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Abstract
The goal of the Sexually Transmitted Infection Clinical Trial Group’s (STI-CTG) Antimicrobial
Resistance (AMR) in Neisseria gonorrhoeae (NG) meeting was to assemble experts from
academia, government, non-profit and industry to discuss the current state of research, gaps and
challenges in research and technology as well as priorities and new directions to address the
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continued emergence of multi-drug resistant NG infections. Topics discussed at the meeting, that
will be the focus of this article, include AMR NG global surveillance initiatives, the use of whole

TE

genome sequencing (WGS) and bioinformatics to understand mutations associated with AMR,
mechanisms of AMR, and novel antibiotics, vaccines and other methods to treat AMR NG. Key
points highlighted during the meeting include: (i) US and International surveillance programs to

EP

understand AMR in NG. (ii) The US National Strategy for combating antimicrobial resistant
bacteria. (iii) Surveillance needs, challenges and novel technologies. (iv) Plasmid- and
chromosomally-mediated mechanisms of AMR in NG, (v) Novel therapeutic (e.g., sialic acid
analogs,

FH/Fc

fusion

molecule,

monoclonal

antibodies,

topoisomerase

inhibitors,

C

fluoroketolides, LpxC inhibitors) and preventative (e.g., peptide mimic) strategies to combat

A
C

infection. The way forward will require renewed political will, new funding initiatives and
collaborations across academic and commercial research and public health programs.

Key words: antimicrobial resistance, Neisseria gonorrhoeae, sexually transmitted infections
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Introduction
Antimicrobial resistance (AMR) in Neisseria gonorrhoeae (NG) continues to be a serious threat
to global public health. Although the use of dual antimicrobial therapy is highly effective,
increasing reports of NG infections with cephalosporin- and azithromycin-reduced susceptibility
raise serious concerns regarding the durability of current treatment recommendations (1).

D

Although nearly 400,000 NG cases were reported in 2015, the United States Centers for Disease
Control and Prevention (CDC) estimates about 820,000 total infections occur annually due to the

TE

underreporting of asymptomatic undetected cases (4). While AMR in NG continues to be a
concern both in the US and globally, current nucleic acid-based amplification testing methods
cannot measure antimicrobial susceptibility. Therefore, enhanced molecular diagnostics that
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distinguish among NG infections with antimicrobial resistance versus reduced susceptibility
versus susceptibility are needed to help guide antibiotic treatment. The development and use of
new bioinformatics tools, in conjunction with new technologies like whole genome sequencing
(WGS) methods to identify AMR NG-associated mutations may resolve this issue at a global

C

level. Understanding the mechanisms of AMR in NG may also help guide the development of
new treatment and preventative modalities. The STAR STI-CTG held a programmatic meeting in

A
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Silver Spring, Maryland on April 13th, 2017 titled: “Antimicrobial Resistance (AMR) in

Neisseria gonorrhoeae (NG)”. Experts from academia, government, non-profit and industry
reviewed the current state of research, gaps and challenges in research and technology as well as
future research and public health directions.
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Surveillance Programs to Understand AMR
The STD Surveillance Network (SSuN)
To complement routine notification data, CDC established the STD Surveillance Network
(SSuN) in 2005. In select jurisdictions, laboratory test results are collected from STD clinic
attendees along with epidemiological data from a random sample of persons with gonorrhea (5).

D

Data are representative of NG testing of the rectum, urethra, cervix and pharynx. In some SSuN
jurisdictions, more than 50% of reported gonorrhea cases occurred among MSM in 2015 (3). In

TE

other jurisdictions, cases in women and heterosexual men were more common, suggesting
epidemic differences that may require different prevention and control approaches. In STD
clinics participating in SSuN, the NG positivity rate among MSM tested for gonorrhea was over

rectal gonorrhea

EP

5% and was elevated among HIV-infected MSM (e.g., ~17% of HIV-infected MSM tested had

Gonococcal Isolate Surveillance Project (GISP)

C

Established in 1986 to monitor N. gonorrhoeae antimicrobial susceptibility and inform treatment
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guidelines, GISP is a collaboration between the CDC, clinical sites, and regional laboratories (6).
Urethral specimens for culture and antimicrobial susceptibility testing are systematically
collected from consecutive men with urethritis each month at participating STD clinics according
to a standardized protocol; limited epidemiological data are locally abstracted from medical
records and later merged, by CDC, with antimicrobial susceptibility data. GISP is designed for

long-term surveillance of susceptibility trends; data are not available in a timely manner to
inform clinical management and public health response. While GISP is aimed at surveillance of
NG in men, the Enhanced Gonococcal Isolate Surveillance Project (eGISP) was later created

5

(2015) to strengthen surveillance of gonorrhea susceptibility and increase state and local capacity
to detect and monitor NG in women and from extra-genital sites.
During 2006–2016, the proportion of GISP isolates with reduced susceptibility (minimum
inhibitory concentration (MIC) ≥0.125 µg/ml) to ceftriaxone) remained low (less than 0.5%)
(3;7). The proportion of isolates with reduced azithromycin susceptibility (MIC ≥2.0 µg/ml)

D

increased from 0.6% in 2013 to 3.6% in 2016 (6;7). Recently, of particular concern, there were
four GISP isolates collected in Hawaii that had elevated MICs to both azithromycin (MICs ≥16.0
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µg/ml) and ceftriaxone (MICs= 0.125 µg/ml) (8). Isolates collected through GISP continue to
show reduced susceptibility to antimicrobials no longer recommended as first line regimens;
preliminary data for 2016 indicate that approximately 40% isolates had some resistance to
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penicillin, tetracycline, and/or ciprofloxacin.

Based on the approximately 820,000 gonococcal infections that occur each year in the U.S., it
was predicted that in 2011 about 246,000 infections either were resistant or had decreased
susceptibility to at least one antibiotic; 11,480 had reduced susceptibility to cefixime (MIC

C

≥0.25 µg/mL), 2,460 reduced susceptibility to azithromycin (MIC ≥2.0 µg/mL) , and 3,280
NG isolates with decreased susceptibility to

A
C

reduced susceptibility to ceftriaxone (9).

cephalosporins are often resistant to other classes of antibiotics as well (10-12). Although those
susceptibility trends are concerning, it is important to note that there have been no clinical
treatment failures in the US with the current recommended therapy of 250 mg ceftriaxone and 1g
azithromycin.
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International Gonococcal Antimicrobial Surveillance Program (GASP)
To support international surveillance of gonococcal resistance, the World Health Organization
(WHO) founded GASP in 1990 (13). GASP currently has participating countries in Africa, the
Americas, the Eastern Mediterranean, Europe, South East Asia, and Western Pacific. Different
countries have different approaches to AMR in NG.

D

From 2009 to 2014, the total number countries reporting to GASP increased from 56 to 77 but
there was considerable variation between WHO regions reporting. Of the 77 countries reporting

TE

to GASP, 66% reported isolates with any resistance/decreased susceptibility of NG to
cephalosporins (cefixime or ceftriaxone), 81% with any resistance/decreased susceptibility of
NG to azithromycin, and 97% with any resistance/decreased susceptibility of NG to
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ciprofloxacin, for at least 1 year from 2009 to 2014 (15). Notably, there are large gaps in data on
AMR NG in Africa, Central America (extending up to Mexico), and the Middle East with
adjacent countries in Asia. Currently, differences in the US and European guidelines for MIC
interpretation create challenges to combining disparate country reports. Hence, as countries

C

continue to develop robust surveillance programs and report MIC values, strategies to combine
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and compare such data need to be further examined and standardized.
Multidrug resistant (MDR) and extensively drug resistant (XDR) forms of NG have been
identified globally, including isolates from Japan (11;16-19), Hawaii (8;16;20) and England (21).
The WHO defines MDR-NG as isolates with reduced susceptibility or resistance to either

extended spectrum cephalosporins (ESC) or spectinomycin (i.e., category I antibiotics), plus two
or more of macrolides, fluoroquinolones, penicillins, tetracycline, aminoglycosides and
carbapenems (i.e., category II antibiotics) (22). XDR-NG are defined as isolates with decreased
susceptibility or resistance to category I antibiotics and three or more category II antibiotics (22).
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Resistance or reduced susceptibility to cephalosporins (i.e., ceftriaxone) due to the emergence of
strains with mosaic penA alleles has been noted in the aforementioned countries. Reduced
susceptibility to macrolides, such as azithromycin, have also been noted (22-26).
Questions persist about how to either implement or enhance surveillance, especially in low- and
middle-income countries, how best to report AMR in NG, what the cost/benefit is for validating

D

treatment failures in low- and middle-income countries, whether older antibiotics can be
employed again with new molecular diagnostics to predict susceptibility and how to validate

TE

various treatment guidelines from around the world. Treatment guidelines for NG must also be
updated based on in-country surveillance data as many countries continue to use ciprofloxacin as
a recommended first-line therapy (24). One success of the GASP program includes updated

EP

treatment guidelines for NG in countries such as Argentina, Chile, Bolivia, Colombia, Cuba,
Uruguay and Venezuela.

