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SUMMARY
Background
Gonorrhoea incidence is increasing rapidly: diagnoses in men who have sex with men (MSM)
in England increased eight-fold 2008-2017. Concurrently, antibiotic resistance is making
treatment more difficult, leading to renewed interest in a gonococcal vaccine. The MeNZB
meningococcal B vaccine is partially protective, and several other candidates are in
development. We modelled realistic vaccination strategies under various scenarios of
antibiotic resistance and vaccine protection level and duration, to assess the impact of
vaccination and examine the feasibility of the WHO’s target of reducing gonorrhoea
incidence by 90% between 2016 and 2030.
Methods
We fitted a stochastic transmission-dynamic model, incorporating asymptomatic and
symptomatic infection and heterogeneous sexual behaviour, to gonorrhoea incidence in
MSM in England, 2008-17, using particle Markov Chain Monte Carlo methods. Bayesian
forecasting was used to examine future scenarios, including emergence of extensively
antibiotic-resistant (ABR) gonorrhoea.
Findings
Even in the worst-case scenario of untreatable infection emerging, the WHO target could be
met by vaccinating all MSM attending sexual health clinics with a 53%-protective vaccine
lasting for >6 years, or a 70%-protective vaccine lasting >3 years. A vaccine like MeNZB,
conferring 30% protection for 2-4 years, could reduce incidence in 2030 by 45% in the
worst-case scenario, and by 75% if >70% of ABR gonorrhoea is treatable.
Interpretation
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Our statistically-rigorous assessment shows that even a partially-protective vaccine,
delivered through a practical targeting strategy, could have substantial benefit in reducing
gonorrhoea incidence in the context of an epidemic with rising antibiotic resistance.
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INTRODUCTION
The World Health Organization (WHO) classifies Neisseria gonorrhoeae as a priority
bacterial pathogen, due to the evolution and global spread of resistance to every antibiotic
historically used against it.1 In England there is a growing epidemic of gonorrhoea, while
treatment is becoming harder, particularly among men who have sex with men (MSM).2 In
2019, rising azithromycin resistance in the UK has led to the drug’s removal from the
previously recommended dual therapy.3 The remaining component, ceftriaxone, is now both
the first and last line of treatment, with worrying signs that it may also fail soon.4,5

The threat of antibiotic resistant gonorrhoea has renewed interest in vaccine development,
which is hampered by genetic variability in the gonococcus, the absence of a measurable
correlate of immunity to gonorrhoea, and the lack of a suitable animal model to test vaccine
candidates in vivo.6 Despite repeated efforts to develop a vaccine throughout the 20th century,
none of the four candidates that progressed to clinical trials were found to be effective.7
However, hope was recently revived when surveillance reports from Cuba, New Zealand and
Norway showed a decline in gonorrhoea incidence in the years immediately following
vaccination initiatives against the closely related bacterial species Neisseria meningitidis.8 A
retrospective case-control study based on a million young adults in New Zealand who had
received an outer-membrane vesicle meningococcal B vaccine (MeNZB) found
cross-protection against N. gonorrhoeae, with estimated effectiveness of 31% (95% CI
21%-39%),9 providing the first indication that vaccination against gonorrhoea might be
feasible.7 Additionally, there are multiple promising vaccine candidates in preclinical
development stages.8,10
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The rising antimicrobial resistance context raises the question of how best to deploy vaccines
to decrease the overall burden of disease.11–13 In 2016, the WHO announced a global health
sector strategy on sexually transmitted infections, with a target of 90% reduction in
gonorrhoea incidence by 2030.14 For MSM in England this would correspond to <1,800 cases
in 2030, based on national surveillance figures from Public Health England.15 Using a
stochastic model of gonorrhoea epidemiology calibrated to recent incidence data, with
varying future levels of antibiotic resistance, we investigated how protective and long-lasting
a vaccine would need to be to reduce total incidence below the WHO target. We compared
the impact and efficiency of three different vaccination strategies, studied the interplay
between vaccination and antibiotic resistance levels, and quantified the effect of differing
levels of vaccine uptake on the results. Finally, we assessed the potential impact of vaccines
with a partially protective profile similar to MeNZB.

METHODS

Model structure
We developed a stochastic compartmental model to project the future course of the
gonorrhoea epidemic among MSM in England under different vaccination strategies. We
extended a previous model16 to incorporate heterogeneity in sexual risk behaviour by
dividing the population into low- and high-risk groups with characteristic rates of sexual
partner change. The model simulates gonorrhoea in MSM in England from 2008 to 2030. The
initial size and rates of entry and exit from the sexually active population were based on
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projections from the Office of National Statistics.17 The proportion of the population in each
sexual activity group and their respective annual number of partners were calibrated
according to data from the third National Survey of Sexual Attitudes and Lifestyles
(Natsal-3).18 The rate of transmission is dependent on risk group.

