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Summary

This review explores the therapeutic challenges of sexually transmitted infections (STI) in Europe, which include
increasing antimicrobial resistance and limited progress in drug discovery. We primarily focus on gonorrhoea,
Mycoplasma genitalium, and syphilis infections. For gonorrhoea with escalating resistance rates we explore the pos-
sibility of combining ceftriaxone with another antibiotic or using alternative antibiotics to mitigate resistance
emergence, and we provide insights on the ongoing evaluation of new antimicrobials, like gepotidacin and zoli-
flodacin. In the case of M. genitalium, which exhibits high resistance rates to first and second-line treatments, we
emphasize the importance of resistance-guided therapy in regions with elevated resistance levels, and highlight the
limited alternative options, such as pristinamycin and minocycline. Furthermore, we address the challenges posed by
syphilis, where the primary treatment consists of penicillin or doxycycline, with challenges arising in neurosyphilis,
allergy, pregnancy, and supply shortages and discuss the ongoing evaluation of alternative antimicrobials (e.g., cef-
triaxone, cefixime, linezolid). Our findings identify priority actions and provide concrete solutions for long-term
effective management of STIs and antimicrobial resistance mitigation.

Copyright © 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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because it was extensively reviewed in a previous review'
and no major therapeutic challenges or acquired antimi-
crobial resistance (AMR) have been identified since then.

Neisseria gonorrhoeae, C. trachomatis, and M. geni-
talium are associated with different STI syndromes,
especially urethritis (Fig. 1). The frequency of each
condition differs by geographic area and population
(article on epidemiology in this series).” Empirical
presumptive treatment is usually initiated at the point-
of-care for the initial management of these syndromes.
The regimen chosen depends on the clinical evidence
for gonococcal versus nongonococcal urethritis with a
recommendation to pursue laboratory confirmation
and optimize treatment to align with antibiotic stew-
ardship thus minimizing the development of

Introduction

The therapeutic management of sexually transmitted in-
fections (ST1Is) faces numerous challenges, necessitating a
comprehensive revision of the current state of art in
treatment approaches. In this review, we will focus on
three specific bacterial STIs—gonorrhoea, Mycoplasma
genitalium infection, and syphilis—chosen for their sig-
nificant impact on sexual health and the multifaceted
challenges they pose for treatment. Chlamydia trachomatis,
despite being a major bacterial ST, is not included here
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antibiotic-resistant bacteria. When immediate labora-
tory evaluations (e.g., gram stain) of urethral speci-
mens are accessible, the empiric treatment for
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Key messages

Gonorrhoea

« The discovery of clinically resistant isolates of N. gonorrhoeae to first-line treatment with cephalosporins is a concerning development that demands
immediate action, especially on the background of resistance rates of 10% for macrolides and 60% for fluoroquinolones.

« Gradual dose escalation of ceftriaxone up to 1 g helped combat gonorrhoea resistance, but further escalation is unlikely to be effective.

» Combining ceftriaxone with another antibiotic can potentially mitigate ceftriaxone resistance development, but it is crucial to identifying appropriate

combinations that have a high level of efficacy and similar half-life.

Using specific older pre-existing antibiotics as alternatives to ceftriaxone could reduce exposure to ceftriaxone and limit the development of resistance;

restricting their use just to gonorrhoea will help to preserve their effectiveness.

« Molecular assays targeting resistance mutations can improve antibiotic stewardship and facilitate the use of recycled antibiotics, such as ciprofloxacin.

« Gepotidacin, zoliflodacin, and lefamulin are new antimicrobials currently under clinical evaluation for the treatment of gonorrhoea.

» Asymptomatic pharyngeal gonorrhoea is highly prevalent, and research on how to improve its detection and treatment is needed to prevent
transmission of resistant strains.

« Contact tracing remains crucial to breaking the chain of gonorrhoea transmission but adopting a test-and-wait approach for sexual partners (rather than
routine empirical therapy) can be effective and will reduce the use of antibiotics.

« Point-of-care tests and online postal self-sampling increase the accuracy, access, and acceptability of testing and may reduce infection and spread of
resistance.

Mycoplasma genitalium

« With global estimates for resistance to first-line macrolide antibiotics exceeding 50%, and second-line fluoroquinolone antibiotics approaching 10%,
clinicians are increasingly encountering M. genitalium infections challenging to cure.

Azithromycin, given as an extended 5-day regimen, is recommended as the primary choice in Europe for treatment of uncomplicated M. genitalium
infections without macrolide resistance mutations or resistance testing.

» Macrolide resistance-guided therapy (RGT) uses molecular detection to identify genotypic resistance. In RGT, doxycycline is administered syndromically
for a week while awaiting macrolide resistance testing results.

RGT algorithms incorporating assays to identify fluoroquinolone resistance markers can improve antibiotic precision and treatment efficacy in regions
with prevalent fluoroquinolone resistance.

Pristinamycin and minocycline are options for infections failing moxifloxacin, or where resistance is detected, offering cure rates in the order of 70-75%.
« The pipeline for new M. genitalium antimicrobials is very limited, with gepotidacin, zoliflodacin, solithromycin and a few other compounds
demonstrating in vitro activity but no current clinical evaluation.

Community-level strategies to mitigate resistance development include enhanced antimicrobial resistance surveillance to guide antibiotic stewardship,
reduce antibiotic overuse and inform regional clinical practice and policy. Indications for testing of M. genitalium infections have been narrowed to
primarily involve symptomatic patients.

Syphilis

« Penicillin is the primary treatment for syphilis, but there are challenges with its use, such as limited options for those allergic to B-lactams, especially
pregnant women, challenges in managing neurosyphilis, and congenital syphilis, and reported shortages of penicillin G benzathine in European
countries.

« Doxycycline is a suitable treatment for syphilis based on current evidence but lacks evidence for neurosyphilis and is contraindicated in pregnant women,

while its potential use as post-exposure prophylaxis (known as doxy-PEP) may contribute to selection of resistant strains.

Several antimicrobials, including ceftriaxone for neurosyphilis and cefixime and linezolid for early syphilis, are being evaluated to expand available

options. Until controlled trials are completed it is important to follow internationally validated guidelines.

Linezolid has the potential to be an oral treatment for neurosyphilis due to its favorable pharmacokinetics and ability to penetrate the central nervous

system, along with demonstrated in vitro anti-treponemal activity, but caution is advised due to concerns regarding a point mutation that may cause

resistance in T. pallidum.