The Recent Public Health Response

C

U.S. National Strategy for Combating Antimicrobial Resistant Bacteria

A
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The U.S. National Strategy for Combating Antibiotic-Resistant Bacteria, released in September
of 2014, put forth five overarching goals: slowing the development of resistant bacteria and
preventing spread of resistant infections; strengthening surveillance; advancing the development
and use of rapid and innovative diagnostics; accelerating of research and development for new
antibiotics, therapeutics and vaccines; and improving international collaboration (9). Reflecting
the designation of NG as one of three urgent antibiotic resistance threats (27), the National
Strategy included a national target of maintaining the prevalence of ceftriaxone-reduced
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susceptible NG at <2% through 2020 and beyond. The National Action Plan, released in March
2015, outlined a roadmap for implementing the National Strategy.
In Fiscal Year 2017, Congress appropriated $167 million to CDC to support implementation of
the National Strategy through CDC’s Antibiotic Resistance Solutions Initiative. While the
Initiative is broad-based, multiple activities focusing on NG are included; selected activities are

D

described below. To strengthen surveillance, the Antibiotic Resistance Laboratory Network
(ARLN) was created. Seven state public health laboratories serve as regional laboratories to

TE

conduct AMR testing of multiple pathogens as well as specialized testing of clinical specimens.
Four of the laboratories conduct agar dilution testing of NG for GISP and other enhanced
surveillance platforms. Integration of WGS of NG is planned.

EP

Using Antibiotic Resistance Solutions Initiative funding, CDC also implemented the
Strengthening US Response to Resistant Gonorrhea (SURRG), a collaboration between CDC and
participating jurisdictions to establish local capacity to rapidly detect and respond to AMR in
selected local jurisdictions (27). Jurisdictions participating in SURRG collect specimens for NG

C

culture in STD clinics and other healthcare settings, conduct rapid susceptibility testing on all
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isolates, interview patients infected strains with reduced antimicrobial susceptibility and their
recent contacts, and expand data collection to facilitate epidemiological and network analyses.
The Antibiotic Resistance Solutions Initiative funding is also strengthening surveillance of NG
isolates for drug susceptibility patterns in GISP and monitoring of trends of gonorrhea in SSuN.
World Health Organization

In response to the increasing threat of AMR, the World Health Assembly adopted a global action
plan on antimicrobial resistance in May of 2015 (28). The WHO’s five objectives are: (i) to
improve awareness and understanding of antimicrobial resistance through effective
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communication, education and training; (ii) to strengthen the knowledge and evidence base
through surveillance and research; (iii) to reduce the incidence of infection through effective
sanitation, hygiene and infection prevention measures; (iv) to optimize the use of antimicrobial
medicines in human and animal health; (iv) to develop the economic case for sustainable
investment that takes account of the needs of all countries and (v) to increase investment in new

D

medicines, diagnostic tools, vaccines and other interventions. This action plan emphasizes the
need for a coordinated approach leveraging international stakeholders from different disciplines

TE

and sectors.

Surveillance Needs, Challenges and Novel Technologies

EP

Surveillance Needs and Challenges

From 2000 to 2010, global antibiotic usage increased by 36% and use of cephalosporins doubled
(29), particularly in China and India. Such increases in antibiotic use likely drives the selective
pressure for AMR. Although global surveillance efforts (e.g., GISP/GASP) strive to detect AMR

C

in NG isolates, one must consider whether those data are being collected with sufficient
Through current surveillance programs, there is a lag in

A
C

timeliness to mitigate the risks.

identifying AMR NG for clinical decision-making, thereby potentially enabling continued
transmission of AMR strains. The process is limited by the constraints of current methods and
technologies in growing NG isolates, identifying AMR and its mechanisms, and identifying
isolates implicated in AMR outbreaks through phenotypic characterization. Greater use of
molecular tools for timely and accurate detection of AMR as are applied on other fields of
infectious disease surveillance including PCR and DNA sequencing is urgently needed.
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Cases of ceftriaxone-reduced susceptible NG have been found in pharyngeal specimens (23)(24).
Pharyngeal gonorrhea poses multiple challenges due to its asymptomatic nature, ease of
transmission and difficulty of treatment. The pharynx may also serve as an NG reservoir and
incubator of reduced susceptibility because of the frequent presence of commensal nonpathogenic Neisseria species. Given that Neisseria species are known for DNA uptake and

resistance genes, in the pharynx leads to AMR NG infections

D

exchange, it is likely that the horizontal transfer of genetic material, including antibiotic

TE

In many regions globally, antibiotics are readily available without a prescription, and those
regions are historically known for high levels of antibiotic resistance and have groups of people
with high rates of oropharyngeal STIs.

Given that environment, the NIH-funded (Fogarty

EP

Center) ICON Study in northern Vietnam, enrolled MSM to address the frequency of antibiotic
use and any association with antibiotic resistant- or susceptible- pathogenic as well as nonpathogenic Neisseria (30).

Preliminary results of the ICON Study found 62% of current

participants reported antibiotic usage in the prior six months, often without a prescription and

C

some stopped antibiotic usage as soon as symptoms abated. Non-pathogenic Neisseria were
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found in 38 (100%) of 38 clinical pharyngeal specimens, with some samples growing up to four
different Neisseria species, including N. gonorrhoeae and N. meningitidis. Next steps of the
ICON Study include determining whether different Neisseria species have different capacities

for acquiring resistance, determining the prevalence of similar genetic components in different
resistant strains, and whether Neisseria commensals can be used in surveillance to predict tends
in NG AMR.
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Novel Technologies
Advances in genomics might help address AMR through informing the development of
molecular diagnostics, identifying outbreaks, advancing the understanding of disease
transmission, and through epidemiological/evolutionary inference to guide antibiotic selection.
Important AMR-related questions that genomics can help address include: (i) How much

D

resistance is due to clonal spread and/or de novo emergence, (ii) To what extent do known
genetic resistance mechanisms explain observed phenotype resistance, and (iii) How can the

TE

scientific community identify novel mechanisms of resistance.

Reports have shown that increased MICs to extended-spectrum cephalosporins (cefixime MIC ≥
0.25 µg/mL; ceftriaxone MIC ≥ 0.125 µg/mL) in the U.S. is predominantly associated with the

EP

mosaic penA XXXIV allele with or without additional specific point mutations in penA (31-34).
Quinolone-resistant NG has widely spread through predominantly spread of mutations in gyrA
and parC (gyrA-S91F/I, gyrA-D95G, parC-S88P). Reduced azithromycin susceptibility has
arisen through multiple mechanisms, with the most common in the U.S. being 23S rRNA

C

mutations (C2611T, and A2059G) as well as mosaic mtr mutations in the mtrR locus (35;36)

A
C

However, about a third of reduced azithromycin susceptibility (MIC ≥ 2 µg/mL) is not clearly
explained by 23S rRNA mutations, by a mosaic mtr locus, by a single base pair deletion in the
mtrR promoter or generation of a new promoter for transcription of mtrCDE (36) . Those
findings indicate the utility of WGS in developing nucleotide-based molecular diagnostics.
However, several limitations are worth noting. First, not all phenotypic resistance is explained by
known mechanisms of resistance. Further, the frequency with which novel mechanisms of
resistance arise, mixed strain infections occur or how to best screen for such mechanisms or
determine the clinical impact of mixed infections is unclear.
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Genomic epidemiology can help understand patterns of spread of gonococcal strains and identify
local transmission and outbreaks. Examples include tracking the transmission of resistant
lineages across geographic and demographic boundaries (35-38) , as well as reconstructing local
transmission networks (37;38).
Development of point-of-care (POC) diagnostics to identify drug susceptibility profiles has the

D

potential to impact overall levels of AMR and, as 60% of gonococcal isolates in the US are pansusceptible, permit reintroduction of older antibiotics into treatment regimens (42-47). While a

TE

rapid test for susceptibility is expected to aid in reducing the overall burden of AMR as
compared to one that does not detect susceptibility (48), questions remain about how best to

EP

deploy these strategies.

Mechanisms of Antimicrobial Resistance (AMR) in Neisseria gonorrhoeae (NG), and Novel
Antibiotics and Vaccines to treat AMR NG

Mechanisms of beta-lactam antibiotic resistance in NG

C

There are two genetic sources of antibiotic resistance in NG: plasmid-mediated and
chromosomally-mediated.