Following infection with gonorrhoea, individuals initially pass through a short incubation
period, after which they may develop symptoms or remain asymptomatically infected (Figure
1). Gonococcal infection can occur in the rectum, pharynx and/or urethra, but surveillance
data are not stratified by infection site, thus the parameters are averages for all sites. Infected
individuals are treated after seeking care due to symptoms or after testing positive in sexual
health screening. Treated individuals recover from the infection and become uninfected
again, with the exception of a proportion of those infected with the antibiotic resistant (ABR)
strain for whom treatment may fail, leading to a persistent asymptomatic infection.16
Recovery from asymptomatic infection eventually occurs naturally, or following antibiotic
intake for unrelated conditions. Infection is assumed not to confer any natural immunity.19,20
The ABR strain is assumed to emerge globally in 2020 and subsequently to be imported
repetitively from overseas into the highly sexually active group in England.5

Model calibration
We calibrated the model, in a Bayesian framework, to the annual number of gonorrhoea cases
among MSM in England between 2008 and 2017 recorded by the GUMCAD surveillance
system.21 These data were considered as the observed realisations of a complex underlying
unobserved Markov process including all state transitions in Figure 1. All unknown
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parameters were calibrated, including those governing the within-host natural history model
and the risk of transmission for each sexual activity group. An analytical expression for the
likelihood of the observed data given the model is not tractable, so we used a particle filter to
produce an unbiased estimate.22 We incorporated this estimated likelihood into a particle
Markov Chain Monte Carlo (pMCMC), from which we obtained a posterior sample of the
model parameters given the observed data.23,24 Bayesian inference requires to specify prior
parameter distributions, which were based on literature review where possible, or otherwise
left highly uninformative to represent lack of knowledge. Full details of the modelling and a
complete list of parameter values and prior distributions can be found in the appendix.

Vaccine deployment strategies
We considered three realistic strategies for the vaccine deployment:
“vaccination-before-entry” into the sexually active population, “vaccination-on-diagnosis”
with gonorrhoea, and “vaccination-on-attendance” of a sexual health clinic for any reason,
including seeking testing and treatment for symptoms or asymptomatic screening. These
scenarios were compared to baseline projections in the absence of vaccination. We
considered 500 hypothetical vaccine profiles ranging in protection level between 1% and
100% and lasting between 1 and 20 years. Vaccines were assumed to offer “leaky”,
degree-type protection,25 meaning that all vaccinees were less likely, but still able, to acquire
infection from contagious individuals. Vaccinated-yet-infected individuals were assumed to
progress through the stages of infection in the same way as unvaccinated individuals (Figure
1). For individuals who were infected at the time of receiving the vaccine, we assumed
vaccination did not alter the course of the infection, and only offered protection against
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subsequent acquisition of infection. Vaccine protection was assumed to wane over time, after
which individuals become fully susceptible to infection once more.

We accounted for uncertainty in the natural history and infection model by basing our
stochastic projections on 1,000 samples from the joint posterior distribution of the
parameters. We considered varying severity of the ABR strain imported from 2020 onwards,
with treatment failure rates ranging between 0% and 100%. We investigated the effect of
vaccine uptake by considering scenarios of 50% to 100% acceptance among eligible MSM
for each vaccine-deployment scenario.

RESULTS
Following calibration of our epidemiological model (Figure 1), we found that the simulated
epidemic curves had 99% predictive intervals that included the observed data for all years
(Figure 2A). For example, our model estimated that 21,900 (95% CI 18,900-25,200) cases of
gonorrhoea were reported among MSM in England in 2017, in good agreement with the
21,300 cases recorded by the GUMCAD surveillance system.21 In the best-case scenario,
with no worsening of resistance, our model predicted 23,500 (95% CI 20,000-27,600)
gonorrhoea cases in 2030. However, the global emergence and importation of an
antibiotic-resistant (ABR) strain causing treatment failures would increase the projected
number of cases (Figure 2B). In the worst-case scenario of systematic treatment failure for the
ABR strain, our model predicted 48,500 (95% CI 23,600-80,100) gonorrhoea cases in 2030.
As the frequency of treatment failure was increased, onward transmission of drug-resistant
infections became more common and the predicted number of resistant cases grew.
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Focussing on the worst-case scenario where treatment of ABR gonorrhoea always failed, we
assessed the impact of each hypothetical vaccine profile (i.e. combination of level and
duration of protection) under the three proposed deployment strategies by calculating the
expected reduction in gonorrhoea cases in 2030 (Figure 3). In the vaccination-before-entry
strategy, even a fully protective vaccine lasting 20 years achieved only a 34% (95% CI
17%-52%) reduction in expected cases in 2030 (Figure 3A), well below the WHO target.
Vaccination-on-diagnosis with this idealised vaccine also fell short of the WHO target but
achieved a much higher reduction of 92% (95% CI 82%-98%) (Figure 3B). By extending
vaccination to all MSM tested for gonorrhoea (both those seeking care for symptoms and
those undergoing screening in the absence of symptoms), the WHO target could be achieved
using a ≥53% effective vaccine lasting ≥6 years, or equivalently a ≥70% effective vaccine
lasting ≥3 years (Figure 3C). Under the vaccination-on-diagnosis and
vaccination-on-attendance strategies, a vaccine lasting eight years had similar benefits to one
with the same protection level lasting longer (Figure 3B,C).

