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Abstract

Neisseria gonorrhoeae (gonococcus) is a Gram-negative bacterium that causes gonorrhoea—a sexually transmitted disease.
This gonococcus has progressively developed resistance to most of the available antimicrobials. Only a few countries around
the world have been able to run extensive surveillance programmes on gonococcal infection and antimicrobial resistance,
raising a global concern. Thus, this review focuses on the mechanisms of resistance to recommended antimicrobials in the
past and present time. The approaches by the scientific community in the development of novel technologies such as whole-
genome sequencing to predict antimicrobial resistance, track gonococcal transmission, as well as, introduce new therapeutics
like Solithromycin, Zoliflodacin, and Gepotidacin were also discussed.

Preface

Neisseria gonorrhoeae (gonococcus) is a Gram-negative
bacterium that is known to be the causal agent of a sexu-
ally transmitted disease called gonorrhoea. In 2008, the
World Health Organization (WHO) estimated the percent-
age change of N. gonorrhoeae cases to be 21% higher than
the proposed number for 2005. This rise was due to the
increasing prevalence of N. gonorrhoeae in all of the regions
excluding the WHO Eastern Mediterranean and European
Regions [1, 2].

When gonorrhoea infection spreads to the bloodstream
in both males and females, symptoms may be acute and
life-threatening (these are rare but serious conditions) if
left untreated [1]. The asymptomatic nature of gonorrhoea
in women is a specific challenge because it is associated
with Pelvic Inflammatory Disease (PID), sterility, and pos-
sibly ectopic pregnancies due to its spread to the urogenital
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tracts. Also, gonorrhoea can predispose to transmission and
acquisition of HIV which may result in a high morbidity
rate [1, 3].

The appearance of new gonococci resistant strains (a
genetic variant) to past and present-day forefront antibiot-
ics is now worrisome because, without effective and readily
available antimicrobials, the future could bear a resemblance
to the pre-antimicrobial era when there was a risk of death
for a common strep throat disease [1]. The resistance of V.
gonorrhoeae to antimicrobials was discovered since the mid-
1930s when sulfonamides were introduced. Subsequently,
the introduction of penicillin, tetracyclines, fluoroquinolo-
nes, macrolides, and earliest generation cephalosporins as
empirical antimicrobials mono-therapy proved very effective
until recent strains/resistance emerged and gradually reduced
susceptibility of N. gonorrhoeae to these antimicrobials
[4, 5]. Although WHO and many countries further recom-
mended extended-spectrum cephalosporins (ESCs)—ceftri-
axone or cefixime and azithromycin dual-therapy as first-
line empiric therapy for gonorrhoea [4, 6], unfortunately,
cases of isolates co-resistance to ESCs and azithromycin
co-therapy have been revealed [7, 8]. Currently, gonococcal
infection has no vaccination measures; however, MeNZB
vaccine is used for meningococcal and, at best, there is
evidence of only partial protection for N. gonorrhoeae.
This implies that there is a need for more effective, readily
available, and affordable antimicrobial treatment strategies
[9, 10]. In 2012, WHO released a worldwide action plan
and the objective was to regulate the spread of gonococcal
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infections, as well as, minimize its influence on antimicro-
bial resistance (AMR). It aims at eliminating gonorrhoeae
and curb the further spread of AMR. The key action plan is
further explained in Box 1.

Combatting N. gonorrhoeae resistance to antibiotic
treatments has been a major worry globally. Therefore, it
is essential to improve molecular diagnostic approaches
capable of not only distinguishing but also predicting
infections and AMR which could aid in the development
of novel treatment strategies. The advent of bioinformatics
tools accompanied by other ‘omics’ technologies such as
the whole-genome sequencing (WGS) procedures (to detect
N. gonorrhoeae resistance to antimicrobials and mutations)
may perhaps improve the current issue globally. Also, vac-
cination and further information on the mechanisms used by
the gonococcus to resist antimicrobials may help in introduc-
ing new treatment options [11].