Amoxicillin and other widely used antibiotics for various infections, as well as zoliflodacin, and spectinomycin may exhibit therapeutic activity against
treponemal infections, but further evidence is required.

Community-level strategies to interrupt transmission chains include case notification and contact tracing, and systematic screening of populations at
risk. The development of new diagnostic tools that facilitate screening and treatment response monitorization, and novel notification and contact
tracing software.

gonococcal urethritis involves ceftriaxone, while treat-  laboratory diagnosis is not available, then empirical
ment for nongonococcal urethritis should be directed  treatment for gonococcal urethritis, and presumptive
towards C. trachomatis with doxycycline. If rapid  therapy for C. trachomatis is usually given (ceftriaxone
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A Neisseria gonorrhoeae urethritis

Primary syphilis chancre

F Secondary syphilis lesions around the vulva

Fig. 1: Common Clinical Presentation of Bacterial Sexually Transmitted Infections in male and female patients. Legend: (A) White - yellowish
discharge characteristic of gonorrhea. (B) Image of urethritis caused by Mycoplasma genitalium infection with redness and inflammation in the
meatus of the urethra and presence of transparent exudate. (C) Syphilis primary chancre on the glans of the penis. (D) Speculum exam shows a
process of endocervicitis with purulent content. (E) Friability and congestion in a patient with Mycoplasma genitalium cervicitis. (F) Multiple
secondary syphilis lesions around the vulva and inguinal area. Photo credits: Irene Fuertes (A-C), Marti Vall-Mayans (F). Photos D and E, used
with permission of the editor were adapted from Atlas of Sexually Transmitted Diseases: Clinical Aspects and Differential Diagnosis’ available at

https://doi.org/10.1007/978-3-319-57470-7.

and doxycycline). Nucleic acid amplification tests
(NAATs) offer agent-specific results within hours to
days; the time to results varies based on individual
testing facility resources. When NAAT results are
available to guide therapy, antimicrobial treatment can
be directed towards a specific bacterial pathogen.

Our aim is two-fold: to examine the current state
of the art in bacterial STI treatment and to explore
new approaches that can address emerging chal-
lenges and improve patient outcomes. We will
address the critical aspects of treatment taking into
consideration the impact of rising AMR, limitations
of current regimens in certain situations or stages of
the diseases, drug availability affected by shortages
and access issues, and evolving trends in drug dis-
covery or repurposing for STI therapeutics. By
addressing these challenges head-on, we aim to
promote the development of comprehensive and
tailored approaches that are durable for the next five
to 10 years.

Gonorrhoea

Gonorrhoea is an STI caused by infection with
N. gonorrhoeae bacterium. Typical symptoms include
vaginal or penile discharge, dysuria, and bleeding be-
tween periods for women (Fig. 1, panels A and D). If
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the infection ascends to the upper genital tract, it may
cause pelvic inflammatory disease and epididymo-
orchitis.* In Europe, ceftriaxone administered as a
single intramuscular injection (with or without azi-
thromycin) is the current first-line treatment for
N. gonorrhoeae infections of the urethra, cervix, rectum,
and pharynx (Table 1).}

The future management of individuals with gonor-
rhoea has several challenges. In 2020, the Euro-GASP
surveillance project identified that, in Europe, 1% of
gonococcal isolates had resistance to oral cefixime (MIC
> 0.125 mg/L), 10% to azithromycin (MIC > 1 mg/L),
and 58% to ciprofloxacin (MIC > 0.06 mg/L).* Although
current first-line therapy using cephalosporins remains
highly effective,’ a small number of clinically resistant
isolates (MIC > 0.125 mg/L) have been identified in
Europe and relatively high rate of low-level resistance is
found in the Asia—Pacific region.”® Our previous expe-
rience is of seeing the rapid loss of efficacy for peni-
cillin, tetracyclines, and fluoroquinolones (and more
recently increasing rates of resistance to macrolides)’
suggesting that it will be a question of ‘when’ rather
than ‘if’ we need alternative treatments for gonorrhoea.
This has been highlighted by the WHO which includes
N. gonorrhoeae as one of its top 10 priority pathogens
requiring research and development investment.®
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Antibiotics with  Widespread Current first-line

intrinsic proven  antimicrobial

Second line when allergy or
treatment failure

Third line after Resistance guided therapy
treatment

Pregnancy Empirical combination

activity in wild-  resistant strains failure or
type strains resistance

Gonorrhoea  Penicillin, Penicillin, - Ceftriaxone 1 g IM as a single - Spectinomycin 2 g IM as a single Guided by Quinolone susceptibility confirmed by - Ceftriaxone 1 g - Doxycycline 100 mg oral dose
cephalosporins, fluoroquinolones,  dose in settings where patients ~ dose together with resistance molecular tests: IM as a single  twice daily for 7 days given at
carbapenems, tetracyclines, are likely to return for test of  azithromycin 2 g as a single oral testing - Ciprofloxacin 500 mg as a single dose together  the same time as ceftriaxone

tetracyclines, macrolides cure

macrolides, OR -

aminoglycosides, - Ceftriaxone 1 g IM as a single

and dose together with

fluoroquinolones azithromycin 2 g as a single
oral dose in non-well
controlled settings

dose

Ciprofloxacin 500 mg as a single
oral dose in susceptible strains
Gentamicin 240 mg IM as a
single dose together with
azithromycin 2 g as a single oral
dose

Ertapenem 1 g IM once daily for
three days

OR

Mycoplasma  Tetracyclines, Macrolides, a
genitalium macrolides, fluoroquinolones  one, then 250 mg on days 2-5
fluoroquinolones, (oral)
and streptogramins - Josamycin 500 mg 3 times
daily for 10 days (oral)
Syphilis Penicillin, Azithromycin Primary, secondary, and early

Cefixime 400 mg as a single oral
dose together with
azithromycin 2 g as a single oral
dose.

days (oral)

Primary, secondary, and early latent

oral dose

Ceftriaxone resistance:

- Ceftriaxone 1 g IM as a single dose
together with azithromycin 2 g as
a single oral dose

- Spectinomycin 2 g IM as a single
dose together with azithromycin
2 g as a single oral dose

Azithromycin 500 mg on day - Moxifloxacin 400 mg od for 7 - Pristinamycin Initial syndromic treatment:

1 g four times - Doxycycline 100 mg bid, 7 days

daily for 10 (while testing for macrolide
days (oral), resistance)
75% cure Upon confirmation of macrolide-
OR susceptibility:
- Minocycline - Azithromycin 500 mg on day one,
100 mg two  then 250 mg od days 2-5 (oral)

times daily for ~ Macrolide resistance:
14 days (oral), - Moxifloxacin 400 mg od for 7 days
70% cure (oral)
OR
- Doxycycline
100 mg two
times daily for
14 days (oral),
40% cure

cephalosporins,
macrolides,
tetracyclines,
oxazolidinones

latent syphilis:

- BPG 2.4 MUI IM as a single
dose

Late latent syphilis:

syphilis with penicillin allergy:

Doxycycline 100 mg orally twice
daily for 14 days

OR

- BPG 2.4 MUI IM weekly for 3 -
weeks

Neurosyphilis:

- Aqueous crystalline penicillin G
3 to 4 MUI IV every 4 h for
10-14 days.

OR

- Procaine penicillin G 2.4
million units IM once daily,
plus probenecid 500 mg orally
4 times/day, both for 10-14
days

Ceftriaxone (1 g IV or IM daily
for 10-14 day)Late latent syphilis
or neurosyphilis with penicillin
allergy:

Penicillin allergy desensitization.

with to cover C. trachomatis
azithromycin infection, if not excluded by
2 gasasingle  molecular tests

oral dose

Azithromycin
500 mg on day
one, then

250 mg on

days 2-5 (oral)

Macrolide-

resistance:

- Postpone
treatment until
delivery

OR

Pristinamycin

can be

considered if
symptomatic.

First line is BPG, in
case of penicillin
allergy:

- Penicillin
allergy testing
and
desensitization.

“Treatment Guidelines (Europe): https://iusti.org/treatment-guidelines/-accessed 10 June 2023. Similar Guidelines are available online: https://www.cdc.gov/std/treatment-guidelines/STI-Guidelines-2021.pdf (USA); https://sti.quidelines.org.au/

(Australia); https://www.bashh.org/guidelines (UK). BPG: Benzathine penicillin G.

Table 1: State-of-the-art in the approach to treatment of STis in Europe.”
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Preserving cephalosporins
Cephalosporins are the last remaining highly effective
treatment for gonorrhoea. Several strategies have been
proposed to slow the emergence of resistance and pro-
long their efficacy for as long as possible (Table 2). The
dose of intramuscular ceftriaxone has gradually been
increased to its current level (500 mg in the US and
Australia, or 1 g in Europe)**" to cover isolates with
reduced susceptibility, but pharmacokinetic modelling
suggests that further dose escalation beyond 1 g is un-
likely to be effective in overcoming high-level resis-
tance.”” The use of oral cefixime should be avoided
because it results in lower drug levels and has been
associated with the rapid emergence of resistance.”
Combination therapy, involving ceftriaxone and a
second agent, could inhibit the emergence of resistance,
as has been used successfully in treating TB and HIV.
However, for this approach to be effective, several criteria
must be met:"* 1) Availability of two effective antimicro-
bials with a high barrier for resistance development; 2)
Independent mechanisms for developing antimicrobial
resistance and 3) Preferably, similar pharmacokinetic
properties because substantial differences in the half-lives
of the two drugs could lead to a prolonged period of
functional monotherapy with low drug levels, increasing
the risk of resistant strains being selected if reinfection
occurs. European and Australian guidelines (but not UK
or USA guidelines)**'" recommend the combination of

azithromycin plus ceftriaxone, but the protective efficacy
of azithromycin used in this way appears limited,'* and an
increasing global prevalence of azithromycin resistance
suggests that this combination is not optimal.** Overall,
combination therapy represents a potentially more robust
and sustainable approach to gonorrhoea treatment, but
only if suitable antibiotic combinations can be identified.

Several older pre-existing antibiotics might be effec-
tive to cure gonorrhoea and could potentially be used,
reducing exposure of gonococcal isolates to ceftriaxone
with the goal of keeping it ‘in reserve’ for those who need
it. Spectinomycin, a broad-spectrum antibiotic registered
in several European countries, has been recommended as
an alternative treatment for gonorrhoea,” reflecting the
absence of resistance (MIC > 64 mg/L) in 2019 antimi-
crobial surveys,* but production and availability of this
agent is limited, resistance can develop rapidly and it has
reduced efficacy in pharyngeal gonorrhoea.” Gentamicin
in combination with azithromycin is effective in
clearing most genital infections and may be a useful
treatment alternative but works less well for rectal and
pharyngeal gonorrhoea (80-90% microbiological clear-
ance).'*”  Ciprofloxacin, despite widespread fluo-
roquinolone resistance, can still be effective if patients
with sensitive isolates of N. gonorrhoeae (~40%) can be
identified before treatment is given. Molecular AMR tests
detecting wild type gyrA as a predictor of ciprofloxacin
efficacy have the potential to achieve this and avoid the

Improved use of current drugs Drug discovery

Use of diagnostic tools
transmission

Community-level strategies to reduce

Gonorrhoea  « Drug escalation of ceftriaxone to 1 g

gonorrhoea by using alternative
existing antibiotics: Spectinomycin'®;
Gentamicin'®"/; Ciprofloxacin'®*?;
Ertapenem."”

Gepotidacin (Phase IIl RCT

cannot go higher."” ongoing).”’

« Antibiotic Combination (optimal « Zoliflodacin (Phase Il RCT
combination still unclear).* ongoing).”*

* Reduce the use of ceftriaxone for .

Lefamulin (in vitro evidence).””

Resistance-guided therapy: test for .
fluoroquinolone resistance and use
ciprofloxacin when possible.*®

Test of Cure is highly recommended.
Point-of-care testing."

Online postal self-sampling.”

infections.”*

25,26

tools).

partners.”

Detect and treat pharyngeal
Improve contact tracing (digital

Test-and-wait approach for sexual

Mycoplasma ~ «
genitalium

Syphilis .

