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Selecting candidate Neisseria gonorrhoeae strains for
oropharyngeal gonorrhoea human challenge: a
genomics-based analysis of clinical isolates
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Kate L Seib, James S McCarthy, Shivani Pasricha, Deborah A Williamson

Summary
Background Neisseria gonorrhoeae is a human pathogen of major public health importance due to its increasing global
prevalence and antimicrobial resistance (AMR). Evidence suggests that oropharyngeal infection plays a key role in
N gonorrhoeae transmission and AMR; however, our understanding of oropharyngeal gonorrhoea pathogenesis is
poor. A controlled human infection model (CHIM) for oropharyngeal gonorrhoea will improve understanding of
infection and accelerate urgently needed novel gonorrhoea prevention and therapeutic strategies. As the first step in
the development of this CHIM, we describe a systematic approach to CHIM strain selection that leverages genomics
and clinical data.

Methods In this genomics-based analysis, we applied a systematic N gonorrhoeae challenge strain selection strategy
incorporating genomic and clinical data to a primary dataset of clinical isolates of N gonorrhoeae collected from
adult patients in Victoria, Australia, between Jan 1 and Dec 31, 2017, and July 1, 2019, and June 30, 2021. This
selection strategy used clinical, phenotypic, and genomic characteristics to define a set of eight criteria that aimed
to ensure the contemporary global clinical relevance of the candidate strains; select strains that would be applicable
for the assessment of current and future gonorrhoea vaccines; and maximise participant safety by reducing the
risk of disseminated gonococcal infection and clinically significant AMR. We applied these criteria to our primary
dataset to generate a panel of potential challenge strains. From this final dataset of potential challenge strains, we
predetermined that we would select up to ten isolates to proceed to the next stage of detailed phenotypic
characterisation for final N gonorrhoeae CHIM strain selection.

Findings 5881 isolates comprised the primary dataset. After application of the selection criteria, most of the isolates
(5795 [98⋅6%] of 5881) were excluded, mostly due to having clinically significant AMR and poor contemporary global
clinical relevance. The remaining 86 N gonorrhoeae challenge strain candidates comprised five multilocus sequence
types and six N gonorrhoeaemultiantigen sequence types, many of which were represented by a single isolate. Of these
86 strains, five isolates were selected to maximise coverage of the phylogenetically distinct groups within the
86 candidate challenge strains and ensure representation of strains collected from various anatomical sites.

Interpretation We transparently describe a novel, systematic, and rational genomics-based strategy for oropharyngeal
gonorrhoea CHIM strain selection that improves the efficiency and transparency of CHIM strain selection and
enables identification of contemporary and clinically relevant potential challenge strains. A final N gonorrhoeae
challenge strain will be selected from the subset of five shortlisted candidates after detailed phenotypic assessment.
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Introduction
Neisseria gonorrhoeae, the causative pathogen of gonorrhoea,
is amajor cause ofmorbidity in humans, with an estimated
annual global prevalence of 87million cases.1N gonorrhoeae
infection causes a variety of clinicalmanifestations, ranging
from asymptomatic mucosal infection (eg, oropharyngeal,
rectal, and urogenital infection), to localised symptomatic
disease (eg, urethritis, cervicitis, pelvic inflammatory dis-
ease, and conjunctivitis), and rarely invasive (eg,meningitis,
endocarditis, and osteomyelitis) or disseminated infection.2
www.thelancet.com/microbe Vol 6 September 2025
Urogenital gonorrhoea can cause long-term reproductive
sequelae,2 and infection in pregnancy is associated with
adverse outcomes, including neonatal conjunctivitis.3

Importantly, N gonorrhoeae has a propensity to acquire anti-
microbial resistance (AMR), and has developed resistance to
all available first-line antimicrobials.4

An effective N gonorrhoeae vaccine would have the
potential to substantially reduce both the global increase in
rates of N gonorrhoeae infection and AMR.5 There is
increasedmomentum in the development and deployment
1
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Research in context

Evidence before this study
Before undertaking this study, we considered the strategies used
for selection of human challenge strains for bacterial controlled
human infection models (CHIMs). We searched PubMed and
EMBASE for studies published in English, between Jan 1, 2000, and
Oct 1, 2023, with the search terms “human challenge model”,
“human volunteer infection model”, “human experimental
infection model”, “controlled human infection model”, “CHIM”,
“strain selection”, and “strain”. Primary research studies that
incorporated a bacterial CHIM, bacterial CHIM study protocols, and
bacterial challenge strain selection or challenge strain
characterisation studies were included. Relevant references of
studies identified through this search were also reviewed.
Although several contemporary CHIMs have beendeveloped in the
past decade, no studies have described a method for selecting a
strain a priori fromadefined database of isolates. Our search results
also confirmed the absence of oropharyngeal gonorrhoeaCHIMs in
the literature. An oropharyngeal gonorrhoea CHIM incorporating a
contemporary strain and modern manufacture techniques might
aid the development of novel N gonorrhoeae vaccines and improve
our understanding of the pathogenesis of contemporary
oropharyngeal N gonorrhoeae infection.

Added value of this study
This study is the first to describe the use of genomics and clinical
data to select a panel of contemporary bacterial human challenge
strains from one of the largest and most diverse clinical Neisseria
gonorrhoeae reference collections globally. In addition, this study
shows, to our knowledge for the first time, how a comprehensive
bioinformatic analysis can be used a priori to select a panel of
potential challenge strains from a large dataset. Previously
described challenge strain selection studies have described the
genotypic and phenotypic characteristics of several strains (either
historical strains, strains available from research collections, or

strains repurposed from vaccine manufacture) with little rationale
forwhy these strainswere selected for further characterisation. The
rational and systematic approach to strain selection described in
this study improves the transparency of challenge strain selection,
reduces the time and resources required to select a new challenge
strain, and enables the identification of contemporary and
clinically relevant potential challenge strains.