Epidemiology of N. gonorrhoeae Around
the World

United States of America

The Centers for Control and Prevention of Diseases (CDC)
in the U.S. backs up the Gonococcal Isolate Surveillance
Project (GISP); a project responsible for the investigation
of gonococcal antimicrobial susceptibility and/or resist-
ance nationally. About sixty U.S. based clinics engaged in
the project—Strengthening the U.S. Response to Resistant
Gonorrhea (SURRG) and enhanced GISP (eGISP) sent
specimens to U.S. based labs for isolation and analysis. In
2017 and 2018, the group isolated and tested about 8214
and 8628 N. gonorrhoeae samples, respectively, which
culminated in 605 and 3159 sequences, and 531 and 646
concerning isolates, sent to the CDC, respectively [12]. A
2018 report revealed that the CDC received a record of about
583,405 cases of gonorrhoea which remained the second

on the list of commonly reported national notifiable condi-
tions [12]. The U.S. has experienced a rise in the number of
cases at the rate of 171.9 cases in every 100,000 individuals
from 2013 to 2017, resulting in a 67% increase over 5 years
[13]. The CDC reports 820,000 new cases of gonorrhoea per
annum around the nation [14]. In respect to AMR, in 2014,
GISP showed that almost 30% of gonococcal isolates were
obtained from MSM and 12% of these strains acquired from
men who have sexual intercourse with women (MSW) dis-
played resistant to ciprofloxacin, having a minimum inhibi-
tory concentration (MIC) of > 1 g/mL [13] GISP, a genomic
epidemiology study reported an increasing rate in the MICs
of oral ESCs-cefixime (MIC >0.25 g/mL), since 2009 [15].

Europe

The level of N. gonorrhoeae surveillance differs in various
nations in accordance with national public health strate-
gies. Records gathered from 21 countries which comprise
of the European Gonococcal Antimicrobial Surveillance
Programme (Euro-GASP) carried out by ECDC (European
Centre for Disease Prevention and Control) documented
over 50,000 cases in 2013 [16]. As far as resistance identi-
fication is concerned, the Euro-GASP implements break-
points set by the European Antimicrobial Susceptibility
Testing Committee (EUCAST), that are lower than the
values adopted by the U.S. [17, 18]. In view of this stipu-
lation, the Euro-GASP revealed rates of resistance with
53% and 5% for ciprofloxacin as well as azithromycin,
respectively, among 1994 strains studied in the scheme in
2013. Conversely, the Euro-GASP implements the very
same set point of resistance in use by the GISP for cefixime
[16]. Nevertheless, the resistance to cefixime was greater
in Europe than in the U.S, with 93 cases (4.7% of total
isolates) confirmed in 2013 [16]. Similar to 2014 reports,
WHO European Region (EUR) [19] recorded the highest
number of countries that complied with the reporting pol-
icy in 2015-2016 (this includes 30 nations; consisting of

Box 1 Global action plan on the widespread of AMR in N. gonorrhoeae-WHO (World Health Organization)

Prominent knowledge of the public on the right usage of antibiotics among health professionals as well as the end-users, especially in popula-
tions with higher-risk of infection including men who have sexual intercourse with men (MSM) and sex workers

Adequate measures on the diagnosis and control of the gonococcus, using prevention messages and interventions, as well as suggested appropri-

ate diagnostic and treatment schemes

Systematical surveillance of treatment failures through the development of a standard case definition of therapeutic failures and procedure for

verifying, recording, and managing treatment failures
Efficient drug prescription and regulation schemes

Enhanced AMR supervision of the gonococcus particularly in countries which shows a high significance of gonococcal infections, other STIs
(Sexually transmitted Disease) as well as HIV (Human Immunodeficiency Virus)

Capacity building to create laboratory networks regionally with good quality control mechanisms for performing gonococcal culture

Further study of AMR using modern molecular methods to track and identify the modes of resistance and the introduction of newer therapeutics

Analysis and detection of potential and effective treatment regimens for gonorrhoea

@ Springer



Neisseria gonorrhoeae Antimicrobial Resistance: Past to Present to Future

869

26 EU/EEA nations). England reported a 22% increase in
the number of cases of the disease between 2016 and 2017,
while in Norway, the spread has been driven majorly by
MSM in last decade resulting in an increase from 190 cases
in 1999 to 1658 in 2018 [13]. In 2018, England reported
for the first time a strain resistant to ceftriaxone including
high-level azithromycin [20].

