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Abstract

Ronza Hadad (2022): Implementation of strategies for management and
prevention of sexually transmitted infections with focus on Neisseria
gonorrhoeae and Chlamydia trachomatis. Orebro Studies in Medicine 267.

Sexually transmitted infections (STIs) are a public health issue of great
importance worldwide, with effects on fertility and reproduction. Chla-
mydia trachomatis and Neisseria gonorrhoeae, causative agents of chla-
mydia and gonorrhoea, respectively, are the most common bacterial STIs
with an estimated 127 million new global cases of chlamydia and 87
million new gonorrhoea cases. The continued emergence of antimicrobi-
al resistance (AMR) in N. gonorrboeae may in the future lead to an un-
treatable infection. Prevention of these infections and controlling the
development of AMR rely on several strategies developed by the World
Health Organization (WHO). This thesis aimed to implement several of
these strategies, including supporting vaccine development for C. tra-
chomatis and N. gonorrhoeae, evaluating molecular methods for detect-
ing N. gonorrboeae, predicting AMR and supporting surveillance of the
spread and prevalence of AMR in N. gonorrhoeae. The present studies
on a C. trachomatis recombinant vaccine antigen and the investigation
of similarities of N. gonorrboeae antigen amino acid sequences to the
antigens included in the meningococcal vaccine 4CMenB contributed to
the field of vaccine development for STIs. The assay SpeeDx Re-
sistancePlus® GC performed well in detecting N. gonorrhoeae and pre-
dicting ciprofloxacin resistance and could be used in AMR surveillance
and individualised treatment. In 2016, the first national genomic surveil-
lance of all N. gonorrhoeae isolates in Sweden was performed. This na-
tional surveillance study included whole-genome sequencing combined
with phenotypic AMR and epidemiological data, which provides valua-
ble information on circulating strains, epidemiology and phylogeny.
Greater knowledge of gonorrhoea and gonococcal AMR epidemiology
could inform decisions on guidelines and prevention. It is essential to
continue to implement WHO strategies at the national and global levels
to prevent and control chlamydia and gonorrhoea infections.

Keywords: Neisseria gonorrhoeae, epidemiology, whole-genome
sequencing, antimicrobial resistance (AMR), Chlamydia trachomatis,
vaccine, strategies, management and prevention.
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Sammanfattning

Sexuellt 6verforbara infektioner ar ett stort folkhdlsoproblem viarlden 6ver
som pdverkar reproduktiv hilsa. Chlamydia trachomatis och Neisseria
gonorrboeae, bakterierna som orsakar klamydia och gonorré, ar de van-
ligaste bakteriella sexuellt overforbara infektionerna med 127 miljoner
respektive 87 miljoner estimerade nya globala fall bland vuxna per ar.
Forutom den hoga infektionsbordan dr den fortlopande utvecklingen av
antibiotikaresistens hos N. gonorrboeae ett stort bekymmer di det kan
leda till att gonorré blir obehandlingsbar. Prevention av de hir infektion-
erna, samt att kontrollera utvecklingen av antibiotikaresistens, bygger pa
flera strategier som tagits fram av Virldshilsoorganisationen (WHO).
Syftet med denna avhandling var att implementera ett flertal av dessa stra-
tegier, specifikt att stodja arbetet med att utveckla vaccin mot N. gonorr-
hoeae och C. trachomatis, utvirdera molekylira tester for detektion av N.
gonorrhoeae och markorer for att forutspd antibiotikaresistens samt att
stodja overvakningen av spridningen och forekomsten av antibiotikare-
sistens hos N. gonorrbhoeae. Utvirderingen av ett syntetiskt C. trachomatis
vaccinantigen och undersokningen kring likheterna mellan N. gonorr-
hoeae proteinsekvenser som motsvarar de antigen som ar inkluderade i
meningokockvaccinet 4CMenB (och ev. korsreaktion), har bidragit till
forskningsomrddet inom vaccinutveckling for sexuellt 6verforbara infekt-
ioner. Metoden SpeeDx ResistancePlus® GC visade pa goda resultat for
att kunna detektera N. gonorrboeae och att forutsiga resistens mot anti-
biotikan ciprofloxacin och kan dirfér anvindas for bade 6vervakning av
resistens samt for individanpassad behandling. Slutligen, den forsta nat-
ionella genomiska overvakningen av alla N. gonorrboeae isolat i Sverige
under ett dr genomfordes, inklusive sekvensering av arvsmassan i kombi-
nation med antibiotikaresistens och epidemiologiska data. Detta gav vir-
defull information kring cirkulerande stammar i samhillet, epidemiologi
och det genomiska sliktskapet. Det forbdttrade kunskapsldget kring
spridningen och forekomsten av antibiotikaresistens hos N. gonorrboeae
kan paverka beslut kring rekommendationer och prevention. Det dr nod-
vandigt att kontinuerligt implementera WHO strategier, badde nationellt
och globalt, for hantering och kontroll av klamydia och gonorré.
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Introduction

Sexually transmitted infections in a historical perspective

Indications of sexually transmitted infections (STIs) date back to the earliest
written narratives. Symptoms have been described in several old writings
from ancient Egypt, Greece, and the Old Testament, which mention symp-
toms of acute urethritis and unclean bodily discharge that may indicate bac-
terial infection. The origin of the word gonorrhoea, derived from the Greek
language, means “flow of seed,” referring to the involuntary discharge [1].
The causative agent of gonorrhoea, Neisseria gonorrboeae, was first de-
scribed in 1879 by Albert Neisser [2]. Similarly, genital chlamydia and tra-
choma, causative agent Chlamydia trachomatis, was indicated in 2700
years BC in China and by ancient Egyptian physicians [3] and was first sci-
entifically described by Halberstaedter and von Prowazek in 1907 [4]. The
word chlamydia (meaning cloak) was derived from the original misclassifi-
cation as a protozoan, which was later changed to a virus. It was not until
the beginning of the 1960s that the organism proved to be a bacterium [5].
Data on gonorrhoea cases in Sweden have been reported since 1912 and
chlamydia since 1982. However, mandatory partner notification and con-
tact tracing in Sweden, regulated by the Communicable Diseases Act, be-
came effective in 1988 [6, 7].

The World Health Organization (WHO) was officially established in
1948 [8]. The objective of WHO is to promote public health, which includes
prevention and reduction of risk factors associated with health risks. Among
the priorities was to work towards improved sexual and reproductive
health, including collecting accurate epidemiological data to control the
spread of STIs. The massive task of reducing the global spread of STIs is
managed through defined WHO strategies. Implementing these strategies
aims to control the uncontrolled spread of STIs and improve global repro-
ductive health in developing and industrialised countries [9].

Prevalence of sexually transmitted infections

WHO periodically publishes global estimates of four major curable STIs:
gonorrhoea, chlamydia, syphilis (Treponema pallidum subspecies pallidum)
and trichomoniasis (Trichomonas vaginalis) [10-13]. In the most recent
published report from 2016, WHO estimated the incidence of these four
STIs to be 376 million new global cases among adults each year (Figure 1),
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with gonorrhoea and chlamydia accounting for 87 million and 127 million
new cases, respectively, among 15-49-year olds [14]. The true prevalence is
difficult to estimate as evidence-based studies in general populations are
limited in most areas, and screening, surveillance and reporting methods
vary considerably. The estimated incidence of gonorrhoea is the highest in
the WHO African Region and generally in low-income countries as opposed
to chlamydia, which was the highest in the WHO Region of the Americas
and mostly in upper-middle-income countries [14]. Generally, the preva-
lence of STIs tends to be higher in urban areas, younger age groups [10] and
in sub-populations such as men who have sex with men (MSM) and sex
workers [15]. Specifically for gonorrhoea, it is most prevalent in the age
groups 25-44 years and MSM accounts for a high proportion of reported
gonorrhoea cases in most developed settings [16, 17]. Chlamydia is consist-
ently prevalent in young adolescents and adults <25 years, in addition to
the association with behavioural risk factors (e.g., inconsistent condom uses
and multiple new partners per year) [15, 18].

In Sweden, the gonorrhoea incidence in 2017-2019 increased from 25 to
31 cases per 100 000 inhabitants. The incidence was highest in the age
groups 20-34 years in men and 20-24 years in women, with the majority
(78% in 2017 to 73% in 2019) diagnosed in men and most frequently in
MSM. Reported domestic cases in 2018-2019 were 70-75% and foreign
cases about 25% [19]. In 2020 the incidence of reported cases decreased for
the first time in a decade (to 25 cases per 100 000 inhabitants). The decrease
was significant compared to the average incidence in 2017-2019, which is
most likely linked to the implementation of social and physical restrictions,
decreased STI testing and travel restraints due to the COVID-19 pandemic
[19, 20].

The chlamydia incidence in Sweden in 2017-2019 increased from 333 to
336 cases per 100 000 inhabitants. However, the average chlamydia inci-
dence has decreased by 2.5% per year from 2007 to 2018. The majority of
infections (50-60%) were diagnosed in women and the incidence was high-
est in age groups 20-24 years in men and 15-24 years in women [21]. Simi-
larly to gonorrhoea, reported chlamydia cases decreased in 2020, but this

decrease was not significant compared to the average incidence in 2017-
2019 [20].
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Figure 1. Estimates of the 2016 incidence of gonorrhoea and chlamydia globally
and divided into WHO regions [14]. Numbers with solid and dashed lines depict
estimates of the number of million gonorrhoea and chlamydia cases, respectively.

Clinical management of gonorrhoea and chlamydia

N. gonorrhoeae causes inflammation of the infected anatomical site, result-
ing in, for example, urethritis, cervicitis, conjunctivitis, pharyngitis and
proctitis. If symptoms are present, they are usually nonspecific. Urogenital
infections in men are symptomatic in >90% of cases and the predominant
symptoms are urethral discharge (frequently mucopurulent) and dysuria.
Endocervical and urethral infections in women may cause symptoms such
as mucopurulent and altered vaginal discharge, lower abdominal pain, dys-
uria or intra-menstrual bleeding. However, most infections (>50%) in
women are asymptomatic. Pharyngeal and rectal infections are usually
asymptomatic in both sexes [16, 22]. The symptoms of C. trachomatis in-
fections in men and women are similar to N. gonorrboeae and asympto-
matic infections are usually present in >50% of men and 70-95% of women
[18]. If the N. gonorrboeae and C. trachomatis urogenital infections remain
untreated, they may ascend and cause more severe complications, including
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pelvic inflammatory disease, chronic pelvic pain, ectopic pregnancy and in-
fertility in women and epididymitis and epididymo-orchitis in men [16, 18,
22]. Pregnant women with urogenital N. gonorrboeae or C. trachomatis
infection may transmit the infection to their child during vaginal delivery,
causing conjunctivitis or, in case of C. trachomatis infection, pneumonia
[16, 18]. If untreated, N. gonorrboeae may cause ophthalmia neonatorum,
leading to a high risk of blindness [23]. In rare cases, N. gonorrbhoeae infec-
tion may lead to disseminated gonococcal infection with such symptoms as
cutaneous lesions, arthritis and arthralgia [16, 24]. Long-term eye infection
of C. trachomatis serovars/genovars A-C, transmitted by direct or indirect
contact, may lead to trachoma that causes scarring and eventual blindness
[25]. An additional consequence of urogenital gonorrhoea and chlamydia is
the increased risk of HIV transmission [26].

According to European guidelines, the current treatment for gonorrhoea
in Sweden is a single dose of ceftriaxone 1 g for uncomplicated urogenital
infection [27]. Swedish and international recommendations for treating
chlamydia with uncomplicated infection is doxycycline 100 mg twice daily
for a week. Swedish guidelines discourage using azithromycin for chlamydia
treatment because of the risk of antimicrobial resistance (AMR) selection in
Mycoplasma genitalium, N. gonorrboeae and T. pallidum. There is no evi-
dence of stable genetic or phenotypic AMR in clinical C. trachomatis lead-
ing to treatment failures [18, 27, 28].

Prevention of sexually transmitted infections

Prevention of transmissions of STIs includes community-based methods
achieved through interventions focused on five areas [29]: (i) epidemiologic
targeting of populations at high risk, (ii) primary prevention such as educa-
tion and condom use, (iii) availability of healthcare services, including man-
agement of patients, screening programmes and counselling, (iv) building
enabling environments, i.e. addressing social, cultural, political and eco-
nomic factors influencing sexual and reproductive health [29, 30] and (v)
reliable surveillance data to guide decisions and management. STI surveil-
lance should be based on routine STI case reporting and monitoring of
AMR, risk behaviour and STI services [29].

In Sweden, opportunistic testing of STIs is implemented where testing for
gonorrhoea and chlamydia (as well as syphilis and HIV) is offered by
healthcare services without cost to the patient. N. gonorrhoeae and C. tra-
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chomatis are mandatory notifiable infections and notified by both labora-
tories and physicians [7]. In case of a positive test result, sexual contact
tracing is initiated to control further transmission.

