77. 	 Unemo M, Ross J, Serwin AB, Gomberg M, Cusini M, Jensen JS 
(2021) Background review for the ‘2020 European guideline for 
the diagnosis and treatment of gonorrhoea in adults’. Int J STD 
AIDS 32:108–126. https://​doi.​org/​10.​1177/​09564​62420​948739

	 78. 	 Centers for Disease Control and Prevention (2022) COVID-
19: U.S. Impact on Antimicrobial Resistance, Special Report 
2022. https://​www.​cdc.​gov/​antim​icrob​ial-​resis​tance/​media/​
pdfs/​covid​19-​impact-​report-​508.​pdf?​CDC_​AAref_​Val=​https://​
www.​cdc.​gov/​drugr​esist​ance/​pdf/​covid​19-​impact-​report-​508.​
pdf. Accessed June 10, 2024

	 79. 	 Bobde S, Mathur G, Mulgirigama A, Sohn WY (2023) A com-
parison of Neisseria pathogens: The similarities, differences, and 
global trends in antimicrobial resistance (AMR). 23rd Interna-
tional Pathogenic Neisseria Conference, Boston, MA, USA

	 80. 	 Wall EC, Chan JM, Gil E, Heyderman RS (2021) Acute bacte-
rial meningitis. Curr Opin Neurol 34:386–395. https://​doi.​org/​
10.​1097/​WCO.​00000​00000​000934

	 81. 	 Carter E, McGill F (2022) The management of acute meningitis: 
an update. Clin Med (Lond) 22:396–400. https://​doi.​org/​10.​7861/​
clinm​ed.​2022-​cme-​menin​gitis

	 82. 	 McGill F, Heyderman RS, Michael BD, Defres S, Beeching NJ, 
Borrow R, Glennie L, Gaillemin O, Wyncoll D, Kaczmarski E, 
Nadel S, Thwaites G, Cohen J, Davies NW, Miller A, Rhodes A, 
Read RC, Solomon T (2016) The UK joint specialist societies 
guideline on the diagnosis and management of acute meningitis 
and meningococcal sepsis in immunocompetent adults. J Infect 
72:405–438. https://​doi.​org/​10.​1016/j.​jinf.​2016.​01.​007

	 83. 	 Centers for Disease Control and Prevention (2022) Meningo-
coccal Disease. https://​www.​cdc.​gov/​infec​tion-​contr​ol/​hcp/​healt​
hcare-​perso​nnel-​epide​miolo​gy-​contr​ol/​menin​gococ​cal-​disea​se.​
html?​CDC_​AAref_​Val=​https://​www.​cdc.​gov/​infec​tionc​ontrol/​
guide​lines/​healt​hcare-​perso​nnel/​selec​ted-​infec​tions/​menin​gococ​
cal-​disea​se.​html. Accessed 22 Aug 2023

	 84. 	 Harcourt BH, Anderson RD, Wu HM, Cohn AC, MacNeil JR, 
Taylor TH, Wang X, Clark TA, Messonnier NE, Mayer LW 
(2015) Population-based surveillance of Neisseria meningitidis 
antimicrobial resistance in the United States. Open Forum Infect 
Dis 2:ofv117. https://​doi.​org/​10.​1093/​ofid/​ofv117

	 85. 	 Acevedo R, Bai X, Borrow R, Caugant DA, Carlos J, Ceyhan M, 
Christensen H, Climent Y, De Wals P, Dinleyici EC, Echaniz-
Aviles G, Hakawi A, Kamiya H, Karachaliou A, Lucidarme J, 
Meiring S, Mironov K, Safadi MAP, Shao Z, Smith V, Steffen 
R, Stenmark B, Taha MK, Trotter C, Vazquez JA, Zhu B (2019) 
The Global Meningococcal Initiative meeting on prevention of 
meningococcal disease worldwide: epidemiology, surveillance, 
hypervirulent strains, antibiotic resistance and high-risk popula-
tions. Expert Rev Vaccines 18:15–30. https://​doi.​org/​10.​1080/​
14760​584.​2019.​15575​20

	 86. 	 Lin EY, Adamson PC, Klausner JD (2021) Epidemiology, treat-
ments, and vaccine development for antimicrobial-resistant Neis-
seria gonorrhoeae: current strategies and future directions. Drugs 
81:1153–1169. https://​doi.​org/​10.​1007/​s40265-​021-​01530-0

	 87. 	 Deghmane AE, Hong E, Taha MK (2017) Emergence of menin-
gococci with reduced susceptibility to third-generation cephalo-
sporins. J Antimicrob Chemother 72:95–98. https://​doi.​org/​10.​
1093/​jac/​dkw400

	 88. 	 Zapun A, Morlot C, Taha MK (2016) Resistance to β-Lactams in 
Neisseria Ssp due to chromosomally encoded penicillin-binding 
proteins. Antibiot (Basel) 5:35. https://​doi.​org/​10.​3390/​antib​iotic​
s5040​035

	 89. 	 Zhou K, Chen SC, Yang F, van der Veen S, Yin YP (2020) 
Impact of the gonococcal FC428 penA allele 60.001 on ceftri-
axone resistance and biological fitness. Emerg Microbes Infect 
9:1219–1229. https://​doi.​org/​10.​1080/​22221​751.​2020.​17733​25

	 90. 	 Lahra MM, Martin I, Demczuk W, Jennison AV, Lee KI, Nakay-
ama SI, Lefebvre B, Longtin J, Ward A, Mulvey MR, Wi T, 
Ohnishi M, Whiley D (2018) Cooperative recognition of inter-
nationally disseminated ceftriaxone-resistant Neisseria gonor-
rhoeae strain. Emerg Infect Dis 24:735–740. https://​doi.​org/​10.​
3201/​eid24​04.​171873

	 91. 	 Tomberg J, Fedarovich A, Vincent LR, Jerse AE, Unemo M, 
Davies C, Nicholas RA (2017) Alanine 501 mutations in peni-
cillin-binding protein 2 from Neisseria gonorrhoeae: structure, 
mechanism, and effects on cephalosporin resistance and biologi-
cal fitness. Biochemistry 56:1140–1150. https://​doi.​org/​10.​1021/​
acs.​bioch​em.​6b010​30

	 92. 	 Bøvre K, Gedde-Dahl TW (1980) Epidemiological patterns of 
meningococcal disease in Norway 1975–1979. NIPH Ann 3:9–22

	 93. 	 Dillon JR, Pauzé M, Yeung KH (1983) Spread of penicillinase-
producing and transfer plasmids from the gonococcus to Neis-
seria meningitidis. Lancet 1:779–781. https://​doi.​org/​10.​1016/​
s0140-​6736(83)​91846-9

	 94. 	 Galimand M, Gerbaud G, Guibourdenche M, Riou JY, Courva-
lin P (1998) High-level chloramphenicol resistance in Neisseria 
meningitidis. N Engl J Med 339:868–874. https://​doi.​org/​10.​
1056/​nejm1​99809​24339​1302

	 95. 	 Rostamian M, Chegene Lorestani R, Jafari S, Mansouri R, 
Rezaeian S, Ghadiri K, Akya A (2022) A systematic review and 
meta-analysis on the antibiotic resistance of Neisseria menin-
gitidis in the last 20 years in the world. Indian J Med Microbiol 
40:323–329. https://​doi.​org/​10.​1016/j.​ijmmb.​2022.​05.​005