Australia

In 2012, the Australian Gonococcal Surveillance Program
(AGSP) revealed a contrasting epidemiological pattern
among distant areas and eastern provinces (New South
Wales, Victoria as well as Queensland). In these areas
having decreased AMR rates, reporting rates were higher
nonetheless steady as compared to previous years, which
was around 933 cases for every 100,000 individuals. In
comparison, the incidence of gonorrhoea in the eastern
region, where an international population dominates, was
lower but increased since 2009 (attaining 38.5 per 100,000
people), and the isolates showed greater resistance [21].
Taking into consideration country-wide data and MIC
breakpoint of 1 g/mL for both ciprofloxacin and azithro-
mycin, the AGSP documented resistance levels of 36%
and 2.5% each for these drugs [21]. Gonococcal data in
Adelaide, revealed an annual increase in rates (153%) of
gonococcal infection from 2012 to 2017, which were con-
fined to a particular area and inversely related to the level
of income. The rise in gonococcal rates in 2016 and 2017
was linked with young heterosexuals from low-income
communities. In 2016, a dramatic increase in resistance
to azithromycin was documented in young people of the
opposite sex. MSM was more likely to be re-infected than
other population groups [21]. Besides, Australia doesn’t
always perform cefixime monitoring but observed a
5.4% (n=258) reduction in ceftriaxone sensitivity (MIC
0.06-0.125 g/mL) among 4804 isolates in 2014 [21]. Com-
paring this, it is observed that the percentage rate is over
ten times higher than that reported by GISP (0.4%) in 2014
or by Euro-GASP (0.1%) in 2013, taking into account a
small discrepancy in breakpoints adopted [14, 16]. Simi-
lar to England, Australia also reported a strain resistant to
ceftriaxone including high-level azithromycin in the same
year [20].

Asia

Gonococcal resistance surveillance was carried out in
Western Pacific Region (WPR) and South-East Asian
Region (SEAR) through a WHO-GASP (World Health
Organization-Gonococcal Antimicrobial Surveillance
Program) program under the guidance of the Austral-
ian Health Department, respectively. A GASP-WPR/
GASPSEAR report, 9744 gonococcal isolates from 19
countries underwent AMR testing in 2010. Among the
strains isolated, there was broad quinolone resistance/
reduced susceptibility, attaining rates of more than 90%
in 11 countries. The levels of azithromycin resistance in
countries like Cambodia as well as India ranged from
0 to 1% to 34% in Mongolia. Various levels of suscep-
tibility to ceftriaxone were also reported: in Singapore
1.3%, in Japan 20.3%, in Korea 29.3%, in India 10.8%,
and in China 55.8%, respectively [20, 22]. South-East
and East Asia have had elevated gonorrhoea prevalence
over the past few decades and have been main sources of
emergence and eventual foreign distribution of AMR in
N. gonorrhoeae. In recent years, most of the gonococ-
cal resistance cases to ceftriaxone have been linked with
travel to South-east or Eastern Asia [20, 23].