Neisseria gonorrhoeae

Taxonomy

The taxonomy of N. gonorrhoeae is determined by the phylogeny of con-
served signature sequences, and N. gonorrboeae belongs to the order of
Neisseriales and the family Neisseriaceae. This family comprises 10 genera;
Alysiella, Bergeriella, Conchiformibius, Eikenella, Kingella, Neisseria, Si-
monsiella, Stenoxybacter, Uruburuella, and Vitreoscilla [31]. The genus
Neisseria includes two strictly human pathogens, N. gonorrboeae and N.
meningitidis. Both pathogens share 80-90% genomic identity [32, 33], how-
ever, with distinct disease outcomes and only N. gonorrhoeae is an obligate
pathogen. Additionally, the genus comprises several commensal species, in-
cluding N. sicca, N. lactamica, N. subflava, N. perflava, N. cinerea, N. elon-
gata and N. flavescens [31]. The species mainly consists of Gram-negative
aerobic diplococcus with joining sides characteristically flattened. They lack
flagella and are non-sporulating bacterium with optimal growth in a humid
atmosphere enriched with 5% carbon dioxide at 35-37°C. Owing to the
wide range of oxygen levels in the male and female urogenital tract, N. gon-
orrhoeae can grow in aerobic to anaerobic conditions in a host [34].

Biology of N. gonorrhoeae

The bacterial cell wall comprises the outer and inner membrane separated
by a thin peptidoglycan layer. Various proteins, intra- and extracellular, are
present for one or several purposes, such as adherence, colonisation, viru-
lence, immunogenic or immune evasive capacity (Figure 2). The pili and the
opacity (Opa) proteins are essential for attachment and subsequent coloni-
sation of the host [35, 36]. N. gonorrhoeae carries the type IV pilus involved
in initial adherence to the mucosa, cells and tissues, as well as microcolony
formation, twitching motility, resistance to neutrophil-mediated killing and
transformation [36, 37]. N. gonorrhoeae is naturally competent for trans-
formation, meaning they can during all phases of growth acquire extracel-
lular deoxyribonucleic acid (DNA) by horizontal gene transfer, which oc-
curs through type IV pilus [37, 38]. Noteworthy, clinical isolates cultured
in laboratories lose the expression of pilus, suggesting selective pressure in

RONZA HADAD Management and prevention of sexually transmitted infections 19



a natural environment [22]. The Opa proteins are involved in enhanced ad-
hesion by binding to various receptors on host cells and tissues, such as the
carcinoembryonic antigen-related cell adhesion molecule (CEACAM) recep-
tor family [39]. The most abundant protein on the cell surface is the PorB
protein, a porin with multiple functions. This transmembrane porin, en-
coded by the porB gene, regulates the ion exchange and transports small
molecules. It also increases attachment, impairs phagocytosis, resists com-
plement factors (through binding of C4 binding protein and factor H) and
is involved in AMR [40-44]. Furthermore, lipooligosaccharides (LOS), re-
leased together with peptidoglycan, may act as a toxin and facilitate trans-
mission and sialylated LOS inhibits complement activation by binding of
factor H and decreased binding of iC3b [45, 46]. Iron acquisition is an es-
sential part of survival for N. gonorrboeae and several iron transport sys-
tems exist: for example, the transferrin-binding protein (Tbp) A and B, lo-
cated in the membrane. TbpA acts as a transporter protein by binding trans-
ferrin and transporting iron across the membrane while TbpB substantially
increases iron uptake efficiency [47]. Lastly, an important presence in the
outer membrane is the main and most characterised efflux pump system,
the MtrCDE complex, one of five defined efflux pump systems in N. gon-
orrhoeae. The main function is to export hydrophobic and toxic molecules
such as fatty acids, cationic peptides and antimicrobial agents [22, 48]. Alt-
hough not surface exposed, other important proteins are the penicillin-bind-
ing proteins (PBPs). These enzymes are involved in the peptidoglycan as-
sembly by transglycosylase (PBP1) and transpeptidase (PBP1 and PBP2) ac-
tivity, constituting the cell wall. With the high structural similarity between
the substrate of transpeptidase and B-lactam ring present in certain antimi-
crobials, these proteins have been a long-standing target for several antimi-
crobials [49].
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Figure 2. lllustration of structures and proteins present in Neisseria gonorrhoeae
membrane. Type 1V pilus and opacity (Opa) proteins are involved in adbesion to
host cells and lipooligosaccharide (LOS) acts as a toxin. The type IV pilus also
facilitates DNA transportation across the membrane. The porin PorB is involved
in the influx of molecules and MtrCDE efflux pump in the efflux of molecules.
Reduction-modifiable protein (Rmp) is associated with immune evasion by block-
ing the binding of host antibodies to PorB. The penicillin-binding proteins (PBPs)
are involved in peptidoglycan synthesis. Image created in BioRender.com.

Emergence of N. gonorrhoeae antimicrobial resistance

In the pre-antimicrobial era, treatment of gonorrhoea embodied lifestyle
changes (e.g., fresh air and rest, abstinence from alcohol and sexual activity)
and systemic treatment with various balsams, metallic compounds and hy-
perthermia [23]. In the mid-1930s, antimicrobial treatment of gonorrhoea
was introduced using sulfonamides [50]. Different agents of sulfonamides
were used during the following decade; however, by the late 1940s, most
isolates were resistant [51]. Simultaneously, the development of penicillin
was ongoing after its accidental discovery in 1928. Still, it was not until
1943 that penicillin was properly evaluated to treat N. gonorrboeae and
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replaced sulfonamides. Low dosage was used due to limited supply and cost,
and its use was restricted to severe infections [52, 53]. Treatment of N. gon-
orrhoeae with penicillin continued for many decades after its introduction,
although with increasing concentrations due to the rise of resistance [54,
55]. The occurrence of B-lactamase plasmids in 1976 [56], resulting in deg-
radation of the B-lactam structure of penicillin and high-level resistance,
caused major concern when it spread internationally. The progression of
penicillin resistance continued and chromosomally mediated resistance was
described a decade later [57] and is still widespread throughout the globe.
Patients who could not receive penicillin treatment were treated with a dif-
ferent compound, tetracycline. The agent inhibits protein synthesis specifi-
cally by targeting 30S ribosomal ribonucleic acid (rRNA) [58]. This antimi-
crobial compound was discovered in 1945 from a fungus found in soil,
which was effective in treating both Gram-positive and Gram-negative bac-
teria. It was later modified and named tetracycline [59, 60]. However,
global tetracycline resistance was observed in the 1960s [58, 61], and the
high prevalence resulted in its abandonment as an option for treatment by
the end of 1980 [1].

The discovery of antimicrobial agents continued when spectinomycin
was isolated from Streptomyces spectabilis in 1960 [62] and subsequently
used for gonorrhoea treatment as an alternative antimicrobial for penicillin-
resistant isolates [63]. However, quickly after its introduction, spectinomy-
cin resistance was found in a penicillin-susceptible isolate [64] and over a
decade later also in penicillin-resistant isolates [65]. In some local settings
where spectinomycin was used as first-line treatment, resistance emerged
rapidly [66] and was later reported internationally [67]. Spectinomycin is
not frequently used due to limited availability in many countries and fear of
emerging resistance [23].

The fluoroquinolone ciprofloxacin, administered as a single oral dose,
has been used as a first-line treatment for gonorrhoea since the mid-1980s
[23, 68]. Fluoroquinolones inhibit the targets DNA gyrase and topoisomer-
ase IV resulting in bactericidal activity [69]. Quinolone was first discovered
in the 1960s as a by-product of chloroquine, which is used against malaria
and is a predecessor to the broad-spectrum antimicrobial fluoroquinolone
[23]. Clinical failure was reported in 1989 [70], and fluoroquinolone re-
sistance spread quickly. By the end of the 1990s, the Western Pacific region
abandoned fluoroquinolones as a first-line empirical treatment [23, 71]. Eu-
rope and the USA soon followed [72, 73], and the prevalence of ciproflox-
acin-resistant isolates remains high [74-76].
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Azithromycin, belonging to the macrolides, inhibits the protein synthesis
by binding and disrupting the interaction between 50S ribosomal subunit
and 23S rRNA close to the exit tunnel [77]. Azithromycin was developed in
1980 as a synthetic derivative of erythromycin, which proved effective
against N. gonorrhoeae. Decreased susceptibility to azithromycin first
emerged in Latin America [78] and then spread globally [75, 76, 78-81].

1930 1940 1950

.namides
.illin (increasing dose) quinolones

therapy, AZM+CRO
sing dose)

Figure 3. Antimicrobial agents used in treating gonorrhoea since the start of the
antimicrobial era. Abbreviations: ESCs, extended-spectrum cephalosporins;
AZM, azithromycin; CRO, ceftriaxone.

Extended-spectrum cephalosporins (ESCs) are B-lactam antibiotics that
target peptidoglycan synthesis; however, unlike penicillin, they are stable
from degradation by B-lactamase. Cephalosporin was first discovered in the
fungus Acremonium chrysogenum in 1948 but was not commercialised un-
til 1964 [82]. There are five generations of cephalosporins because of dif-
ferent structural alterations to the molecule. The third-generation, i.e. ceftri-
axone and cefixime, is effective against N. gonorrhoeae and other Gram-
negative bacteria [83]. In many countries, ESCs are the last option for em-
pirical first-line monotherapy of gonorrhoea [23, 84], but this may not last.
The emergence of decreased susceptibility to ESCs in N. gonorrboeae began
in Japan in the late 1990s when subinhibitory concentrations of several dif-
ferent oral cephalosporins were administered [85]. At the beginning of the
millennium, reported resistance included treatment failures with cefixime
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[86]. Resistance to ESCs has spread internationally with reports of addi-
tional treatment failures with ceftriaxone in Japan, Australia and Europe
[87-91]. International transmission of ceftriaxone resistance has been asso-
ciated with the dissemination of strain FC428 and its sublineages, including
the mosaic penA 60.001 allele, since 2015 [92-935]. Strains with ceftriaxone
resistance and high-level azithromycin resistance have been described in the
United Kingdom and Australia [96, 97]. However, the first described high-
level ceftriaxone resistant N. gonorrboeae strains appeared to have had a
fitness cost, making the strains unlikely to spread [91, 98-100].

A summary of antimicrobial agents used for N. gonorrboeae treatment
over time is shown in Figure 3. History has shown the remarkable ability
and consistency of N. gonorrbhoeae to survive and adapt to selective pressure
for the past century. The emergence of resistance to antimicrobials used for
the treatment of gonorrhoea mostly spread internationally within one to
two decades of their introduction as recommended first-line therapies. Ef-
fective evasion is possible through various genetic mechanisms, such as the
inherent ability for extracellular DNA uptake, genetic exchange and recom-
bination.

Genome and genetic mechanisms of N. gonorrhoeae
The genome of N. gonorrhoeae is approximately 2.2 million base pairs (bp)
[101], and most isolates contain several plasmids (e.g., the conjugative and
the cryptic plasmid). The conjugative plasmid is the largest with 42 kbp and
encodes genes necessary for conjugation [102]. In contrast, the cryptic plas-
mid lacks known function and virulence traits. The cryptic plasmid com-
prises 4.2 kbp present in >90% of N. gonorrboeae isolates [102, 103]. Ad-
ditionally, a B-lactamase plasmid (carrying the B-lactamase TEM (blarem)
gene) may be present (size ranging from 3-9 kbp), conveying high-level pen-
icillin resistance. Different B-lactamase plasmids with divergent size and
DNA sequences have been identified and named after their geographic
origin, such as the African, Asian and Rio/Toronto plasmids [22, 102].
Plasmids are easily transferred between isolates by conjugation. How-
ever, N. gonorrhoeae is also naturally competent for transformation and
can acquire extracellular DNA from the environment through the type IV
pili or recognize the DNA uptake sequences and then incorporate that DNA
in the genome [104]. Similarly, N. gonorrboeae can secrete chromosomal
DNA made available for transformation by another cell [105], i.e. exchange
genetic material by horizontal gene transfer. Transposons (or “jumping
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genes”) are elements with inverted repeats that can move within the genome
and may incorporate extra genetic material [102]. Additionally, nearly 80%
of N. gonorrhoeae isolates comprise a 57 kbp region called the gonococcal
genetic island. This region contains genes similar to the encoding type IV
secretion system and enables DNA exchange between N. gonorrbhoeae iso-
lates. The gonococcal genetic island is rarely found in commensal Neisseria
species [22, 102].