Implications of all the available evidence
The selection of a human challenge strain is a pivotal step in the
development of a CHIM. Judicious strain selection optimises the
safety, generalisability, and clinical impact of CHIM studies. General
criteria for an ideal challenge strain are well described, requiring
that the strain is representative of contemporary circulating
strains, is capable of causing infection at the intended anatomical
site, possesses representative vaccine antigens and virulence
factors, is susceptible to clinically relevant antimicrobials, is well
characterised, and has a well defined provenance. Most challenge
strains used in contemporary studies, however, are well defined
historical strains, strains repurposed from vaccine manufacture, or
strains available from research collections. The selection of an
appropriate strain will vary according to organism-specific factors
(such as strain diversity, clinical disease associations, virulence
determinants, and vaccine antigens) and project-specific factors
(such as the availability of well provenanced isolates, the resources
available for detailed characterisation, and access to good-
manufacturing-practice-grade production). In this study, we
describe a rational, systematic, and transparent method for
selecting a panel of challenge strains with genomics and clinical
metadata for further phenotypic characterisation. The application
of this method to challenge strain selection for other pathogens
might contribute to an increase in the number of CHIMs that use
contemporary challenge strains.

Articles
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of N gonorrhoeae vaccines, with meningococcal B outer
membrane vesicle (OMV) vaccines showing vaccine effec-
tiveness of 31–46% against N gonorrhoeae infection in
observational studies.6 The development of vaccines
designed specifically for N gonorrhoeae might further
improve vaccine effectiveness.7 Novel therapeutics are also
required, with a number of first-in-class antimicrobials
being explored for treatment of N gonorrhoeae, including
zoliflodacin8 and gepotidicin.9 There is increasing evidence
that the oropharynx plays a prominent role as both a reser-
voir for transmission of N gonorrhoeae10 and an important
environment for the horizontal transmission of resistance
genes.11Modelling suggests that a vaccinewithout efficacy at
the oropharynx would have little effect on reducing the
prevalence of gonorrhoea.12

Controlled human infection models (CHIMs) are an
important platform for assessing vaccines, therapeutics,
and disease pathogenesis.13 A CHIM for N gonorrhoeae
urethritis was developed in the 1980s by investigators in the
USA with strains FA1090 and MS11mkC.14 This urethritis
CHIM has been used for studies of pathogenesis, particu-
larly the role of potential virulence factors,14 and is currently
being used to investigate the efficacy of the meningococcal
B OMV vaccine 4CMenB (Bexsero; NCT05294588). How-
ever, there have been no CHIMs for oropharyngeal gonor-
rhoea. An oropharyngeal gonorrhoea CHIM with a
contemporary strain (ie, a strain isolated from clinical
infection in thepast decade) coupledwithmodern challenge
strain manufacture techniques might accelerate the devel-
opment of novel N gonorrhoeae vaccines and therapeutics
and improve our understanding of the pathogenesis of
oropharyngeal N gonorrhoeae infection. Modern challenge
strain manufacture techniques include cell bank manufac-
ture and release testing to produce quality controlled single-
use vials for thaw fromultra-low temperature frozen storage
on the day of challenge.
An effective and appropriate N gonorrhoeae challenge

strain must fulfil several criteria to maximise the safety of
www.thelancet.com/microbe Vol 6 September 2025
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participants and optimise the generalisability of CHIM
studies. Although several CHIMs have been developed in
the past decade, few have systematically documented a
process for strain selection15 and none have described a
method for selecting a strain a priori from a defined data-
base of isolates. Bacterial CHIMs have generally used well
characterised historical strains, such as the Salmonella
enterica serovar Typhi Quailes strain (isolated from the
gallbladder of an individual with chronic carriage in 1958),16

or contemporary strains after historical strains were found
tohave unfavourable characteristics, such as the presence of
the cag pathogenicity island inHelicobacter pylori (associated
with increased riskofpepticulcer andgastric cancer)17 or the
presence of a lipooligosaccharide with molecular mimicry
with human gangliosides in Campylobacter jejuni (which
might induce Guillain–Barré syndrome).18 This study
bridges an important gap by providing a logical and trans-
parent approach to optimising safety and generalisability in
the initial stage of challenge strain selection, with novel
application of genomic analysis for selection of candidate
challenge strains.
The N gonorrhoeae laboratory-adapted challenge strains

used in the urethritis CHIMs FA1090 and MS11mkC were
originally isolated in the 1970s.14 Given the evolution of
N gonorrhoeae over time,19 a contemporary N gonorrhoeae
challenge strain might facilitate study of clinically relevant
circulating N gonorrhoeae. In this study, we describe an
approach to selectingCHIMchallenge strains that combines
available genomic and clinical data.

Methods
Data sources
N gonorrhoeae infection is a notifiable infection in Australia,
with diagnostic microbiology laboratories requested to
refer N gonorrhoeae isolates to state-based reference labora-
tories for antimicrobial susceptibility testing. Between
Jan 1 andDec 31, 2017, and July 1, 2019, and June 30, 2021,
all referred N gonorrhoeae isolates from adult patients
(ie, individuals aged16 years orolder) in the state ofVictoria,
Australia, underwent phenotypic antimicrobial susceptibil-
ity testing, DNA extraction, and whole-genome sequencing
(appendix 1 pp 2–3). The two timeframes were due to
impacts of the COVID-19 pandemic on genomic sequen-
cing capacity during this period. Relevant clinical data
accompanying the isolates were obtained from the referring
pathology service, including the anatomical site of sample
collection (appendix 2 p 1). The combined genomic data and
metadata comprised the so-called primary dataset. No indi-
vidual patient consent was required as the data were col-
lected in accordance with the Victorian Public Health and
Wellbeing Act, 2008.20 No identifiable patient data were used
in this study; therefore, ethical approval was not required.
N gonorrhoeae CHIM strain selection criteria
We developed a set of eight criteria for N gonorrhoeae
CHIM strain selection based on generalisability and safety
www.thelancet.com/microbe Vol 6 September 2025
parameters (table 1).21 We applied these criteria to our pri-
mary dataset to generate a panel of potential N gonorrhoeae
challenge strains. A stepwise elimination of strains was
performed for each key criterion in the order described
below,withonly the strains that fulfilled the requirementsof
each criterion retained at each stage. From the final dataset
of potential challenge strains, we predetermined that we
would select up to ten isolates to proceed to the next stage of
detailed phenotypic characterisation with the key challenge
agent quality metrics of identity, purity, potency, and sta-
bility22 (appendix 1 p 12) to facilitate final N gonorrhoeae
CHIM strain selection, which will be described in detail
elsewhere.

