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Unemo et al. Nature Dis Prim. 2019

Accumulation of NG antimicrobial resistance (AMR) determinants 
treatment excluded in >80 years – only ceftriaxone (azithromycin) left!

CRO‐resistant superbug
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‘Man Has World’s Worst Super‐gonorrhoea’, 
BBC News, (28 March 2018)

Two new cases  of resistant gonorrhoea in UK
BBC News (9 Jan 2019)

Evidence of first international spread of 
ceftriaxone resistance in NG
• 2015‐onwards: Strain with resistance to 

ceftriaxone initially reported in Japan, 
followed by Australia, Canada, Denmark, 
France, Ireland, UK, China, Singapore, 
Cambodia…. 

• 2018: UK and Australian isolates of the 
same strain
• resistance to ceftriaxone plus high‐level 

resistance to azithromycin
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Countries with reported decreased susceptibility/resistance to 
ceftriaxone in NG, WHO GASP/GLASS 2015‐16 vs. 2017‐18

23.8% of countries  
(11.1% of countries ≥5%)

Unemo et al. Sex Health. 2019

30.8% of countries  
(8.8% of countries ≥5%)

Unemo et al In review

Teodora Wi responsible 
for WHO GASP
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Verified treatment failures with ceftriaxone (CRO; 250‐1000 mg)  increase surveillance!

Modified from Unemo et al. Sex Health. 2019

CRO 1 g

CRO 1 g
CRO 1 g

CRO even at 1 g×1 
dose does not cure
occasional cases 
(observed 
also in PK/PD 
modeling and Hollow  
Fibre Infection Model, 
in manuscript) 

CRO 500 mg + 
AZM 1 g
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WHO GASP – Limitations (improvements in progress) 
• Limited number of countries, particularly in WHO African and Eastern Mediterranean

Regions
• Low number (<100/year) and suboptimal representativeness of isolates in many

countries (geographically, from all risk groups, sexes and anatomical sites)
• Use of disc diffusion methods in some regions –

introduce MIC determination (agar dilution or Etest)!
• Lack of standardised global QA (QCs and EQA) –

introduce 2016 WHO reference strains (Unemo et al. JAC. 2016; currently updated) and validated
EQA!

• Lack of harmonised global clinical breakpoints for decreased susceptibility or resistance
(most use EUCAST or CLSI)

• No/limited clinical and epidemiological data of patients 
(Euro-GASP and US GISP exceptions) CDC/WHO and WHO GLASS support improvements!

• Limited surveillance of treatment failures, antimicrobial use (especially for STIs), AMR 
determinants, and genome sequencing (introduced in some GASPs) 
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Additionally lacking (partly caused present AMR situation)
‐ Limited understanding of the dynamic interaction between NG and antimicrobials
(during their different concentration‐time profiles) and in different infection sites,
and about ideal dosing for effective NG kill + suppression of AMR amplification –
antimicrobial PD (integrating microbiology and pharmacology)!

‐ For new antimicrobials, we need to avoid the same fate by improved PK/PD
knowledge before antimicrobials are introduced for treatment (study kill and 
AMR suppression, ideal dosing, prediction of AMR, predisposition to AMR,
evolution and fitness of AMR strains)
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Lancet Infect Dis. 2020

STI Treatment Optimizations 
expert workshop 2018
hosted by STI CTG (NIAID/
DMID funded), Washington, 
USA
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JAC. 2019

Ceftriaxone: 
Why work so well (injected, very bactericidal, good urine levels and bioavailability)?
• Low Vd (suboptimal cell penetration), high protein binding, poorly 

distributed into gyn. tissue, low levels in PMNLs and extravascular space…..
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JAC. 2019

Conc dependent

Saliva conc.: limited
association with cure of 
pharyngeal gonorrhoea!

?



Faculty of Medicine, Dentistry and Health Sciences
Melbourne School of Population and Global Health

Pharyngeal gonorrhoea (asymptomatic,  treatment failures and AMR emergence?)

12

• High saliva flow rate, swallowing and epithelial cell surface (with most 
bacteria attached) is replaced in 3 hours  concentration in saliva is 
rarely reflecting efficacy?