	 96. 	 Zouheir Y, Atany T, Boudebouch N (2019) Emergence and 
spread of resistant N. meningitidis implicated in invasive 
meningococcal diseases during the past decade (2008–2017). 
J Antibiot (Tokyo) 72:185–188. https://​doi.​org/​10.​1038/​
s41429-​018-​0125-0

https://doi.org/10.1071/sh19023
https://www.cdc.gov/mmwr/volumes/69/wr/mm6950a6.htm
https://doi.org/10.15585/mmwr.rr7004a1
https://doi.org/10.15585/mmwr.rr7004a1
https://doi.org/10.1177/0956462420949126
https://doi.org/10.1177/0956462420948739
https://www.cdc.gov/antimicrobial-resistance/media/pdfs/covid19-impact-report-508.pdf?CDC_AAref_Val=https://www.cdc.gov/drugresistance/pdf/covid19-impact-report-508.pdf
https://www.cdc.gov/antimicrobial-resistance/media/pdfs/covid19-impact-report-508.pdf?CDC_AAref_Val=https://www.cdc.gov/drugresistance/pdf/covid19-impact-report-508.pdf
https://www.cdc.gov/antimicrobial-resistance/media/pdfs/covid19-impact-report-508.pdf?CDC_AAref_Val=https://www.cdc.gov/drugresistance/pdf/covid19-impact-report-508.pdf
https://www.cdc.gov/antimicrobial-resistance/media/pdfs/covid19-impact-report-508.pdf?CDC_AAref_Val=https://www.cdc.gov/drugresistance/pdf/covid19-impact-report-508.pdf
https://doi.org/10.1097/WCO.0000000000000934
https://doi.org/10.1097/WCO.0000000000000934
https://doi.org/10.7861/clinmed.2022-cme-meningitis
https://doi.org/10.7861/clinmed.2022-cme-meningitis
https://doi.org/10.1016/j.jinf.2016.01.007
https://www.cdc.gov/infection-control/hcp/healthcare-personnel-epidemiology-control/meningococcal-disease.html?CDC_AAref_Val=https://www.cdc.gov/infectioncontrol/guidelines/healthcare-personnel/selected-infections/meningococcal-disease.html
https://www.cdc.gov/infection-control/hcp/healthcare-personnel-epidemiology-control/meningococcal-disease.html?CDC_AAref_Val=https://www.cdc.gov/infectioncontrol/guidelines/healthcare-personnel/selected-infections/meningococcal-disease.html
https://www.cdc.gov/infection-control/hcp/healthcare-personnel-epidemiology-control/meningococcal-disease.html?CDC_AAref_Val=https://www.cdc.gov/infectioncontrol/guidelines/healthcare-personnel/selected-infections/meningococcal-disease.html
https://www.cdc.gov/infection-control/hcp/healthcare-personnel-epidemiology-control/meningococcal-disease.html?CDC_AAref_Val=https://www.cdc.gov/infectioncontrol/guidelines/healthcare-personnel/selected-infections/meningococcal-disease.html
https://www.cdc.gov/infection-control/hcp/healthcare-personnel-epidemiology-control/meningococcal-disease.html?CDC_AAref_Val=https://www.cdc.gov/infectioncontrol/guidelines/healthcare-personnel/selected-infections/meningococcal-disease.html
https://doi.org/10.1093/ofid/ofv117
https://doi.org/10.1080/14760584.2019.1557520
https://doi.org/10.1080/14760584.2019.1557520
https://doi.org/10.1007/s40265-021-01530-0
https://doi.org/10.1093/jac/dkw400
https://doi.org/10.1093/jac/dkw400
https://doi.org/10.3390/antibiotics5040035
https://doi.org/10.3390/antibiotics5040035
https://doi.org/10.1080/22221751.2020.1773325
https://doi.org/10.3201/eid2404.171873
https://doi.org/10.3201/eid2404.171873
https://doi.org/10.1021/acs.biochem.6b01030
https://doi.org/10.1021/acs.biochem.6b01030
https://doi.org/10.1016/s0140-6736(83)91846-9
https://doi.org/10.1016/s0140-6736(83)91846-9
https://doi.org/10.1056/nejm199809243391302
https://doi.org/10.1056/nejm199809243391302
https://doi.org/10.1016/j.ijmmb.2022.05.005
https://doi.org/10.1038/s41429-018-0125-0
https://doi.org/10.1038/s41429-018-0125-0


247European Journal of Clinical Microbiology & Infectious Diseases (2025) 44:233–250	

	 97. 	 Shaban L, Siam R (2009) Prevalence and antimicrobial resist-
ance pattern of bacterial meningitis in Egypt. Ann Clin Microbiol 
Antimicrob 8:26. https://​doi.​org/​10.​1186/​1476-​0711-8-​26

	 98. 	 Kebede B, Yihunie W, Abebe D, Addis Tegegne B, Belayneh A 
(2022) Gram-negative bacteria isolates and their antibiotic-resist-
ance patterns among pediatrics patients in Ethiopia: a systematic 
review. SAGE Open Med 10:20503121221094191. https://​doi.​
org/​10.​1177/​20503​12122​10941​91

	 99. 	 Manchanda V, Gupta S, Bhalla P (2006) Meningococcal disease: 
history, epidemiology, pathogenesis, clinical manifestations, 
diagnosis, antimicrobial susceptibility and prevention. Indian 
J Med Microbiol 24:7–19. https://​doi.​org/​10.​4103/​0255-​0857.​
19888

	100. 	 Deghmane AE, Hong E, Taha MK (2023) Recent evolution of 
susceptibility to beta-lactams in Neisseria meningitidis. Antibiot 
(Basel) 12:992. https://​doi.​org/​10.​3390/​antib​iotic​s1206​0992

	101. 	 Hagiya H, Iio K (2023) A clinical concern: Neisseria menin-
gitidis as a reemerging pathogen with increased antimicrobial 
resistance. Eur J Neurol 30:3986–3987. https://​doi.​org/​10.​1111/​
ene.​16019

	102. 	 George CRR, Enriquez RP, Gatus BJ, Whiley DM, Lo YR, 
Ishikawa N, Wi T, Lahra MM (2019) Systematic review and 
survey of Neisseria gonorrhoeae ceftriaxone and azithromycin 
susceptibility data in the Asia Pacific, 2011 to 2016. PLoS ONE 
14:e0213312. https://​doi.​org/​10.​1371/​journ​al.​pone.​02133​12

	103. 	 Kakooza F, Kiggundu R, Mboowa G, Kateete PD, Nsangi OT, 
Kabahita JM, Ssentalo Bagaya B, Golparian D, Unemo M (2023) 
Antimicrobial susceptibility surveillance and antimicrobial 
resistance in Neisseria gonorrhoeae in Africa from 2001 to 2020: 
a mini-review. Front Microbiol 14:1148817. https://​doi.​org/​10.​
3389/​fmicb.​2023.​11488​17

	104. 	 Iwuji C, Pillay D, Shamu P, Murire M, Nzenze S, Cox LA, Mul-
lick S (2022) A systematic review of antimicrobial resistance 
in Neisseria gonorrhoeae and Mycoplasma genitalium in sub-
saharan Africa. J Antimicrob Chemother 77:2074–2093. https://​
doi.​org/​10.​1093/​jac/​dkac1​59