Generalisability criteria
To ensure global clinical relevance, we downloaded genome
sequences and associated metadata for N gonorrhoeae
isolates from Jan 1, 2015, to Oct 31, 2021, from
Pathogenwatch and supplemented these with genomes
from Asia and Africa, regions which were under-
represented in the Pathogenwatch dataset compared with
other regions (appendix 1 p 2). These genome sequences
were identified through a literature review of clinical
studies involving N gonorrhoeae isolates undertaken during
the study period (appendix p 2). In-silico sequence typing
with the multilocus sequence type (MLST), N gonorrhoeae
multiantigen sequence type (NG-MAST), andN gonorrhoeae
sequence typing for antimicrobial resistance (NG-STAR)
typing schemes was performed on the genomic data
from the primary and global datasets (appendix 1 pp 2–4).
In addition, the primary dataset was classified into two
major lineages (lineage A and lineage B) described in global
phylogeographic analyses.23 Geographical diversity within
each sequence type was calculated with the Shannon
diversity index from the combined primary and global
datasets. An N gonorrhoeae isolate met our global clinical
relevance criteria if it belonged to an MLST or NG-MAST
sequence type that was present on at least three con-
tinents and had a Shannon index of ≥1 or a diversity
ranking score (ie, Shannon index × sequence type cluster
size) greater than or equal to the 50th percentile.
To verify an associationwith contemporary oropharyngeal

and urogenital N gonorrhoeae infection, we grouped ana-
tomical sites of infection into six categories: urogenital,
rectal, oropharyngeal, sterile site, ocular, or other or
unknown (appendix 1 pp 4, 13). N gonorrhoeae isolates met
our anatomical site criterion if they belonged to anMLST or
NG-MAST that had shown oropharyngeal and urogenital
infection in the combined primary and global datasets.
To check for the presence of a broad range of putative

vaccine antigens, we identified 50 putative vaccine antigens
in the primary dataset (appendix 1 pp 4–5, 14–16). We
defined the presence of a broad range of vaccine antigens as
a key selection criterion for an N gonorrhoeae challenge
strain. Given the large number of putative N gonorrhoeae
vaccine antigens, N gonorrhoeae isolates in the primary
dataset required the presence of a smaller subset of 11 key
3
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Challenge strain selection criteria Rationale

Generalisability

Global clinical relevance Strain belongs to an MLST or NG-MAST sequence type
shown to cause contemporary clinical infection in a wide
range of geographical settings, with the following criteria:
presence of Neisseria gonorrhoeae of the sequence type on
≥3 continents between 2015 and 2021; and the sequence
typemeets a predefinedglobal diversity threshold based on
the number of countries it is present in and the number of
isolates per country (ie, Shannon diversity index ≥1 or
diversity ranking score ≥the 50th percentile threshold)

Due to the genomic plasticity ofN gonorrhoeae and the global diversity ofN gonorrhoeae isolates fromdifferent
geographical regions, a challenge strain should be prevalent across various geographical regions to ensure the
global clinical relevance and generalisability of the CHIM

Causes infection at
anatomical site of
challenge

Definite contemporary cause of oropharyngeal gonorrhoea The oropharynx is the thirdmost common site ofNgonorrhoeae infection and increasing evidence suggests it is
a major contributor of N gonorrhoeae transmission; the oropharynx represents a site with a high risk for the
development of AMR due to horizontal transfer of AMR determinants from commensal Neisseria species;
N gonorrhoeae vaccine modelling studies suggest that a vaccine with poor efficacy at the oropharynx would
have little effect on N gonorrhoeae prevalence

Causes infection at
anatomical site of
challenge

Definite contemporary cause of urogenital gonorrhoea Urogenital gonorrhoea has the greatest short-term and long-term clinical impact on sexual and reproductive
health and is an important clinical endpoint for vaccine and therapeutics trials; the challenge strain should be
suitable for use in future gonorrhoea urethritis studies

Applicable to putative
vaccines

Presence of a broad range of vaccine antigens A key function of an oropharyngeal CHIM is early assessment of novel vaccines; as such, the challenge strain
should contain a broad range of putative vaccine antigens

Safety

Reduced risk of severe
infection

Absence of genomic determinants associated with
disseminated gonococcal infection

N gonorrhoeae rarely causes severe manifestations (eg, meningitis, endocarditis, and osteomyelitis) and
disseminated gonococcal infection (eg, arthritis–tenosynovitis–rash syndrome); although no specific virulence
factors completely dictate clinical disease manifestations, specific genomic determinants have consistently
been associated with disseminated gonococcal infection and should be avoided in a challenge strain to
maximise participant safety

Reduced risk of severe
infection

Exclusion of strains isolated from sterile sites As a marker of potential increased virulence, N gonorrhoeae isolates clinically associated with severe or
disseminated infection should be avoided tomaximise participant safety; the selection of a strain that has not
been associated with disseminated disease is likely to improve participant acceptability of a proposed
oropharyngeal gonorrhoea CHIM