Africa

An effective and reliable monitoring programme for STI
in the African region is yet to be enforced according to a
WHO report published in 2015 [24]. A review studies of
gonococcal AMR carried out in Africa in 2013 showed
that less figure of tested isolates and lack of uniformity
in the sample selection strategies implemented in diverse
countries make measurements and comparisons of resist-
ance rates challenging [25]. Overall, data gathered in
Africa continent amid 2004 and 2012 showed an increase
in AMR, particularly with quinolones and highlighted the
importance to strengthening infrastructure and laboratory
networks to surveil the area [25]. Similarly, a high preva-
lence of AMR to azithromycin (78%) and tetracycline
(74%) was reported in 51 high-risk men in South Africa.
[26]. A greater concern despite the earlier reports is the
lack of recent data on AMR in many countries in the
WHO African Region [20].
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Neisseria gonorrhoeae AMR Mechanisms

The ability of N. gonorrhoeae to change its genetic com-
position owes to the fact that it can transfer partially or
wholly its genetic material (transformation) during its life
cycle, undergo mutations of different types, and speed-
ily adapt to unfavourable environments in a host, makes
it a great example of the phrase “survival of the fittest”
[3]. Most AMR is chromosomally mediated (transfer of
antibiotic resistance genes which are carried on chromo-
some), meanwhile high-level resistance to penicillin and
tetracyclines as a result of the blargy, gene [28, 29] and
the tetM gene [30], are known to be plasmid-mediated
(the transfer of antibiotic resistance genes which are car-
ried on plasmids). Table 1 describes the AMR mecha-
nisms and target sites of antibiotics in gonococcus.
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N. gonorrhoeae Antimicrobial Susceptibility
and Resistance Over Time

Treatment Failures in the Past: Mono-therapy

Sulfonamides (sulfa drugs) were the earliest antibiotics dis-
covered by Gerhard Domagk in 1935 for the treatment of
gonorrhoea [32]. It demonstrated a lot of effectiveness until
the late 1940s when the appearance of resistance strains
emerged after their introduction into clinical medicine, lead-
ing to the limited use of the antibiotic [33, 34]. Gonococci
resistance to sulfonamides is either due to the overproduc-
tion of p-aminobenzoic acid, or a mutation in genes encod-
ing dihydropteroate synthetase [3]. Penicillins successfully
replaced sulfonamides as a first-line treatment because of its
effectiveness in treating the gonococcal infection [35]. How-
ever, in the 1960s, the susceptibility of the gonococcus to
penicillin decreased as a result of the assemblage of chro-
mosomal resistance determinants, which in turn requires a
high dosage to achieve an acceptable cure frequency [32].
The advent of two categories of f-lactamase (enzymes pro-
duced by bacteria to cause high-level resistance to f-lactam
antibiotics like penicillin, cephalosporin, etc. by breaking
the antibiotics’ structure) encoding plasmids (a small, circu-
lar, double-stranded DNA molecule that is distinct from a
cell’s chromosomal DNA) sufficed in 1976 in sub-Saharan
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West Africa and South-east Asia. The p-lactamase encoding
plasmid is accountable for high-level resistance to penicillin.
In the same manner, a specific strain of this gonococcus in
the U.S and UK suggested that the long time usage of peni-
cillin might soon be discontinued [28]. Subsequently, the use
of penicillin in treating gonococcal infection was withdrawn
as first-line therapy in the U.S, as well as, some other coun-
tries as a result of the appearance of clinical chromosomally
mediated resistance to penicillin. Presently, all over the
world, cases of plasmid and/or chromosomally mediated
resistance to penicillin are found [10, 17]. Tetracycline
proved efficacious in treating the gonococcal infection par-
ticularly in cases of allergy to penicillin [3]. Unfortunately,
the MICs of tetracycline against N. gonorrhoeae increased
during the years, due to the surfacing of fetM determinant
resulting in high-level resistance to tetracycline. Plasmid-
mediated high-level resistance strains to tetracycline were
first announced in 1986 in the U.S, afterwards Netherlands,
and now worldwide [36]. Hence, tetracycline was withdrawn
as the first-line treatment specification globally [37]. Spec-
tinomycin uses in the treatment of gonorrhoea came into
action when plasmid-mediated resistance to penicillin was
detected [38]. Spectinomycin has demonstrated high efficacy
in treating genital and rectal gonococcal infections; however,
its effectiveness in pharyngeal gonorrhoea has been pro-
jected at 80% only [39]. Globally, AMR rates of N. gonor-
rhoeae to spectinomycin are extremely rare and five (within
1988 and 1990) spectinomycin-resistant strains were identi-
fied according to the findings by the U.S-GISP and the
EURO-GASP and no strains, respectively, were documented
[17, 40]. However, in Norway, a study revealed a rare spec-
tinomycin-resistant strain as a result of novel resistance
mechanisms (K28E mutation in ribosomal protein S5 and
deletion of codon 27 (valine)) [41]. One reason for the few
resistant cases to spectinomycin could probably be as a result
of its limited availability in some regions and resistance
emerged in most regions in the 1980s because of spectino-
mycin wide use in treating the gonococcal infections [42].
Fluoroquinolones were used as the first-line drug in treating
gonorrhoea in 1993 [43] due to the mechanism of resistance
developed (plasmid-mediated, mutations in the chromo-
somal DNA and recombination processes) by this gonococ-
cus against previously introduced antimicrobials [9], exam-
ples of fluoroquinolones are ciprofloxacin and ofloxacin [3].
Ciprofloxacin came into existence in 1983 and introduced to
the U.S and the UK in the mid-1980s, this antibiotic was
broadly used to treat N. gonorrhoeae [44] as it demonstrated
a lot of effectiveness with little side effects but in the 1990s,
the first fluoroquinolones resistant strains were documented
in Western Pacific region and Hawaii [45]. Fluoroquinolones
were later discontinued as immediate treatment of