Improve evidence for and access to
repurposed antimicrobials (e.g.,
pristinamycin or minocycline) when
first- or second-line fails.?**°

Development of new therapeutic
options for patients with penicillin
allergy

Development of new treatments with
good distribution to the central
nervous system for neurosyphilis and to
the utero for congenital syphilis

Resistance-guided therapy of symptomatic
patients: syndromic treatment with
doxycycline for 7 days + azithromycin
(susceptible strains) or fluoroquinolone
(macrolide-resistant strains).>®

Detection of fluoroquinolone-resistant
strains.>%2%4°

Lefamulin (poor clinical efficacy
recently shown).***!
Sitafloxacin (clinical evidence,
approved in Japan and Australia).
Gepotidacin, zoliflodacin,
solithromycin, omadacycline, .
eravacycline, and tinidazole

(in vitro evidence).*” >’

Amoxicillin (mixed results, .
further evidence required).*”*°
Cefixime (potential treatment for
early syphilis; ongoing phase Il
RCT).>°

Linezolid (potential oral
treatment for neurosyphilis;
concerns on resistance; ongoing
RCT for primary and secondary
syphilis).”**

Zoliflodacin (in vitro evidence).”

New diagnostic tools for screening and
monitor treatment response.

3

Enhanced AMR surveillance to guide
antibiotic stewardship.**

Reduce antibiotic empirical and
prophylactic overuse.

Screening in asymptomatic persons not
recommended.****** Unclear whether
it could be beneficial for specific sub-
populations (e.g.,, women).*>4¢

Case notification.

Contact tracing.

Systematic testing in risk populations
(MSM, pregnant women).

Table 2: Strategies to mitigate resistance development and spread.
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need for ceftriaxone, but cost and the potential for this
approach to select ciprofloxacin resistant isolates also
need to be considered.'® The use of such targeted ap-
proaches for other antibiotics may be more challenging
as most lack a single sentinel gene mutation that closely
correlates with effectiveness.”® Ertapenem is a potential
alternative to ceftriaxone with similar treatment efficacy
in one trial” and it has also been used successfully as
salvage therapy in a small number of patients with cef-
triaxone resistance who have failed initial treatment.
However, it needs to be used with care for treating bac-
terial STIs because it is also an important treatment for
ESBL-producing enterobacterial infections. Finally,
limiting the use of specific antibiotics to just treating
gonorrhoea and preventing their more widespread use
could reduce community exposure and limit the oppor-
tunity for resistance to develop.”’

New antimicrobials

Gepotidacin and zoliflodacin, two promising antibiotics
for the treatment of gonorrhoea, are currently in phase 3
development, and ongoing trial recruitment is set to be
completed in 2023. Both are oral medications that act as
topoisomerase inhibitors, although targeting different
binding sites.””*' Lefamulin, a pleuromutilin antibiotic,
exhibits good in vitro activity against gonorrhoea and
other sexually transmitted infections, such as Chlamydia
trachomatis, but currently lacks clinical efficacy data for
gonorrhoea.”

Community-level strategies to mitigate resistance
development and spread

A number of approaches could be considered to achieve
better control of gonorrhoea transmission, which has
the potential to both reduce prevalence of disease and
slow the spread of resistant isolates (Table 2).

Firstly, asymptomatic pharyngeal gonorrhoea is
common and, despite its tendency to clear without
treatment after around three months, it remains
important in the evolution of resistance due to the easy
transfer of genetic material between N. gonorrhoeae and
commensal Neisseria species. There is increasing
acceptance that gonorrhoea transmission may occur via
saliva, and that not just fellatio but also kissing may pass
on infection.* More frequent testing may improve
detection and treatment of missed infections, reducing
onward transmission, but could also increase antibiotic
usage and selective pressure for resistance. The optimal
criteria for screening and the screening interval remain
uncertain and should be a research priority (this topic is
further discussed in the asymptomatic screening article
of this series).”® Antibiotic efficacy is generally lower for
pharyngeal gonorrhoea compared to genital infection,
highlighting a need to ensure that new drugs are spe-
cifically evaluated for their effectiveness at this site.

Secondly, current partner management protocols
need to be optimised. Identifying the sexual contacts of

those with gonorrhoea is necessary to identify any
transmitted infection, interrupt the chain of trans-
mission, and reduce the risk of reinfection in the source
patient. Novel approaches using digital automated
partner notification have the potential to be more
effective in achieving these aims and also be cost saving.
Initial attempts had limited success, in part due to a lack
of patient engagement, but recent results are encour-
aging as the technology and pathways are refined.”>* In
the past, offering empirical therapy to the sexual part-
ners of those with gonorrhoea has been common, but
the majority of such individuals (especially if asymp-
tomatic) are not infected and a ‘test and only treat if
positive’ approach reduces unnecessary antibiotic use
and can be equally successful, while also reducing the
risk of AMR in non-target pathogens.”

New technologies using molecular-based point-of-
care tests for gonorrhoea offer a sensitive and specific
way of making a rapid and accurate diagnosis.”” With
these tests, patients can be diagnosed immediately,
reducing the time to treatment and, therefore, short-
ening the period of infectivity and minimizing the risk
of transmitting resistant isolates. The increasing use of
online postal self-sampling also improves access to
testing. Individuals request a test kit online, perform
self-sampling at home, and send the specimens directly
to the laboratory for testing. This approach can increase
testing rates, particularly in those who might otherwise
be reluctant or unable to access traditional face to face
clinical services.”

Introducing new and costly drugs, implementing
molecular assays for detecting resistance, controlling
antibiotic availability and usage, and rapidly identifying
sexual partners for testing and treatment are all
resource-intensive approaches that may not be feasible
or affordable in many healthcare systems. Management
and monitoring pathways should be optimized to reflect
available resources and identify the most cost-effective
approaches while considering the high cost of future
AMR.