• Where is gonococcal infection possible (found, e.g., intracellularly in tonsils, 
in cellular debri in tonsillar crypts, in tonsillar exudate, and in saliva)?

• How differs antimicrobial distribution by tissue type?
• Usually asymptomatic ( inflammation)   penetration of antimicrobial

Modified from slide by Fabian Kong
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AAC. 1979

7-10 h of serum total PCG concentration above 3-4×MIC required for cure 
- Initially extended to other antimicrobials/classes (serum conc 4×MIC90 ≥10 h after Cmax)!
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JAC. 2010

Monte Carlo simulation (fT>MIC of ≥20-24 h required for cure with ceftriaxone)

• Ceftriaxone (CRO) MIC 0.25-2 mg/L: lower 95% CI 0-15.4 h for currently identified 
ceftriaxone-resistant strains  1 g will not cure all cases internationally!



Knowledge lacking regarding PK/PD for gonorhoea treatment?
• No detailed knowledge of nearly anything (considering all sites)?

- PK/PD efficacy drivers and their parameters (e.g. exact fT>MIC for CRO)
for both NG kill and AMR suppression (can differ!)
- Bacterial burden at different sites (some information available)
- Mutational and transformational frequency (and donors) to AMR
- Step size of AMR
- Exposures to optimize bacterial cell kill rate and extent
- Exposures to optimize AMR suppression
- Infection site concentration (penetration, intra-/extracellular ratio, 
protein-binding, inflammation….in infected sites) 

• Dual (combination) therapy (extremely complex to understand)
• Frequently treat gonorrhoea + concomitant STI(s)/other infection 

AND in anogenital tract as well as in the complex pharynx

Compiled from many slides from George Drusano
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Lancet Infect Dis. 2020

doxycycline

For gonorrhoea in different sites:
• Determine + optimise the PK/PD drivers
• Evaluate efficiacy (bacterial kill) PLUS AMR 

suppression, while limiting side effects
• Single- vs. multiple-dose regimens
(Monotherapy vs. dual therapy)
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Clin Microbiol Infect. 2020

International gonorrhoea PK/PD expert workshop organised by Global 
Antibiotic Research and Development Partnership (GARDP)
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Clin Microbiol Infect. 2020

International gonorrhoea PK/PD expert workshop organised by Global 
Antibiotic Research and Development Partnership (GARDP)



Hollow Fibre Infection Model (HFIM)
• Hollow Fibre Infection Model for NG, for simulation of real gonococcal infection and 

PK/PD, efficacy (single and multiple dose and ideal dose), and AMR emergence and 
suppression (different doses)

• (PK/PD driver, bacteriostatic/bactericidal, time-/concentration-dependent, rate of bacterial
killing, post-antibiotic effect when it falls below MIC, etc.)
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AAC. 2020



HFIM at WHO CC, Sweden – in collaboration with GARDP (Francois 
Franceschi, Renata Da Costa, Seamus O’Brien (Emilie Alirol earlier)) 
and George Drusano (David Brown, Arnold Louie)  

Susanne 
Jacobsson,
WHO CC

Standardised and quality-assured HFIM based on geographically, temporally and genomically diverse WHO 
NG reference strains (n=16), including strains causing failures with previous and current treatments



In manuscript

Based on ceftriaxone (CRO) human serum concentrations:
• 125 mg – 1 g effectively eradicate highly susceptible strains
• 500 mg eradicates all except high-level resistant strains (MIC≥1  mg/L)
• 1 g eradicates all susceptible and resistant strains

Pharynx: PK parameters?  Extremely limited data!  Best guess?

Not for distribution or Tweet!



Pediatrics. 2005

Chemoter. 1986

Ceftriaxone 500 mg single dose to children (2-12 years) scheduled for 
elective tonsillektomi (tonsillar ceftriaxone protein binding 89.1%) 



In manuscript

Based on ceftriaxone (CRO) human plasma concentrations:
• 125 mg – 1 g effectively eradicate highly susceptible strains
• 500 mg eradicates all except high-level resistant strains (MIC≥1  mg/L)
• 1 g eradicates all susceptible and resistant strains
Based on CRO pharyngeal (i.e., tonsil) concentrations:
• 500 mg do not eradicate resistant strains (MIC≥0.5 mg/L)
• 1 g eradicates all except high-level resistant strains (MIC≥1  mg/L)

Not for distribution or Tweet!