In plasmid-mediated resistance, beta-lactam antibiotic resistance

A
C

occurs due to the expression of an antibiotic modifying protein (e.g., TEM-1-like β-lactamase for
penicillin and amino-penicillin (e.g. amoxicillin) resistance [PenR]) or a ribosome-protected
-lactamase does

protein (TetM ribosomal-

not hydrolyze cephalosporins, so it does not contribute to cephalosporin resistance. However,
one amino acid change in the bla gene could convert it to produce extended-spectrum βlactamase (49). In chromosomal-mediated resistance, antibiotic resistance occurs due to de novo
spontaneous mutations or due to the acquisition of chromosomal mutations via homologous

13

recombination commonly thought to occur from Neisseria commensal species. In stepwise
resistance, each step is a relatively small increase in resistance, but when multiplied overall, it
leads to a large increase in the MIC of a given antimicrobial.
The

main

difference

between

PenR

NG

strains

and

cephalosporin

resistant

(CephR)/cephalosporin-intermediate-resistant strains (CephI) is due to the type of mosaic penA

D

allele arising from interspecies recombination (1). It appears that the origin and rapid emergence
of CephI strains was due to a single transformation event of a mosaic penA allele into existing

treatment in decades (50).

TE

CephS/PenR strains, which to this day persist even though penicillin has not been used for NG

In addition to the penA allele, the mtrR and penB determinants contribute additional resistance to

EP

β-lactam antibiotics and provide a general permeability barrier for antibiotics (51). The mtrR
determinant, caused by mutations either in the promoter region or coding sequence, increases
transcription of the divergently transcribed mtrCDE operon that encodes the MtrC-MtrD-MtrE
efflux pump (52-54). The increased expression of the pump causes increased efflux of antibiotics

C

from the cytoplasm and periplasm of NG. The mutated penB may produce altered forms of the
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PorB1B porin, the major porin of NG (55;56) resulting in a decrease in the influx of
antimicrobials through the porin channels. Interestingly, the increase in resistance conferred by
penB requires the presence of an mtrR mutation (57).

Novel Therapeutic and Vaccine Approaches

Novel, non-traditional therapeutic and vaccine approaches to combat multi-drug resistant NG
infection are currently being investigated. Therapeutic approaches include sialic acid analogs
(e.g., chemical therapies) (58-60), FH/Fc fusion molecules (59-61) and monoclonal antibodies

14

(e.g., immunotherapeutic molecules). Vaccine approaches include widely expressed antigens that
are immunogenic (e.g., common lipooligosaccharide epitopes represented by peptide mimics)
(62-64) as well as the use of vaccines developed for other Neisseria species that may crossprotect against NG infections
Non-gonococcal sialic acids can be used to disrupt the natural protection on most gonoccocal

D

organisms. More specifically, endogenous, host mammalian sialic acids are taken up by
gonococci in vivo and result in protection of the organism from complement-mediated killing

TE

whereas non-host sialic acids, derived from alternative sources, do not possess this protective
function (complement resistance). With respect to mechanism of action, when alternative sialic
acids are administered locally to infected mice, they replace host sialic acid, can be taken up

EP

preferentially by gonococci and hasten clearance of bacteria by removing resistance to
complement-mediated killing (58-60). Natural and synthetic sialic acids can be mined for
candidates that are optimal in eliminating complement resistance and hastening clearance of
infecting bacteria.

C

A fusion protein has been engineered that on the one hand binds to a complement regulator
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binding site, present on all gonococci, called factor H (FH), and on the other hand possesses an
Fc domain that engages complement and kills the organism; thereby, enhancing clearance in the
animal model. The FH portion has been altered so as not to bind to human cells thereby avoiding
toxicity. FH/Fc fusion protein constructs have been shown to bind to 12/15 different gonococcal
isolates, kill 10/15 of these in vitro and hasten clearance of 3 different isolates infecting the
animal model (59-61). Production of FH/Fc, a fully humanized immunotherapeutic, is being
scaled up in tobacco plants and configured for use parenterally and in intravaginal release
devices.
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Another immunotherapeutic molecule being developed for gonorrhea treatment is the chimeric
(mouse/human) 2C7 antibody. The 2C7 antibody has been tested, intravaginally and parenterally,
in the mouse animal model (62). The 2C7 antibody is being fully humanized and like FH/Fc,
production is being scaled up in tobacco plants and configured for parenteral and intravaginal
administration. Because 2C7 antibody and FH/Fc target different sites on the organism,

D

combining their use may be additive.

The 2C7 epitope, against which the 2C7 antibody was developed, forms the basis for a novel

TE

gonococcal vaccine (6;62;63;65). The 2C7 epitope is displayed by greater than 95% of clinical
isolates; antibodies against the 2C7 epitope are elicited uniformly by women with infection
(58;62;66). A 2C7 peptide mimic vaccine was constructed by screening of randomly generated

EP

peptides (using a peptide library consisting of > 1012 peptides) and identifying peptide(s)
recognized by 2C7 monoclonal antibody (52).

A multi-antigenic peptide (MAP;

octomeric/tetrameric) was fashioned that elicited antibodies directed against the nominal (2C7)
epitope, possessed complement-dependent killing against all gonococcal isolates tested and

C

hastened clearance of infection in vaccinated animals (65).

Stabilization and scale-up of

A
C

homogenous peptide (>95% pure) has already been accomplished and current work is aimed at
optimizing responses to the peptide mimic vaccine with human-approved adjuvants. While
meningococcal group B outer membrane vesicle vaccines have been shown to be immunogenic
and efficacious against homologous strains, more recently they have also been found to protect
partially against NG infection. A retrospective case-control study of patients seen in New
Zealand sexual health clinics revealed that exposure to the outer membrane vesicle
meningococcal B vaccine was associated with about 30% reduction in gonorrhea diagnoses (67) .
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While those novel therapeutic and preventive approaches provide hope in curtailing gonococcal
infections, they will require more research and development to deliver an approved, affordable
treatment for AMR NG that can be brought to the clinic. Meanwhile there are few novel, more
traditional antibiotic approaches that are in development.

D

Novel Therapeutic for uncomplicated NG: Zoliflodacin/ETX0914

The standard CDC and WHO treatment recommendation for gonorrhea requires a minimal

TE

efficacy of greater than 95% at any mucosal site (cervix, urine, rectum, pharynx)(12). An
optimal treatment would be effective against resistant isolates for both urogenital and extragenital infection and would be well-tolerated (68). While a single dose therapy would be ideal,

EP

single dose therapy versus multi-dose therapy is less a priority than a safe and well-tolerated
antimicrobial regimen with efficacy across resistant isolates and all anatomic sites.
Zoliflodacin (Entasis Therapeutics) was developed for the treatment of uncomplicated gonorrhea
and is the first drug in a novel class of topoisomerase inhibitors (68). Zoliflodacin has shown

C

potent in vitro activity against 100 gonococcal isolates and shows a lack of cross- resistance to

A
C

other antibiotic classes (69;70). Because its mechanism of action is distinct from
fluoroquinolones, it is hypothesized that zoliflodacin will be effective in treating
fluoroquinolone-resistant infections. In Phase 1 studies, a single dose of zoliflodacin was well
tolerated in healthy adult males and all adverse events were mild/non-serious. No adverse events
lead to study discontinuation (ClinicalTrials.gov NCT01929629).
A NIAID-sponsored, Phase 2 study (Clinicaltrials.gov NCT02257918) of zoliflodacin was
conducted to assess safety and microbiological cure among 180 subjects with gonorrhea. Out of
the 180 subjects enrolled,131 were analyzed as microbiological-intent-to-treat evaluable subjects
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(71). The number of participants with microbiological cure at urethral or cervical sites in the
2000 mg zoliflodacin, 3000 mg zoliflodacin, and the 500 mg intramuscular ceftriaxone group
were 55/57, 54/56, and 28/28, respectively (71). Among 15 patients across the 3 groups with
rectal infections, all were cured (71). The number of patients with microbiological cure at
pharyngeal site was slightly higher in the patients treated with intramuscular ceftriaxone (4/4)

D

compared with the 3000 mg zoliflodacin group (9/11) (71). Overall, zoliflodacin was well
tolerated. Phase 3 studies of zoliflodacin are currently being planned with support from the

TE

Global Antibiotic Research Development Program.
Solithromycin

Solithromycin (Cempra, Inc.) is a 4th generation macrolide and the first fluoroketolide. It
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exhibits in vitro activity against a number of urogenital pathogens including NG (72;73),
Chlamydia trachomatis (74), Mycoplasma spp (75) and Ureaplasma spp. (76). Solithromycin
was tested in a Phase 2 urethritis study to assess the eradication of urogenital NG
(Clinicaltrials.gov NCT01591447) and in a Phase 3 study to assess its non-inferiority versus