Mycoplasma genitalium

M. genitalium is a prevalent STI that causes non-
gonococcal urethritis in men, and cervicitis, pelvic
inflammatory disease, and preterm birth in women
(Fig. 1, panels B and E).*** Due to the lack of a cell wall,
only a limited number of antimicrobial classes are effi-
cacious against M. genitalium, including tetracyclines,
macrolides, fluoroquinolones, and streptogramins
(Table 1). However, several reasons preclude the use of
some of these classes. A typical 7-day regimen of doxy-
cycline has low efficacy for M. genitalium, with microbi-
ological cure rates ranging from 30% to 40%.
Azithromycin, in a single 1 g oral dose, was widely rec-
ommended for first-line treatment, demonstrating sus-
ceptibility in vitro and superiority to doxycycline in 2 of 3
randomised trials over a decade ago.*** However, due to
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high rates of selection of resistance mutations in the 23 S
ribosomal RNA gene (>10%) following 1 g azi-
thromycin,*** its efficacy declined from 85% prior to
2009 to 67% in studies up to 2014.° The extensive use of
this regimen globally for STI syndromes (and for C. tra-
chomatis, M. genitalium and N. gonorrhoeae in combina-
tion with ceftriaxone), as well as the widespread use of
josamycin in Russia and Central and Eastern European
countries, are likely to have contributed to the accelerated
selection of macrolide-resistant strains in M. genitalium.
Azithromycin, given as an extended 5-day regimen, is
currently recommended as the primary choice in Europe
for treatment of uncomplicated M. genitalium infections
without macrolide resistance mutations or resistance
testing. Moxifloxacin, a fourth-generation fluo-
roquinolone, is the preferred second-line treatment when
azithromycin fails or for macrolide-resistant infections.
Sitafloxacin, from the same family and generation, is
approved for use in M. genitalium infection in Japan and
Australia, but not in most other countries, including
Europe. Initially, when introduced in 2004, moxifloxacin
had a cure rate approaching 100%.° However, the first
treatment failures emerged within few years, and pooled
data showed a decline in efficacy from 100% prior to 2010
to 89% by 2016.”” As a result, clinicians opted to repur-
pose old drugs, such as pristinamycin and minocycline,
to provide options for patients failing fluoroquinolones,
or in whom they are contraindicated. Neither of these
agents are highly effective: pristinamycin cures 75% of
macrolide-resistant infections, and minocycline is
slightly less effective at 70%.”** The increasing preva-
lence of AMR in M. genitalium has made it an emerging
global health threat listed in the US CDC Watch List and
with untreatable infections increasingly encountered by
clinicians.

Prevalence of antimicrobial resistance

The prevalence and trends in AMR inform the use of
antimicrobials for M. genitalium, particularly consid-
ering the rising resistance rates to recommended anti-
biotics. Culture-based drug susceptibility testing of
M. genitalium is extremely difficult, as the organism is
fastidious.” However, PCR assays can detect certain
genotypic markers, such as mutations associated with
resistance or susceptibility to macrolides or fluo-
roquinolones. Macrolide resistance is mediated by sin-
gle nucleotide polymorphisms mutations at positions
2058/2059/2062/2063 (E. coli numbering) in the 23 S
rRNA gene, each resulting in the elevation of the mean
inhibitory concentrations of macrolides, and leading to
treatment failure.®”® Specifically, mutations at position
A2062G are linked to josamycin resistance in Russia.”!
Fluoroquinolone  resistance-associated =~ mutations
(QRAMS) are located in the parC and gyrA genes, with
the S83I parC mutation being the most common and
associated with elevation of minimum inhibitory con-
centrations (MICs) for moxifloxacin and clinical failure
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of moxifloxacin in 40% of cases.”’*”* GyrA mutations
are less frequent, and tend to co-exist with parC muta-
tions, particularly S83I, and this combination of muta-
tions is associated with an increase in MICs to both
moxifloxacin and sitafloxacin and moxifloxacin clinical
failure exceeding 80%.*

A systematic review and meta-analysis described a
marked increase globally in macrolide resistance from
10% Dbefore 2010 to 50% in 2016-2017.° In samples
collected in 2016-2017, the average prevalence of fluo-
roquinolone resistance and dual-resistant strains was 9%
and 4%, respectively.” All mutations were less common
in the WHO European region than in the WHO Western
Pacific and Americas.” Macrolide resistance varied
among European countries, possibly due to different
national guidelines on the use of doxycycline for chla-
mydia treatment and different rates of chlamydia
screening. For example, in Sweden, where doxycycline is
used for chlamydia, the macrolide resistance rate for
STIs in samples collected between 2003 and 2017 was
low, at 15%.”° Additionally, low rates were observed in
Central and Eastern European countries due to limited
chlamydia screening and consequently reduced antimi-
crobial use. The global data meta-analysis is currently
being updated to include publications from 2018 to
2023.”7 Over the past four years, global macrolide resis-
tance appears to have decreased slightly from 42% in
2015-2017 to 33% in 2018-2021, while key parC muta-
tions have remained stable globally at 14% from
2015-2017 to 2018-2021. In the European region, mac-
rolide resistance has risen from 30% in 2015-2017 to
43% in 2018-2021, and fluoroquinolone resistance from
7% to 12% in 2018-2021 (courtesy of Teck-Phui Chua;
estimates from all studies include both women and men,
without focusing on specific subpopulations).”

Resistance-guided therapy

To address concerns about rising macrolide resistance
and reduce the empiric use of azithromycin, researchers
in Australia developed a resistance-guided therapy
(RGT) strategy for M. genitalium in 2013 involving a two-
step approach with initial administration of doxycycline
while awaiting resistance test results (Table 2). Patients
with an STI syndrome are initially treated with doxycy-
cline for 7 days rather than azithromycin to reduce its
empiric use, and M. genitalium infections are tested at
the time of diagnosis for macrolide-resistance. Doxycy-
cline also has the added benefit of reducing the bacterial
load of M. genitalium by 3 log;, (median six days) and is
the treatment of choice for chlamydial infections.” Cli-
nicians then recall patients once M. genitalium and
resistance results are available. For macrolide-
susceptible infections, an extended azithromycin
regimen (1 g on day one, followed by 500 mg on days
2-4) is recommended. This regimen has shown, in a
prospective clinical evaluation, to be associated with less
selection of resistance than 1 g SD (<4%) and high cure
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rates (96%),” although no clinical trials have been con-
ducted. For macrolide-resistant infections, a week of
moxifloxacin (400 mg daily for 7 days) is recommended,
with efficacy depending on the prevalence of quinolone-
resistance mutations. Two prospective clinical studies
evaluating sitafloxacin and moxifloxacin have demon-
strated a 92% cure rate with this approach.”” In regions
with increasing fluoroquinolone resistance, such as Asia
and the Western Pacific, assays and algorithms that
identify key fluoroquinolone resistance markers enable
clinicians to avoid moxifloxacin when parC and gyrA
mutations are present.’**° Pristinamycin or minocycline
can be chosen as alternative antibiotics, expected to cure
around 75% of infections. This next generation of
resistance-guided therapy may also reduce the need for
test-of-cure visits in groups with a high predicted cure
rate (>90%) and follow-up could be confidently recom-
mended for symptomatic patients only.”*