Comparison of N. gonorrboeae with other Neisseria species has shown
high homology between genomes that facilitate recombination and ex-
change of genetic material [32, 33, 106, 107]. The ability for homologous
recombination is a significant attribute for the gain and spread of genetic
material, specifically AMR determinants [108]. The co-occurrence of N.
gonorrhoeae with naturally occurring commensal Neisseria species, to-
gether with exposure to antimicrobials, drives the development of AMR
[22, 108]. Pharyngeal infections may be accountable for the emergence of
many AMR mechanisms, where commensal Neisseria species act as reser-
voirs, and exchange of genetic material, including AMR determinants, oc-
curs between commensals and N. gonorrboeae [23, 107-109]. The close ho-
mology with commensal species and co-occurrence at infection sites, includ-
ing the high transformation and recombination rates, make N. gonorrhoeae
inclined to AMR development and exceptionally adaptable in environments
with selective pressure [108, 109].

Antimicrobial resistance determinants in N. gonorrhoeae

Phenotypic AMR is mainly achieved through enzymatic destruction or al-
teration of the antimicrobial, reducing affinity to the target or altering the
concentration of antimicrobials in the cell by decreasing the influx or in-
creasing the efflux of molecules. AMR in N. gonorrhoeae has emerged
through chromosomal and plasmid-mediated changes. Examples of plas-
mid-mediated resistance are the blarem and tetM genes [102]. The blatem
gene results in high-level resistance to penicillin. It is a cause for concern as
the blatem.13s, currently mainly found in the Rio/Toronto plasmid, is only
one single nucleotide polymorphism (SNP) from becoming an extended-
spectrum B-lactamase and capable of degrading cephalosporins [110]. An-
other penicillin AMR determinant is the ponA gene, coding for PBP1, where
the resistance mutation results in an L421P alteration and a two-fold in-
crease in minimum inhibitory concentration (MIC) for penicillin [111]. Sim-
ilar to penicillin, tetracycline resistance may be mediated through plasmid

RONZA HADAD Management and prevention of sexually transmitted infections 25



and chromosomal changes. High-level resistance to tetracycline is mediated
through the tetM gene, carried by some conjugative plasmids [112]. Addi-
tionally, the SNP in the rps] gene encoding S10 ribosomal protein confers
tetracycline resistance [113].

SNPs have been found to mediate phenotypic AMR to several drugs in
N. gonorrboeae. The C2611T and A2059G (Escherichia coli numbering)
mutations in the 23S rRNA gene, present in four copies in the genome, are
associated with moderate and high-level azithromycin resistance, respec-
tively. The level of resistance is dependent on the number of mutated alleles
[114]. Spectinomycin activity occurs through interactions with 16S rRNA
inhibiting the protein translation [115]. The SNP C1192T in the 16S rRNA
gene results in high-level spectinomycin resistance [116, 117]. Additional
rare mutations in the ribosomal protein S5, encoded by the 7psE gene, result
in different amino acid deletions (V25) or alterations (T24 and K26), caus-
ing low- to high-level resistance [117]. However, these mutations are rare
globally [23, 117]. SNPs in the gyrA gene, causing GyrA alternations at
positions S91 and D93, result in ciprofloxacin resistance. Additional muta-
tions in the parC gene, encoding the topoisomerase IV, result in a high-level
ciprofloxacin resistance [118].

The primary resistance determinant for the emerging resistance to ESCs
is mosaic penA alleles, which code for mosaic PBP2, containing up to 60-
70 amino acid substitutions compared to the wild type (WT) allele. The
emergence of these mosaic alleles has been due to DNA transformation and
recombination with partial penA genes from commensal Neisseria species,
most likely in the pharynx [119, 120]. Certain positions with amino acid
substitutions in the PBP2 have been linked to decreasing susceptibility to
ESCs, to date at positions 311, 312, 316, 483, 501, 512, 542, 545 and 551
[121-125]. Recently, alterations in RNA polymerase sigma factor (RpoD)
and RNA polymerase beta subunit, specifically P157L, G158V and R201H,
have been associated with decreased susceptibility or resistance to ceftriax-
one [126].

Proteins in the outer membrane that control the import and export of mol-
ecules (such as the MtrCDE efflux pump and PorB1b porin) also contribute
to the increased AMR in N. gonorrhoeae. MtrR is a key regulatory protein
that directly or indirectly affects at least 69 genes. The MtrCDE complex,
regulated by the MtrR repressor protein, is coded by the mirCDE operon.
Mutations in the repressor gene mirR, i.e. single A-deletion in the promoter
or MtrR G45D substitution, result in reduced inhibition of the transcription
of the mtrCDE operon [127, 128]. Overexpression of the MtrCDE efflux
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pump causes an increased efflux of substrates, including antimicrobials
(e.g., penicillins, ESCs, macrolides and tetracyclines) [23, 113, 120, 127].
Mutations in the porB1b gene, resulting in penB AMR determinant and
PorB1b alterations (G120K and G121A/D), decrease the influx of antimi-
crobials [129]. The mtrR and penB AMR determinants act synergistically
to increase AMR in N. gonorrboeae [42, 120, 130]. The ceftriaxone re-
sistance is more dependent on the combination of m#rR and penB AMR
determinants than cefixime [120]. An additional mechanism, acquired
through recombination with other Neisseria species, is the mosaic alleles of
mtr locus. These mosaic alleles are associated with low-level azithromycin
resistance [131, 132].

A summary of AMR determinants and the associated antimicrobial is
shown in Figure 4.

Gonorrhoea treatment

Traditionally, the criterion for recommended treatment of gonorrhoea has
been a single dose with a cure rate of >95% [134]. However, given the lack
of antimicrobial alternatives and to minimise the emergence of resistance to
ESC, dual antimicrobial therapy for gonococcal infections has been used in
the past decade. Currently, European guidelines recommend a dual therapy
(ceftriaxone 1 g and azithromycin 2 g), in addition to a test of cure after
treatment [16]. Ceftriaxone 1 g monotherapy can be used in well-controlled
settings, i.e. where AMR is continuously monitored, ceftriaxone resistance
is lacking, and a test of cure is performed. However, recommended treat-
ment of gonorrhoea has not reached a global consensus. WHO [135], Aus-
tralia [136] and Canada [137] also recommend dual therapy while the USA
and the UK recently have returned to monotherapy, specifically recommend
ceftriaxone (500 mg) single dose [138] and ceftriaxone (1 g) [139], respec-
tively. Unfortunately, isolates with both ceftriaxone resistance and interme-
diate to high-level resistance to azithromycin have already been described
[97, 140-142].
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Chlamydia trachomatis

Taxonomy

Describing the genus belonging and nomenclature of Chlamydia species has
been an ongoing process. The pathogen was previously considered a virus
as it depended on host cells for survival but was later determined to be an
obligate intracellular bacteria [5]. Similarly, the taxonomy of the family
Chlamydiaceae and genera within the family have been subjected to change
several times. Before 1980, there were only two Chlamydia species, C. tra-
chomatis and C. psittaci [143]. However, newly developed DNA technolo-
gies enabled further classifications and inclusion of species [144, 145]. In
1999, a new classification system was proposed based on ribosomal genes.
Accordingly, the species C. psittaci, C. pneumoniae and C. abortus were
reclassified as Chlamydophila [144]. A decade later, most of the scientific
community had rejected this nomenclature. With the addition of the ge-
nome- and protein-based comparison among different species, it was pro-
posed to return to the previous classification [146, 147]. Full consensus on
nomenclature has still not been reached [148]. As recognised by the Inter-
national Committee on Systematics of Prokaryotes, the current taxonomy
asserts that the order is Chlamydiales and family Chlamydiaceae. The fam-
ily comprises the genera Chlamydia, Candidatus Rubidus and Candidatus
Amphibiichlamydia, of which Chlamydia includes 15 species, including C.
trachomatis, C. muridarum, C. pneumoniae and C. psittaci [148, 149]. Dif-
ferent species of Chlamydia are associated with specific hosts and C. tra-
chomatis is a strictly human pathogen; C. muridarum and C. psittaci are
mainly pathogens for mice and birds, respectively [150].

Biology of C. trachomatis
C. trachomatis depends on the host cell for energy and necessary nutrients.
C. trachomatis has a unique replication cycle (Figure 5), enabling alterna-
tion between two forms: elementary bodies (EBs) and reticulate bodies
(RBs). The EB is the infectious but metabolically inactive form of Chlamydia
with a size of approximately 0.3 pm. The EB appears dense in an electron
microscope. Inside the host, EBs start to transform to the larger (~1 pm)
non-infectious but metabolically active RBs and the host cell will contain a
mixture of the two forms [151].

Chlamydia is similar to other Gram-negative bacteria with outer and in-
ner cell membranes. A large part of the outer membrane, approximately
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60%, consists of the major outer membrane protein (MOMP), a ~40 kilo-
dalton (kDa) transmembrane protein [152] rich in cysteine residues. The
protein structure is composed of five conserved regions and four variable
segments (VS) [153]. MOMRP is expressed in both the EB and RB, and the
protein structure is supported by cross-linking of disulphide bonds [154].
The MOMP protein is oxidised and extensively cross-linked in the EB,
providing a very stable outer membrane. In contrast, the RBs have a reduced
and monomeric form of MOMP, enhancing pore formation and creating an
active osmotic membrane [154, 155]. MOMP VS are highly immunogenic
and contain T-cell and B-cell epitopes [156, 157]. The MOMP protein
forms the basis for traditional typing of C. trachomatis by using antibodies
for serovar determination. This method has characterised C. trachomatis
into 15 serovars: A to K and L1 to L3. Serovars A-C are associated with
trachoma, D-K with urogenital infections and L1-L3 with the more invasive
infection lymphogranuloma venereum (LGV) [158]. Although the MOMP
protein is serovar-specific, similarities between several serovars exist, and
immunogenic cross-reaction between multiple serovars is possible [159].
The development of molecular methods has allowed the characterisation of
C. trachomatis by sequencing the ompA (ompl) gene, encoding the MOMP
protein, and enabling discrimination into different genovars [160].
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Figure 5. The development cycle of Chlamydia species depends on the host cell
for survival and replication. The cell cycle starts with the initial infection by an
elementary body (EB), transforming into a larger and metabolically active retic-
ulate body (RB) inside an inclusion body. RBs are converted back to EBs and
released within 40-48 hours and can infect new cells [161].

Vaccine candidates

The primary actions for prevention (sex education, condom promotion and
sexual contact tracing) have been implemented for decades but have had
limited success in combatting STIs [10-12, 14, 162-164]. Low and middle-
income countries suffer from the highest prevalence of gonorrhoea. How-
ever, despite all available interventions and full access to health services in
high and upper-middle-income countries, a substantial increase of gonor-
rhoea and very high rates of chlamydia infection remain [14, 162, 164].
Vaccines may be the only viable alternative for the long-term effects on the
global control of STTs, adverse outcomes and reduction of N. gonorrhoeae
AMR.
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N. gonorrhoeae vaccine candidates

The development of a gonorrhoea vaccine is still in early preclinical phases
with unresolved challenges, such as understanding and generating a protec-
tive immune response and defining ideal animal models [162, 165]. In the
past, only four N. gonorrhoeae vaccine candidates have reached clinical tri-
als: specifically whole-cell vaccine [166], partially autolysed N. gonorrhoeae
strains [167], a pilus-based candidate [168] and a PorB-based candidate
[169]. However, none of these vaccine candidates successfully generated
protection against N. gonorrboeae infection. Contributing factors to the
challenges of vaccine development is the immune evasive characteristics of
N. gonorrhoeae, including such factors as the inter- and intrastrain varia-
bility of antigens (Opa proteins, LOS, pili) [170-172], the presence of anti-
bodies to conserved reduction-modifiable protein (Rmp) that block anti-
porB bactericidal activity [173] and the inhibition of host complement sys-
tem [165, 174, 175].

Significant progress has been made in identifying gonococcal candidate
antigens in recent decades. Vaccine candidates with immunogenic proper-
ties involve the antigens 2C7 epitope of LOS [176], methionine sulfoxide
reductase [177], methionine binding component (MetQ) [178, 179], neis-
serial heparin-binding antigen (NHBA) [180] and outer membrane vesicles
(OMVs) that include antigens present in the outer membrane. The prospect
of the development of a vaccine for gonorrhoea has been pushed forward
based on recent observations using the meningococcal OMV vaccines.
OMVs are naturally produced by Neisseria species and released to the ex-
tracellular compartment [181]. Vaccinations against meningococcal group
B epidemics have previously used strains of N. meningitidis group B OMVs
for mass vaccinations of populations [182-184]. In New Zealand, mass vac-
cination of a meningococcal New Zealand group B OMV (MeNZB) was
administered in response to a meningococcal outbreak. A retrospective
study showed significantly decreased rates of gonorrhoea for the first time
compared to the unvaccinated. The estimated effect was 31%, and the an-
tibody concentrations were short-lived but provided proof of principle that
a large-scale reduction of gonorrhoea incidence is possible [185]. Smaller
retrospective studies have also been performed in Canada [186] and Cuba
[187], supporting the observations in New Zealand. MeNZB vaccine is no
longer available, but the same meningococcal OMYV is included in the com-
mercially available Bexsero meningococcal B vaccine. Bexsero also includes
the recombinant antigens in the previously named four-component menin-
gococcal group B (4CMenB) vaccine, including genome-derived neisserial
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antigens (GNAs) [188]. GNA antigens in the Bexsero vaccine have been se-
lected through reverse vaccinology [189]. They consist of the main immu-
nogenic antigens factor H binding protein (fHbp) and NHBA coupled with
accessory proteins GNA1030 and GNA2091, respectively, and Neisseria
adhesin A (NadA) protein [188].