C

intramuscular ceftriaxone plus oral azithromycin (Clinicaltrials.gov NCT02210325). The Phase 2
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study enrolled 59 subjects, and found 100% eradication across all urogenital, pharyngeal and
rectal sites. Solithromycin was associated with gastrointestinal-related adverse events (77).A
follow up Phase 3 study (Clinicaltrials.gov NCT02210325) (N=262) compared solithromycin
alone versus standard of care (500 mg intramuscular ceftriaxone [CTX] plus 1 g oral
azithromycin [AZI]). In the intent-to-treat analysis Solithromycin was non-inferior to the

standard of care (80.5% versus 84.5% cure, respectively) (78). In the microbiologically evaluable
population (i.e., patients with a positive baseline culture who returned for evaluation at the TOC
visit), treatment success was 91.3% (95/104) for solithromycin recipients, versus 100%
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(107/107) for CTX/AZI patients. Among the 9 solithromycin patients with a positive TOC
culture result, here was no correlation between outcome and solithromycin MIC (range, 0.0040.25 μg/mL); all baseline isolates were susceptible to solithromycin using CDC criteria for
azithromycin (MIC <2.0 µg/ml) (78). Emergence of solithromycin resistance in TOC isolates
was not observed. Genotyping of pre- and post-treatment isolates did not demonstrate reinfection
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with novel strains. Given the absence of baseline or acquired solithromycin resistance and the
absence of evidence of reinfection with a novel strain, the investigators surmised that the most
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likely cause of treatment failure was pharmacokinetic-related, with presumed insufficient
duration of drug exposure at the site of infection. It is hypothesized that solithromycin dose
adjustment (for instance, a two-dose strategy, over 24 hours) and/or combination treatment

EP

strategy with a second antibiotic would result in desired treatment success rates. While other
novel therapeutics for NG are currently being investigated, including the triazaacenaphthylene
antibacterial agent, gepotidacin, these were not discussed at the programmatic meeting.

C

Other Means to Treat Gonococcal Infection

A
C

Crippling Selective Gene Expression

Understanding the mechanisms of AMR in NG can assist in the design of newer antimicrobials

and vaccines and provide insights as to the development of compensatory mutations that reverse
fitness defects yet maintain resistance. The MtrCDE drug efflux contributes significantly to such
resistance and transcriptional control systems modulate levels of efflux pump gene expressions
and, as a consequence, levels of antibiotic resistance (75-77). Mutations that increase efflux
pump gene expression can adversely impact clinical efficacy of antibiotics. Finally, dampening

19

efflux pump gene expression might allow for return of an old antibiotic (e.g., penicillin) or allow
for continued use of current antibiotics.

Strategy to alter Bacterial Membranes - Lipid A Enzymes
Lipid A is a component of bacterial outer membranes and is essential for cell viability of nearly
Current investigations are aimed at evaluating whether small

D

all Gram-negative bacteria.

molecule inhibitors (e.g., TU-514, CHIR-090, LPC-067) of LpxC, an essential gene for NG, can

TE

be used to target NG infections. LpxC Inhibitors (e.g., LPC-169, LPC-174, LPC-201, LPC-211)
have been shown to overcome existing antibiotic resistance (unpublished data).

The

investigators also looked at the efficacy of LPC-211 in mouse models against a specific

EP

ceftriaxone resistant strain of NG. While the investigators have found such inhibitors to work
well to treat NG, improvements are still needed to file an IND application.

Next Steps: Research and Technology Gaps and Challenges

C

AMR NG Research Gaps and Challenges

In 2016, seven patients in Hawaii were found to be infected with strains demonstrating high-

A
C

level azithromycin resistance (MICs ≥16.0 µg/ml) and elevated MICs to ceftriaxone (MICs=
0.125 µg/ml) (8;20). While those are rare, the chances of combined azithromycin and
ceftriaxone-reduced susceptibility are growing. A recent report from China found about 3% of
NG isolates with dual ceftriaxone decreased susceptibility and azithromycin resistance (1).
Molecular studies have found that there is considerable variability in the mutations associated
with azithromycin-reduced susceptibility (34;79). An important question to consider is how the
scientific community can best monitor reduced susceptibility to azithromycin in regions across

20

the globe? One strategy may be to increase AMR surveillance programs like GISP/GASP
globally and expand the collection of non-urogenital specimens. (16;80).
Previously, gonorrhea was treated using antimicrobial monotherapy; specific antimicrobials were
recommended based on clinical trial results and subsequent antimicrobial susceptibility trends.
The use of dual therapy potentially introduces more complexity into decisions about treatment

D

recommendations. The value of dual therapy to prevent AMR is only a theoretical argument at
present; investigations of whether using two or more antibiotics at one time slows the

TE

development of resistance to either drug would advance the field. To that end, murine modeling
studies may play an important role in addressing such questions in addition to understanding
host-microbe interactions. Creating antimicrobial susceptibility testing matrices that include

EP

different doses for each drug may help to determine if the combination of drugs are synergistic or
antagonistic and may help to address the aforementioned question of resistance. While several
synergy studies of drugs against NG have been published, little to no antagonism or synergy has
been noted (81-83). As new antimicrobial agents, such as those discussed previously, and

C

diagnostics become commercially available in coming years, questions about how to select the

A
C

most effective drug combinations, weighing both clinical efficacy and impact on resistance,
should be addressed with additional synergy studies.

Syndromic Management and AMR NG
Syndromic management continues to be the principal approach for STI treatment in low- to
middle-income countries because of its simplicity and affordability (38-44). Syndromic
management is based on the identification of clinical symptoms (or signs) with resultant
indications for treatment rather than the making an etiological diagnosis using laboratory

21

methods. While inexpensive and fast, the shortcomings of syndromic management include a lack
of specificity and substantial overuse of antibiotics. Syndromic management may greatly
contribute to AMR in NG. Another problem with syndromic management is that it does not
address those with asymptomatic infections and is therefore unlikely to impact the burden of
infection. Implementing rapid point-of-care detection of NG as a first step in the diagnosis of

D

gonorrhea and potentially even more the valuable the point-of-care detection of NG with specific
antimicrobial susceptibility could profoundly impact and slow the emergence of AMR in NG

TE

(84).
Conclusion

In conclusion, while dual therapy remains highly effective, existing isolates of infections with

EP

dual reduced susceptibility to extended-spectrum cephalosporins and - azithromycin threaten the
current recommended treatment for gonorrhea. Thus, new antimicrobials and innovative
prevention and control strategies are urgently needed. Approaches to reduce AMR NG include
the ongoing development and careful introduction and stewardship of novel antibiotics,

C

expanded AMR monitoring and better use of genomics combined with companion diagnostics to

A
C

rapid identify infection and specific antimicrobial susceptibility, novel vaccine approaches, and
special incentives for commercial diagnostic and therapeutic developers.

Acknowledgements

We would like to acknowledge attendees of the STAR STI CTG 2017 Programmatic Meeting for
Antimicrobial Resistance in Neisseria gonorrhoeae: Rodney Arcenas (Roche); Claire Bristow
(University of California, San Diego); Anthony Cristillo (SSS); Carolyn Deal (DMID/NIAID);
Yvette Delph (SSS); Jo-Anne Dillon (University of Saskatchewan); Huan Dong (Charles R.

22

Drew/UCLA); Marcelo Galas (PAHO); Anuradha Ganesan (NMMC); Eric Garges Uniformed
Services University Infectious Disease Clinical Research Program); Damon Getman (Hologic);
Jonathan Glock (DMID/NIAID);Yonatan H. Grad (Harvard T.H. Chan School of Public Health);
Ann Jerse (Uniformed Services University); Ellen Kersh (CDC); Robert D. Kirkcaldy (CDC);
Jeffrey Klausner (STAR STI CTG PI/ UCLA); Kenneth Lawrence (Entasis Therapeutics);
Purnima Madhivanan (FIU); Robert

D

Wendolyn Lopez (SSS); Gwendolyn Maddox (SSS);

Melano (Public Health Ontario); Sheldon Morris (STAR STI CTG Deputy PI/UCSD); Sara

TE

McCurdy Murphy (SSS); Ashley Nenninger (Cempra); Robert Nicholas (UNC); Michael
Oberholzer (Hologic); David Oldach (Cempra); James Price (Becton, Dickinson and Company);
Peter Rice (University of Massachusetts Medical School); Nicole Scangarella-Oman (GSK);

EP

William Maurice Shafer (Emory University); Akbar Shahkolahi (SSS); Elaine Thomas
(University of New Mexico); Elizabeth Torrone (CDC); Brian Tse (BARDA); Delmyra Turpin
(NIH); Leah Vincent (DMID/NIAID); Toni Waymer (SSS); Teodora Wi (WHO); Peter Wolff

A
C

C

(DMID/NIAID); Pei Zhou (Duke University).