	105. 	 Sandoval MM, Bardach A, Rojas-Roque C, Alconada T, Gomez 
JA, Pinto T, Palermo C, Ciapponi A (2023) Antimicrobial resist-
ance of Neisseria gonorrhoeae in Latin American countries: a 
systematic review. J Antimicrob Chemother 78:1322–1336. 
https://​doi.​org/​10.​1093/​jac/​dkad0​71

	106. 	 Gaur P, Hada V, Rath RS, Mohanty A, Singh P, Rukadikar A 
(2023) Interpretation of antimicrobial susceptibility testing using 
European Committee on Antimicrobial Susceptibility Testing 
(EUCAST) and Clinical and Laboratory Standards Institute 
(CLSI) breakpoints: analysis of agreement. Cureus 15:e36977. 
https://​doi.​org/​10.​7759/​cureus.​36977

	107. 	 Golparian D, Jacobsson S, Ohnishi M, Unemo M (2023) Com-
plete reference genome sequence of the clinical Neisseria gon-
orrhoeae strain H035, with resistance to the novel antimicro-
bial zoliflodacin, identified in Japan in 2000. Microbiol Resour 
Announc 12:e0113022. https://​doi.​org/​10.​1128/​mra.​01130-​22

	108. 	 Unemo M, Lahra MM, Escher M, Eremin S, Cole MJ, Galarza 
P, Ndowa F, Martin I, Dillon J-AR, Galas M, Ramon-Pardo P, 
Weinstock H, Wi T (2021) WHO global antimicrobial resistance 
surveillance for Neisseria gonorrhoeae 2017-18: a retrospective 
observational study. Lancet Microbe 2:e627–e636. https://​doi.​
org/​10.​1016/​S2666-​5247(21)​00171-3

	109. 	 Abara WE, Jerse AE, Hariri S, Kirkcaldy RD (2021) Planning for 
a gonococcal vaccine: a narrative review of vaccine development 
and public health implications. Sex Transm Dis 48:453–457. 
https://​doi.​org/​10.​1097/​OLQ.​00000​00000​001332

	110. 	Mass.gov (2023) Department of Public Health announces first 
cases of concerning gonorrhea strain. https://​www.​mass.​gov/​
news/​depar​tment-​of-​public-​health-​annou​nces-​first-​cases-​of-​
conce​rning-​gonor​rhea-​strai​n#:​~:​text=​This%​20is%​20the%​20fir​

st%​20tim​e,curre​ntly%​20rec​ommen​ded%​20to%​20tre​at%​20gon​
orrhea. Accessed September 19, 2023

	111. 	Butler MS, Henderson IR, Capon RJ, Blaskovich MAT 
(2023) Antibiotics in the clinical pipeline as of Decem-
ber 2022. J Antibiot (Tokyo) 1–43. https://​doi.​org/​10.​1038/​
s41429-​023-​00629-8

	112. 	 Schuster S, Vavra M, Köser R, Rossen JWA, Kern WV (2021) 
New topoisomerase inhibitors: evaluating the potency of gepoti-
dacin and zoliflodacin in fluoroquinolone-resistant Escherichia 
coli upon tolC inactivation and differentiating their efflux pump 
substrate nature. Antimicrob Agents Chemother 65:e01803–
01820. https://​doi.​org/​10.​1128/​aac.​01803-​20

	113. 	 Gibson EG, Bax B, Chan PF, Osheroff N (2019) Mechanistic 
and structural basis for the actions of the antibacterial gepoti-
dacin against Staphylococcus aureus Gyrase. ACS Infect Dis 
5:570–581. https://​doi.​org/​10.​1021/​acsin​fecdis.​8b003​15

	114. 	 Bax BD, Chan PF, Eggleston DS, Fosberry A, Gentry DR, Gor-
rec F, Giordano I, Hann MM, Hennessy A, Hibbs M, Huang 
J, Jones E, Jones J, Brown KK, Lewis CJ, May EW, Saunders 
MR, Singh O, Spitzfaden CE, Shen C, Shillings A, Theobald 
AJ, Wohlkonig A, Pearson ND, Gwynn MN (2010) Type IIA 
topoisomerase inhibition by a new class of antibacterial agents. 
Nature 466:935–940. https://​doi.​org/​10.​1038/​natur​e09197

	115. 	 Watkins RR, Thapaliya D, Lemonovich TL, Bonomo RA (2023) 
Gepotidacin: a novel, oral, ‘first-in-class’ triazaacenaphthyl-
ene antibiotic for the treatment of uncomplicated urinary tract 
infections and urogenital gonorrhoea. J Antimicrob Chemother 
78:1137–1142. https://​doi.​org/​10.​1093/​jac/​dkad0​60

	116. 	 Chan P, Huang J, Ingraham K, Min S, Scangarella-Oman N, Ritten-
house S (2020) Poster 1249 genetic evidence that Gepotidacin shows 
well-balanced dual targeting against DNA gyrase and topoisomerase 
IV in Neisseria gonorrhoeae. ID Week, Philadelphia, PA, USA

	117. 	 David A, Golparian D, Jacobsson S, Stratton C, Lan PT, Shi-
muta K, Sonnenberg P, Field N, Ohnishi M, Davies C, Unemo M 
(2024) In silico gepotidacin target mining among 33 213 global 
Neisseria gonorrhoeae genomes from 1928 to 2023 combined 
with gepotidacin MIC testing of 22 gonococcal isolates with dif-
ferent GyrA and ParC substitutions. J Antimicrob Chemother 
79:2221–2226. https://​doi.​org/​10.​1093/​jac/​dkae2​17

	118.	 Bradford PA, Miller AA, O’Donnell J, Mueller JP (2020) Zoli-
flodacin: an oral spiropyrimidinetrione antibiotic for the treat-
ment of Neisseria gonorrheae, including multi-drug-resistant 
isolates. ACS Infect Dis 6:1332–1345. https://​doi.​org/​10.​1021/​
acsin​fecdis.​0c000​21

	119. 	 Ross J, Workowski K, Gatsi S, Flight W, Scangarella-Oman N, 
Jakielaszek C, Lythgoe D, Powell M, Janmohamed S, Perry C 
(2024) Poster LB030 oral gepotidacin for the treatment of uncom-
plicated urogenital gonorrhoea: results of a randomised, multicentre 
phase 3 trial (EAGLE-1). ESCMID Global, Barcelona, Spain

	120. 	 Taylor SN, Marrazzo J, Batteiger BE, Hook EW 3rd, Seña AC, 
Long J, Wierzbicki MR, Kwak H, Johnson SM, Lawrence K, 
Mueller J (2018) Single-dose zoliflodacin (ETX0914) for treat-
ment of urogenital gonorrhea. N Engl J Med 379:1835–1845. 
https://​doi.​org/​10.​1056/​NEJMo​a1706​988

	121. 	 Taylor SN, Morris DH, Avery AK, Workowski KA, Batteiger 
BE, Tiffany CA, Perry CR, Raychaudhuri A, Scangarella-Oman 
NE, Hossain M, Dumont EF (2018) Gepotidacin for the treat-
ment of uncomplicated urogenital gonorrhea: a phase 2, rand-
omized, dose-ranging, single-oral dose evaluation. Clin Infect 
Dis 67:504–512. https://​doi.​org/​10.​1093/​cid/​ciy145