C. trachomatis vaccine candidates

There has been ongoing vaccine development for C. trachomatis during the
past 70 years, starting with live or attenuated EBs [190], including some
recent studies using plasmid-deficient or UV-treated C. trachomatis as vac-
cine candidates [191, 192]. Most vaccine research has moved on to recom-
binant outer membrane proteins and synthetic peptides, such as the poly-
morphic membrane proteins [193, 194] and chlamydia protease-like activ-
ity factor [195]. However, the antigen that has been most extensively stud-
ied is the MOMP [190]. The MOMP has been and remains a promising
antigen in vaccine research for C. trachomatis due to the immunogenic
properties of its B- and T-cell epitopes and its abundance in the outer mem-
brane [156, 196]. A MOMP-based recombinant protein, CTH522, has re-
cently passed the clinical phase 1 trial. The recombinant protein comprises
segments of VS4 of the MOMP protein from serovars D, E, F and G. This
clinical trial is the first to be performed with genital chlamydia vaccine [197,
198].

Animal models

A significant challenge to properly evaluate vaccine candidates is the lack of
animal models that adequately mimic human disease infection as both N.
gonorrhoeae and C. trachomatis are strictly human pathogens. A few ex-
periments have been performed on human volunteers for studies on the nat-
ural immunity of N. gonorrhoeae. However, these infection models are lim-
ited as group sizes are restricted and infection must be terminated at the first
sign of disease [199-202]. Non-human primates, such as chimpanzees and
orangutans, have been used for gonorrhoea and chlamydial infections but
are restricted due to ethical considerations, limited availability and high
costs [203, 204]. Murine models, in particular mice, are extensively used in
research for in vivo experiments and, for genital infections, rely on hormone
treatment to enable colonisation of the genital tract [205, 206]. There are
many advantages to using mice, including their small size and the ability to
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be genetically engineered. In chlamydia research, different species of the ge-
nus Chlamydia have been used in their natural host to model C. trachomatis
infections in humans. The most common is C. muridarum in mice, which
has been used to elucidate disease pathology, protective immunity and in-
fectious challenges after immunisations with vaccine candidates [190].
Transgenic mouse models, expressing human transferrin [207] and CEA-
CAM [208], have been developed to mimic human N. gonorrboeae infec-
tion. Recently, N. gonorrboeae infection was able to be sustained in the
upper reproductive tract in a mouse model by the addition of human trans-
ferrin [209]. These mouse models may be useful for in vivo testing of ther-
apeutic products.

Adjuvants

An important aspect to consider in generating immunity is choosing an ad-
juvant that is safe, non-toxic and can support the induction of a strong im-
mune response. Some currently used adjuvants are formulas based on alu-
minium salts, detoxified lipopolysaccharides and oil-in-water emulsions
[210]. Cholera toxin is a potent adjuvant but toxic if administrated nasally
as it may accumulate in the nervous system and cause damage. A new prom-
ising adjuvant, cholera toxin A1 subunit (CTA1), has been developed for
mucosal administration. It retains the adjuvant properties of the cholera
toxin but without the toxic side effect [211].

Clinical laboratory diagnostics
Many developing countries lack resources and laboratory infrastructure and
therefore only use syndromic management or possibly microscopy. N. gon-
orrhoeae could be diagnosed based on the microscopical detection of diplo-
cocci in urogenital smears from symptomatic males with urethritis. The
method, however, is substantially less reliable, particularly for cervical, rec-
tal and pharyngeal samples [212]. Diagnosis by culture provides viable bac-
teria that can be diagnosed and distinguished from other Neisseria species
by, for example, a rapid positive oxidase test, carbohydrate/sugar utilisation
test (positive for glucose and negative for maltose and fructose) and by using
matrix-assisted laser desorption time-of-flight (Maldi-TOF) [213], an easy
and fast method for species identification of N. gonorrhoeae.

Culturing C. trachomatis requires using cell culture, which is both time-
consuming and laborious. Enzyme immunoassays were developed in the
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1980s, which provided a faster and easier diagnostic method [214]. How-
ever, large-scale testing was not performed until the development of auto-
mated molecular techniques, i.e. nucleic acid amplification tests (NAATS).
NAATS that simultaneously detect N. gonorrhoeae and C. trachomatis are
most frequently used, particularly in developed countries. The transition
from culture to using NAATSs for diagnostics of N. gonorrhoeae and C. tra-
chomatis provides many advantages: higher sensitivity, the use of non-inva-
sive samples for screening, easier sample handling (including transportation
and storage where viable bacteria is not a requirement) and the ability to
perform high-throughput screening [22, 215]. This transition has resulted
in increased testing and treatment. It has also led to a transition of diagnos-
tic methods from culture to molecular tests, leading to less availability of
viable gonococcal isolates. Another consequence of the transition is the loss
of skills to perform culture, reliable phenotypic AMR detection and surveil-
lance in routine clinical settings.

Molecular methods for detection and characterisation

Nucleic acid amplification tests

Several NAATSs have been developed for the detection of STIs. Two com-
mon techniques are polymerase chain reaction (PCR) and transcription-me-
diated amplification (TMA) [216, 217]. The first NAAT used was based on
PCR, first published in 1985 [218]. PCR is performed by using specific pri-
mers to target genes in the genome. Applying different temperatures for de-
naturation, annealing of primers and DNA extension results in an exponen-
tial increase of the target gene and allows for detection by labelled probes,
fluorescent dyes or other post-PCR applications. The PCR method is illus-
trated in Figure 6.
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Figure 6. The polymerase chain reaction (PCR) method amplifies target DNA
and includes repetition of thermal steps: denaturation, annealing and extension.
These steps are run in cycles until the number of synthesised DNA targets reaches
detectable levels. Image created in BioRender.com.

TMA (Figure 7) use species-specific rRNA (e.g., 16S and 23S rRNA) as
a target for amplification [216, 217]. Briefly, the target rRNA is specifically
captured on magnetic beads where reverse transcriptase generates comple-
mentary DNA and double-stranded DNA, allowing RNA polymerase to
transcript the target back to RNA. The transcripts are detected using la-
belled probes and re-enter the cycle where reverse transcriptase generates
additional complementary DNA. This cycle of regeneration of the target
provides very high sensitivity.
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Figure 7. Schematic illustration of transcription-mediated amplification
(TMA) for detecting specific nucleic acid targets. The process involves the
enzymes reverse transcriptase (RT) and RNA polymerase and comple-
mentary DNA (cDNA) generation. Modified image reprinted with per-
mission from Elsevier® [219].

Multiplex assays allow for amplification of multiple targets simultane-
ously, such as for specific pathogen detection and AMR prediction, as used
in PlexPrime™ and PlexZyme™ technology [220]. PlexPrime™ primers are
designed with specificity for the pathogen target and AMR mutations but
include a mismatch sequence. The synthesised amplicon will be different
from the original sequence. Additional sequences (partzymes), specific to
the amplicon, form a PlexZyme structure allowing for a universal probe to
bind which is cleaved and subsequently detected. An overview of the tech-
nology is shown in Figure 8.
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Figure 8. Amplification of a target sequence by PlexPrimeTM and PlexZymeTM
technology. The PlexPrimer contains a 5’ specific sequence (5T) and a 3’ muta-
tion-specific sequence (3T), including an additional mismatch insert sequence
(INS) in the middle. The generated amplicons will differ from the original se-
quence, including a complementary INS (cINS). The amplicon is detected by a
specific partzyme sequence, forming PlexZyme, which allows for cleavage of the
universal probe. The separation of the fluorophore (F) and quencher (Q) results
in a detectable signal [220]. Image reprinted under the terms of Creative Com-
mons Attribution License.
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The development of NAATS for diagnosing STIs has revolutionised la-
boratory testing, providing sensitive and specific automated high-through-
put methods [221-223] for diagnosing symptomatic patients and screening
asymptomatic populations. Dual detection of N. gonorrboeae and C. tra-
chomatis in a single test [221-225] has implications for treatment choice.
However, NAATSs are more expensive, resource-demanding and mostly
used in more developed countries [22, 215]. Furthermore, false-positive re-
sults can be obtained due to cross-reaction with similar DNA sequences in
other bacteria and because bacterial DNA can be detected in samples from
patients up to at least 2-3 weeks after successful treatment. It can also be
due to contamination during laboratory processing [226-228]. Special care
must be taken to avoid false-positive results. A positive NAAT result for N.
gonorrhoeae must be confirmed by repeat testing using another target, par-
ticularly in pharyngeal specimens [16]. Any use of NAAT for N. gonor-
rhoeae diagnosis must be appropriately validated and quality assured (par-
ticularly for specificity in pharyngeal swabs) to verify there is no cross-reac-
tion to non-gonococcal species [215]. A major drawback of NAAT is the
loss of phenotypic AMR testing for gaining information on treatment pos-
sibilities and for surveillance of AMR, as well as molecular epidemiology
and evolution of N. gonorrboeae, which remain challenging to examine us-
ing NAAT samples.

Sanger sequencing

The Sanger sequencing method was developed in 1977 [229], and optimi-
sation of the technique allowed for determining a nucleotide sequence of
approximately 1000 bp with very high accuracy. The process, illustrated in
Figure 9, amplifies a gene sequence by using normal nucleotides and termi-
nating nucleotides, the latter labelled with different fluorescent dyes. Ran-
dom incorporation of terminating nucleotides generates different fragment
lengths, separated by electrophoresis and the order of nucleotides can be
detected. This method is suitable for sequencing specific genes but laborious
and expensive if the aim is to collect large amounts of sequence data. The
first complete bacterial genome to be published was Haemophilus influen-
zae in 1995 [230], using Sanger sequencing methods at great effort and cost.
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Figure 9. The Sanger sequencing method can determine the DNA sequence of a
specific gene or target. The DNA target is amplified using labelled terminating
nucleotides (ddNTPs) mixed with standard nucleotides (ANTPs) that generate
fragments of different lengths. These fragments are separated by electrophoresis,
allowing determination of the sequence. Image created in BioRender.com

Whole-genome sequencing

Sequencing technologies and platforms have undergone dramatic develop-
ment in the past decades. The introduction of next-generation sequencing
transformed the field of molecular biology by offering high-throughput se-
quencing and with time-efficient and cost-effective methods for whole-ge-
nome sequencing (WGS) [231, 232]. Commonly used methods for WGS are
the lllumina platforms (Figure 10) which use sequencing of small fragments.
Briefly, the genome is analysed through initial genome fragmentation and
ligation of specific barcode sequences and adapters to form a sequence li-
brary. Sequencing of these fragments is performed using solid-phase bridge
amplification with reversible terminating nucleotides labelled with fluores-
cent dyes. When the correct nucleotide is incorporated, a signal is emitted,
detected, and subsequently washed away to incorporate the next nucleotide.
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The process is visualised through imaging and interpreted to nucleotide se-
quences [231]. The generated data can be assembled through various soft-
ware tools to whole genomes and used in different genomic analyses.
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Figure 10. Schematic view of whole-genome sequencing on an lllumina platform.

The genome is fragmented and ligated with small barcode sequences (indexes and
adapters) in a process called library preparation. These sequences bind to a solid
surface and form clusters by bridge amplification. The sequences in every cluster
are detected by photography and subsequently assembled into whole genomes in
various software tools. Image created in BioRender.com.
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Molecular typing schemes for N. gonorrhoeae

Several molecular methods have been developed for characterising N. gon-
orrhoeae for epidemiological purposes. Characterisation of isolates in-
creases knowledge, understanding and identification of emerging and circu-
lating strains, enables surveillance of strains with AMR and AMR determi-
nants and informs contact tracing and transmissions of strains in local, na-
tional and international settings.

One of the first molecular typing methods for bacterial species was multi-
locus sequence typing (MLST), initially developed for the molecular typing
of N. meningitidis [233]. The method consists of the partial sequencing of
seven housekeeping genes: abcZ, adk, aroE, fumC, gdb, pdhC and pgm.
The genes are assigned allele types and together generate a sequence type
(ST).