Monte Carlo simulation of inter-patient variance in PK parameters (5000 
patients simulated based on data from Blumer et al. Pediatrics. 2005)

• Substantially more failures estimated with 500 mg and 1 g, because many patients do not 
reach sufficient CRO fT>MIC!

Not for distribution or Tweet!
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We are grateful to Entasis (John Mueller, John O’Donnell, Alita Miller)

An international zoliflodacin phase 3 RCT, enrolling adults with uncomplicated 
gonorrhoea and comparing a zoliflodacin 3 g single oral dose to a dual therapy of 
ceftriaxone and azithromycin, is ongoing.



NG WHO F and WHO X in dose-range HFIM experiments (n=2) 
of zoliflodacin single oral dose of 0.5-8 g (followed 7 days)

0.5-1 g doses: Too
limited exposure + AMR 
amplification (GyrB
target mutations)

Design based on ZOLI 3 g 
PK parameters (AUC24, Tmax, 
T1/2, protein-binding); linear 
PK assumed for other doses

Jacobsson et al. Front Pharmacol. 2021



NG WHO X reference strain in dose-fractionation HFIM experiments (n=2) 
simulating zoliflodacin single oral dose of 1, 2, 3 and 4 g given as equally 
divided doses q12 h and q8 h over 24 h

Jacobsson et al. Front Pharmacol. 2021



Population PK/PD modeling 
parameter values for the HFIM 
zoliflodacin study with NG reference 
strains WHO F (WHO X)

Jacobsson et al. Front Pharmacol. 2021



Predicted-Observed regressions for zoliflodacin concentrations, total NG burden 
and resistant NG burden, respectively for the pre-Bayesian regression (panels A-
C) and for the Bayesian regressions (panels D-F) for WHO F

Jacobsson et al. Front Pharmacol. 2021
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Zoliflodacin Resistance Suppression
Model-Based Dose Identification

• Employing the parameter vector identified in the previous slide, we calculated 
that a dose > 1 g and < 2 g will suppress resistance emergence

• This is not enough!
• We must examine also NG strains potentially predisposed to resistance 

emergence
• We must then use a population PK parameter vector and covariance matrix to 

perform a Monte Carlo simulation to identify a dose that would attain the 
resistance-suppression exposure for a large proportion of the target population

Jacobsson et al. Front Pharmacol. 2021



Simulations for zoliflodacin single dose compared to the same total 
dose given half the dose twice 12 hours apart and one-third the dose 
three times 8 hours apart (WHO X reference strain)

Jacobsson et al. Front Pharmacol. 2021



Zoliflodacin Exposure Profile to Optimize Rate of Kill

• Daily administration always produces the most rapid rate of kill
• This advantage dissipates as the dose escalates
• Rate of kill approaches a maximal rate
• The REAL advantage is that one need not worry about adherence with 

subsequent doses
• The impact of exposure on kill rate and resistance suppression is the real 

reason to perform this mathematical modeling exercise!

Jacobsson et al. Front Pharmacol. 2021



In manuscript

We are grateful to Entasis (John Mueller, John O’Donnell, Alita Miller)

HOWEVER, for new antimicrobials we also need to predict AMR 
emergence, fitness and spread and consider mutations potentially 
causing AMR OR predisposing for AMR emergence:
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Conclusions
• Surveillance of AMR (including genome sequencing), treatment failures, and 

antimicrobial consumption needs to be expanded globally
• Exceedingly limited PK/PD data regarding treatment of gonorrhoea exist
• Appropriate PK data for all infection site, particularly pharynx, including inter-

patient variance for these PK data (population modelling!) are urgently needed
• Determine and subsequently optimise the PK/PD drivers and doses for 

bacterial kill and AMR suppression (while avoiding serious adverse effects)
• Improve understanding of single- vs. multiple dose (potential benefits depends 

on PK/PD drivers for the specific antimicrobial) and monotherapy vs. dual 
therapy (for gonorrhoea AND gonorrhoea+other infection)

• PK studies (and extragenital infections) should ideally be included in all 
treatment trials
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