Susceptible to multiple
antimicrobials used for
treatment

Absence of clinically significant phenotypic AMR The participant should be cured and the challenge strain eradicated from the oropharynx with well tolerated
antimicrobial therapy; N gonorrhoeae has developed AMR to all first-line anti-gonococcal therapies; ensuring
antimicrobial susceptibility tomultiple lines of clinically relevant antimicrobials is paramount to the participant
and public health safety of an oropharyngeal CHIM; selection of a strain susceptible to all clinically relevant
antimicrobials will probably increase the participant acceptability of a proposed oropharyngeal gonorrhoea
CHIM; and selection of a strain that is susceptible to all clinically relevant antimicrobials will reduce the public
health risk associated with potential transmission of the challenge strain to non-challenge participants, a risk
mitigation step that must be actively managed as part of any CHIM study

Susceptible to multiple
antimicrobials used for
treatment

Absence of clinically significant genomic AMR
determinants

Numerous AMR mechanisms have been described for N gonorrhoeae; the exclusion of strains with plasmid-
associated AMR genes or mutations within chromosomal genes that strongly correlate with phenotypic AMR
in clinically relevant antimicrobials is key to participant safety, as this approach increases the likelihood that the
participant can be cured and the challenge strain can be eradicated from the oropharynx with well tolerated
antimicrobial therapy; this approach reduces the risk of transmission of AMR determinants to other
oropharyngeal organisms, including those with the potential to cause invasive disease, such as Neisseria
meningitidis

AMR=antimicrobial resistance. CHIM=controlled human infection model. MLST=multilocus sequence type. NG-MAST=Neisseria gonorrhoeae multiantigen sequence type.

Table 1: Key criteria for Neisseria gonorrhoeae challenge strain selection for an oropharyngeal gonorrhoea CHIM
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vaccine antigen genes (appendix 1 pp 17–18) to meet our
vaccine applicability challenge strain criterion. These anti-
gens (including NHBA, PorB, and MetQ) were considered
key vaccine targets due to their presence in vaccines that
have progressed to human clinical trials24 or their ability to
induce immune responsesor enhancegonococcal clearance
in contemporary murine models.6

Safety criteria
Genes with putative associations to disseminated gonococ-
cal infection are described in the supplementary materials
(appendix 1 p 4). To reduce the risk of disseminated gono-
coccal infection, we applied a strain selection criterion that
required the absence of the porB allele that encodes porB1A,
a genomic determinant that is strongly associated with
disseminated gonococcal infection.
To reduce the risk ofdisseminatedgonococcal infection or

severe disease, we excluded all isolates in the primary
dataset that were obtained from sterile, ocular, or unknown
anatomical sites.
Genomic determinants of AMR were investigated by

examining the alleles of the seven NG-STAR resistance
genes and the presence of blaTEM and tetM genes for each
isolate in the primary dataset. On the basis of a literature
review, we defined and applied a set of genomic suscepti-
bility criteria, which excluded isolates encoding genomic
determinants highly associated with AMR, including
mosaic or semi-mosaic penA genes (associated with
www.thelancet.com/microbe Vol 6 September 2025
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ceftriaxone resistance), gyrA or parC mutations (associated
with ciprofloxacin resistance), 23S rRNA mutations
(associated with azithromycin resistance), mtrR mutations
or promoter disruption (associated with macrolide, tetracyc-
line, and β-lactam resistance), or the presence of blaTEM
(a mediator of plasmid-mediated high-level penicillin
resistance) and tetM (a mediator of plasmid-mediated high-
level tetracycline resistance) genes.25 Additional genomic
determinants of interest (mtrC, mtrD, rpsJ, ermB, rplD, and
rplV) were also examined in the final dataset (appendix 2 p 7).
We applied phenotypic antimicrobial susceptibility cri-

teria that included N gonorrhoeae strains with phenotypic
susceptibility to ceftriaxone, ciprofloxacin, azithromycin,
and tetracycline (appendix 1 pp 2, 19). Criteria for penicillin
susceptibility were less stringent (including both strains
susceptible to penicillin and those less susceptible) as
penicillin is rarely used for contemporary treatment of
gonorrhoea.

Statistical analysis
Analyses were conducted with R (version 4.4.0). Sums, pro-
portions, and percentiles were calculated with base R and the
tidyverse package (v2.0.0) and data visualisations were gen-
erated with the following packages: data.table (v1.15⋅4); tidy-
verse (v2.0.0); rworldmap (v1.3–8); and ggvenn (v0.1.10). The
Shannon index for sequence types was calculated with the
vegan package (v2.6–6⋅1), and 1000non-parametric bootstrap
resampling was performed with the boot package (v1.3–30)
and a custom function.26 A phylogeny of the strains in the
primary dataset was inferred with IQ-TREE from a core
genome single nucleotide polymorphism alignment.

Role of the funding source
The funders of the study had no role in study design, data
collection, data analysis, data interpretation, or writing of
the report.

Results
Overall, 5881 N gonorrhoeae isolates were included in the
primary dataset, which formed two distinct lineages in
the phylogenetic tree (4275 isolates in lineage A and
1606 isolates in lineageB;figure 1A; table 2; appendix 2 p 1).
The primary dataset comprised 287 NG-MASTs, 269
NG-STARs, and 138 MLSTs. Eight genomes could not be
assigned to known sequence types. 36 (0⋅6%) of 5881 iso-
lates could not be assigned an MLST (appendix 2 p 3). The
most common MLSTs were ST8156 (1279 [21⋅7%] of
5881 isolates), ST7363 (738 [12⋅5%] of 5881), and ST11864
(668 [11⋅4%] of 5881). 56 (40⋅6%) of 138 MLSTs were sin-
gletons. Almost half of isolates (2594 [44⋅1%] of 5881) could
not be assigned to an existing NG-MAST. Of the remaining
isolates, the most common NG-MASTs were ST4186
(270 [4⋅6%] of 5881 isolates), ST23698 (265 [4⋅5%] of 5881),
and ST16391 (247 [4⋅2%] of 5881; figure 1A). 144 (50⋅2%) of
287 NG-MASTs were singletons (appendix 2 p 3). For the
NG-STAR typing scheme, 546 (9⋅3%) of 5881 isolates
could not be assigned to an existing sequence type. The
www.thelancet.com/microbe Vol 6 September 2025
most common NG-STARs were ST442 (1186 [20⋅2%] of
5881 isolates), ST439 (598 [10⋅2%] of 5881), and ST231
(327 [5⋅6%] of 5881;figure 1A). 119 (44⋅2%) of 269 sequence
types were singletons (appendix 2 p 3).
In total, 15 528 genome sequences were downloaded from