Due to frequent horizontal gene transfer and especially suboptimal dis-
criminatory ability in N. gonorrhoeae, MLST does not reliably elucidate
ancestry between strains collected within a short time [133]. Therefore, it is
unsuitable for typing strains that require high resolution, such as in partner
notification or outbreaks. For this purpose, another molecular typing
method was developed, the N. gonorrboeae multi-antigen sequence typing
(NG-MAST) [234]. NG-MAST is based on the partial sequencing of the
more variable genes porB and tbpB, and similar to MLST, the combined
sequences (allele types) generate an ST.

To facilitate surveillance of AMR in N. gonorrbhoeae strains and in re-
sponse to the need for a uniform molecular nomenclature addressing AMR
and AMR determinants, a new typing method was implemented: N. gonor-
rhoeae sequence typing for antimicrobial resistance (NG-STAR) [235]. This
typing scheme focuses on AMR determinants related to B-lactam antimicro-
bial, fluoroquinolone and macrolide resistance through typing of penA,
mitrR, porB, ponA, gyrA, parC and 23S rRNA. A novel typing method has
been developed using the NG-STAR ST and applying it to the eBURST al-
gorithm, used to create MLST clonal complexes (CCs) [236], to create NG-
STAR CCs. Briefly, NG-STAR STs are analysed in a minimum spanning
tree. The closest founder ST with =5 identical alleles and the highest number
of links is assigned the CC type. STs with >2 alleles difference are not
grouped. The NG-STAR CC has been shown to correspond with genome
phylogeny, predict AMR lineages and support gonococcal epidemiological
and AMR surveillance [237].

Traditional molecular typing methods use the sequencing of specific
genes to describe a strain; however, the shared alleles among strains in the
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typing schemes do not always correspond to shared ancestry due to the high
genetic exchange in gonococci [108, 238]. On the other hand, WGS pro-
vides superior resolution and assessment of emergence, spread and circulat-
ing clones as well as relatedness and evolution compared to other strains in
close proximity and over time [238]. Surveillance is essential for managing
infection and emerging AMR, ideally with clinical, epidemiological and
phenotypical data. WGS is therefore an ideal method to support infection
and AMR surveillance, as well as short- and long-term molecular epidemi-
ology of N. gonorrboeae AMR [239].

Strategies for management and prevention

Goals leading to improved sexual and reproductive health became a signif-
icant WHO priority in 2002 [240]. The exceptionally high prevalence of
STIs, combined with AMR development for N. gonorrboeae, illustrates the
global problems in sexual and reproductive health, i.e. reducing the global
burden of STIs and improving the quality and availability of health services.
The systematic development of AMR in N. gonorrhoeae to all previously
recommended treatments and the limited options for empirical monother-
apy heighten the challenge of reducing the high prevalence of infections [9,
23]. The high prevalence of C. trachomatis infections, particularly in ado-
lescents, is recognised by WHO. Further research to control the infection is
encouraged, particularly as there are similarities in clinical manifestations
and coinfection with N. gonorrboeae [9]. WHO has developed and pub-
lished a global strategy and action plan to control the spread of N. gonor-
rhoeae and mitigate the health impact of AMR through sustainable, evi-

dence-based and collaborative actions. The strategies include the following
[9, 241]:

support healthcare services

support evidence-based preventive interventions

increase awareness on antibiotic usage

recommend adequate diagnosis and treatment

strengthen AMR surveillance and monitor treatment failure

support laboratories to perform good quality culture of N. gonorrhoeae
support development of new molecular methods for surveillance and
detection of AMR

support development of alternative treatment options

support vaccine research

VVVVYYVYYVYYV

Y VvV
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Regular and systematic surveillance of the spread of N. gonorrboeae and
AMR is essential for early detection of emerging AMR and crucial for deci-
sion making by providing a knowledge base and informing national and
international guidelines. Sensitive and specific molecular AMR assays could
be performed routinely and may significantly improve detection and sur-
veillance of AMR [241], ultimately enabling individualised treatment. These
strategies by WHO aim to help international, national and local healthcare
to prevent infection, disease and promote public health. The Swedish strat-
egy to prevent STIs includes sex education, dissemination of knowledge,
access to STI clinics, testing and treatment, sexual contact tracing, and
counselling without any cost for the patient. Identification of groups at
higher risk of contracting STIs, such as adolescents, MSM, commercial sex
workers and, in some settings, people with foreign origins, is crucial for
directed preventive actions [242].
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Aims

The general aim was to implement WHO strategies for managing and pre-
venting C. trachomatis and N. gonorrhoeae infections by vaccine develop-
ment, supporting and contributing to surveillance of N. gonorrhoeae spread
and AMR. Specific aims for the individual studies were as follows:

L.

II.

II1.

IV.

Evaluate the protective immunity of a recombinant MOMP VS2/4
vaccine candidate through intranasal (i.n.) administration against
genital C. trachomatis infection in mice.

Investigate the prevalence and polymorphisms of nucleotide and
amino acid sequences of antigens included in the 4CmenB meningo-
coccal group B vaccine, i.e. fHbp, nhba, gnal020, gna2091 and
nadA, in N. gonorrhoeae.

Evaluate molecular assays for prediction of N. gonorrboeae pheno-
typic resistance/susceptibility to ciprofloxacin using the SpeeDx Re-
sistancePlus® GC assay and azithromycin using the SpeeDx GC 23S
2611 (beta) assay.

Perform a national surveillance study by examining all cultured N.
gonorrhoeae isolates in Sweden during 2016 by WGS in conjunction
with phenotypic AMR and epidemiological data of patients.
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Materials and methods

Material and methods used in paper |

Culture and purification of C. trachomatis elementary hodies

A human genital tract clinical isolate of C. trachomatis serovar D was cul-
tured on a confluent cell layer of McCoy cells for 2-3 days. Harvested cells
were lysed and Ebs were purified in a density gradient solution and
recultured to determine the concentration of inclusion forming units (IFUs).

Protein production

The recombinant vaccine candidate MOMP VS2/4, originating from C. #ra-
chomatis serovar E, was cloned and expressed in E. coli and subsequently
used for immunisations, detection of antibodies and restimulations of T
cells. The amino acid sequence of the antigen is marked in Figure 11. E. coli
carrying the MOMP VS2/4 nucleotide sequence were cultured and induced
to produce the recombinant protein during the exponential phase. The E.
coli cells were frozen in liquid nitrogen and the protein was extracted by
hydraulic pressure and sonication that disrupted the cells. The protein con-
struct was subsequently purified using histidine residues (later removed) and
size exclusion chromatography.
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Figure 11. Model of the Chlamydia trachomatis major outer membrane protein
(MOMP) where the coloured amino acids depict the sequence of the recombinant
vaccine construct MOMP VS2/4. Residues in the transmembrane strands are
boxed; bold borders indicate side chains facing the bilayer; and cysteine residues
are shaded [153]. Modified image reprinted with permission of Springer Nature.

Immunisation and challenge in a mouse model

Female C57BL/6 mice, 6-8 weeks old, were used and contained under path-
ogen-free conditions at the Department of Experimental Biomedicine at
Gothenburg University, Sweden. The mice (n=10) were immunised by i.n.
administration three times with the MOMP VS2/4 antigen construct with
7-10 day intervals and boosted once with the same antigen through in-
travaginal (i.vag.) administration. Together with the antigen MOMP VS2/4
antigen, the cholera toxin (CT) adjuvant was administered. However, in
some experiments, the mice were boosted i.vag. with antigen alone. To test
the immunogenic properties of the MOMP VS2/4 construct on a different
major histocompatibility complex (MHC), C3H/HeN mice were used with
the same immunisation protocol as above. For the analysis of the cytokine
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response, mice (n=3) were immunised twice i.n. with CTA1-DD as an adju-
vant (cholera toxin subunit A1 coupled with a dimer of the immunoglobu-
lin-binding D region) [211], chosen due to its similarities to CT and to show
the effect of a non-toxic adjuvant together with MOMP VS2/4. All mice
were treated with medroxyprogesterone subcutaneously 7 days before i.vag.
boost or infection. The infectious dose was 3x10* IFUs of C. trachomatis
EBs 2-3 weeks after the last immunisation. The timeline is illustrated in Fig-
ure 12.

Serum & vaginal samples 2-3 weeks Swab samples
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Figure 12. Timeline scheme used in paper 1 for immunisation, infection challenge
of C57BL/6 mice and sampling. Abbreviations: i.n., intranasal; i.vag., intravaginal.
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Analysis of inmune response, challenge and fertility

The antibody responses (IgG, IgG subclasses, IgA) in serum and vaginal
washes were analysed using the MOMP VS2/4 antigen. Briefly, MOMP
VS2/4 protein was coated onto microwell plates and unspecific binding was
blocked with bovine serum albumin. Serum and vaginal washes were added
to allow attachment to the antigen, followed by enzyme-labelled secondary
antibodies and a substrate to enable measurement using a spectrophotome-
ter. Bacterial shedding was monitored by a similar method using a commer-
cial kit. Regular swab samples were collected at 3-day intervals starting at
day 4 post-infection. C. trachomatis was detected using species-specific an-
tibodies to lipopolysaccharides coated on microwell plates. The antibody-
antigen complex was detected by enzyme-labelled antibodies and measured
using enzymatic degradation of a substrate.

Two weeks after the mice had tested negative for C. trachomatis infection
twice, the fertility of the mice was evaluated. A mating male was introduced
to a group of five females for up to 3 weeks. Three days of consistent weight
gain was interpreted as a successful pregnancy and the pregnant mice were
removed from the breeding cages. Mice that did not show signs of preg-
nancy were mated with another male for up to 3 weeks. Pregnant mice were
euthanised and the number of implantations in the uterine horns was
counted.

For cytokine response to MOMP VS2/4, a separate group of mice (n=3)
was used. These mice were euthanised 7 days after the last immunisation
and spleen and mediastinal lymph nodes were collected, homogenised and
the cells were seeded into culture plates. The MOMP VS2/4 antigen and
negative controls were added before incubation. The supernatant was re-
moved and interferon-y (IFNy), interleukin (IL) 13, and 17 were analysed.

Material and methods used in papers II-1V

Isolates
For paper II, 103 clinical N. gonorrhoeae isolates from 28 countries, eight
WHO 2008 N. gonorrhoeae reference strains [243] and the meningococcal
reference serogroup B strain MCS58, were included. The selected N. gonor-
rhoeae isolates represented all world continents and as many phenotypes as
possible.
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For paper I, previously WGS N. gonorrboeae isolates from 20 European
countries [74] and clinical N. gonorrhoeae NAAT positive samples (one
sample per patient and episode), collected from November 2014 to May
2018, were included. To further evaluate specificity, N. gonorrboeae NAAT
negative samples, isolates from eight non-pathogenic commensal Neisseria
species, closely related Moraxella species and N. meningitidis reference
strains (serogroups A, B, C, W, X and Y) were included. The clinical sam-
ples were analysed using the TMA assay Aptima Combo 2 (AC2; Hologic,
Inc) and confirmed using culture or another target in the Aptima GC assay
(n=106). An overview of all the samples is summarised in Table I.

All cultured clinical N. gonorrhoeae isolates (n=1279, one per patient
and reported case) in Sweden in 2016 were included for paper IV. Patients
with multiple gonorrhoea episodes were treated as separate cases if the in-
fections were >3 weeks apart. When multiple isolates from the same gonor-
rhoea episode were available, isolates from extragenital sites were priori-
tised.

All isolates in papers II-IIT were collected at the Department of Labora-
tory Medicine, Clinical Microbiology, Orebro University Hospital, and ad-
ditionally for paper IV, from the Departments of Clinical Microbiology at
Karolinska University Hospital and Skéne University Hospital. All isolates
were cultured on non-selective gonococcal agar plates overnight at 37°C in
a humid 5% COs-enriched atmosphere.

Antimicrobial susceptibility testing

Phenotypic AMR testing was performed using Etest for ciprofloxacin and
azithromycin (papers III and IV) and additionally ceftriaxone, cefixime and
spectinomycin (paper IV). Antimicrobial MIC was interpreted according to
the clinical breakpoints recommended for N. gonorrhoeae in 2019 by the
European Committee on Antimicrobial Susceptibility Testing (EUCAST;
www.eucast.org/clinical_breakpoints), where available. Azithromycin lacks
clinical breakpoints and therefore the epidemiological cut-off value of MIC
>1 mg/mL was used to indicate isolates with azithromycin resistance mech-
anisms (hereafter referred to as resistant). The same EUCAST 2019 N. gon-
orrhoeae breakpoints were applied to non-pathogenic Neisseria species.
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Table 1. Overview of the number of isolates and samples included in paper I11. The
bacterial isolates include previously whole-genome sequenced (WGS) Neisseria gon-
orrhoeae isolates, commensal isolates, and Neisseria meningitidis reference strains.
Additional clinical N. gonorrhoeae positive samples, with and without confirmed
culture, and N. gonorrboeae negative samples diagnosed using the nucleic acid am-
plification test (NAAT) Aptima Combo 2 (AC2) assay (Hologic, Inc).