Successful implementation of RGT algorithms ulti-
mately depends on the affordability and availability of
resistance assays, not only in pathology laboratories and
for high throughput platforms, but at point-of-care.
Several point-of-care assays for M. genitalium macrolide
resistance are currently available in most European
countries, but these assays still have limitations in terms
of costs and logistics, and their usage remains infre-
quent.®*2 Commercial molecular diagnostic assays for
the detection of fluoroquinolone resistance-associated
mutations in M. genitalium have undergone evaluation
and are now also available.®

RGT is the recommended first-line treatment in the
Australian, US, and UK M. genitalium guidelines (with
the UK guidelines shortening the azithromycin regimen
to 3 days: 1 g followed by 500 mg daily for 2 days).*** In
Europe, current guidelines recommend using molecular
assays to detect macrolide resistance mutations, but ac-
cess to such tests is limited in most clinics in all re-
gions.”® European guidelines recommend RGT if
treatment of symptomatic patients is indicated before
M. genitalium confirmatory results are available.** How-
ever, the first-line treatment option following confirma-
tion remains the extended azithromycin regimen.

Repurposed antimicrobials

Alternative treatments for patients unable to tolerate or
contraindicated for fluoroquinolones, or in cases of
fluoroquinolone clinical failure, are severely limited.
Pristinamycin is the primary antimicrobial used in
Europe, the UK and Australia for such cases (Table 1). It
is registered in France and can be obtained with a spe-
cial permit in most European countries,® although
global supply shortages have occurred intermittently.**
Pristinamycin can be used in combination with doxy-
cycline (1 g three times daily and 100 mg twice daily,
respectively) for ten days, or as monotherapy (1 g four
times daily). Both regimens achieve 75% cure.”” Min-
ocycline and doxycycline (both 100 mg twice daily) for

14 days are alternatives. Minocycline has showed higher
activity compared to doxycycline and had a microbio-
logical cure rate of 71% among 35 evaluable patients,
and a recent series of 123 patients confirmed an overall
cure rate of 68%.7* The use of an extended doxycycline
regimen for 14 days has not been systematically evalu-
ated but is also considered an option for third-line
treatment.®

New antimicrobials

In addition to existing treatment options, lefamulin has
shown high activity in vitro against M. genitalium with
combined macrolide and fluoroquinolone resistance.”
However, there is limited and anecdotal experience of
lefamulin in the treatment of patients with
M. genitalium infection. A clinical trial of lefamulin in
those with previous antibiotic treatment failure was
recently suspended at the sponsor’s request after the
company dissolved.’’ In a small series of patients in
Australia and the US, lefamulin was not effective when
administered as the sole agent and cure did not exceed
50% when administered following seven days of
doxycycline.* Several other antimicrobial agents,
including gepotidacin, zoliflodacin, solithromycin,
omadacycline, eravacycline, and tinidazole, have shown
in vitro activity against M. genitalium, but there is not
data on their clinical efficacy. Additionally, there is a
published clinical case reporting the use of chloram-
phenicol (Table 1).**

Community-level strategies to mitigate resistance
development and spread

To mitigate the development of AMR at the community
level, it is crudial to reduce the empirical or prophylactic
use of antibiotics and establish coordinated molecular-
based AMR surveillance programs that inform practice
and policy. Unfortunately, AMR surveillance is not
routinely performed in many countries or regions,
including those within the European AMR Network.*!
While systematic screening for M. genitalium is not sup-
ported by data or recommended in any international
guidelines,***** the use of multiplex molecular assays has
led to frequent screening in clinical practice. The benefits
and risks of population screening for M. genitalium
remain uncertain, due to limited data on its natural his-
tory and the impact of screening on AMR. However,
countries with low rates of STI screening have demon-
strated lower levels of antimicrobial consumption and
AMR in STIs.” Some subpopulations, such as high-risk
pregnant women, may benefit from targeted screening
to prevent preterm birth, but further studies are needed to
evaluate its value due to limited current evidence.**

Syphilis

Syphilis, caused by the spirochete Treponema pallidum
subsp. pallidum (T. pallidum), develops in consecutive
stages over time: primary, secondary, and tertiary, with
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periods of asymptomatic latency in between (Fig. 1,
panels C and F) Pathogen dissemination during the
early stages can lead to neurosyphilis when invasion of
the central nervous system (CNS) occurs, and in preg-
nant women, it can result in congenital syphilis and
foetal loss. For therapeutic and management purposes,
the European Centre for Disease Prevention and Con-
trol (ECDC) and US CDC define syphilis acquired <1
year as early syphilis and syphilis acquired >1 year as
late syphilis; WHO considers syphilis acquired within 2
years as early syphilis.

Penicillin is the first-line therapy for all stages of
syphilis with limited evidence available for alternative
antibiotics (Table 1).** The choice of penicillin form
(benzathine, or aqueous crystalline), dose and duration
depend on the stage and site of infection. Strong evi-
dence from two large randomized clinical trials supports
the efficacy of a single dose of long-acting benzathine
penicillin G (BPG, 2.4 million units intramuscularly) for
primary, secondary, and early latent syphilis, with
serological cure rates of 79% (186/237), and 95% (157/
165), at 6 and 9 months, respectively. Several studies
have evaluated therapy with additional doses of BPG and
found no additional benefit.”*? People with late latent
syphilis are treated with BPG intramuscularly once a
week for three weeks (7.2 million units total). While this
approach considers the likely possibility that T. pallidum
might enter a resting state with organisms not dividing
or multiplying very slowly and therefore less susceptible
to antibiotics, there is a lack of clinical trial data. The
recommended treatment for neurosyphilis is aqueous
crystalline penicillin G (3—4 million units every 4 h
intravenously for 10-14 days) because BPG does not
result in treponemicidal levels of the antibiotic in the
cerebrospinal fluid (CSF). Neonatal syphilis also re-
quires intravenous infusions every 8 h or 12 h for 10
days.