Pathogenwatch spanning the period from Jan 1, 2015, to
Oct 31, 2021, supplemented with 1290 sequences fromAsia
(577 sequences) and Africa (713 sequences) obtained
from five studies identified through a literature review
(appendix 1 p 2). These sequences comprised the global
dataset (appendix 1 p 6), which covered all continents
excluding Antarctica and 27 countries (appendix 2 p 2).
Overall, 22 699 genomes were included in the combined
primary and global datasets, with most genomes and
resulting sequence type diversity originating from the USA
(9118 [40⋅2%] of 22 699), Australia (5889 [25⋅9%] of 22 699),
andNorway (2211 [9⋅7%] of 22 699; appendix 1 p 6).All other
countries contributed fewer than 1000 isolates to the dataset.
Few overlaps of sequence types were observed between
the primary and global datasets for all sequence typing
schemes (appendix 1 p 6), highlighting the extensive gen-
omic diversity ofNgonorrhoeae across different geographical
regions.
In total, 112 (17%) of 648 MLSTs in the global dataset

were present in the primary dataset. In addition, 26 (4%) of
648MLSTs in the global dataset were unique to the primary
dataset and not present in any other country within the
sampled period (appendix 1 p 6). Of the 112 shared
sequence types, 82 (73%) were found on at least three con-
tinents (appendix 1 pp 7–8; appendix 2 p 4). Overall,
4698 isolates assigned to 37 MLSTs met our predefined
geographical diversity criteria (appendix 1 p 7). A total of
189 (9⋅2%)of 2389NG-MASTs in theglobaldatasetwere also
present in the primary dataset. In addition, 98 NG-MASTs
were unique to the primary dataset (appendix 1 p 6). Of the
189 shared NG-MASTs, 97 (51%) were found on at least
three continents (appendix 1 p 7; appendix 2 p 5). Overall, a
total of 1056 isolates assigned to 35 NG-MASTs passed the
geographical diversity criteria (appendix 1 p 7). In summary,
4768 (81⋅1%) of 5881 isolates from the primary dataset met
the contemporary global relevance challenge strain criteria of
belonging to an MLST or NG-MAST that was present on at
least three continents and meeting the predefined geo-
graphical diversity threshold (ie, Shannon index ≥1 or
diversity ranking score ≥the 50th percentile).
In the primary dataset, N gonorrhoeae was isolated

from the following sites: urogenital (3136 [53⋅3%] of
5881 isolates); rectal (1702 [28⋅9%] of 5881); oropharyngeal
(975 [16⋅6%] of 5881); ocular (28 [0⋅5%] of 5881); sterile sites
(9 [0⋅2%] of 5881); and other or unknown (31 [0⋅5%] of 5881;
table 2). Across the global dataset, the site of gonococcal
isolation was unknown for a substantial proportion of iso-
lates (12 957 [77⋅0%] of 16 818; appendix 1 p 8). For the
remaining3861 global isolateswith a knownanatomical site
of isolation, 2333 (60⋅4%) were urogenital, 963 (24⋅9%)
were rectal, 543 (14⋅1%) were oropharyngeal, 14 (0⋅4%)
were ocular, and eight (0⋅2%) were sterile site isolates
5
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(appendix 1 p 9). MLSTs and NG-MASTs without both
oropharyngeal andurogenital representationwere generally
limited to small clusters, potentially due to genome
under-representation (appendix 1 p 9). After exclusion of
120 isolates that did not have both oropharyngeal and uro-
genital representation by either MLST or NG-MAST
(appendix 1 p 9), 5761 (98⋅0%) isolates from the primary
dataset from at least 111 MLSTs (110 assigned sequence
types plus unclassified sequence types) and 243NG-MASTs
(242 assigned sequence types plus unclassified sequence
types) met the anatomical site criterion.
Most candidate vaccine antigens (44 [88%] of 50) were

present in ≥90% of the genomes, including the 11 key
vaccine antigens that have progressed to human clinical
trials or murine vaccine studies (appendix 1 p 10). Of the
44 prevalent antigens, the least conserved in terms of
nucleotide sequence variants were porB (with 996 unique
alleles), tbpB (with 715 unique alleles), and pilC (with
644 unique alleles). The most conserved antigens in terms
of nucleotide sequence variants were NGO0778 (with
six alleles), NGO0416 (with eight alleles), bamE (with
eight alleles), and sliC (with nine alleles; appendix 1 p 10;
appendix 2 p 7). Overall, 5552 (94⋅4%) of 5881 isolates from
the primary dataset met the defined criterion of possessing
all 11 putative key vaccine antigens.
Across the primary dataset, 426 (7⋅2%) of 5881 isolates
contained a porB1A allele (appendix 1 p 11) and were
excluded on the basis of the presence of a genomic deter-
minant associated with disseminated gonococcal infection.
Three isolates with unassigned porB alleles were also
excluded. As such, 5452 (92⋅7%) of 5881 isolates from the
primary dataset were retained.
Overall, nine (0⋅2%) of 5881 isolates in the primary