Samples Ciprofloxacin Azithromycin
S | R S R
N. gonorrhoeae
isolates
WGS isolates 967* 446 1 520 951 13
Pommensal 137
isolates
N. flavescens 52 21 12 19 1 51
N. perflava 27 12 4 11 1 26
N. macacae 11 2 9 11
N. mucosa 5 2 2 1 5
N. sicca 3 1 2 3
N. cinerea 2 2 1 1
N. animalis 1 1 1
Neisseria species 34 7 16 11 2 32
M. osloensis 1 1 1
M. catarrhalis 1 1 1
N. meningitidis 6 6 6
Clinical NAAT AC2
samples
Confirmed culture 37 17 20 36 1
No confirmed 106
culture
Negative 167

Abbreviations: S, susceptibility; I, intermediate; R, resistant; WGS, whole-genome sequenced;
NAAT, nucleic acid amplification test; AC2, Aptima Combo 2. * 964 isolates included for

azithromycin.
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DNA extraction

All isolates in paper III were extracted from single colonies or cryobeads by
boiling, followed by centrifugation. DNA isolation was performed on
MagNA Pure systems in papers II and III (clinical AC2 samples) and Qi-
aSymphony platform for some indeterminate results in paper III and all iso-
lates in paper IV. Both extraction systems are silica-based purification meth-
ods using magnetic beads.

PCR

PCR was performed in papers Il and III. The genes included in the 4CMenB
vaccine antigen (paper II), i.e. the fHbp, nhba, gnal030, gna2091 and nadA
genes, were amplified using real-time or conventional PCR. These genes
were then purified using spin column purification before sequencing. I# sil-
ico PCR was performed for different N. meningitidis nadA in all available
N. gonorrbhoeae genome sequences. All isolates and clinical AC2 samples
(paper III) were analysed in ResistancePlus® GC assay and GC 23S 2611
(beta) assay (hereafter called C2611 assay), combining detection of N. gon-
orrhoeae and AMR determinant or WT in one assay. The ResistancePlus®
GC assay targets the opa, porA pseudogene for N. gonorrboeae detection,
GyrA S91 WT mutation for ciprofloxacin susceptibility, GyrA S91F muta-
tion for resistance and an internal control. The C2611 assay targets the
porA pseudogene for N. gonorrhoeae detection, 23S rRNA C2611 WT and
C2611T mutation for azithromycin susceptibility and resistance, respec-
tively. All N. gonorrboeae positive AC2 samples and cross-reactive non-
gonococcal Neisseria isolates in the ResistancePlus® GC assay were further
analysed using an in-house N. gonorrboeae GyrA S91 WT and S91F PCR
[244].

Sequencing

In paper II, all sequences were determined using Sanger sequencing. In paper
IV, WGS of N. gonorrboeae genomic DNA was performed on an Illumina
HiSeq X platform using paired-end sequencing with 50-100X coverage.
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Bioinformatic analysis

Paper II analyzed nucleotide sequences and the deduced corresponding
amino acid sequences in multiple sequence alignments using BioEdit soft-
ware (v7.0.9.0) with manual adjustments. The phylogenetic analyses of the
nucleotide and amino acid sequences of the mature proteins were performed
with TREECON software (v1.3b).

For paper IV, sequencing data were analysed using a customised work-
flow in CLC Genomic Workbench, which includes quality control, de novo
assembly and subsequent genetic characterisation of AMR determinants.
Reads were also mapped to the reference genome before molecular charac-
terisation. Furthermore, the mapped reads were used to create a multiple
sequence alignment for phylogenomic analysis. Recombination events in the
alignments were removed before creating the phylogenomic tree. The tree
was midpoint rooted and visualised through a web-based application (mi-
croreact) [245].

Typing methods

N. gonorrboeae molecular typing schemes were used to characterise iso-
lates: NG-MAST in paper II and MLST, NG-MAST, NG-STAR and NG-
STAR CC in paper IV. Phenotypic characterisation of clinical isolates was
performed using antimicrobial susceptibility testing in papers II-IV, includ-
ing PorB serovar determination in paper II.

Statistics

In paper I, statistical analysis of infectious burden was calculated by logistic
regression with 95% confidence interval (CI). The Mann-Whitney test was
computed to determine differences in cytokine response and the Kruskal-
Wallis test to detect differences in fertility rate (between un-immunised and
immunised groups).

For paper IV, the correlation between N. gonorrboeae isolates (NG-
STAR CC and phenotypic AMR) and epidemiological data was calculated
using logistic regression with a 95% CI and odds ratio. Pearson’s x2 test
was used to calculate significance on the most common STs and epidemio-
logical and phenotypic AMR.
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Ethical considerations

Paper I was performed in accordance with the guidelines of the Federation
for Laboratory Animal Science Association. The Animal Ethics Committee
of Gothenburg granted the laboratory, in which the mice experiments were
performed, a collective ethical approval (permit number N146/12) in which
paper I was included. Studies II and III were performed on bacterial isolates
collected in routine diagnostics (standard care) without patient identifica-
tion and ethical approval was not required. Ethical approval for paper IV
was given by the Swedish Ethical Review Authority in Uppsala (approval
number 2020-05008).
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Results and discussions

Implementation of WHO strategies (papers I-1V)

The studies in papers I-IV have successfully implemented the WHO strate-
gies of supporting the development of vaccine research (papers I-1I), devel-
opment of new molecular methods for surveillance (paper III), strengthen-
ing AMR surveillance (III-IV) and supporting healthcare services and evi-
dence-based preventive interventions (paper IV). The results of these imple-
mentations are presented and discussed below.

Vaccine research (papers I-I)

Vaccine candidate for the prevention of C. trachomatis (paper I)

The MOMP VS2/4 construct, together with CT adjuvant, effectively gener-
ated MOMP-specific antibodies in serum (and vaginal washes, Figures 13A
and B) in C57BL/6 mice. Antigen-specific IgA and substantial IgG antibod-
ies were noted in vaginal washes. In addition, IgG subclasses (IgG1 and
IgG2c) were analysed in serum and showed a strong IgG2c presence, indi-
cating a more potent T helper (Th) 1 response by the immunisations. Addi-
tionally, the MOMP VS2/4 antigen also immunised C3H mice, showing that
the antigen was similarly immunogenic when immunising mice expressing
a different MHC.

The role of antibodies in C. trachomatis protective immunity is still not
fully understood. Some studies suggest a lack of protective properties of hu-
man antibodies generated by C. trachomatis infection to reinfection and en-
dometrial ascension [246-248]. Nevertheless, vaccine candidates have been
shown to generate in vitro neutralising antibodies [249, 250] and the trans-
fer of neutralising antibodies to knock-out mice lacking B and T cells, in-
duced protection [251].
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Figure 13. IgG antibody immune response in serum (A) and vaginal washes (B)
against the MOMP VS2/4 vaccine candidate following immunisations in
CS57BL/6 mice. Mice were immunised intranasally (i.n.) three times and intravag-
inally (i.vag.) once using cholera toxin as an adjuvant. In the last repeat experi-
ment, the i.vag. boost was administered with antigen only. Analysis of cytokine
production (C) performed on mice with two immunisations i.n. using cholera
toxin subunit A1 (CTA1-DD) as an adjuvant. Concentrations of interferon-
gamma (IENp), interleukin (IL)-17 and IL-13 in the spleen (SP) and mediastinal
lymph node (mLN) are shown. Influenza antigen M2e and culture medium rep-
resent negative controls. Significance was analysed using the Mann-Whitney test,
*p<0.05 and **p<0.01 (paper I).
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Immunity was further assessed by analysing the cytokine response. The
MOMP VS2/4 antigen-stimulated lymphocytes isolated from the spleen and
mediastinal lymph node produced significant levels of IFNy, IL-13 and IL-
17 (Figure 13C), indicative of Th1, Th2 and Th17 immune response, re-
spectively. IFNy has a central role in clearance and protection from C. tra-
chomatis, as shown in both human and murine models [252-255]. Of note,
reducing infectious load may not correlate to the prevention of immuno-
pathology. A study performed with C. muridarum challenge in the respira-
tory tract on immunised mice showed that (i) immunopathology was gen-
erated independently of bacterial load and (ii) the CTA1-DD adjuvant was
associated with reduction of immunopathology. This finding suggests the
development may be independent of bacterial load but driven by the im-
mune response [256]. However, more studies on protective immunity are
needed to define the underlying mechanisms of C. trachomatis pathology,
particularly in humans.

The recombinant antigen MOMP VS$2/4, designed with a flexible amino
acid sequence to facilitate antigen presentation and soluble for production
and purification ease [257], clearly stimulates the humoral and adaptive im-
mune responses. The MOMP protein is known for its immunogenicity and
has been the subject of many vaccine candidates, mainly subunit proteins
[258]. The most successful vaccine candidates to date have been derivatives
of the multivalent VS4 domain with similar sequences as the VS4 sequence
of MOMP VS2/4, including the non-conformational and conserved epitope
LNPITIAG [197, 198]. Although the antibodies generated by MOMP
VS2/4 have not been proven to be protective, the findings are comparable
with studies on multivalent VS4 vaccine candidates in mouse models show-
ing cross-protection to other serovars, reduced infectivity in early stages of
C. trachomatis infection and protection against pathology [198].

Significant protection from C. trachomatis infection was observed in im-
munised mice when challenged with C. trachomatis serovar D, especially in
the early stages of the infection. To assess the protection from pathology,
the fertility level was observed by introducing a male mouse following clear-
ance of the infection challenge. All immunised mice achieved pregnancy
compared to 60% in the un-immunised group. Moreover, the immunised
group showed a significantly higher fertility rate (p<0.05), i.e. number of
implantations per pregnant mouse, than the un-immunised group after
clearance of infection. A vaccine should primarily prevent adverse outcomes
caused by C. trachomatis infection but ideally with simultaneous reduction
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of infectious burden and reproductive tract pathology, ultimately prevent-
ing both transmission and adverse outcomes. Results from the MOMP
VS2/4 immunised mice showed reductions in bacterial load in early infec-
tion and infertility. Encouragingly, other studies using the MOMP subunit
antigen have found similar results with strong IFNy, IL-17, serum IgG and
local IgA production in a minipig model [249, 259] using intramuscular,
subcutaneous and i.n. administration with significant protection after C.
trachomatis challenge. The MOMP VS2/4 antigen, based on serovar E
MOMP sequence, conferred protection against serovar D, demonstrating
cross-protective properties. These cross-protective properties are most likely
due to similarities in sequences between the serovars. Cross-protection to
other serovars warrants further investigation. The novel MOMP VS2/4 vac-
cine construct appears to be a promising C. trachomatis vaccine candidate.