Challenges of penicillin as first-line therapy

The management of syphilis presents the following
three major challenges: 1) Treating neurosyphilis and
neonatal syphilis requires a lengthy and intensive course
of intravenous aqueous crystalline penicillin G which
can be stressful for patients and results in high bed
occupancy or reduced adherence in some settings. 2) No
treatment options exist for pregnant women allergic to
penicillin have, as doxycycline is contraindicated during
pregnancy. Therefore, penicillin allergy testing, and
desensitization are the only viable choices. 3) Global
production and supply issues have led to treatment
failures and increase in congenital syphilis cases, as
health care providers turned to inefficacious antibi-
otics.” A common reported error is the administration
of aqueous crystalline penicillin intramuscularly, which
is a short-acting form of penicillin.”* Shortages of BPG
have been registered in various European countries,
including France, Albania, Austria, Bulgaria and Czech
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Republic among others.” The limited number of pro-
ducers for penicillin’s active ingredients, along with a
rise on demand, increases the likelihood of future
shortages. There are zero other options when there’s no
BPG to treat pregnant women and patients with neu-
rosyphilis. Consequently, in the face of BPG shortages,
several agencies have advised to treat uncomplicated
non-pregnant patients with doxycycline to preserve the
supply of BPG and maintain stock for high-priority
patients.”

Another issue related to BPG is the reporting of a
few cases of penicillin treatment failure,””** especially
in people living with HIV but differentiating between
reinfection and relapse remains challenging. While
penicillin resistant T. pallidum has not been docu-
mented, the historical inability to culture the organ-
ism limits drug susceptibility testing. The emergence
of resistance to penicillin in T. pallidum is considered
very unlikely as it would require complex mutational
processes, that do not seem to have occurred after
over 70 years of continuous use of this antibiotic.
However, there is a possibility of penicillin-resistant
strains, as genomic analysis indicates potential tar-
gets like penicillin-binding proteins (PBPs) that could
undergo mutations reducing their affinity for
penicillin.'*

Research is necessary to expand therapeutic options
and develop future treatment strategies for challenging
stages and situations in syphilis management.

Alternative antibiotics for syphilis treatment

A major obstacle to testing alternative antibiotics for
syphilis was the long-standing inability to culture the
causative agent, T. pallidum. However, a system for
culturing T. pallidum was established in 2018, allowing
for the determination of MICs of a broad repertoire of
antimicrobial agents. In vitro studies have shown that
the following antibiotics have anti-treponemal activity:
penicillin G (MIC < 0.003 mg/L), doxycycline (MIC
0.10 mg/L), ceftriaxone (MIC 0.0025 mg/L), several oral
cephalosporins (cefixime, cefetamet, cefuroxime; MIC
0.01-0.03 mg/L), amoxicillin (MIC 0.02 mg/L), linezolid
(MIC 0.5 mg/L), dalbavancin (MIC 0.125 mg/L), and
spectinomycin (MIC 0.1 mg/L).""'* Conversely,
some antibiotics, such as moxifloxacin, balofloxacin,
ertapenem, doripenem, metronidazole, isoniazid, pyr-
azinamide, clofazimine, and ivermectin, have no anti-
treponemal activity.

Alternative antibiotics for syphilis treatment include
ceftriaxone and doxycycline. Azithromycin, which was
previously used, is no longer recommended, while
amoxicillin is used in certain cases in a few countries
(Table 1).

Azithromycin (2 g single oral dose) was previously
recommended for early syphilis after showing similar
effectiveness to BPG in randomized clinical trials.®®
However, its use is no longer recommended due to
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high levels of resistance caused by either of two single
nucleotide polymorphisms in the 23 S ribosomal RNA
gene (A2058G or A2059G, E. coli numbering system).'**
In laboratory studies, azithromycin is highly effective for
wild-type strains (MIC < 0.03 mg/L), but ineffective
against resistant strains at concentrations up to 2.0 mg/
L. Global reports indicate high prevalence of macro-
lide resistance (ranging from 64% to 100%) in countries
such as Australia, China, the US, and some European
cities between 2004 and 2020.""'® Macrolide use for
unrelated infections (e.g., oral, skin, respiratory, and
genital infections) shortly before the T. pallidum infec-
tion, creates selective pressure leading to the selection of
resistant strains. Genomic studies have shown that
several resistant variants evolved in parallel and then
widely disseminated.’® Once resistance evolved in a
lineage, it persists in descendants without reverting to a
wild-type state, presumably because it has little to no
effect on bacterial fitness.

Ceftriaxone is a second-line treatment for early
syphilis but is less convenient than BPG because it re-
quires multiple daily parenteral doses. Several observa-
tional studies have shown positive results,’' and a
randomized trial in China reported a serological cure
rate of 90% (101/112) at six months.""* The use of cef-
triaxone for neurosyphilis remains controversial. An
observational retrospective study in France, involving
patients with neurosyphilis, reported a serological cure
of 88% (21/24)."* However, CSF was not re-evaluated as
a test for cure and the sample size was insufficient for
drawing definitive conclusions. Further research is
warranted considering the potential for achieving suffi-
cient concentrations in the CNS, as despite the poor
blood-brain barrier penetration of B-lactams (~5%), a
daily dose of 1-2 g of ceftriaxone achieves concentra-
tions in CNS of 0.4 mg/L, which is more than 160-fold
higher than the reported MIC value (MIC 0.0025 mg/
L)."* A multicentre randomized controlled trial to test
the efficacy of ceftriaxone in patients with neurosyphilis
is planned in China."

Doxycycline has been extensively evaluated for
treating early and late syphilis in observational studies
with reported success rates ranging from 96% (90/94) to
100% (34/34) in early syphilis, 79% (19/24) in late
syphilis, and 65-75% in people living with HIV.!0%115-117
In an observational study on neurosyphilis, doxycycline
(200 mg/twice daily for 28 days) demonstrated a positive
serological and clinical response in all 14/14 patients.
However, the study had limitations, including the
absence of CSF collection via lumbar puncture in 9
cases, and abnormal CSF findings proven in only 1 out
of 4 cases tested."* In vitro results showing a MIC for
doxycycline of 0.10 mg/L suggest that a 100 mg dose can
reach the clinical efficacy target in vivo, while a dose of
200 mg twice daily could not easily attain sufficient
concentrations in CSF based on a 26% penetration rate.
Doxycycline treatment failure in early syphilis is rare,

and there have been no reported cases of resistant bac-
teria.'” Several studies (over 600 specimens from three
continents) examining two mutations in the 16 S ribo-
somal RNA genes of T. pallidum that could result in
resistance, as observed in other pathogens,'” have not
identified any strains with these mutations. However,
alternative resistance mechanisms or undetected muta-
tions may exist that are not being identified and there is
a concern that penicillin shortages and broader use of
post-exposure prophylaxis for bacterial STIs with doxy-
cycline (known as Doxy-PEP) could result in increased
use of doxycycline and provide selective pressure for
resistant mutants (advantages and disadvantages of
Doxy-PEP are discussed in the prevention article of this
series).”” If tetracycline-resistant T. pallidum were to
emerge and spread, it would undoubtedly have a detri-
mental effect on syphilis management and control.