	122. 	 Scangarella-Oman NE, Hossain M, Dixon PB, Ingraham K, Min 
S, Tiffany CA, Perry CR, Raychaudhuri A, Dumont EF, Huang 
J, Hook EW, Miller LA (2018) Microbiological analysis from a 
phase 2 randomized study in adults evaluating single oral doses 
of gepotidacin in the treatment of uncomplicated urogenital gon-
orrhea caused by Neisseria gonorrhoeae. Antimicrob Agents 

https://doi.org/10.1186/1476-0711-8-26
https://doi.org/10.1177/20503121221094191
https://doi.org/10.1177/20503121221094191
https://doi.org/10.4103/0255-0857.19888
https://doi.org/10.4103/0255-0857.19888
https://doi.org/10.3390/antibiotics12060992
https://doi.org/10.1111/ene.16019
https://doi.org/10.1111/ene.16019
https://doi.org/10.1371/journal.pone.0213312
https://doi.org/10.3389/fmicb.2023.1148817
https://doi.org/10.3389/fmicb.2023.1148817
https://doi.org/10.1093/jac/dkac159
https://doi.org/10.1093/jac/dkac159
https://doi.org/10.1093/jac/dkad071
https://doi.org/10.7759/cureus.36977
https://doi.org/10.1128/mra.01130-22
https://doi.org/10.1016/S2666-5247(21)00171-3
https://doi.org/10.1016/S2666-5247(21)00171-3
https://doi.org/10.1097/OLQ.0000000000001332
https://www.mass.gov/news/department-of-public-health-announces-first-cases-of-concerning-gonorrhea-strain#:~:text=This%20is%20the%20first%20time,currently%20recommended%20to%20treat%20gonorrhea
https://www.mass.gov/news/department-of-public-health-announces-first-cases-of-concerning-gonorrhea-strain#:~:text=This%20is%20the%20first%20time,currently%20recommended%20to%20treat%20gonorrhea
https://www.mass.gov/news/department-of-public-health-announces-first-cases-of-concerning-gonorrhea-strain#:~:text=This%20is%20the%20first%20time,currently%20recommended%20to%20treat%20gonorrhea
https://www.mass.gov/news/department-of-public-health-announces-first-cases-of-concerning-gonorrhea-strain#:~:text=This%20is%20the%20first%20time,currently%20recommended%20to%20treat%20gonorrhea
https://www.mass.gov/news/department-of-public-health-announces-first-cases-of-concerning-gonorrhea-strain#:~:text=This%20is%20the%20first%20time,currently%20recommended%20to%20treat%20gonorrhea
https://doi.org/10.1038/s41429-023-00629-8
https://doi.org/10.1038/s41429-023-00629-8
https://doi.org/10.1128/aac.01803-20
https://doi.org/10.1021/acsinfecdis.8b00315
https://doi.org/10.1038/nature09197
https://doi.org/10.1093/jac/dkad060
https://doi.org/10.1093/jac/dkae217
https://doi.org/10.1021/acsinfecdis.0c00021
https://doi.org/10.1021/acsinfecdis.0c00021
https://doi.org/10.1056/NEJMoa1706988
https://doi.org/10.1093/cid/ciy145


248	 European Journal of Clinical Microbiology & Infectious Diseases (2025) 44:233–250

Chemother 62:e01221–e01218. https://​doi.​org/​10.​1128/​aac.​
01221-​18

	123. 	 Scangarella-Oman NE, Hossain M, Perry CR, Tiffany C, Powell 
M, Swift B, Dumont EF (2023) Dose selection for a phase III 
study evaluating gepotidacin (GSK2140944) in the treatment of 
uncomplicated urogenital gonorrhoea. Sex Transm Infect 99:64–
69. https://​doi.​org/​10.​1136/​sextr​ans-​2022-​055518

	124. 	 Lewis DA (2019) New treatment options for Neisseria gonor-
rhoeae in the era of emerging antimicrobial resistance. Sex 
Health 16:449–456. https://​doi.​org/​10.​1071/​sh190​34

	125. 	 Mohsen S, Dickinson JA, Somayaji R (2020) Update on the 
adverse effects of antimicrobial therapies in community practice. 
Can Fam Physician 66:651–659

	126. 	 GSK (2024) EAGLE-1 phase III data show potential for gepoti-
dacin as a new oral treatment option for uncomplicated urogenital 
gonorrhoea (GC) amid growing resistance to existing treatments. 
https://​www.​gsk.​com/​en-​gb/​media/​press-​relea​ses/​eagle-1-​phase-​
iii-​data-​show-​poten​tial-​for-​gepot​idacin-​as-a-​new-​oral-​treat​ment-​
option-​for-​uncom​plica​ted-​gc/#:​~:​text=​GSK%​20plc%​20(LSE%​
2FNYSE%​3A,GC)%​20in%​20ado​lesce​nts%​20and%​20adu​lts. 
Accessed 24 Apr 2024

	127. 	 Wagenlehner F, Perry CR, Hooton TM, Scangarella-Oman NE, 
Millns H, Powell M, Jarvis E, Dennison J, Sheets A, Butler D, 
Breton J, Janmohamed S (2024) Oral gepotidacin versus nitro-
furantoin in patients with uncomplicated urinary tract infection 
(EAGLE-2 and EAGLE-3): two randomised, controlled, dou-
ble-blind, double-dummy, phase 3, non-inferiority trials. Lancet 
403:741–755. https://​doi.​org/​10.​1016/​s0140-​6736(23)​02196-7

	128. 	 Jacobsson S, Golparian D, Scangarella-Oman N, Unemo M (2018) 
In vitro activity of the novel triazaacenaphthylene gepotidacin 
(GSK2140944) against MDR Neisseria gonorrhoeae. J Antimicrob 
Chemother 73:2072–2077. https://​doi.​org/​10.​1093/​jac/​dky162

	129. 	 Global Antibiotic Research & Development Partnership (2023) 
Positive Results Announced in Largest Pivotal Phase 3 Trial of 
a First-in-Class Oral Antibiotic to Treat Uncomplicated Gonor-
rhoea. https://​gardp.​org/​posit​ive-​resul​ts-​annou​nced-​in-​large​st-​
pivot​al-​phase-3-​trial-​of-a-​first-​in-​class-​oral-​antib​iotic-​to-​treat-​
uncom​plica​ted-​gonor​rhoea/. Accessed April 23, 2024

	130. 	 Luckey A, Broadhurst H, Daram P, Delany-Moretlwe S, de Vries 
H, Kittiyaowamarn R, Lewis D, Mueller J, O’Brien S, Richard-
son M, Srinivasan S, Taylor S, Unemo M, Hook E 3rd (2024) 
Oral zoliflodacin is non-inferior to a combination of ceftriaxone 
and azithromycin for treatment of uncomplicated urogenital gon-
orrhoea: results of a large global Phase 3 randomised controlled 
trial. ESCMID Global, Barcelona, Spain

	131. 	 Unemo M, Ahlstrand J, Sánchez-Busó L, Day M, Aanensen D, 
Golparian D, Jacobsson S, Cole MJ (2021) High susceptibility to 
zoliflodacin and conserved target (GyrB) for zoliflodacin among 
1209 consecutive clinical Neisseria gonorrhoeae isolates from 
25 European countries, 2018. J Antimicrob Chemother 76:1221–
1228. https://​doi.​org/​10.​1093/​jac/​dkab0​24

	132. 	 Jacobsson S, Kularatne R, Kittiyaowamarn R, Maseko V, Pao-
pang P, Sangprasert P, Sirivongrangson P, Piddock L, Wi T, Ali-
rol E, Unemo M (2019) High in vitro susceptibility to the first-
in-class spiropyrimidinetrione zoliflodacin among consecutive 
clinical Neisseria gonorrhoeae isolates from Thailand (2018) 
and South Africa (2015–2017). Antimicrob Agents Chemother 
63:e01479–e01419. https://​doi.​org/​10.​1128/​aac.​01479-​19