@ Springer

gonococcal infection by mid to late 1990s [35] in Asian
Western Pacific countries as a result of high resistance rates.
Treatment failures with fluoroquinolones were as a result of
resistance in either a mutation in gyrA or both the gyrA and
parC genes [46]. Subsequently, so many cases of resistance
were also reported in some countries among which is West-
ern and Coastal Kenya in 2009, 2011, 2012 [47], and Nairobi
in 2012 [48]. This led to the removal of ciprofloxacin [49]
from the specification in Europe, Asia, and the U.S in the
early-2000s by the CDC [3]. Macrolides-Azithromycin is an
example of macrolides and an end product of erythromycin
in 1980, used in treating gonococcal infection [3]. Cases of
AMR and reduced susceptibility of N. gonorrhoeae to
azithromycin in the mid to late 1990s were documented in
some countries where there is a high intake of azithromycin
in treating STIs like Chlamydia trachomatis infections,
Mycoplasma genitalium and gonorrhoea [36, 40, 50]. The
mode of resistance to azithromycin includes the overexpres-
sion of efflux pumps, a mutation in the peptidyltransferase
loop in domain V of 23S rRNA, and modification of the
ribosomal target by methylase [51]. The rapid increase in
azithromycin resistance of N. gonorrhoeae in isolates was
as well documented in Regina, 2010 which was mostly trace-
able to NG-MAST (Multi antigen Sequence Typing) ST688
[52]. Regardless of azithromycin being used in some coun-
tries, its use as empirical treatment of gonorrhoea is not
being endorsed due to research outcome by the US Food and
Drug Administration (FDA) on the increased cardiovascular
deaths (and risk of death from any cause), which was most
pronounced among patients with high-risk of cardiovascular
disease, after a 5 days prescription of azithromycin. The esti-
mated risk of cardiovascular death using azithromycin, in
comparison with amoxicillin, varied significantly from
approximately 1 in 111,000 among healthier patients to 1 in
4100 among patients with high-risk. (https://www.fda.gov/
drugs/drug-safety-and-availability/fda-drug-safety-commu
nication-azithromycin-zithromax-or-zmax-and-risk-poten
tially-fatal-heart). Cephalosporins—the third-generation
ESCs ceftriaxone (injectable) together with cefixime (oral)
are the most widely consumed cephalosporins used in the
treating gonococcal infection globally. No other ESCs either
oral or injectable have any noticeable upper hand over cef-
triaxone and cefixime [32]. Although other oral ESCs like
cefpodoxime in the USA, cefuroxime in several European
countries, cefdinir, or cefditoren in Japan, and ceftibuten in
Hong Kong [32] were used in cases where cefixime is una-
vailable. Throughout the last two decades, the emergence of
strains resistant to ESCs sprung forth initially in Japan which
later spread internationally. Also, the use of ceftriaxone from
1990 to 2000 for gonorrhoea therapy was not approved. As
a result of this, numerous oral cephalosporins and regimens
accompanied by some, with reduced efficacy, were admin-
istered for mono-therapy, but if there is any form of
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resistance, cefodizime or spectinomycin was recommended
[53]. Several low doses of oral cephalosporins were often
used, which may have caused sub-inhibitory cephalosporins
concentrations and appropriately, may have selected for
cephalosporins resistance [10, 54, 55]. The emergence of
resistant strains to cefixime was documented in Kanagawa,
Japan in 1995. In 1996 afterwards, cases of resistant strains
increased by 57.1% as of 2002 [56]. Increased in vitro resist-
ance was also documented in other regions in Japan e.g.
Fukuoka and central Japan [55]. Clinical treatment failures
were also reported. Between 1999 and 2001, eight therapeu-
tic failures using cefixime (200 mg orally twice, 6 h apart)
were documented [54] and four treatment failures with a
prolonged cefixime prescription (200 mg orally twice a day