datasetwere fromsterile sites (three [33⋅3%] fromblood and
six [66⋅7%] from joint fluid). 28 (0⋅5%) of 5881 isolates were
from ocular sites and 31 (0⋅5%) were from unknown sites
(table 2), all of which met the criteria for exclusion from
the final dataset. Overall, 5813 (98⋅8%) of 5881 isolates from
the primary dataset were retained after application of this
criterion.
Within the primary dataset, 826 (14⋅0%) of 5881 isolates

containedmosaic or semi-mosaic penA genes, 2203 (37⋅5%)
contained a gyrA mutation, 1908 (32⋅4%) contained a parC
mutation, 95 (1⋅6%) contained a 23S rRNA mutation, and
5611 (95⋅4%) contained an mtrR mutation or promoter
disruption. blaTEM was present in 1000 (17⋅0%) of
5881 isolates and tetM was present in 791 (13⋅5%) of
5881 isolates (table 2; appendix 1 p 11). Only 29 (0⋅5%)
isolates contained wild-type alleles for penA, mtrR, porB,
ponA, gyrA, parC, and 23S rRNA genes and non-mosaic
www.thelancet.com/microbe Vol 6 September 2025

www.thelancet.com/microbe


Primary dataset strains (n=5881)

B

Contemporary global relevance?

Oropharyngeal and urogenital representation
by MLST or NG-MAST?

Contains key vaccine antigens?

Absence of genomic determinants
associated with DGI?

Isolated from a non-sterile site?

Absence of clinically significant genotypic
AMR determinants?

Absence of clinically significant
phenotypic AMR?

Candidate challenge strains (n=86)

Yes (n=4768)

No

No

No

No

No

No

No

 1113 strains

 17 strains

 273 strains

 361 strains

 47 strains

3970 strains

 14 strains

Yes (n=4751)

Yes (n=4478)

Yes (n=4117)

Yes (n=4070)

Yes (n=100)

Yes

Figure 1: Overview of the genomes in the primary dataset and the strain elimination process followed in this
study
(A) Midpoint-rooted phylogeny of Neisseria gonorrhoeae genomes in the primary dataset and strains FA1090 and
MS11 (which were included in a controlled human infection model for N gonorrhoeae urethritis developed in the
1980s).14 This phylogenywas inferredwith IQ-TREE froma core genome single nucleotide polymorphism alignment.
Rings 1–3 are coloured by sequence types according to the MLST, NG-MAST, and NG-STAR typing schemes for
sequence types containing at least 100 genome representatives. Rings 5–10 indicate whether or not a strain fulfils
specific key selection criteria. Tips are coloured by final strain designation after applying all key selection criteria. The
outermost ring (ring 11) indicates whether a strain passed all the defined key selection criteria. The positions of
FA1090 andMS11 within the phylogeny are indicated on the outermost ring (green lines). The scale bar is in units of
nucleotide substitutions per site. (B) Stepwise strain elimination according to seven defined key selection criteria. The
numbers of strains passing and failing each criterion are shown up to the final set of 86 candidate challenge strains.
AMR=antimicrobial resistance. DGI=disseminated gonococcal infection. MLST=multilocus sequence type. NG-
MAST=Neisseria gonorrhoeae multiantigen sequence type. NG-STAR=Neisseria gonorrhoeae sequence typing for
antimicrobial resistance.
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penA genes, anddidnot contain the tetM and blaTEM genes.
Overall, 128 (2⋅2%) of 5881 isolates met the predefined
criterion for the absence of clinically significant genomic
AMR determinants.
In the primary dataset, 5786 (98⋅4%) of 5881 isolates were

phenotypically susceptible to ceftriaxone, 3676 (62⋅5%)were
susceptible to ciprofloxacin, 5491 (93⋅4%)were susceptible to
azithromycin, and 2449 (41⋅6%) were susceptible to tetra-
cycline. 28 (0⋅5%) of 5881 isolates were susceptible to peni-
cillin and 4192 (71⋅3%) of 5881 isolates were less susceptible
to penicillin (table 2). In total, 1324 (22⋅5%) of 5881 isolates
met thephenotypicAMRcriterion,which required isolates to
be susceptible to ceftriaxone, ciprofloxacin, azithromycin,
and tetracycline and either susceptible or less susceptible to
penicillin (appendix 1 p 11).
A stepwise elimination of strains was performed for each

key criterion in the order discussed above, retaining only the
strains fulfilling the requirements at each stage. This elim-
ination resulted in a final dataset of 86 challenge strain
candidates (figure1B). Further characterisation of additional
genomic determinants of resistance was performed for
these isolates (appendix 2 p 7). Most strains were excluded
due to clinically significant AMR or poor contemporary
global relevance (figure 1A, B; appendix 1 p 11). The chal-
lenge strain candidate dataset comprised five MLSTs and
six NG-MASTs (figure 2A, B) that mostly formed a single
clade within the globalN gonorrhoeae phylogeny (figure 2C).
A subset of five isolates was selected from the candidate

challenge straindataset of 86 strains (figure3; appendix2p7).
These isolates were selected to maximise coverage of the
phylogenetically distinct groups within the 86 candidate
strains, including clusters B.1, B.2, and B.3, and a single
lineage A isolate. One isolate each was selected from cluster
B.1, cluster B.3, and lineage A. Two isolates were selected
fromclusterB.2, as this cluster includedseveral isolateswitha
wild-type NG-STAR allele profile. The five shortlisted isolates
represent each of the assigned MLSTs identified within the
candidate challenge strain dataset, with four isolates from
lineage B and one isolate from lineage A (including isolates
from urogenital, rectal, and oropharyngeal sites). Among the
three clusters observed in lineage B, the available isolate
with the fewest genomic determinants of resistance or the
lowest minimum inhibitory concentration to clinically rele-
vant anti-gonococcal antimicrobialswas selected.When there
was no notable difference in susceptibility characteristics
(appendix 2 p 1), consideration was given to ensure repre-
sentation of strains collected from various anatomical sites
among the five isolates.