	133. 	 Micoli F, Bagnoli F, Rappuoli R, Serruto D (2021) The role of 
vaccines in combatting antimicrobial resistance. Nat Rev Micro-
biol 19:287–302. https://​doi.​org/​10.​1038/​s41579-​020-​00506-3

	134. 	 Lipsitch M, Siber GR (2016) How can vaccines contribute to 
solving the antimicrobial resistance problem? mBio 7:e00428–
e00416. https://​doi.​org/​10.​1128/​mBio.​00428-​16

	135. 	 Sihvonen R, Siira L, Toropainen M, Kuusela P, Patari-Sampo 
A (2017) Streptococcus pneumoniae antimicrobial resistance 

decreased in the Helsinki Metropolitan Area after routine 10-valent 
pneumococcal conjugate vaccination of infants in Finland. Eur J 
Clin Microbiol Infect Dis 36:2109–2116. https://​doi.​org/​10.​1007/​
s10096-​017-​3033-5

	136. 	 Kyaw MH, Lynfield R, Schaffner W, Craig AS, Hadler J, Rein-
gold A, Thomas AR, Harrison LH, Bennett NM, Farley MM, 
Facklam RR, Jorgensen JH, Besser J, Zell ER, Schuchat A, 
Whitney CG (2006) Effect of introduction of the pneumococcal 
conjugate vaccine on drug-resistant Streptococcus pneumoniae. 
N Engl J Med 354:1455–1463. https://​doi.​org/​10.​1056/​NEJMo​
a0516​42

	137. 	 Tin Tin Htar M, van Den Biggelaar AHJ, Sings H, Ferreira G, 
Moffatt M, Hall-Murray C, Verstraeten T, Gessner BD, Schmitt 
HJ, Jodar L (2019) The impact of routine childhood immuni-
zation with higher-valent pneumococcal conjugate vaccines on 
antimicrobial-resistant pneumococcal diseases and carriage: a 
systematic literature review. Expert Rev Vaccines 18:1069–1089. 
https://​doi.​org/​10.​1080/​14760​584.​2019.​16761​55

	138. 	 Andrejko K, Ratnasiri B, Hausdorff WP, Laxminarayan R, Lew-
nard JA (2021) Antimicrobial resistance in paediatric Strep-
tococcus pneumoniae isolates amid global implementation of 
pneumococcal conjugate vaccines: a systematic review and meta-
regression analysis. Lancet Microbe 2:e450–e460. https://​doi.​
org/​10.​1016/​s2666-​5247(21)​00064-1

	139. 	 Klugman KP, Black S (2018) Impact of existing vaccines in 
reducing antibiotic resistance: primary and secondary effects. 
Proc Natl Acad Sci U S A 115:12896–12901. https://​doi.​org/​10.​
1073/​pnas.​17210​95115

	140. 	 Bosis S, Mayer A, Esposito S (2015) Meningococcal disease in child-
hood: epidemiology, clinical features and prevention. J Prev Med 
Hyg 56:E121–124

	141. 	 Findlow H, Campbell H, Lucidarme J, Andrews N, Linley E, 
Ladhani S, Borrow R (2019) Serogroup C Neisseria meningitidis 
disease epidemiology, seroprevalence, vaccine effectiveness and 
waning immunity, England, 1998/99 to 2015/16. Euro Surveill 
24:1700818. https://​doi.​org/​10.​2807/​1560-​7917.​ES.​2019.​24.1.​
17008​18

	142. 	 Meningitis Research Foundation (2022) MenC and Hib menin-
gitis: responding to JCVI recommended changes. https://​www.​
menin​gitis.​org/​welco​me-​to-​our-​newsr​oom/​menc-​and-​hib-​menin​
gitis-​respo​nding-​to-​jcvi-​recom​mended-​chang​es. Accessed April 
24, 2024

	143. 	 Villena R, Kriz P, Tin Tin Htar M, Burman C, Findlow J, Balmer 
P, Jodar L (2023) Real-world impact and effectiveness of Men-
ACWY-TT. Hum Vaccin Immunother 19:2251825. https://​doi.​
org/​10.​1080/​21645​515.​2023.​22518​25

	144. 	 Ruiz Garcia Y, Abitbol V, Pellegrini M, Bekkat-Berkani R, Sou-
mahoro L (2022) A decade of fighting invasive meningococcal 
disease: a narrative review of clinical and real-world experience 
with the MenACWY-CRM Conjugate Vaccine. Infect Dis Ther 
11:639–655. https://​doi.​org/​10.​1007/​s40121-​021-​00519-2

	145. 	 Ladhani SN, Andrews N, Parikh SR, Campbell H, White J, Edel-
stein M, Bai X, Lucidarme J, Borrow R, Ramsay ME (2020) 
Vaccination of infants with Meningococcal Group B Vaccine 
(4CMenB) in England. N Engl J Med 382:309–317. https://​doi.​
org/​10.​1056/​NEJMo​a1901​229

	146. 	 Ladhani SN, Campbell H, Andrews N, Parikh SR, White J, Edel-
stein M, Clark SA, Lucidarme J, Borrow R, Ramsay ME (2021) 
First real-world evidence of Meningococcal Group B Vaccine, 
4CMenB, Protection Against Meningococcal Group W Disease: 
Prospective Enhanced National Surveillance, England. Clin 
Infect Dis 73:e1661–e1668. https://​doi.​org/​10.​1093/​cid/​ciaa1​244

	147. 	 Abitbol V, Martinon-Torres F, Taha MK, Nolan T, Muzzi A, Bam-
bini S, Borrow R, Toneatto D, Serino L, Rappuoli R, Pizza M 
(2024) 4CMenB journey to the 10-year anniversary and beyond. 