Fig. 1 A timeline image repre-
senting the first introduction of
antimicrobials (right) and the
emergence of gonococci resist-
ance (left) to these therapeutic
regimens

1940s- >90% of clinically

resistant strains to
sulphonamides emerged

1967 — First spectinomycin
gonococcal resistant strains
were reported in the

1976 — Detection of -
lactamases causing high-level
penicillin resistance

1980s — Surfacing of tetM-
possessing conjugative

1990s - First

fluoroquinolone-resistant

strains detected

Mid-late 1990s —
resistance to
azithromycin

2000s- 2010 increasing
ESCs gonococcal
resistant strains

2018- First XDR
gonococcal strain
detected in UK and
Australia

2018- First resistant
strain to Ceftriaxone
and Azithromycin co-
therapy in England

Antimicrobial Resistance Identified

for 3 days) were reported in 2002 to 2003 [57]. Subse-
quently, all other ESCs were removed from the Japanese
therapy recommendations. Ceftriaxone (1 g intravenously)
(majorly used), cefodizime (1 g intravenously), and spectino-
mycin (2 g intramuscularly) was endorsed ever since in the
treatment of uncomplicated gonorrhoea [58]. Unfortunately,
cases of failure in treatment using cefixime were docu-
mented in Japan, many European countries, South Africa
and Canada, and a few ceftriaxone failures except pharyn-
geal gonorrhoea are reported in Japan, Australia, and some
European countries [4].

The emergence of extensive drug-resistant (XDR) strain
displaying a high level of resistance to the class of ESCs
and other therapeutic antimicrobials was reported in Kyoto,

Antimicrobials introduced

1930
1935 — Introduction of

v sulfanilamides

1940
1943- Introduction of

v penicillin
1950
19%0 1960s- Introduction of

Tetracyclines

v The early 1960s —

1970 Introduction of
Spectinomycin

v

1980
Mid 1980s — Introduction

+ of fluoroquinolones

1990
1980s -

v ~ " Introduction of
2000 Macrolides

v L 1990s — Introduction of
2010 Cephalosporin

v
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Japan [59], Quimper, France [10], and Catalonia, Spain [60].
The strains of XDR were all identified in crucial populations
like sex workers or MSM. However, from the surveillance
conducted by Kyoto and Osaka between 2010 onwards, no
similar strain showing high-level ESCs resistance after the
discovery of the first XDR strain (HO41) was identified in
the community [61] or anywhere else. Similarly, no other
XDR strains initially identified in France and Spain has been
reported, indicating a lowered biological fitness [3, 61].