Vaccine research for the prevention of N. gonorrhoeae (paper Il)

All genes coding for 4CMenB antigens, except nadA, were present in all
clinical N. gonorrhoeae isolates and the WHO reference strains. The prev-
alence and polymorphisms of the remaining genes and amino acid sequences
within the N. gonorrhoeae population and compared to the N. meningitidis
reference strain MC58 are summarised in Table II. Single nucleotide inser-
tions causing frame shifts in the open reading frame were seen in fHbp (n=9)
and NHBA (n=1), in addition to premature stop codons in NHBA (n=17)
and GNA1030 (n=4). Both the insertions and premature stop codons caused
truncated proteins. When excluding isolates with truncated sequences, the
isolates showed a high identity in the nucleotide and amino acid sequences
with three fHbp, 18 NHBA, four GNA1030 and two GNA2091 amino acid
sequence types (Figures 14 and 15). However, compared to N. meningitidis,
a considerable decrease in sequence identity to the corresponding meningo-
coccal sequences was observed, particularly for fHbp and NHBA. The high
homology in fHbp sequences in N. gonorrboeae may be partly due to the
location of fHbp. In N. meningitidis, the fHbp is a surface-exposed protein
that binds host complement factor H [260]. All the gonococcal fHbp se-
quences had differences in the N-terminal signalling peptide, both the lipi-
dation signal and partial differences in the hydrophobic region (Figure 14).
These alterations indicate that the N. gonorrboeae fHbp may not be surface-
exposed, which was later confirmed in addition to lack of binding to human
factor H [261]. Even so, several epitopes recognised by monoclonal anti-
bodies against N. meningitidis fHbp variant 1 are conserved, specifically
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D25-K27 [262], A174 and K180 [263]. However, the epitopes E192, S216
[262, 263], G120, K121, E146-R149 [264], L36-1.48, 182-1.88 and T107-
M123 [265] differed compared to N. gonorrhoeae (Figure 14), although
conserved within the population.
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Figure 14. Amino acid sequence types of Neisseria gonorrhoeae factor H binding
protein (fHbp), genome-derived neisserial antigen (GNA) 1030 and GNA2091
compared to Neisseria meningitidis reference strain MCS58. All alignments in-
clude N. gonorrhoeae reference strain FA1090 and, for the fHbp alignment, the
meningococcal fHbp variant 2 and 3 sequence types (MC v2 and v3). Known N.
meningitidis epitopes compared to the gonococcal sequences are in black (con-
served) and red (mismatch) [261-265]. The modified image is reprinted with per-
mission from John Wiley and Sons.
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Figure 15. Amino acid sequence types of neisserial heparin-binding antigen
(NHBA) in Neisseria gonorrhoeae isolates compared to Neisseria meningitidis
reference strain MCS8, including N. gonorrboeae reference strain FA1090.
Known meningococcal epitopes, the NalP cleavage site and the arginine-rich re-
gion are marked in black and a conformational epitope is marked by red lines
[266-268]. The modified image is reprinted with permission from John Wiley and
Sons.
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In recent years, a large number of N. gonorrhoeae genomes have been
made public and bioinformatic studies show highly conserved 4CMenB
GNA genes within N. gonorrboeae isolates and the absence of nadA [269,
270]. The nhba gene in N. gonorrboeae shows very high conservation and
has almost one-tenth of variants compared to N. meningitidis nhba [269].
The NHBA protein in N. meningitidis has been named for its ability to bind
heparin through an arginine-rich domain and increase serum resistance.
This process is achieved through proteases, both human lactoferrin and me-
ningococcal NalP, which cleave and release a fragment of NHBA [188].
Although the nalP protease gene and the cleavage site in the N. gonorrhoeae
NHBA sequences are missing, the protein has been shown to bind glycans,
including heparin [268]. Recent studies show involvement in adherence to
epithelial cells, microcolony formation and serum resistance [268] and also
high immunogenic properties by induceing serum bactericidal and opso-
nophagocytic activity [180]. The generated gonococcal NHBA antibodies
reduce the ability to bind heparin by 90% and in vitro adherence to cervical
and urethral epithelial cells [180]. Monoclonal antibodies from human
4CMenB vaccinations bind mapped epitopes on meningococcal NHBA
(I2E1, I0C3 and conformational epitope SH2, Figure 15) [266, 267]. These
epitopes are also present in the N. gonorrboeae isolates, though not fully
conserved compared to N. meningitidis, and cross-reaction of these anti-
bodies is uncertain. Encouragingly, serum from Bexsero-vaccinated humans
show cross-reaction to N. gonorrboeae whole cell lysates, OMVs and gon-
ococcal recombinant NHBA [269]. A similar study, performed in mice,
showed that administration of meningococcal 4CMenB vaccine reduced the
bacterial burden, accelerated the clearance of N. gonorrbhoeae infection and
that serum IgG and vaginal IgA and IgG recognised several proteins on gon-
ococcal OMVs [271]. Additionally, meningococcal OMVs lacking major
outer membrane proteins, such as PorA and PorB, showed enhanced clear-
ance of N. gonorrhoeae in mice [272]. These studies show the potential of
gonococcal NHBA and OMVs as promising vaccine candidates. Observa-
tions from the population-wide vaccination in New Zealand with meningo-
coccal MeNZB, with subsequent reduction in gonorrhoea cases, showed
that the effectiveness of MeNZB vaccinations against gonorrhoea was only
31% [185]. However, using modelling simulations, a vaccine with low ef-
fectiveness may still substantially impact gonorrhoea prevalence depending
on vaccination coverage and duration of protection [273].
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Surveillance of AMR and AMR determinants (papers I11-1V)

ResistancePlus® GC assay for ciprofloxacin resistance prediction (paper lil)
The transition from culture to molecular assays for detecting N. gonor-
rhoeae is becoming more common and with it the loss of phenotypic AMR
determination and the collection of viable isolates. Molecular assays for the
prediction of phenotypic AMR, based on detection of known AMR deter-
minants, are needed and could support AMR surveillance and individual-
ised treatment. However, with the high similarity between Neisseria species
[106, 107] and the prevalence of commensal Neisseria species at the site of
infection, particularly at extragenital sites such as the pharynx, it is essential
that these assays are properly evaluated and quality assured.

The ResistancePlus® GC assay, a commercial assay for predicting ciprof-
loxacin resistance, correctly detected all N. gonorrboeae isolates and N.
gonorrhoeae positive clinical AC2 NAAT samples except two (one urine
sample and one rectal sample missed). Moreover, the N. gonorrhoeae neg-
ative result was correctly called in all non-gonococcal isolates except two
and in all N. gonorrboeae negative clinical AC2 samples (two were invalid
and excluded from calculations). The overall sensitivity was 98.6% and
specificity 100% (Table III) for detecting N. gomorrhoeae by Re-
sistancePlus® GC assay compared to the AC2 assay used in routine diag-
nostics.

The ResistancePlus® GC assay correctly identified the GyrA S91 WT and
GyrA S91F AMR determinant in all previously WGS isolates and 131
(92.9%) of 141 N. gonorrhoeae-positive clinical AC2 samples showed con-
cordant results with the in-house gyrA PCR [244]. The positive and negative
per cent agreement (indeterminate results excluded, n=9) in the detection of
GyrA S91F was 98.2% for ResistancePlus® GC assay and 100% for the in-
house gyrA PCR assay [244].

The GyrA S91 WT signal was visually observed in 4.8% of N. gonor-
rhoeae-negative clinical AC2 samples from the pharynx and the GyrA S91F
and GyrA S91 WT signal was observed in several non-gonococcal Neisseria
species, where two isolates had simultaneous cross-reaction to N. gonor-
rhoeae (opa signal) and GyrA S91 WT. Although these samples and most
isolates were correctly reported as N. gonorrhoeae negative, it displays a
concern in the analysis of clinical samples, particularly in pharyngeal sam-
ples, as to whether the results reflect the pathogen or commensal bacteria.
Pharyngeal sites are particularly challenging in developing molecular assays
for N. gonorrhoeae due to the presence of non-gonococcal species. The
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Neisseria species share high genome similarity [106, 107] and the cross-re-
action of non-gonococcal species in the pharyngeal samples underscores the
challenges with molecular prediction of AMR in N. gonorrboeae. The high
bacterial load of the examined non-gonococcal Neisseria isolates does not
reflect clinically relevant concentrations, and it may have affected the cross-
reaction seen in our evaluation. However, the cross-reactions are compara-
ble to previous studies in non-gonococcal isolates and pharyngeal samples
[274] in addition to higher gyrA indeterminate results at anorectal and phar-
yngeal sites [275].

The sensitivity and specificity (Table III) for the ResistancePlus® GC as-
say to predict phenotypic ciprofloxacin resistance was 99.8%. The high sen-
sitivity and specificity support using ResistancePlus® GC assay for AMR
surveillance and individualised treatment, especially in urogenital infec-
tions. Depending on the local prevalence of ciprofloxacin resistance, cost of
the assay, test frequency and the number of tests that can be evaluated
[276], an assay that predicts the success of ciprofloxacin treatment may be
a cost-effective alternative to empirical treatment. Ciprofloxacin is easily
administrated in a single oral dose. Moreover, alternatives to empirical
treatment would reduce the unnecessary use of ceftriaxone and azithromy-
cin and limit the opportunity for further AMR development against these
antimicrobials.

Table 111. The sensitivity and specificity of two SpeeDx assays for detection of Neis-
seria gonorrhoeae, prediction of phenotypic resistance and antimicrobial resistance
markers. ResistancePlus® GC assay includes the GyrA S91F target for predicting
phenotypic ciprofloxacin resistance and the GC 23S 2611 (beta) assay (C2611 as-
say) consists of 23S rRNA C2611T target for prediction of phenotypic azithromycin
resistance.

Sensitivity (%) Specificity (%)

ResistancePlus® GC assay

N. gonorrhoeae detection 98.6 100

Predict ciprofloxacin resistance 99.8 99.8
C2611 assay

N. gonorrhoeae detection 95.8 100

Predict azithromycin resistance 64.3 99.9

C2611T detection 100 99.9
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C2611 assay for azithromycin resistance prediction (paper Iil)

The C2611 assay correctly detected all but one N. gonorrboeae isolate and
137 of 143 N. gonorrboeae-positive clinical AC2 samples (three rectal, two
urine and one pharyngeal samples were missed). The C2611 assay also cor-
rectly called all N. gonorrhoeae-negative clinical AC2 samples and non-gon-
ococcal Neisseria species as N. gonorrhoeae negative. The sensitivity for
detecting N. gonorrboeae was 95.8% and the specificity was 100% com-
pared to the AC2 assay used in routine diagnostics (Table III). The C2611
assay remains under development and, unlike the ResistancePlus® GC as-
say, does not include an internal control or the opa gene for N. gonorrhoeae
detection. In previously WGS N. gonorrhoeae isolates [74], the C2611 assay
showed 100% concordance in detecting the 23S rRNA C2611 WT and
88.9% concordance in detecting the C2611T mutation.

A substantial proportion (47.6%) of non-gonococcal Neisseria isolates
and most N. gonorrhoeae-negative clinical AC2 samples from the pharynx
showed a C2611 WT signal. The detection of C2611 targets in non-gono-
coccal Neisseria isolates may reflect a high bacterial load. However, similar
findings have been observed in extragenital samples in other assays [277,
278] with cross-reaction to C2611 WT. The C2611 assay also showed dual
amplifications of C2611 WT and C2611T targets in N. gonorrboeae-posi-
tive clinical AC2 samples and non-gonococcal Neisseria species. This dual
amplification could be correct as the 23S rRNA gene is present in four cop-
ies and only a partial number of these alleles may be mutated [114]. These
aspects underline the importance of using appropriate analysis software to
interpret the amplification.

Compared to available data on phenotypic AMR testing, the sensitivity
of the C2611 assay to predict phenotypic azithromycin resistance by detect-
ing the 23S rRNA C2611T mutation was 64.3 % and specificity 99.9% (Ta-
ble III). However, the sensitivity of the C2611 assay to detect the 23S rRNA
mutation C2611T was 100% and specificity was 99.9%.

The main limitation of the C2611 assay for the prediction of azithromy-
cin resistance is that several other AMR determinants may cause resistance
to azithromycin, including the 23S rRNA A2059G mutation [114], rRNA
methylase (erm) genes [114, 279], overexpressed MacAB, and especially,
MtrCDE efflux pump (including different #¢rR mutations and mosaic al-
leles) [22, 132]. The multiple mechanisms by which N. gonorrboeae acquire
antimicrobial resistance represent an inherent limitation for many molecu-
lar assays. A multi-target assay may be required to predict azithromycin
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resistance accurately. The C2611 assay shows promising potential and en-
courages further development (e.g., by adding additional AMR targets) of
molecular assays to predict antimicrobial susceptibility (or resistance) to aid
AMR surveillance and individualised treatment.