https://doi.org/10.1128/aac.01221-18
https://doi.org/10.1128/aac.01221-18
https://doi.org/10.1136/sextrans-2022-055518
https://doi.org/10.1071/sh19034
https://www.gsk.com/en-gb/media/press-releases/eagle-1-phase-iii-data-show-potential-for-gepotidacin-as-a-new-oral-treatment-option-for-uncomplicated-gc/#:~:text=GSK%20plc%20(LSE%2FNYSE%3A,GC)%20in%20adolescents%20and%20adults
https://www.gsk.com/en-gb/media/press-releases/eagle-1-phase-iii-data-show-potential-for-gepotidacin-as-a-new-oral-treatment-option-for-uncomplicated-gc/#:~:text=GSK%20plc%20(LSE%2FNYSE%3A,GC)%20in%20adolescents%20and%20adults
https://www.gsk.com/en-gb/media/press-releases/eagle-1-phase-iii-data-show-potential-for-gepotidacin-as-a-new-oral-treatment-option-for-uncomplicated-gc/#:~:text=GSK%20plc%20(LSE%2FNYSE%3A,GC)%20in%20adolescents%20and%20adults
https://www.gsk.com/en-gb/media/press-releases/eagle-1-phase-iii-data-show-potential-for-gepotidacin-as-a-new-oral-treatment-option-for-uncomplicated-gc/#:~:text=GSK%20plc%20(LSE%2FNYSE%3A,GC)%20in%20adolescents%20and%20adults
https://doi.org/10.1016/s0140-6736(23)02196-7
https://doi.org/10.1093/jac/dky162
https://gardp.org/positive-results-announced-in-largest-pivotal-phase-3-trial-of-a-first-in-class-oral-antibiotic-to-treat-uncomplicated-gonorrhoea/
https://gardp.org/positive-results-announced-in-largest-pivotal-phase-3-trial-of-a-first-in-class-oral-antibiotic-to-treat-uncomplicated-gonorrhoea/
https://gardp.org/positive-results-announced-in-largest-pivotal-phase-3-trial-of-a-first-in-class-oral-antibiotic-to-treat-uncomplicated-gonorrhoea/
https://doi.org/10.1093/jac/dkab024
https://doi.org/10.1128/aac.01479-19
https://doi.org/10.1038/s41579-020-00506-3
https://doi.org/10.1128/mBio.00428-16
https://doi.org/10.1007/s10096-017-3033-5
https://doi.org/10.1007/s10096-017-3033-5
https://doi.org/10.1056/NEJMoa051642
https://doi.org/10.1056/NEJMoa051642
https://doi.org/10.1080/14760584.2019.1676155
https://doi.org/10.1016/s2666-5247(21)00064-1
https://doi.org/10.1016/s2666-5247(21)00064-1
https://doi.org/10.1073/pnas.1721095115
https://doi.org/10.1073/pnas.1721095115
https://doi.org/10.2807/1560-7917.ES.2019.24.1.1700818
https://doi.org/10.2807/1560-7917.ES.2019.24.1.1700818
https://www.meningitis.org/welcome-to-our-newsroom/menc-and-hib-meningitis-responding-to-jcvi-recommended-changes
https://www.meningitis.org/welcome-to-our-newsroom/menc-and-hib-meningitis-responding-to-jcvi-recommended-changes
https://www.meningitis.org/welcome-to-our-newsroom/menc-and-hib-meningitis-responding-to-jcvi-recommended-changes
https://doi.org/10.1080/21645515.2023.2251825
https://doi.org/10.1080/21645515.2023.2251825
https://doi.org/10.1007/s40121-021-00519-2
https://doi.org/10.1056/NEJMoa1901229
https://doi.org/10.1056/NEJMoa1901229
https://doi.org/10.1093/cid/ciaa1244


249European Journal of Clinical Microbiology & Infectious Diseases (2025) 44:233–250	

Hum Vaccin Immunother 20:2357924. https://​doi.​org/​10.​1080/​
21645​515.​2024.​23579​24

	148.	 Salomon A, Berry I, Tuite AR, Drews S, Hatchette T, Jamie-
son F, Johnson C, Kwong J, Lina B, Lojo J, Mosnier A, Ng V, 
Vanhems P, Fisman DN (2020) Influenza increases invasive 
meningococcal disease risk in temperate countries. Clin Micro-
biol Infect 26:1257.e1-1257.e7. https://​doi.​org/​10.​1016/j.​cmi.​
2020.​01.​004

	149. 	 Kenyon C (2020) To what extent should we rely on antibiotics 
to reduce high gonococcal prevalence? Historical insights from 
mass-meningococcal campaigns. Pathogens 9:134. https://​doi.​
org/​10.​3390/​patho​gens9​020134

	150. 	 Semchenko EA, Seib KL (2022) Outer membrane vesicle vac-
cines for Neisseria gonorrhoeae. Nat Rev Urol 19:5–6. https://​
doi.​org/​10.​1038/​s41585-​021-​00534-5

	151. 	 Semchenko EA, Tan A, Borrow R, Seib KL (2019) The sero-
group B meningococcal vaccine Bexsero elicits antibodies to 
Neisseria gonorrhoeae. Clin Infect Dis 69:1101–1111. https://​
doi.​org/​10.​1093/​cid/​ciy10​61

	152. 	 Christodoulides M, Humbert MV, Heckels JE (2021) The poten-
tial utility of liposomes for Neisseria vaccines. Expert Rev Vac-
cines 20:1235–1256. https://​doi.​org/​10.​1080/​14760​584.​2021.​
19818​65

	153. 	 Russell MW, Jerse AE, Gray-Owen SD (2019) Progress toward a 
Gonococcal Vaccine: the Way Forward. Front Immunol 10:2417. 
https://​doi.​org/​10.​3389/​fimmu.​2019.​02417

	154. 	 Wang B, Giles L, Andraweera P, McMillan M, Almond S, Bea-
zley R, Mitchell J, Lally N, Ahoure M, Denehy E, Koehler A, 
Flood L, Marshall H (2022) Effectiveness and impact of the 
4CMenB vaccine against invasive serogroup B meningococ-
cal disease and gonorrhoea in an infant, child, and adolescent 
programme: an observational cohort and case-control study. 
Lancet Infect Dis 22:1011–1020. https://​doi.​org/​10.​1016/​S1473-​
3099(21)​00754-4

	155. 	 Abara WE, Bernstein KT, Lewis FMT, Schillinger JA, Feemster 
K, Pathela P, Hariri S, Islam A, Eberhart M, Cheng I, Ternier A, 
Slutsker JS, Mbaeyi S, Madera R, Kirkcaldy RD (2022) Effec-
tiveness of a serogroup B outer membrane vesicle meningococcal 
vaccine against gonorrhoea: a retrospective observational study. 
Lancet Infect Dis 22:1021–1029. https://​doi.​org/​10.​1016/​S1473-​
3099(21)​00812-4

	156. 	 Bruxvoort KJ, Lewnard JA, Chen LH, Tseng HF, Chang J, Velt-
man J, Marrazzo J, Qian L (2023) Prevention of Neisseria gonor-
rhoeae with meningococcal b vaccine: a matched cohort study 
in Southern California. Clin Infect Dis 76:e1341–e1349. https://​
doi.​org/​10.​1093/​cid/​ciac4​36

	157. 	 Raccagni AR, Galli L, Spagnuolo V, Bruzzesi E, Muccini C, 
Bossolasco S, Ranzenigo M, Gianotti N, Lolatto R, Castagna 
A, Nozza S (2023) Meningococcus B vaccination effectiveness 
against Neisseria gonorrhoeae infection in people living with 
HIV: a case-control study. Sex Transm Dis 50:247–251. https://​
doi.​org/​10.​1097/​olq.​00000​00000​001771

	158. 	 Wang B, Giles L, Andraweera P, McMillan M, Almond S, Beazley 
R, Mitchell J, Ahoure M, Denehy E, Flood L, Marshall H (2023) 
4CMenB sustained vaccine effectiveness against invasive menin-
gococcal B disease and gonorrhoea at three years post programme 
implementation. J Infect 87:95–102. https://​doi.​org/​10.​1016/j.​jinf.​
2023.​05.​021

	159. 	 Petousis-Harris H, Radcliff FJ (2019) Exploitation of Neisseria 
meningitidis group B OMV vaccines against N. gonorrhoeae to 
inform the development and deployment of effective gonorrhea 
vaccines. Front Immunol 10:683. https://​doi.​org/​10.​3389/​fimmu.​
2019.​00683

	160. 	 Robison SG, Leman RF (2023) Association of group B meningo-
coccal vaccine receipt with reduced gonorrhea incidence among 

university students. JAMA Netw Open 6:e2331742. https://​doi.​
org/​10.​1001/​jaman​etwor​kopen.​2023.​31742