23

References

1. Yin YP, Han Y, Dai XQ et al. Susceptibility of Neisseria gonorrhoeae to azithromycin
and ceftriaxone in China: A retrospective study of national surveillance data from 2013 to
2016. PLoS Med 2018; 15:e1002499.
2015.

D

2. CDC. 2015 Sexually Transmitted Diseases Surveillance National Profiles.

Ref Type: Online Source

TE

Available from: ; https://www.cdc.gov/std/stats15/gonorrhea.htm

3. Barton J, Braxton J, Davis D et al. Sexually Transmitted Disease Surveillance 2015.
2015. Atlanta, Georgia, U.S. Department of Health and Human Services. Available from:

EP

https://www.cdc.gov/std/stats15/default.htm
Ref Type: Online Source

4. Satterwhite CL, Torrone E, Meites E et al. Sexually transmitted infections among US
women and men: prevalence and incidence estimates, 2008. Sex Transm Dis 2013;

C

40:187-193.

A
C

5. Owusu-Edusei K, Jr., Chesson HW, Gift TL et al. The estimated direct medical cost of
selected sexually transmitted infections in the United States, 2008. Sex Transm Dis 2013;
40:197-201.

6. Kirkcaldy RD, Harvey A, Papp JR et al. Neisseria gonorrhoeae Antimicrobial
Susceptibility Surveillance - The Gonococcal Isolate Surveillance Project, 27 Sites,
United States, 2014. MMWR Surveill Summ 2016; 65:1-19.
7. CDC. 2016 Sexually Transmitted Diseases Surveillance National Profiles.
Available from: https://www.cdc.gov/std/stats16/

24

2016.

Ref Type: Online Source
8. Katz AR, Komeya AY, Kirkcaldy RD et al. Cluster of Neisseria gonorrhoeae isolates
with high-level azithromycin resistance and decreased ceftriaxone susceptibility, Hawaii,
2016. Clin Infect Dis 2017.
9. CDC. Antibiotic Resistance Threats in the United States, 2013. Available from:

D

https://www.cdc.gov/drugresistance/
Ref Type: Online Source

TE

10. Unemo M, Jensen JS Antimicrobial-resistant sexually transmitted infections: gonorrhoea
and Mycoplasma genitalium. Nat Rev Urol 2017; 14:139-152.

11. Unemo M, Del RC, Shafer WM Antimicrobial Resistance Expressed by Neisseria

Spectr 2016; 4.

EP

gonorrhoeae: A Major Global Public Health Problem in the 21st Century. Microbiol

12. Wi T, Lahra MM, Ndowa F et al. Antimicrobial resistance in Neisseria gonorrhoeae:
Global surveillance and a call for international collaborative action. PLoS Med 2017;

C

14:e1002344.

A
C

13. The Gonococcal Antimicrobial Surveillance Programme (GASP). 2017. Available from:
http://www.who.int/reproductivehealth/topics/rtis/gonococcal_resistance/en/
Ref Type: Online Source

14. Deguchi T, Yasuda M, Hatazaki K et al. New Clinical Strain of Neisseria gonorrhoeae
with Decreased Susceptibility to Ceftriaxone, Japan. Emerg Infect Dis 2016; 22:142-144.

15. Martin I, Sawatzky P, Liu G et al. Antimicrobial susceptibilities and distribution of
sequence types of Neisseria gonorrhoeae isolates in Canada: 2010. Can J Microbiol
2013; 59:671-678.

25

16. Kidd S, Lee MV, Maningas E et al. Gonococcal susceptibility to cephalosporins--Hawaii,
2003 to 2011. Sex Transm Dis 2013; 40:756-759.
17. Yasuda M, Ito S, Hatazaki K et al. Remarkable increase of Neisseria gonorrhoeae with
decreased susceptibility of azithromycin and increase in the failure of azithromycin
therapy in male gonococcal urethritis in Sendai in 2015. J Infect Chemother 2016;

D

22:841-843.

18. Yasuda M, Hatazaki K, Ito S et al. Antimicrobial Susceptibility of Neisseria gonorrhoeae

TE

in Japan from 2000 to 2015. Sex Transm Dis 2017; 44:149-153.

19. Unemo M, Shafer WM Antimicrobial resistance in Neisseria gonorrhoeae in the 21st
century: past, evolution, and future. Clin Microbiol Rev 2014; 27:587-613.

EP

20. Papp JR, Abrams AJ, Nash E et al. Azithromycin Resistance and Decreased Ceftriaxone
Susceptibility in Neisseria gonorrhoeae, Hawaii, USA. Emerg Infect Dis 2017; 23:830832.

21. Chisholm SA, Wilson J, Alexander S et al. An outbreak of high-level azithromycin

C

resistant Neisseria gonorrhoeae in England. Sex Transm Infect 2016; 92:365-367.

A
C

22. Thakur SD, Araya P, Borthagaray G et al. Resistance to Ceftriaxone and Azithromycin in
Neisseria gonorrhoeae Isolates From 7 Countries of South America and the Caribbean:
2010-2011. Sex Transm Dis 2017; 44:157-160.

23. Starnino S, Galarza P, Carvallo ME et al. Retrospective analysis of antimicrobial
susceptibility trends (2000-2009) in Neisseria gonorrhoeae isolates from countries in
Latin America and the Caribbean shows evolving resistance to ciprofloxacin,
azithromycin and decreased susceptibility to ceftriaxone. Sex Transm Dis 2012; 39:813821.

26

24. Dillon JA, Rubabaza JP, Benzaken AS et al. Reduced susceptibility to azithromycin and
high percentages of penicillin and tetracycline resistance in Neisseria gonorrhoeae
isolates from Manaus, Brazil, 1998. Sex Transm Dis 2001; 28:521-526.
25. Dillon JA, Li H, Sealy J et al. Antimicrobial susceptibility of Neisseria gonorrhoeae
isolates from three Caribbean countries: Trinidad, Guyana, and St. Vincent. Sex Transm

D

Dis 2001; 28:508-514.

26. Zarantonelli L, Borthagaray G, Lee EH et al. Decreased azithromycin susceptibility of

TE

Neisseria gonorrhoeae due to mtrR mutations. Antimicrob Agents Chemother 1999;
43:2468-2472.

27. CDC. Strengthening the United States Response to Resistant Gonorrhea (SURRG).

EP

2017. Available from: https://www.cdc.gov/std/gonorrhea/arg/carb.htm
Ref Type: Online Source

28. World Heath Organization. Global Action Plan on Antimicrobial Resistance. 2017.
Available from: http://www.who.int/antimicrobial-resistance/publications/global-action-

C

plan/en/

A
C

Ref Type: Online Source

29. Lewis DA, Sriruttan C, Muller EE et al. Phenotypic and genetic characterization of the
first two cases of extended-spectrum-cephalosporin-resistant Neisseria gonorrhoeae
infection in South Africa and association with cefixime treatment failure. J Antimicrob
Chemother 2013; 68:1267-1270.

30. Vinh Dong H, Thi Hoa N, Xuan Binh Mink N et al. Impact of Recent Antibiotic Usage
on Oropgaryngeal Neisseria spp in MSM of Hanoi, Vitenam Poster #241 -Sexually
Transmitted Infections. ID Week 2017 .

27

Ref Type: Abstract
31. Demczuk W, Lynch T, Martin I et al. Whole-genome phylogenomic heterogeneity of
Neisseria gonorrhoeae isolates with decreased cephalosporin susceptibility collected in
Canada between 1989 and 2013. J Clin Microbiol 2015; 53:191-200.
32. Gianecini R, Romero MLM, Oviedo C et al. Emergence and Spread of Neisseria
Isolates

With

Decreased

Susceptibility

to

Extended-Spectrum

D

gonorrhoeae

Cephalosporins in Argentina, 2009 to 2013. Sex Transm Dis 2017; 44:351-355.

TE

33. Gose S, Nguyen D, Lowenberg D et al. Neisseria gonorrhoeae and extended-spectrum
cephalosporins in California: surveillance and molecular detection of mosaic penA. BMC
Infect Dis 2013; 13:570.

EP

34. Grad YH, Harris SR, Kirkcaldy RD et al. Genomic Epidemiology of Gonococcal
Resistance to Extended-Spectrum Cephalosporins, Macrolides, and Fluoroquinolones in
the United States, 2000-2013. J Infect Dis 2016; 214:1579-1587.
35. De Silva D, Peters J, Cole K et al. Whole-genome sequencing to determine transmission

C

of Neisseria gonorrhoeae: an observational study. Lancet Infect Dis 2016; 16:1295-1303.

A
C

36. Chisholm SA, Dave J, Ison CA High-level azithromycin resistance occurs in Neisseria
gonorrhoeae as a result of a single point mutation in the 23S rRNA genes. Antimicrob
Agents Chemother 2010; 54:3812-3816.