Discussion
In this study, we describe a systematic framework for the
selection of a contemporary N gonorrhoeae challenge
strain from a large genomic epidemiological dataset.
N gonorrhoeae is a highly complex organism, characterised
by extensive genomic diversity within and across geo-
graphical regions, numerous AMR mechanisms, and
complex virulence mechanisms (such as phase variability,
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n or n (%; N=5881)

Unique sequence types

Multilocus sequence type 1385

NG-MAST 28793

NG-STAR 269

Year of isolation

2017 2167 (36⋅8%)
2019 1225 (20⋅8%)
2020 1557 (26⋅5%)
2021 931 (15⋅8%)
Anatomical site of isolation

Urogenital 3136 (53⋅3%)
Rectal 1702 (28⋅9%)
Oropharyngeal 975 (16⋅6%)
Other 31 (0⋅5%)
Ocular 28 (0⋅5%)
Sterile 9 (0⋅2%)
Phenotypic antimicrobial susceptibility†

Penicillin

Susceptible 28 (0⋅5%)
Less susceptible 4192 (71⋅3%)
Resistant 1661 (28⋅2%)

Ceftriaxone

Susceptible 5786 (98⋅4%)
Decreased susceptibility 94 (1⋅6%)
Non-susceptible 1 (<0⋅1%)

Ciprofloxacin

Susceptible 3676 (62⋅5%)
Less susceptible 69 (1⋅2%)
Resistant 2136 (36⋅3%)

Azithromycin

Susceptible 5491 (93⋅4%)
Resistant 390 (6⋅6%)

Tetracycline

Susceptible 2449 (41⋅6%)
Intermediate 1923 (32⋅7%)
Resistant 1509 (25⋅7%)

Spectinomycin

Susceptible 2631 (44⋅7%)
Resistant 0

Not tested 3250 (55⋅3%)
Genomic determinants associated with disseminated gonococcal
infection

PorB structure

PorB1A 426 (7⋅2%)
PorB1B 5455 (92⋅8%)

Genomic determinants of antimicrobial resistance

penA

Mosaic 812 (13⋅8%)
Semi-mosaic 14 (0⋅2%)
Non-mosaic 4933 (83⋅9%)
Ala311Val 3 (0⋅1%)
Ala501Val/Thr 248 (4⋅2%)

(Table 2 continues in next column)

n or n (%; N=5881)

(Continued from previous column)

Asn513Tyr 811 (13⋅8%)
Ala517Gly 4897 (83⋅3%)
Gly543Ser 521 (8⋅9%)
Other‡ 122 (2⋅1%)
Non-mosaic or wild-type 30 (0⋅5%)

mtrR

–35Ala del 2062 (35⋅1%)
Ala39Thr 3141 (53⋅4%)
Gly45Asp 106 (1⋅8%)
161 base-pair deletion 2 (<0⋅1%)
Meningitidis-like promoter 377 (6⋅4%)
Disrupted WHO-P-like promoter 1 (<0⋅1%)
Other‡ 59 (1⋅0%)
Wild-type 270 (4⋅6%)

porB

Gly120Asp/Lys/Asn/Arg 1371 (23⋅3%)
Ala121Asp/Gly/Asn/Ser/Val 1706 (29⋅0%)
porB1A 426 (7⋅2%)
Other‡ 3 (0⋅1%)
Wild-type 3742 (63⋅6%)

ponA

Leu421Pro 2579 (43⋅9%)
Wild-type 3302 (56⋅1%)

gyrA

Ser91Phe/Tyr 2198 (37⋅4%)
Asp95Ala/Gly/Asn/Tyr 2198 (37⋅4%)
Wild-type 3678 (62⋅5%)

parC

Asp86Asn 916 (15⋅6%)
Ser87Asn/Arg 995 (16⋅9%)
Ser88Pro 46 (0⋅8%)
Glu91Lys 1 (<0⋅1%)
Wild-type 3973 (67⋅6%)

23S rRNA

Ala2059Gly 2 (<0⋅1%)
Cys2611Thr 78 (1⋅3%)
Other‡ 15 (0⋅3%)
Wild-type 5786 (98⋅4%)

blaTEM

Present 1000 (17⋅0%)
Absent 4881 (83⋅0%)

tetM

Present 791 (13⋅5%)
Absent 5090 (86⋅5%)

NG-MAST=N gonorrhoeaemultiantigen sequence type. NG-STAR=N gonorrhoeae
Sequence Typing for Antimicrobial Resistance. WHO-P=WHO-P reference strain.
*N gonorrhoeae isolates submitted to a state public health reference laboratory in
Melbourne, VIC, Australia, from Jan 1 to Dec 31, 2017, and from July 1, 2019, to
June 30, 2021. †Phenotypic antimicrobial susceptibility testing performed with
theAustralianGonococcal SurveillanceProgramme agar dilutionmethod. ‡Non-wild-
type with no exact allele match.