	161. 	 Santolaya ME, O’Ryan ML, Valenzuela MT, Prado V, Vergara 
R, Munoz A, Toneatto D, Grana G, Wang H, Clemens R, Dull 
PM, Meningococcal VP, Adolescent Vaccine Study group (2012) 
Immunogenicity and tolerability of a multicomponent meningo-
coccal serogroup B (4CMenB) vaccine in healthy adolescents 
in Chile: a phase 2b/3 randomised, observer-blind, placebo-
controlled study. Lancet 379:617–624. https://​doi.​org/​10.​1016/​
S0140-​6736(11)​61713-3

	162. 	 Semchenko EA, Day CJ, Seib KL (2020) The Neisseria gonor-
rhoeae vaccine candidate NHBA elicits antibodies that are bac-
tericidal, opsonophagocytic and that reduce gonococcal adher-
ence to epithelial cells. Vaccines (Basel) 8:219. https://​doi.​org/​
10.​3390/​vacci​nes80​20219

	163. 	 Marshall HS, McMillan M, Koehler AP, Lawrence A, Sullivan 
TR, MacLennan JM, Maiden MCJ, Ladhani SN, Ramsay ME, 
Trotter C, Borrow R, Finn A, Kahler CM, Whelan J, Vadivelu 
K, Richmond P (2020) Meningococcal B vaccine and menin-
gococcal carriage in adolescents in Australia. N Engl J Med 
382:318–327. https://​doi.​org/​10.​1056/​NEJMo​a1900​236

	164. 	 Harrison OB, Schoen C, Retchless AC, Wang X, Jolley KA, Bray 
JE, Maiden MCJ (2017) Neisseria genomics: current status and 
future perspectives. Pathog Dis 75:ftx060. https://​doi.​org/​10.​
1093/​femspd/​ftx060

	165.	 Gottlieb SL, Jerse AE, Delany-Moretlwe S, Deal C, Giersing BK 
(2019) Advancing vaccine development for gonorrhoea and the 
Global STI Vaccine Roadmap. Sex Health 16:426–432. https://​
doi.​org/​10.​1071/​SH190​60

	166. 	 ClinicalTrials.gov NCT05630859 (2023) Safety and Efficacy 
of GSK Neisseria Gonorrhoeae GMMA (NgG) Investigational 
Vaccine When Administered to Healthy Adults 18 to 50 Years 
of Age. https://​class​ic.​clini​caltr​ials.​gov/​ct2/​show/​NCT05​630859. 
Accessed 2 Oct 2023

	167. 	 ClinicalTrials.gov NCT04415424 (2023) Efficacy Study of 
4CMenB (Bexsero®) to Prevent Gonorrhoea Infection in Gay 
and Bisexual Men (GoGoVax). https://​class​ic.​clini​caltr​ials.​gov/​
ct2/​show/​NCT04​415424. Accessed 29 Aug 2023

	168. 	 Australian New Zealand Clinical  Tr ials Registry 
ACTRN12619001478101; MenGO (2023) Does the licensed 
meningococcal vaccine Bexsero® provide cross- protection 
against gonorrhoea? https://​www.​anzctr.​org.​au/​Trial/​Regis​trati​
on/​Trial​Review.​aspx?​id=​376715. Accessed 29 Aug 2023

	169. 	ClinicalTrials.gov NCT04350138 (2023) Safety and Efficacy 
Study of Meningococcal Group B Vaccine rMenB + OMV NZ 
(Bexsero) to Prevent Gonococcal Infection. https://​class​ic.​
clini​caltr​ials.​gov/​ct2/​show/​NCT04​350138. Accessed 29 Aug 
2023

	170. 	 ClinicalTrials.gov NCT05766904 (2023) Efficacy Trial on 
Meningococcal B Vaccine for Preventing Gonorrhea Infec-
tions. https://​class​ic.​clini​caltr​ials.​gov/​ct2/​show/​NCT05​766904. 
Accessed 29 Aug 2023

	171. 	 ClinicalTrials.gov NCT04597424 (2023) Combined Prevention 
of Sexually Transmitted Infections (STIs) in Men Who Have 
Sex With Men and Using Oral Tenofovir Disoproxil Fumarate/ 
Emtricitabine (TDF/FTC) for HIV Pre-Exposure Prophylaxis 
(PrEP) (DOXYVAC). https://​class​ic.​clini​caltr​ials.​gov/​ct2/​show/​
NCT04​597424. Accessed 29 Aug 2023

	172. 	 ClinicalTrials.gov NCT05294588 (2023) Efficacy of Immuniza-
tion With 4 C-MenB in Preventing Experimental Urethral Infec-
tion With Neisseria Gonorrhoeae. https://​class​ic.​clini​caltr​ials.​
gov/​ct2/​show/​NCT05​294588. Accessed 29 Aug 2023

	173. 	 Marshall HS, Andraweera PH, Ward J, Kaldor J, Andrews R, 
Macartney K, Richmond P, Krause V, Koehler A, Whiley D, 
Giles L, Webby R, D’Antoine H, Karnon J, Baird R, Lawrence 
A, Petousis-Harris H, De Wals P, Greenwood-Smith B, Binks M, 

https://doi.org/10.1080/21645515.2024.2357924
https://doi.org/10.1080/21645515.2024.2357924
https://doi.org/10.1016/j.cmi.2020.01.004
https://doi.org/10.1016/j.cmi.2020.01.004
https://doi.org/10.3390/pathogens9020134
https://doi.org/10.3390/pathogens9020134
https://doi.org/10.1038/s41585-021-00534-5
https://doi.org/10.1038/s41585-021-00534-5
https://doi.org/10.1093/cid/ciy1061
https://doi.org/10.1093/cid/ciy1061
https://doi.org/10.1080/14760584.2021.1981865
https://doi.org/10.1080/14760584.2021.1981865
https://doi.org/10.3389/fimmu.2019.02417
https://doi.org/10.1016/S1473-3099(21)00754-4
https://doi.org/10.1016/S1473-3099(21)00754-4
https://doi.org/10.1016/S1473-3099(21)00812-4
https://doi.org/10.1016/S1473-3099(21)00812-4
https://doi.org/10.1093/cid/ciac436
https://doi.org/10.1093/cid/ciac436
https://doi.org/10.1097/olq.0000000000001771
https://doi.org/10.1097/olq.0000000000001771
https://doi.org/10.1016/j.jinf.2023.05.021
https://doi.org/10.1016/j.jinf.2023.05.021
https://doi.org/10.3389/fimmu.2019.00683
https://doi.org/10.3389/fimmu.2019.00683
https://doi.org/10.1001/jamanetworkopen.2023.31742
https://doi.org/10.1001/jamanetworkopen.2023.31742
https://doi.org/10.1016/S0140-6736(11)61713-3
https://doi.org/10.1016/S0140-6736(11)61713-3
https://doi.org/10.3390/vaccines8020219
https://doi.org/10.3390/vaccines8020219
https://doi.org/10.1056/NEJMoa1900236
https://doi.org/10.1093/femspd/ftx060
https://doi.org/10.1093/femspd/ftx060
https://doi.org/10.1071/SH19060
https://doi.org/10.1071/SH19060
https://classic.clinicaltrials.gov/ct2/show/NCT05630859
https://classic.clinicaltrials.gov/ct2/show/NCT04415424
https://classic.clinicaltrials.gov/ct2/show/NCT04415424
https://www.anzctr.org.au/Trial/Registration/TrialReview.aspx?id=376715
https://www.anzctr.org.au/Trial/Registration/TrialReview.aspx?id=376715
https://classic.clinicaltrials.gov/ct2/show/NCT04350138
https://classic.clinicaltrials.gov/ct2/show/NCT04350138
https://classic.clinicaltrials.gov/ct2/show/NCT05766904
https://classic.clinicaltrials.gov/ct2/show/NCT04597424
https://classic.clinicaltrials.gov/ct2/show/NCT04597424
https://classic.clinicaltrials.gov/ct2/show/NCT05294588
https://classic.clinicaltrials.gov/ct2/show/NCT05294588