37. Didelot X, Dordel J, Whittles LK et al. Genomic Analysis and Comparison of Two
Gonorrhea Outbreaks. MBio 2016; 7.

38. Stucki D, Ballif M, Bodmer T et al. Tracking a tuberculosis outbreak over 21 years:
strain-specific single-nucleotide polymorphism typing combined with targeted wholegenome sequencing. J Infect Dis 2015; 211:1306-1316.

28

39. Pecora ND, Li N, Allard M et al. Genomically Informed Surveillance for CarbapenemResistant Enterobacteriaceae in a Health Care System. MBio 2015; 6:e01030.
40. Bhotra T, Das MM, Pal BB et al. Genomic profile of antibiotic resistant, classical ctxB
positive Vibrio cholerae O1 biotype El Tor isolated in 2003 and 2005 from Puri, India: A
retrospective study. Indian J Med Microbiol 2016; 34:462-470.

D

41. Knudsen GM, Nielsen JB, Marvig RL et al. Genome-wide-analyses of Listeria
monocytogenes from food-processing plants reveal clonal diversity and date the

TE

emergence of persisting sequence types. Environ Microbiol Rep 2017; 9:428-440.

42. Turner KM, Christensen H, Adams EJ et al. Analysis of the potential for point-of-care
test to enable individualised treatment of infections caused by antimicrobial-resistant and

7:e015447.

EP

susceptible strains of Neisseria gonorrhoeae: a modelling study. BMJ Open 2017;

43. Tuite A, Hsu K, Gift TL et al. P3.16 Impact of rapid susceptibility profiling on the
emergence and spread of antibiotic resistance in gonorrhoea. Sex Transm Infect 2017;

C

93:A99.

A
C

44. Phillips LT, Witney A, Izquierdo-Carrasco F et al. P1.32 Hand-held rapid whole genome
nanopore sequencing to predict neisseria gonorrhoeae antibiotic susceptibility: steps
towards clinic based tailored antimicrobial therapy. Sex Transm Infect 2017; 93:A56.

45. Allan-Blitz L-T, Humphries RM, Hemarajata P et al. The impact of a rapid genotypic
neisseria gonorrhoeae assay on targeted ciprofloxacin therapy. Sex Transm Infect 2017;
93:A12.

46. Zienkiewicz A, Homer M, Christensen H et al. P2.01 Assessing the impact of
individualised treatment: an individual-based mathematical modelling study of

29

antimicrobial resistant neisseria gonorrhoeae transmission, diagnosis and treatment in
men who have sex with men. Sex Transm Infect 2017; 93:A70-A71.
47. Buono SA, Watson TD, Borenstein LA et al. Stemming the tide of drug-resistant
Neisseria gonorrhoeae: the need for an individualized approach to treatment. J
Antimicrob Chemother 2015; 70:374-381.

D

48. Fingerhuth SM, Low N, Bonhoeffer S et al. Detection of antibiotic resistance is essential
for gonorrhoea point-of-care testing: a mathematical modelling study. BMC Med 2017;

TE

15:142.

49. Shaikh S, Fatima J, Shakil S et al. Antibiotic resistance and extended spectrum betalactamases: Types, epidemiology and treatment. Saudi J Biol Sci 2015; 22:90-101.

EP

50. Zhao S, Duncan M, Tomberg J et al. Genetics of chromosomally mediated intermediate
resistance to ceftriaxone and cefixime in Neisseria gonorrhoeae. Antimicrob Agents
Chemother 2009; 53:3744-3751.

51. Unemo M, Nicholas RA, Jerse AE et al. Molecular mechanisms of antibiotic resistance

C

expressed by the pathogenic Neisseria. In: Davies JK, Kahler CM, eds. Pathogenic

A
C

Neisseria. Norfolk, UK: Caister Academic Press, 2014:161-192.
52. Hagman KE, Shafer WM Transcriptional control of the mtr efflux system of Neisseria
gonorrhoeae. J Bacteriol 1995; 177:4162-4165.

53. Hagman KE, Pan W, Spratt BG et al. Resistance of Neisseria gonorrhoeae to
antimicrobial hydrophobic agents is modulated by the mtrRCDE efflux system.
Microbiology 1995; 141 ( Pt 3):611-622.

54. Pan W, Spratt BG Regulation of the permeability of the gonococcal cell envelope by the
mtr system. Mol Microbiol 1994; 11:769-775.

30

55. Gill MJ, Simjee S, Al-Hattawi K et al. Gonococcal resistance to beta-lactams and
tetracycline involves mutation in loop 3 of the porin encoded at the penB locus.
Antimicrob Agents Chemother 1998; 42:2799-2803.
56. Olesky M, Hobbs M, Nicholas RA Identification and analysis of amino acid mutations in
porin IB that mediate intermediate-level resistance to penicillin and tetracycline in

D

Neisseria gonorrhoeae. Antimicrob Agents Chemother 2002; 46:2811-2820.

57. Olesky M, Zhao S, Rosenberg RL et al. Porin-mediated antibiotic resistance in Neisseria

TE

gonorrhoeae: ion, solute, and antibiotic permeation through PIB proteins with penB
mutations. J Bacteriol 2006; 188:2300-2308.

58. Gulati S, Schoenhofen IC, Whitfield DM et al. Utilizing CMP-Sialic Acid Analogs to

EP

Unravel Neisseria gonorrhoeae Lipooligosaccharide-Mediated Complement Resistance
and Design Novel Therapeutics. PLoS Pathog 2015; 11:e1005290.
59. Ram S, Shaughnessy J, DeOliveira RB et al. Utilizing complement evasion strategies to
design

complement-based

antibacterial

immunotherapeutics:

Lessons

from

the

C

pathogenic Neisseriae. Immunobiology 2016; 221:1110-1123.

A
C

60. Ram S, Shaughnessy J, de Oliveira RB et al. Gonococcal lipooligosaccharide sialylation:
virulence factor and target for novel immunotherapeutics. Pathog Dis 2017; 75.

61. Shaughnessy J, Gulati S, Agarwal S et al. A Novel Factor H-Fc Chimeric
Immunotherapeutic Molecule against Neisseria gonorrhoeae. J Immunol 2016; 196:1732-

1740.

62. Ngampasutadol J, Rice PA, Walsh MT et al. Characterization of a peptide vaccine
candidate mimicking an oligosaccharide epitope of Neisseria gonorrhoeae and resultant
immune responses and function. Vaccine 2006; 24:157-170.

31

63. Gulati S, Zheng B, Reed GW et al. Immunization against a saccharide epitope accelerates
clearance of experimental gonococcal infection. PLoS Pathog 2013; 9:e1003559.
64. Rice PA, Shafer WM, Ram S et al. Neisseria gonorrhoeae: Drug Resistance, Mouse
Models, and Vaccine Development. Annu Rev Microbiol 2017; 71:665-686.
65. Kirkcaldy RD, Torrone E, Papp JR et al. Gonococcal Isolate Surveillance Program

D

(GISP) Protocol. 2016. Available from: https://www.cdc.gov/std/gisp/
Ref Type: Online Source

TE

66. Chakraborti S, Lewis LA, Cox AD et al. Phase-Variable Heptose I Glycan Extensions
Modulate Efficacy of 2C7 Vaccine Antibody Directed against Neisseria gonorrhoeae
Lipooligosaccharide. J Immunol 2016; 196:4576-4586.

EP

67. Petousis-Harris H, Paynter J, Morgan J et al. Effectiveness of a group B outer membrane
vesicle meningococcal vaccine against gonorrhoea in New Zealand: a retrospective casecontrol study. Lancet 2017; 390:1603-1610.

68. Alirol E, Wi TE, Bala M et al. Multidrug-resistant gonorrhea: A research and

C

development roadmap to discover new medicines. PLoS Med 2017; 14:e1002366.

A
C

69. Unemo M, Ringlander J, Wiggins C et al. High in vitro susceptibility to the novel
spiropyrimidinetrione ETX0914 (AZD0914) among 873 contemporary clinical Neisseria
gonorrhoeae isolates from 21 European countries from 2012 to 2014. Antimicrob Agents
Chemother 2015; 59:5220-5225.

70. Papp JR, Lawrence K, Sharpe S et al. In vitro growth of multidrug-resistant Neisseria
gonorrhoeae isolates is inhibited by ETX0914, a novel spiropyrimidinetrione. Int J
Antimicrob Agents 2016; 48:328-330.

32

71. ClinicalTrials.gov [Internet].Bethesda (MD): National Library of Medicine (US).
Identifier NCT02257918, Randomized, Open-label Phase 2 Study of Oral AZD0914 in
the

Treatment

of

Gonorrhea.