Table 2: Characteristics of the primary dataset* of Neisseria gonorrhoeae
isolates
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serum resistance, and host immune manipulation).27 The
challenge strain selection criteria were therefore judiciously
chosen to ensure a sufficient number of isolates would be
available to achieve diversity among the final challenge
strainpanel,while also ensuring the clinically relevant safety
and generalisability criteria were met.
Comparison of the isolates within our geographically

restricted primary dataset and available genomes from
around theworld showed the extensive genomic diversity of
N gonorrhoeae both within and across different geographical
regions. This genomic diversity represents an important
challenge to identification of an appropriate N gonorrhoeae
challenge strain, for which generalisability is a key feature.
To maximise generalisability, we did not focus exclusively
on genomic diversity but also included parameters such as
anatomical site of infection and geographical location. We
observed a high prevalence of putative vaccine antigen tar-
gets in the N gonorrhoeae isolates in our primary dataset.
This finding was expected, as high prevalence within glo-
bally circulating strains is a key feature of an ideal vaccine
target.28

Tomaximise safety,we removed isolateswith genotypicor
phenotypic resistance profiles. However, applying a selec-
tion strategy that only included isolates with no genotypic or
phenotypic resistance substantially restricted the number of
candidate isolates, compromising the global relevanceof the
final strain panel. Accordingly, we prioritised clinically
relevant genotypic or phenotypic resistance (eg, by remov-
ing isolates with phenotypic resistance to ceftriaxone, azi-
thromycin, ciprofloxacin, and tetracycline, but keeping
isolates that were less susceptible to penicillin). Despite this
approach, the majority of our candidate challenge strains
formed a single clade within the global N gonorrhoeae phyl-
ogeny, with most isolates belonging to lineage B (which is
associated with heterosexual transmission networks and
antimicrobial susceptibility), and only one isolate belonging
to lineage A (which is associated with high-risk sexual net-
works and multidrug resistance).23 This finding shows the
difficulty of optimising safety but ensuring generalisability
in challenge strain selection for an organism such as
Ngonorrhoeaewith a high prevalence of AMR. Furthermore,
thisfinding shows how our genomics-based strain selection
approach can be rapidly adapted and modified to select
bacterial strains that suit the evolving goals of CHIM strain
selection over time.
We have selected a subset of potential challenge strains

for phenotypic assessment, which will include detailed
phenotypic characterisation, growth kinetics, infectivity,
serum sensitivity, and amenability to manufacturing pro-
cesses. Although our shortlisting process aimed to include a
bal phylogenetic context of the 86 challenge strain candidates
types for the 86 candidate challenge strains. (B) Distribution of NG-MAST sequence t
86 shortlisted genomes from the primary dataset and 6600 subsampled genomes fro
e 86 isolates that were shortlisted from the primary dataset with the key selection crite
included in the legend. The positions of strains FA1090andMS11,whichwere included i
e outermost ring (green lines). The scale bar is in units of nucleotide substitutions per sit
diversity of challenge strain candidates for further charac-
terisation, an inherent limitation of CHIM studies is that
they are restricted to theuse of a single or very small number
of challenge strains. The diversity of N gonorrhoeae pre-
cludes identification of a single representative challenge
strain. However, through our systematic approach to chal-
lenge strain selection, we aim to identify an isolate that is
amenable to oropharyngeal cell infectivity, does not have
phenotypic characteristics associated with disseminated
infection (eg, serum sensitivity), and remains stable in cell
bank manufacturing conditions.
This genomic study has several limitations. First, the

publicly available genomic data we used to contextualise our
data are inherently biased. In many genomic studies,
genomes are generated in the context of researchperformed
for unrelated purposes and isolates might therefore be
missing key metadata. For example, most genomic
sequences did not have a description of the anatomical site
of isolation. This missing information might have resulted
in anunderestimationofMLSTsandNG-MASTs associated
with oropharyngeal and urogenital infection. Second, there
was an over-representation of genomes from high-income
countries. The generalisability of the challenge strains
selectedwith ourmethodmight be reduced for geographical
regions with poorer representation, such as the eastern
Mediterranean. Finally, the data included in our primary
dataset were only obtained from culture isolates.
N gonorrhoeae infections diagnosed with only nucleic acid
amplification testing were not included, which might rep-
resent a notable selection bias. In Australia in 2020, 76% of
N gonorrhoeae infections were diagnosed with nucleic acid
amplification testing alone.29

In summary, through the application of a genomics-based
strain selection method, we have successfully identified a
shortlist of potential N gonorrhoeae challenge strains. From
this shortlist, the five isolates described in this study will
proceed to detailed phenotypic assessment and assessment
of stability in cell bank manufacturing conditions. Through
this process, a contemporary N gonorrhoeae challenge strain
will be developed for implementation in a novel oropharyn-
geal N gonorrhoeae CHIM. Leveraging a wealth of publicly
available genomic data, our approach provides a template for
investigators to rationally select an optimal panel of potential
CHIM challenge strains for further phenotypic character-
isation from similar datasets for other pathogens. This
approach substantially reduces the time and resources
required to select a contemporary challenge strain and
improves the transparency of challenge strain selection. It
also allows investigators to undertake an iterative approach to
strain selection, balancing ideal strain characteristicswith the
ypes for the 86 candidate challenge strains. (C) Phylogeny of 6686 Neisseria
m the global dataset. Annotation rings include country or continent, MLST, and
ria. Only MLST and NG-MAST sequence types with more than 150 and
na controlled human infectionmodel forNeisseria gonorrhoeaeurethritis developed
e. MLST=multilocus sequence type. NG-MAST=Neisseria gonorrhoeaemultiantigen
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Figure 3: Annotated subtree of
the 86 challenge strain
candidates and strains
FA1090 and MS11
The 86 potential candidate
strains were pruned from
figure 1. Strains FA1090 and
MS11 were included in a
controlled human infection
model for Neisseria
gonorrhoeae urethritis
developed in the 1980s.14

The 5 strains shortlisted for
phenotypic assessment are
highlighted in red. Metadata
are annotated. The last
column indicates the
availability of the isolate for
phenotypic characterisation.
The scale bar is in units of
nucleotide substitutions per
site. AZITH=azithromycin.
CIPRO=ciprofloxacin.
CTRIX=ceftriaxone.
MIC=minimum inhibitory
concentration.
MLST=multilocus sequence
type. NG-MAST=Neisseria
gonorrhoeae multiantigen
sequence type.
PEN=penicillin.
TET=tetracycline.
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features of real-world isolates, and enables rapid adaptation
to suit the evolving goals of CHIMs.
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