250	 European Journal of Clinical Microbiology & Infectious Diseases (2025) 44:233–250

L. W (2022) An observational study to assess the effectiveness 
of 4CMenB against Meningococcal Disease and Carriage and 
Gonorrhea in adolescents in the Northern Territory, Australia-
Study Protocol. Vaccines (Basel) 10:309. https://​doi.​org/​10.​3390/​
vacci​nes10​020309

	174. 	 Clinicaltrials.gov NCT05873751 A Study to Learn About How 
Trumenba Vaccine Shots Work Against Gonorrhea Infection in 
Teenagers and Young Adults in the United States. https://​clini​
caltr​ials.​gov/​study/​NCT05​873751. Accessed 26 Jun 2024

	175.	 Molina JM, Bercot B, Assoumou L, Rubenstein E, Algarte-
Genin M, Pialoux G, Katlama C, Surgers L, Bébéar C, Dupin 
N, Ouattara M, Slama L, Pavie J, Duvivier C, Loze B, Gold-
wirt L, Gibowski S, Ollivier M, Ghosn J, Costagliola D, ANRS 
174 DOXYVAC Study Group (2024) Doxycycline prophylaxis 
and meningococcal group B vaccine to prevent bacterial sexu-
ally transmitted infections in France (ANRS 174 DOXYVAC): 
a multicentre, open-label, randomised trial with a 2 × 2 factorial 
design. Lancet Infect Dis 24:1093–1104. https://​doi.​org/​10.​1016/​
S1473-​3099(24)​00236-6

	176. 	 Mancini F, Micoli F, Necchi F, Pizza M, Berlanda Scorza F, 
Rossi O (2021) GMMA-based vaccines: the known and the 
unknown. Front Immunol 12:715393. https://​doi.​org/​10.​3389/​
fimmu.​2021.​715393

	177. 	 Looker KJ, Booton R, Begum N, Beck E, Shen J, Turner KME, 
Christensen H (2023) The potential public health impact of ado-
lescent 4CMenB vaccination on Neisseria gonorrhoeae infection 
in England: a modelling study. BMC Public Health 23:1. https://​
doi.​org/​10.​1186/​s12889-​022-​14670-z

	178. 	 Craig AP, Gray RT, Edwards JL, Apicella MA, Jennings MP, 
Wilson DP, Seib KL (2015) The potential impact of vaccination 
on the prevalence of gonorrhea. Vaccine 33:4520–4525. https://​
doi.​org/​10.​1016/j.​vacci​ne.​2015.​07.​015

	179. 	 Whittles LK, White PJ, Didelot X (2020) Assessment of the 
potential of vaccination to combat antibiotic resistance in gonor-
rhea: a modeling analysis to determine preferred product charac-
teristics. Clin Infect Dis 71:1912–1919. https://​doi.​org/​10.​1093/​
cid/​ciz12​41

	180. 	 Sudhakaran G, Kesavan D, Selvam M, Arasu A, Guru A, 
Arockiaraj J (2024) Gonorrhea caused due to antimicrobial-
resistant bacteria Neisseria gonorrhoeae treated using probi-
otic peptide. Silico Pharmacol 12:17. https://​doi.​org/​10.​1007/​
s40203-​023-​00185-x

	181. 	 Morselli S, Valente S, Foschi C, Marangoni A, Pasquinelli G 
(2021) Effect of different fatty acids on Neisseria gonorrhoeae 
viability. New Microbiol 44:164–172

	182.	 Hasso-Agopsowicz M, Sparrow E, Cameron AM, Sati H, Srikan-
tiah P, Gottlieb S, Bentsi-Enchill A, Le Doare K, Hamel M, Giers-
ing BK (2024) The role of vaccines in reducing antimicrobial 
resistance: A review of potential impact of vaccines on AMR and 
insights across 16 vaccines and pathogens. Vaccine 42(19S1):S1–
S8. https://​doi.​org/​10.​1016/j.​vacci​ne.​2024.​06.​017

	183. 	 Berti F, Romano MR, Micoli F, Adamo R (2021) Carbohydrate 
based meningococcal vaccines: past and present overview. Glyco-
conj J 38:401–409. https://​doi.​org/​10.​1007/​s10719-​021-​09990-y

	184. 	 Parikh SR, Campbell H, Bettinger JA, Harrison LH, Marshall 
HS, Martinon-Torres F, Safadi MA, Shao Z, Zhu B, von Gottberg 
A, Borrow R, Ramsay ME, Ladhani SN (2020) The everchang-
ing epidemiology of meningococcal disease worldwide and the 
potential for prevention through vaccination. J Infect 81:483–
498. https://​doi.​org/​10.​1016/j.​jinf.​2020.​05.​079

	185. 	 PENBRAYA, Meningococcal groups AB C, W, and Y vaccine. 
Pfizer Laboratories Div Pfizer Inc. New York. USA. Revised: 
10/2023

	186. 	 Petousis-Harris H, Paynter J, Morgan J, Saxton P, McArdle B, 
Goodyear-Smith F, Black S (2017) Effectiveness of a group B 
outer membrane vesicle meningococcal vaccine against gonor-
rhoea in New Zealand: a retrospective case-control study. Lancet 
390:1603–1610. https://​doi.​org/​10.​1016/​S0140-​6736(17)​31449-6

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.3390/vaccines10020309
https://doi.org/10.3390/vaccines10020309
https://clinicaltrials.gov/study/NCT05873751
https://clinicaltrials.gov/study/NCT05873751
https://doi.org/10.1016/S1473-3099(24)00236-6
https://doi.org/10.1016/S1473-3099(24)00236-6
https://doi.org/10.3389/fimmu.2021.715393
https://doi.org/10.3389/fimmu.2021.715393
https://doi.org/10.1186/s12889-022-14670-z
https://doi.org/10.1186/s12889-022-14670-z
https://doi.org/10.1016/j.vaccine.2015.07.015
https://doi.org/10.1016/j.vaccine.2015.07.015
https://doi.org/10.1093/cid/ciz1241
https://doi.org/10.1093/cid/ciz1241
https://doi.org/10.1007/s40203-023-00185-x
https://doi.org/10.1007/s40203-023-00185-x
https://doi.org/10.1016/j.vaccine.2024.06.017
https://doi.org/10.1007/s10719-021-09990-y
https://doi.org/10.1016/j.jinf.2020.05.079
https://doi.org/10.1016/S0140-6736(17)31449-6

	Management and prevention of Neisseria meningitidis and Neisseria gonorrhoeae infections in the context of evolving antimicrobial resistance trends
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Relationship between NM and NG
	At the genetic level
	At the population and individual levels

	Global trends in AMR
	Emergence of AMR in NM and NG
	AMR trends for NM
	AMR trends for NG
	New antibiotics in development for gonorrhea

	Impact of vaccination in reducing or preventing AMR
	Vaccination to prevent IMD
	Vaccination to prevent gonorrhea

	Conclusions
	Methods
	Literature search
	Data Availability

	Acknowledgements 
	References