The AMR of N. gonorrhoeae to different class of mono-
therapeutic treatment (ranging from sulfonamides to ESCs)
introduced to in vivo and in vitro studies led to the develop-
ment of dual-therapy; ESCs—ceftriaxone or cefixime and
azithromycin (see Fig. 1) as a first-line empirical treatment
for gonococcal infection. Subsequent therapeutic failures
with this co-therapy are further stated in this study.

Treatment Failures in the Present: Dual-Therapy
Ceftriaxone and Azithromycin

Although, the use of ESCs ceftriaxone or cefixime with
azithromycin has proven efficacious in the treatment of
gonorrhoea (healthcare organizations suggested the admin-
istration of 250-500 g (1 M) of ceftriaxone or 400 mg per
oral (PO) cefixime together with an oral dose of 1-2 g
azithromycin) [62], recent findings showed decreased sus-
ceptibility and/or AMR of N. gonorrhoeae to ESCs [3, 60]
in combination with azithromycin, thus raising concerns
about restricted treatment options for gonorrhoea [1, 63].
The first resistant strains of N. gonorrhoeae to ceftriaxone
and azithromycin co-therapy were reported by the PHE Ref-
erence Laboratory where ceftriaxone isolates have MIC of
0.5 mg/L and azithromycin MIC of > 256 mg/L—this indi-
cates high-level azithromycin resistance (HLAziR) [64].
As earlier mentioned, these treatment regimens may not be
useful in time to come because of the documented cases of
treatment failures in patients [8, 64].

The Contribution of Whole-Genome
Sequencing (WGS) in the Surveillance
of AMR in N. gonorrhoeae

The unique mechanism by which N. gonorrhoeae exhibits
partial or total gene transfer throughout its life cycle is its
hallmark for AMR leading to the expansion and progression
of Multi-drug Resistance (MDR) [3]. However, technologi-
cal advancement has birthed different diagnostic tools for
the surveillance of AMR in N. gonorrhoeae [65, 66]. In a
near future, molecular techniques with high sensitivity and
low cost should easily detect AMR and aid in the choice of
the proper antibiotic [66—69]. WGS technologies have been
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efficient in the tracking of microbial infection and resist-
ance, and likewise in the prediction of drug response and
microbial susceptibility. It uses any of the following: Pyrose-
quencing (Roche 454), Sequencing by Oligonucleotide Liga-
tion and Detection (SOLiD), Ion semiconductor sequencing,
[llumina sequencing, Single Molecule Real-Time sequenc-
ing (Pacific Biosciences), and Nanopore sequencing (Oxford
Nanopore) to depict AMR with better accuracy when com-
pared with other sequencing technologies [3, 65, 70, 71].
Several experiments have been carried out on WGS assem-
bles using different pipelines (SPAdes, 1D multiplexed MIN-
ion, 2D ONT Illumina hybrid assembly, Gen2Epi, etc.) to
understand AMR in N. gonorrhoeae [66, 68, 69, 72-77].
However, some of these techniques and pipelines outperform
each other, and new ones continually emerge producing bet-
ter results and overcoming limitations of the existing ones
[68, 69, 78, 79]. The whole-genome molecular sequencing
method is capable of producing higher and specific accuracy
in the resolution of the genomes of N. gonorrhoeae isolates
especially when different pipelines are used simultaneously.

Novel Antimicrobials Undergoing Clinical
Trials

The identification of newer therapeutic approaches is of
utmost importance since N. gonorrhoeae has successfully
developed resistances to available antimicrobials. These
therapeutic approaches among others include the develop-
ment of antimicrobial drugs belonging to a different anti-
bacterial family aside from the previously included ones in
the treatment guidelines for N. gonorrhoeae to provide more
durability and prevent the early appearances of resistance
[80]. To that end, WHO recently published a worldwide pri-
ority list of antibiotic-resistant bacteria to pilot the study and
development of novel antimicrobials [27]. Currently, there
are quite some propitious antimicrobial agents in their late
stage of development clinically for the treatment of gonor-
rhoea, which are solithromycin, zoliflodacin, and gepotida-
cin [81].