Available

from:

https://clinicaltrials.gov/ct2/show/NCT02257918?term=NCT02257918&rank=1. 2018.
Ref Type: Online Source

D

72. Olsen B, Pham TL, Golparian D et al. Antimicrobial susceptibility and genetic
characteristics of Neisseria gonorrhoeae isolates from Vietnam, 2011. BMC Infect Dis

TE

2013; 13:40.

73. Golparian D, Fernandes P, Ohnishi M et al. In vitro activity of the new fluoroketolide
solithromycin (CEM-101) against a large collection of clinical Neisseria gonorrhoeae

EP

isolates and international reference strains, including those with high-level antimicrobial
resistance: potential treatment option for gonorrhea? Antimicrob Agents Chemother 2012;
56:2739-2742.

74. Roblin PM, Kohlhoff SA, Parker C et al. In vitro activity of CEM-101, a new

C

fluoroketolide antibiotic, against Chlamydia trachomatis and Chlamydia (Chlamydophila)

A
C

pneumoniae. Antimicrob Agents Chemother 2010; 54:1358-1359.
75. Jensen JS, Fernandes P, Unemo M In vitro activity of the new fluoroketolide
solithromycin (CEM-101) against macrolide-resistant and -susceptible Mycoplasma
genitalium strains. Antimicrob Agents Chemother 2014; 58:3151-3156.

76. Furfaro LL, Spiller OB, Keelan JA et al. In vitro activity of solithromycin and its
metabolites, CEM-214 and N-acetyl-CEM-101, against 100 clinical Ureaplasma spp.
isolates compared with azithromycin. Int J Antimicrob Agents 2015; 46:319-324.

33

77. Hook EW, III, Golden M, Jamieson BD et al. A Phase 2 Trial of Oral Solithromycin 1200
mg or 1000 mg as Single-Dose Oral Therapy for Uncomplicated Gonorrhea. Clin Infect
Dis 2015; 61:1043-1048.
78. Chen M, McNulty A, Averay A et al. Results of the SOLITAIRE-U Phase 3 trial
comparing single dose oral solithromycin versus single dose intramuscular ceftriaxone

Ref Type: Abstract

TE

ASM-Microbe 2017, New Orleans . 6-3-2017.

D

plus single dose oral azithromycin for treatment of uncomplicated urogential gonorrhea.

79. Shigemura K, Osawa K, Miura M et al. Azithromycin resistance and its mechanism in
Neisseria gonorrhoeae strains in Hyogo, Japan. Antimicrob Agents Chemother 2015;

EP

59:2695-2699.

80. Kidd S, Zaidi A, Asbel L et al. Comparison of antimicrobial susceptibilities of
pharyngeal, rectal, and urethral Neisseria gonorrhoeae isolates among men who have sex
with men. Antimicrob Agents Chemother 2015; 59:2588-2595.

C

81. Lee H, Kim H, Seo YH et al. In vitro activity of tigecycline alone and antimicrobial

A
C

combinations against clinical Neisseria gonorrhoeae isolates. Diagn Microbiol Infect Dis
2017; 87:160-162.

82. Bharat A, Martin I, Zhanel GG et al. In vitro potency and combination testing of
antimicrobial agents against Neisseria gonorrhoeae. J Infect Chemother 2016; 22:194197.

83. Barbee LA, Soge OO, Holmes KK et al. In vitro synergy testing of novel antimicrobial
combination therapies against Neisseria gonorrhoeae. J Antimicrob Chemother 2014;
69:1572-1578.

34

84. Tuite AR, Gift TL, Chesson HW et al. Impact of Rapid Susceptibility Testing and
Antibiotic Selection Strategy on the Emergence and Spread of Antibiotic Resistance in

A
C

C

EP

TE

D

Gonorrhea. J Infect Dis 2017; 216:1141-1149.

35

Supplemental Content (Additional References)
31. Demczuk W, Lynch T, Martin I et al. Whole-genome phylogenomic heterogeneity of Neisseria
gonorrhoeae isolates with decreased cephalosporin susceptibility collected in Canada between
1989 and 2013. J Clin Microbiol 2015; 53:191-200.
32. Gianecini R, Romero MLM, Oviedo C et al. Emergence and Spread of Neisseria gonorrhoeae
Isolates With Decreased Susceptibility to Extended-Spectrum Cephalosporins in Argentina, 2009
to 2013. Sex Transm Dis 2017; 44:351-355.

D

33. Gose S, Nguyen D, Lowenberg D et al. Neisseria gonorrhoeae and extended-spectrum
cephalosporins in California: surveillance and molecular detection of mosaic penA. BMC Infect
Dis 2013; 13:570.

TE

34. Grad YH, Harris SR, Kirkcaldy RD et al. Genomic Epidemiology of Gonococcal Resistance to
Extended-Spectrum Cephalosporins, Macrolides, and Fluoroquinolones in the United States,
2000-2013. J Infect Dis 2016; 214:1579-1587.
35. De Silva D, Peters J, Cole K et al. Whole-genome sequencing to determine transmission of
Neisseria gonorrhoeae: an observational study. Lancet Infect Dis 2016; 16:1295-1303.

EP

36. Chisholm SA, Dave J, Ison CA High-level azithromycin resistance occurs in Neisseria gonorrhoeae
as a result of a single point mutation in the 23S rRNA genes. Antimicrob Agents Chemother 2010;
54:3812-3816.
37. Didelot X, Dordel J, Whittles LK et al. Genomic Analysis and Comparison of Two Gonorrhea
Outbreaks. MBio 2016; 7.

C

38. Stucki D, Ballif M, Bodmer T et al. Tracking a tuberculosis outbreak over 21 years: strain-specific
single-nucleotide polymorphism typing combined with targeted whole-genome sequencing. J
Infect Dis 2015; 211:1306-1316.

A
C

39. Pecora ND, Li N, Allard M et al. Genomically Informed Surveillance for Carbapenem-Resistant
Enterobacteriaceae in a Health Care System. MBio 2015; 6:e01030.
40. Bhotra T, Das MM, Pal BB et al. Genomic profile of antibiotic resistant, classical ctxB positive
Vibrio cholerae O1 biotype El Tor isolated in 2003 and 2005 from Puri, India: A retrospective
study. Indian J Med Microbiol 2016; 34:462-470.
41. Knudsen GM, Nielsen JB, Marvig RL et al. Genome-wide-analyses of Listeria monocytogenes
from food-processing plants reveal clonal diversity and date the emergence of persisting
sequence types. Environ Microbiol Rep 2017; 9:428-440.
42. Turner KM, Christensen H, Adams EJ et al. Analysis of the potential for point-of-care test to
enable individualised treatment of infections caused by antimicrobial-resistant and susceptible
strains of Neisseria gonorrhoeae: a modelling study. BMJ Open 2017; 7:e015447.

43. Tuite A, Hsu K, Gift TL et al. P3.16 Impact of rapid susceptibility profiling on the emergence and
spread of antibiotic resistance in gonorrhoea. Sex Transm Infect 2017; 93:A99.
36

44. Phillips LT, Witney A, Izquierdo-Carrasco F et al. P1.32 Hand-held rapid whole genome nanopore
sequencing to predict neisseria gonorrhoeae antibiotic susceptibility: steps towards clinic based
tailored antimicrobial therapy. Sex Transm Infect 2017; 93:A56.
45. Allan-Blitz L-T, Humphries RM, Hemarajata P et al. The impact of a rapid genotypic neisseria
gonorrhoeae assay on targeted ciprofloxacin therapy. Sex Transm Infect 2017; 93:A12.

D

46. Zienkiewicz A, Homer M, Christensen H et al. P2.01 Assessing the impact of individualised
treatment: an individual-based mathematical modelling study of antimicrobial resistant
neisseria gonorrhoeae transmission, diagnosis and treatment in men who have sex with men.
Sex Transm Infect 2017; 93:A70-A71.

TE

47. Buono SA, Watson TD, Borenstein LA et al. Stemming the tide of drug-resistant Neisseria
gonorrhoeae: the need for an individualized approach to treatment. J Antimicrob Chemother
2015; 70:374-381.
48. Fingerhuth SM, Low N, Bonhoeffer S et al. Detection of antibiotic resistance is essential for
gonorrhoea point-of-care testing: a mathematical modelling study. BMC Med 2017; 15:142.
49. Shaikh S, Fatima J, Shakil S et al. Antibiotic resistance and extended spectrum beta-lactamases:
Types, epidemiology and treatment. Saudi J Biol Sci 2015; 22:90-101.

EP

50. Zhao S, Duncan M, Tomberg J et al. Genetics of chromosomally mediated intermediate
resistance to ceftriaxone and cefixime in Neisseria gonorrhoeae. Antimicrob Agents Chemother
2009; 53:3744-3751.