AMR in N. gonorrhoeae isolates (paper IV)
The first national genomic N. gonorrboeae study, including nearly all viable
isolates diagnosed in Sweden in 2016, was performed to fully describe the
gonococcal population and prevalence of AMR and AMR determinants in
Sweden. All regions in Sweden but one (Visterbotten) were represented. No
resistance to ceftriaxone or spectinomycin was found and there was a low
prevalence of cefixime (1.7 % of isolates) and azithromycin resistance (1.3%
of isolates). Ciprofloxacin resistance had a prevalence of 51.1%. A de-
creased susceptibility to ceftriaxone and cefixime was observed in 9.3% and
10.5% of isolates, respectively. The results of the susceptibility testing and
the main molecular AMR determinants are summarised in Figure 16. In
2015-2019, no ceftriaxone resistance was reported in the annual Swedish
surveillance of AMR; however, cefixime resistance decreased from 2.0% in
2015 to 1.0% in 2019. In contrast, the prevalence of azithromycin re-
sistance increased from 10.0 in 2015 to 12.0% in 2019 [280]. Similar to
Swedish data, the 2019 prevalence in the European Union/European Eco-
nomic Area (EU/EEA) of ceftriaxone resistance has remained low at 0.1%.
The cefixime resistance prevalence has decreased to 0.9% and the azithro-
mycin resistance prevalence has increased to 10.1% of isolates [281]. The
decrease of AMR prevalence may reflect the use of recommended antimi-
crobial treatment. The recommended dual therapy for gonorrhoea treat-
ment is implemented to inhibit the development of AMR primarily to ESCs.
A significant association was found in Sweden between decreased suscep-
tibility to ceftriaxone and the 16-44-year age groups and between resistance
and decreased susceptibility to cefixime and the age groups 16-24 and 35-
44 years. Ciprofloxacin resistance was significantly associated with hetero-
sexual transmissions and ciprofloxacin susceptibility with the 16-35-year
age groups, MSM and domestic infections.
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A. Antimicrobial susceptibility testing
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Figure 16. Flowchart of antimicrobial resistance (AMR), decreased susceptibility
(DS) and AMR determinants in the Swedish 2016 Neisseria gonorrhoeae isolates.
(A) Phenotypic susceptibility testing of ciprofloxacin (CIP), azithromycin (AZM)
and extended-spectrum cephalosporins (ESCs), i.e. ceftriaxone (CRO) and cefix-
ime (CFM), and associated AMR determinants. (B) Prevalence of AMR determi-
nants penB, mtrR, mosaic mitr, penA and single amino acid alterations of penA
(penicillin-binding protein (PBP) 2 positions A501, P551 and G542) and the sus-
ceptibility to CRO and CFM.
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AMR determinants in N. gonorrhoeae isolates (paper IV)

Known AMR determinants for phenotypic resistance and decreased suscep-
tibility to relevant antimicrobials were extracted from WGS data. Forty-
four penA alleles were found, of which six were mosaic penA (represented
by 92 isolates): penA-34.001 (n=60), penA-10.001 (n=23), penA-34.008
(n=6), penA-72.001, penA-105.001 and penA-180.001 (n=1 each). Azithro-
mycin AMR determinants, 23S rRNA C2611T and A2059G mutations,
were found in 10 isolates and one isolate, respectively, and mitrR and
porB1b AMR mutations were found in 540 and 356 isolates, respectively.
All ciprofloxacin-resistant isolates (n=653) harboured the GyrA S91F alter-
ation. AMR, decreased susceptibility and the associated AMR determinants
are summarised in Figure 16. Several AMR determinants (e.g., m#rR and
porB1b mutations together with mosaic penA and mosaic mtr) can collec-
tively result in phenotypic resistance. However, the absence of a known
AMR determinant does not exclude phenotypic AMR. Unknown mecha-
nisms may cause decreased phenotypic susceptibility or AMR. Therefore,
WGS together with susceptibility testing are ideal methods to comprehen-
sively evaluate the prevalence and emergence of new AMR determinants,
and additionally providing a complete molecular characterisation.

N. gonorrhoeae epidemiology (paper 1V)

Population characteristics (paper IV)

Most gonorrhoea cases were diagnosed in regions of the three major met-
ropolitan areas: Stockholm (55.4%), Vastra Gotaland (15.6%) and Skdne
(10.2%). The origin of infection was reported as domestic in 68.4% and
foreign in 29.6% of cases, with a higher proportion of domestic infections
in women and MSM (Table IV). The data are consistent with previous an-
nual reports from the Public Health Agency of Sweden [19], with a higher
proportion of infected men and domestic infections and a high burden
among MSM. The high proportion of domestic infections in MSM has been
previously reported, with MSM showing higher risk behaviour in local or
domestic areas than when traveling abroad [282, 283]. In addition, most
cases are observed in patients attending STI clinics, demonstrating the im-
portance of these clinics in healthcare services.
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Table IV. Population characteristics of Swedish gonorrhoea cases in 2016 in men,

women and reported sexual orientation in men.

Population Total Age mean Symptomatic STI clinic Domestic
(median) (%) attendance infection (%)
(%)*
Men 1027 32.1(30) 655 (63.8) 898 (87.4) 684 (66.6)
Women 252  27.4 (24) 127 (50.4) 182 (72.2) 191 (75.8)
MSM 643  31.6(30) 321 (49.9) 609 (94.7) 490 (76.2)

Heterosexual 363 33.2(30) 323 (89.0) 286 (78.8) 191 (52.6)
men
Unknown 21 29.5 (25) 12 (50.0) 4(16.7) 4(16.7)

Abbreviations: STI clinic, sexually transmitted infection clinic; MSM, men who have sex with

men. *1080 patients attending STI clinic in total

Table V. The most common molecular sequence types (ST) or clonal complexes (CC)
found in the Swedish Neisseria gonorrhoeae isolates in 2016 using four typing

schemes.
Most common STs / CCs

Typing scheme st nd rd th th
(no of STs / CCs) 1 2 3 4 5
MLST ST8156 ST7363 ST1901 ST1588 ST7359
(n=133) (n=133) (n=125) (n=93) (n=89) (n=67)
NG-MAST ST5441 ST5793 ST2992 ST1461 ST387
(n=422) (n=89) (n=56) (n=41) (n=39) (n=35)
NG-STAR ST442 ST55 ST158 ST231 ST520
(n=280) (n=133) (n=63) (n=63) (n=61) (n=52)
NG-STAR CC CC442 CC158 CC63 CC42 CC390
(n=92) (n=134) (n=100) (n=91) (n=70) (n=69)

Abbreviations: ST, sequence type; CC, clonal complex; MLST, multi-locus sequence typing;
NG-MAST, Neisseria gonorrhoeae multi-antigen sequence typing; NG-STAR; Neisseria gon-

orrhoeae sequence typing for antimicrobial resistance.
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Molecular epidemiology and phylogeny (paper IV)

Four molecular typing schemes were used to describe the Swedish 2016 N.
gonorrboeae population. The five most prevalent STs are presented in Table
V. The MLST ST8156 and ST7359, among the most common MLST ST in
the Swedish isolates, were also common in a recent Norwegian national
study in 2016-2017 [284]. All of the STs described in Norway with >10
isolates were also present in the Swedish population. Notably, common
MLST STs in Norway and Sweden (i.e. ST8156 and ST7359) are also com-
mon STs in Japan (ST7359) [119, 285], Australia and New Zealand
(ST8156 and ST7359) [286-288] but appear less prevalent globally with
relatively few observations in the EU/EEA and the USA [288, 289]. Three
other common Swedish MLST STs (ST7363, ST1901, ST1588) have been
shown to also be among the most prevalent MLST STs in the EU/EEA [74].
The emergence of mosaic penA in Japan, with decreased susceptibility and
resistance to cefixime and other oral ESCs, has been linked to ST7363 and
ST1901 [290, 291]. These lineages have since been disseminated globally,
and consequently, the resistance and decreased susceptibility to ESCs in Eu-
rope and North America [74, 292]. In Sweden, 85% of isolates with mosaic
penA alleles belonged to MLST ST7363 or ST1901, spread across 13
(61.9%) of 21 Swedish regions. Most cefixime-resistant isolates (81.0%,
17/21) belonged to MLST ST7363. These isolates were cultured in Stock-
holm (n=15) and spread through domestic transmissions (n=12). The iso-
lates with azithromycin resistance (n=16) were heterogeneous, evenly dis-
tributed among eight MLST STs, of which four were also recently described
in Norway [284].

Phylogenetic analysis of all N. gonorrhoeae isolates revealed two main
genomic lineages (A and B), where lineage A was subdivided into two sub-
lineages (A1 and A2), as seen in Figure 17. Most isolates with phenotypic
resistance to ESCs and azithromycin and decreased susceptibility to ESCs,
including associated AMR determinants, were located in sublineage A2.
The Swedish gonococcal phylogeny showed a remarkable resemblance to a
global phylogenomic analysis performed on 413 N. gonorrboeae isolates
collected from all continents during five decades [108]. This global popula-
tion showed a similar division of lineages with most AMR and AMR deter-
minants in one lineage, which was further subdivided into two distinct sub-
lineages and a second main lineage with overall antimicrobial susceptible
isolates.

Most MSM (60.5 %) were associated with sublineage A2; however, cefix-
ime resistance was associated with heterosexual transmissions, which was
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also observed in a recent European study [293]. Conversely, decreased sus-
ceptibility to ESCs in sublineage A2 was more prevalent among MSM
(57.1%) compared to heterosexual patients (38.1%). In sublineage A1, over
90% of isolates were resistant to ciprofloxacin. Notably, lineage B con-
tained most of the antimicrobial-susceptible isolates with very limited AMR
and AMR determinants.

Molecular epidemiology (i.e. molecular typing and phylogenomic analy-
sis) provides comprehensive surveillance on the dissemination and related-
ness of strains that, together with phenotypic and epidemiological data, of-
fer valuable information on the emergence and transmission of new or pre-
viously described gonococcal strains. Continuous national and global ge-
nomic surveillance of N. gonorrboeae and its AMR is essential for main-
taining knowledge of circulating strains.
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Conclusions and future perspectives

Paper I showed successful priming of Th1, Th2 and Th17 cells in mice using
the MOMP VS2/4 antigen with CT adjuvant, with promising protective
properties against urogenital C. trachomatis infection and infertility. The
high estimates of C. trachomatis infections globally and the high incidence
in Sweden [14, 21] indicate that preventive actions, such as in Sweden with
mandatory notification, contact tracing and opportunistic testing, are not
sufficiently effective. The MOMP VS2/4 antigen construct showed promise.
However, further studies are needed to assess immune responses and neu-
tralising antibodies, cross-protection to other serovars and use of different
doses and adjuvants. The promising CTH522 vaccine candidate [197] pro-
vides hope for a C. trachomatis vaccine. However, more studies to evaluate
the efficacy of CTH522 against C. trachomatis infection are needed, in ad-
dition to vaccine safety concerning the potential impact of a previous C.
trachomatis infection.

In paper II, the N. gonorrhoeae amino acid sequences of the meningo-
coccal 4CMenB antigens were highly homogenous within the gonococcal
population. The gonococcal amino acid sequences of fHbp and NHBA dif-
fered substantially from the corresponding meningococcal sequences,
which, together with the lack of a universal expression of these antigens and
the absence of gonococcal nadA, limit the use of the meningococcal GNA
antigens in 4CMenB to target N. gonorrhoeae appropriately. Since the pub-
lication of paper II and the observation of the cross-reaction of meningo-
coccal vaccine on gonorrhoea, several studies have been performed on the
cross-reactivity of meningococcal NHBA and OMVs [269, 271], in addition
to the immunity and function [180, 268] of gonococcal NHBA. More re-
search is needed on the gonococcal NHBA function and its ability to gener-
ate immunity. The surface-exposed antigens (e.g., 2C7 epitope, methionine
sulfoxide reductase and MetQ) [176-178] and gonococcal OMVs need fur-
ther investigation as potential vaccine candidates. Understanding what is
required to generate protective immunity against gonorrhoea in humans for
future vaccine development is essential.

The evaluation of the molecular diagnostic assays (paper III) showed that
the SpeeDx ResistancePlus® GC assay could be effectively used for ciprof-
loxacin resistance/susceptibility prediction, i.e. in AMR surveillance and ul-
timately individualised treatments, particularly in testing of urogenital sam-
ples. Although the 23S rRNA C2611 assay performed well in detecting
C2611T or WT alleles, it failed to predict phenotypic azithromycin re-
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sistance accurately. To make an accurate prediction of phenotypic re-
sistance to azithromycin and decreased susceptibility and resistance to
ESCs, several AMR determinants need to be simultaneously detected and
appropriate algorithms identified. Studies on multiplexed NAATSs and algo-
rithms for WGS data to predict decreased susceptibility or resistance to
many antimicrobials are underway [294] but further validation and re-
search are warranted. Rapid, accurate and cost-effective molecular tests, i.e.
affordable to developing countries and used at the point of care to detect N.
gonorrboeae and simultaneously predict AMR, are highly needed. These
tests would be most valuable to guide individualised treatment, spare first-
line empiric antimicrobial treatment and avoid unnecessary antimicrobial
usage.

The Swedish N. gonorrboeae population in 2016 (paper IV) had a low
prevalence of resistance to azithromycin and ESCs. In addition, isolates with
azithromycin and cefixime AMR were predominantly associated with do-
mestic transmission. The isolates could be divided into two main genomic
lineages, A and B, where the phenotypic AMR and AMR determinants were
associated with lineage A. Continuous surveillance of phenotypic AMR,
molecular typing and genomic phylogeny is necessary for enhanced under-
standing of the epidemiology of gonorrhoea and evolution and transmission
of N. gonorrhoeae and its AMR. This knowledge may also support revisions
of effective evidence-based guidelines regarding management and control of
gonorrhoea in local, national and international settings. It is imperative to
maintain and strengthen the phenotypic AMR surveillance to detect new
AMR determinants. Importantly, enhanced phenotypic and genomic sur-
veillance is needed in developing countries with a high burden and limited
available information on N. gonorrhoeae epidemiology and AMR.

Sustained implementation of WHO strategies, as mentioned in this thesis,
are needed in conjunction with additional actions, i.e. improving early de-
tection, strengthening preventive measures, advocacy of antimicrobial stew-
ardship and developing new effective antimicrobials for treating gonor-
rhoea. Collectively, implementations of these actions could effectively halter
the increasing burden of STIs and the AMR development in N. gonor-
rhoeae.
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