Solithromycin

Solithromycin is a novel broad-spectrum fluoroketolide
which is still being subjected to scientific trials and devel-
opment in treating gonorrhoea. This antibiotic is extremely
active against most gonococcal isolates, like extended drug-
resistant HO41 and F89 [82]. A non-comparative Phase II
(the next step once a dose or range of doses is determined,
the goal is to evaluate whether the drug has any biological
activity or effect) safety trial of solithromycin in treating
genitourinary gonorrhoea was carried out in the U.S. during
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2012-2013 [83]. Results showed that solithromycin cured
this culture-proven case. However, some complications were
reported by the authors but this did not stop participating
members from taking their treatments. Furthermore, analy-
sis results revealed that [84] solithromycin failed to show a
non-inferiority margin when compared with the ceftriaxone-
based standard of care regimen. As a result of this, the pro-
gress attempts of solithromycin for the gonococcal treatment
have now been interrupted.

Zoliflodacin

The first drug in the new class of topoisomerase inhibitors,
Zoliflodacin (Entasis Therapeutics), inhibits bacterial DNA
biosynthesis by accumulating double-strand cleavages result-
ing from the arrest of the cleaved covalent DNA gyrase com-
plex with broken DNA double-strand [85]. Zoliflodacin is used
to treat various bacteria such as uncomplicated gonorrhoea
[86]. Since its mode of action is distinct from fluoroquinolo-
nes, we may assume that zoliflodacin will be useful in the
treatment of diseases resistant to fluoroquinolones [11]. The
findings of Phase I (trials at the first stage of testing in human
subjects) studies showed that a dose of zoliflodacin in normal
adult men was well tolerated, and all adverse reactions were
not serious, hence, the study progressed to Phase II clinical
trials [85]. In the Phase II study, zoliflodacin was tested among
180 subjects with gonorrhoea, for safety and microbiological
cure, the results showed that zoliflodacin was well tolerated in
general (Clinicaltrials.gov NCT02257918).

Gepotidacin

Gepotidacin, a novel triazaacenaphthylene antibiotics. It is
bactericidal as a result of its unique potential to inhibit DNA
topoisomerase II activity aiming at the gyrA and parC genes
[87]. Gepotidacin had 0.12 and 0.25 mg/L MIC50 and MIC90
against 25 gonococci strains, which include five ciprofloxacin-
resistant strains, respectively. Synergism studies also revealed
that when gepotidacin was combined with azithromycin,
levofloxacin, tetracycline, and ceftriaxone, no hostility was
observed, whereas the combination of gepotidacin and moxi-
floxacin had a synergistic effect. Gepotidacin was also studied
in Phase II, which showed that oral doses of gepotidacin were
95% successful in treating uncomplicated genitourinary gon-
orrhoea [88].

Concluding Remarks

Neisseria gonorrhoeae has proven to be resistant to all
classes of mono and dual-therapeutic regimens as a result of
the increasing number of evolving antibiotic-resistant strains
thus, making gonorrhoea a worldwide public health problem.

Although dual-therapy remains a regimen for the treatment of
gonorrhoeae, studies have shown treatment failures using cef-
triaxone and azithromycin co-therapy. It will be appropriate to
say that the issue of resistant strains will keep challenging the
efficacy of therapeutic medications, therefore, this calls urgent
attention and action. Consequently, many investigations are
directed towards the identification and development of a com-
bination of strategies to help combat N. gonorrhoeae infection
effectively. This development includes—new antimicrobials,
vaccines, novel technologies, diagnostic tools, repurposing of
antimicrobials (spectinomycin, gentamicin, fosfomycin, and
ertapenem) [3-5], as well as preventive measures to curb the
spread of the infection. Other non-conventional approaches
may also help to minimize and/or eradicate the spread of AMR
[89, 90]. Such developments will improve the monitoring and
regulation of public health relating to gonococcal infection
and AMR worldwide.
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