C

51. Unemo M, Nicholas RA, Jerse AE et al. Molecular mechanisms of antibiotic resistance expressed
by the pathogenic Neisseria. In: Davies JK, Kahler CM, eds. Pathogenic Neisseria. Norfolk, UK:
Caister Academic Press, 2014:161-192.
52. Hagman KE, Shafer WM Transcriptional control of the mtr efflux system of Neisseria
gonorrhoeae. J Bacteriol 1995; 177:4162-4165.

A
C

53. Hagman KE, Pan W, Spratt BG et al. Resistance of Neisseria gonorrhoeae to antimicrobial
hydrophobic agents is modulated by the mtrRCDE efflux system. Microbiology 1995; 141 ( Pt
3):611-622.
54. Pan W, Spratt BG Regulation of the permeability of the gonococcal cell envelope by the mtr
system. Mol Microbiol 1994; 11:769-775.
55. Gill MJ, Simjee S, Al-Hattawi K et al. Gonococcal resistance to beta-lactams and tetracycline
involves mutation in loop 3 of the porin encoded at the penB locus. Antimicrob Agents
Chemother 1998; 42:2799-2803.
56. Olesky M, Hobbs M, Nicholas RA Identification and analysis of amino acid mutations in porin IB
that mediate intermediate-level resistance to penicillin and tetracycline in Neisseria
gonorrhoeae. Antimicrob Agents Chemother 2002; 46:2811-2820.

37

57. Olesky M, Zhao S, Rosenberg RL et al. Porin-mediated antibiotic resistance in Neisseria
gonorrhoeae: ion, solute, and antibiotic permeation through PIB proteins with penB mutations. J
Bacteriol 2006; 188:2300-2308.
58. Gulati S, Schoenhofen IC, Whitfield DM et al. Utilizing CMP-Sialic Acid Analogs to Unravel
Neisseria gonorrhoeae Lipooligosaccharide-Mediated Complement Resistance and Design Novel
Therapeutics. PLoS Pathog 2015; 11:e1005290.

D

59. Ram S, Shaughnessy J, DeOliveira RB et al. Utilizing complement evasion strategies to design
complement-based antibacterial immunotherapeutics: Lessons from the pathogenic Neisseriae.
Immunobiology 2016; 221:1110-1123.
60. Ram S, Shaughnessy J, de Oliveira RB et al. Gonococcal lipooligosaccharide sialylation: virulence
factor and target for novel immunotherapeutics. Pathog Dis 2017; 75.

TE

61. Shaughnessy J, Gulati S, Agarwal S et al. A Novel Factor H-Fc Chimeric Immunotherapeutic
Molecule against Neisseria gonorrhoeae. J Immunol 2016; 196:1732-1740.

62. Ngampasutadol J, Rice PA, Walsh MT et al. Characterization of a peptide vaccine candidate
mimicking an oligosaccharide epitope of Neisseria gonorrhoeae and resultant immune
responses and function. Vaccine 2006; 24:157-170.

EP

63. Gulati S, Zheng B, Reed GW et al. Immunization against a saccharide epitope accelerates
clearance of experimental gonococcal infection. PLoS Pathog 2013; 9:e1003559.
64. Rice PA, Shafer WM, Ram S et al. Neisseria gonorrhoeae: Drug Resistance, Mouse Models, and
Vaccine Development. Annu Rev Microbiol 2017; 71:665-686.

C

65. Kirkcaldy RD, Torrone E, Papp JR et al. Gonococcal Isolate Surveillance Program (GISP) Protocol.
2016. Available from: https://www.cdc.gov/std/gisp/
Ref Type: Online Source

A
C

66. Chakraborti S, Lewis LA, Cox AD et al. Phase-Variable Heptose I Glycan Extensions Modulate
Efficacy of 2C7 Vaccine Antibody Directed against Neisseria gonorrhoeae Lipooligosaccharide. J
Immunol 2016; 196:4576-4586.
67. Petousis-Harris H, Paynter J, Morgan J et al. Effectiveness of a group B outer membrane vesicle
meningococcal vaccine against gonorrhoea in New Zealand: a retrospective case-control study.
Lancet 2017; 390:1603-1610.
68. Alirol E, Wi TE, Bala M et al. Multidrug-resistant gonorrhea: A research and development
roadmap to discover new medicines. PLoS Med 2017; 14:e1002366.
69. Unemo M, Ringlander J, Wiggins C et al. High in vitro susceptibility to the novel
spiropyrimidinetrione ETX0914 (AZD0914) among 873 contemporary clinical Neisseria
gonorrhoeae isolates from 21 European countries from 2012 to 2014. Antimicrob Agents
Chemother 2015; 59:5220-5225.

38

70. Papp JR, Lawrence K, Sharpe S et al. In vitro growth of multidrug-resistant Neisseria
gonorrhoeae isolates is inhibited by ETX0914, a novel spiropyrimidinetrione. Int J Antimicrob
Agents 2016; 48:328-330.
71. ClinicalTrials.gov [Internet].Bethesda (MD): National Library of Medicine (US). Identifier
NCT02257918, Randomized, Open-label Phase 2 Study of Oral AZD0914 in the Treatment of
Gonorrhea. Available from:
https://clinicaltrials.gov/ct2/show/NCT02257918?term=NCT02257918&rank=1. 2018.
Ref Type: Online Source

D

72. Olsen B, Pham TL, Golparian D et al. Antimicrobial susceptibility and genetic characteristics of
Neisseria gonorrhoeae isolates from Vietnam, 2011. BMC Infect Dis 2013; 13:40.

TE

73. Golparian D, Fernandes P, Ohnishi M et al. In vitro activity of the new fluoroketolide
solithromycin (CEM-101) against a large collection of clinical Neisseria gonorrhoeae isolates and
international reference strains, including those with high-level antimicrobial resistance:
potential treatment option for gonorrhea? Antimicrob Agents Chemother 2012; 56:2739-2742.
74. Roblin PM, Kohlhoff SA, Parker C et al. In vitro activity of CEM-101, a new fluoroketolide
antibiotic, against Chlamydia trachomatis and Chlamydia (Chlamydophila) pneumoniae.
Antimicrob Agents Chemother 2010; 54:1358-1359.

EP

75. Jensen JS, Fernandes P, Unemo M In vitro activity of the new fluoroketolide solithromycin (CEM101) against macrolide-resistant and -susceptible Mycoplasma genitalium strains. Antimicrob
Agents Chemother 2014; 58:3151-3156.

C

76. Furfaro LL, Spiller OB, Keelan JA et al. In vitro activity of solithromycin and its metabolites, CEM214 and N-acetyl-CEM-101, against 100 clinical Ureaplasma spp. isolates compared with
azithromycin. Int J Antimicrob Agents 2015; 46:319-324.

A
C

77. Hook EW, III, Golden M, Jamieson BD et al. A Phase 2 Trial of Oral Solithromycin 1200 mg or
1000 mg as Single-Dose Oral Therapy for Uncomplicated Gonorrhea. Clin Infect Dis 2015;
61:1043-1048.
78. Chen M, McNulty A, Averay A et al. Results of the SOLITAIRE-U Phase 3 trial comparing single
dose oral solithromycin versus single dose intramuscular ceftriaxone plus single dose oral
azithromycin for treatment of uncomplicated urogential gonorrhea. ASM-Microbe 2017, New
Orleans . 6-3-2017.
Ref Type: Abstract
79. Shigemura K, Osawa K, Miura M et al. Azithromycin resistance and its mechanism in Neisseria
gonorrhoeae strains in Hyogo, Japan. Antimicrob Agents Chemother 2015; 59:2695-2699.
80. Kidd S, Zaidi A, Asbel L et al. Comparison of antimicrobial susceptibilities of pharyngeal, rectal,
and urethral Neisseria gonorrhoeae isolates among men who have sex with men. Antimicrob
Agents Chemother 2015; 59:2588-2595.
81. Lee H, Kim H, Seo YH et al. In vitro activity of tigecycline alone and antimicrobial combinations
against clinical Neisseria gonorrhoeae isolates. Diagn Microbiol Infect Dis 2017; 87:160-162.
39

82. Bharat A, Martin I, Zhanel GG et al. In vitro potency and combination testing of antimicrobial
agents against Neisseria gonorrhoeae. J Infect Chemother 2016; 22:194-197.
83. Barbee LA, Soge OO, Holmes KK et al. In vitro synergy testing of novel antimicrobial combination
therapies against Neisseria gonorrhoeae. J Antimicrob Chemother 2014; 69:1572-1578.

A
C

C

EP

TE

D

84. Tuite AR, Gift TL, Chesson HW et al. Impact of Rapid Susceptibility Testing and Antibiotic
Selection Strategy on the Emergence and Spread of Antibiotic Resistance in Gonorrhea. J Infect
Dis 2017; 216:1141-1149.

40