Amoxicillin has been assessed for early syphilis
treatment with mixed results. A Japanese observational
study found that oral amoxicillin (3 g/day, combined
with probenecid for 14 days) in individuals with HIV
achieved a 96% (273/286) serological cure rate, while
another study using oral amoxicillin (1.5 g/day, without
probenecid for 4 weeks) demonstrated a 95% (131/138)
cure rate.”** A retrospective study conducted in Japan
revealed that, among pregnant women treated with
1.5 g/day oral amoxicillin, 15/45 (33%) cases of late
latent syphilis resulted in congenital syphilis, while no
instances of congenital syphilis were observed among
26 cases of early syphilis.* Oral amoxicillin is currently
not recommended for the treatment of early syphilis,
and should be specifically avoided in cases of late
syphilis and during pregnancy. Moreover, it should not
be used to treat neurosyphilis, since even very high
doses do not attain treponemicidal levels in cerebro-
spinal fluid.

Repurposed and new antimicrobials

Oral cefixime (400 mg orally twice daily for 10 days) has
been evaluated in a pilot randomized trial for the treat-
ment of early syphilis, resulting in a serological cure of
87% (13/15),' but the small sample size limits the
generalizability of the findings. A phase 2 randomized
trial is currently enrolling non-pregnant women in
Brazil to further evaluate cefixime.”

Linezolid shows promise for the treatment of syph-
ilis based on in vitro studies indicating anti-treponemal
activity at concentrations >0.25 mg/L."* It has a
favourable pharmacokinetic profile for CNS penetration
(38% in rabbit model) and has been successful in
treating CNS infections caused by other bacterial spe-
cies.”’ However, due to the rapid spread of macrolide
resistance in T. pallidum worldwide and the potential
impact of single point mutations on the same target
gene as azithromycin, caution is advised against the
widespread use of linezolid. Nonetheless, it may be
highly valuable in treating neurosyphilis. An ongoing
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randomized trial is testing its efficacy for primary and
secondary syphilis.*

Finally, zoliflodacin is an effective antibiotic against
N. gonorrhoeae, and it may also have activity for syphilis
with a MIC of 2 mg/dL."” The anti-treponemal activity of
zoliflodacin could be explained by the conservation of key
amino acid residues in the T. pallidum DNA gyrase sub-
unit B protein, similar to that of N. gonorrhoeae GyrB
protein.”

Priorities in drug susceptibility testing, antibiotic
efficacy evaluation, and innovative strategies

To address the challenges in syphilis management and
expand treatment options, future actions should priori-
tize comprehensive drug susceptibility testing of multiple
strains, particularly in cases of treatment failure to first-
and second-line antibiotics. This testing should encom-
pass both culture-based and genotypic analysis. However,
the collection of suitable samples for culture may face
limitations due to the organism’s limited viability, which
requires immediate freezing for preservation. Genotypic
analysis is also constrained by limitations in bacterial
cultivation, but recent advancements in DNA enrichment
techniques have overcome these challenges.

Additional clinical research is needed to evaluate the
efficacy of ceftriaxone for neurosyphilis, establish the
efficacy of oral antibiotics like amoxicillin or cefixime,
and to explore the potential of linezolid in both early
syphilis and neurosyphilis. Innovative developments in

BPG formulations, specifically the use of smaller
oblong-shaped crystals with a median particle
size < 12.5 pm, aim to ensure a consistent release rate
and potentially prevent the common issue of needle
blockages during BPG administration. Deep learning-
guided discovery of antibiotics may expedite the identi-
fication of new anti-T. pallidum molecules, but it
requires substantial research efforts and economic in-
terest dedicated to this field.

Implementing community-level strategies to reduce
transmission may also prevent the potential emer-
gence and dissemination of resistant strains (Table 2),
including the clinical development and widespread use
of a syphilis vaccine (addressed in a different article of
this Series).'”” Until the refinement of these tech-
niques and completion of clinical trials, the recom-
mendation remains to follow the guidelines based on
the excellent response of BPG as the first-line treat-
ment for syphilis.

Conclusions and Future Perspectives

In conclusion, the challenge of antibiotic resistance in
STIs needs immediate action and innovative treatment
approaches (Fig. 2).

For gonorrhea, careful antibiotic selection for use in
combinations is needed to combat resistance. Molecular
assays and the clinical development of new antimicro-
bials offer promising avenues.
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Fig. 2: Summary Figure. Legend. CEFT, Ceftriaxone; AZI, Azithromycin; SPE, Spectinomycin; GEN, Gentamicin; CIP, Ciprofloxacin; ERT, Erta-
penem; CEFI, Cefixime; JOS, Josamycin; MOX, Moxifloxacin; PRIS, Pristinamycin; MINO, Minocycline; LEF, Lefamulin; ZOL, Zoliflodacin; GEP,
Gepotidacin; SIT, Sitafloxacin, SOL, Solithromycin; OMA, Omadacycline; ERA, Eravacycline; TIN, Tinidazole; LIN, Linezolid; CT, Clinical Trial; AMR,

Antimicrobial resistance.
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Search strategy and selection criteria

References for this Review were identified through searches
of PubMed with the search terms “gonorrhoea”, “myco-
plasma”, “syphilis”, and “treatment” from 1995 until July
2023. Articles were also identified through searches of the
authors’ own files. Only papers published in English were
reviewed. The final reference list was generated on the basis
of originality and relevance to the broad scope of this
review.

The high prevalence of resistance in M. genitalium
requires individually tailored treatment strategies. The
limited antimicrobial pipeline underscores the impor-
tance of community-level strategies and judicious anti-
biotic use.

For syphilis, penicillin challenges call for alternative
treatments. Ceftriaxone shows promise, and other anti-
microbials are being evaluated.

Looking ahead, new diagnostic tools and notification
and contact-tracing software hold the potential for
improved STI management. Ongoing research is vital to
effectively address antibiotic resistance in STIs.
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