Under the vaccination-before-entry strategy, the proportion of MSM protected in 2030 was
<20% irrespective of the duration of vaccine protection (Figure 3D), because only those
becoming sexually active over the past 10 years had been vaccinated. The proportion of the
protected population increased with the vaccine duration. Under the vaccination-on-diagnosis
strategy the protected proportion was generally higher (Figure 3E) because more individuals
were eligible for vaccination. Interestingly, the proportion protected decreased as
vaccine-efficacy increased, because a highly protective vaccine prevented transmission
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which in turn reduced the number of cases treated and vaccinated alongside treatment. The
vaccination-on-attendance strategy had a slightly similar pattern because it targeted everyone
eligible under vaccination-on-diagnosis plus many others. The maximum proportion
protected under vaccination-on-attendance was 86% (95% CI 85.8%-86.4%), if the duration
of protection was 20 years (Figure 3F).

We assessed how the impact of vaccination would differ depending on the treatability of the
emergent gonorrhoea ABR strain and the uptake of vaccination by eligible MSM (Figure 4).
The less treatable the emergent strain of gonorrhoea, the more protective a vaccine would
need to be to meet the WHO target. The vaccination-before-entry strategy was unable to
achieve the WHO target, no matter how protective and long-lasting the vaccine, even in the
best-case scenario of no treatment failure. The vaccination-on-diagnosis strategy met the
WHO target, for a range of vaccine profiles, in scenarios where at least 30% of ABR cases
remain treatable, provided almost all eligible MSM accepted the vaccine when offered and
protection lasted almost 20 years (Figure 4A). With 75% vaccine uptake
vaccination-on-diagnosis could not meet the target if ABR treatment failure exceeded 60%
(Figure 4B). With an uptake of only 50%, the target was not met even in the best-case
scenario of no treatment failure. The lower the uptake, the greater the vaccine protection level
and/or duration required to achieve a given impact (Figure 4A-B). The
vaccination-on-attendance strategy resulted in much higher coverage, meaning that
less-protective vaccines were able to achieve the WHO target (Figure 4C). For example, in
the absence of treatment failure, a 35%-protective vaccine lasting ten years could meet the
WHO target, whereas, under the vaccination-on-diagnosis strategy, the vaccine would need
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to be 80%-protective. At the other extreme, if treatment of ABR cases always failed then the
WHO target could be achieved with the vaccination-on-attendance strategy but would require
for example a protection duration of six years and efficacy of 50%-75% depending on uptake
(Figure 4C-E).

Currently the only vaccine with estimated effectiveness and duration of protection against
gonorrhoea is MeNZB, which offers 21%-39% protection for 2-4 years.9 We considered
deployment of a similar vaccine using the three strategies, and compared the expected
number of cases in 2030, the proportion of ABR, the proportion of protected MSM and the
number of cases averted over ten years per person vaccinated (Figure 5). If there were no
emergence of ABR, then a vaccine like MeNZB could have a substantial impact on the
projected epidemic. Vaccination-on-diagnosis could reduce the expected incidence in 2030
by 41% (95% CI 18%-65%), from 23,500 (95% CI 20,000-27,600) to 13,900 (95% CI
8,200-18,700). Extending vaccination to all MSM tested for gonorrhoea (i.e.
vaccination-on-attendance) would increase the impact to reduce incidence by 75% (95% CI
40%-98%), which was insufficient to meet the WHO target of <1,800 cases in 2030 in 85% of
the simulations. The increased impact of vaccination-on-attendance came at the cost of
reduced efficiency, with the mean cases averted per vaccination reduced from 0.51 (95% CI
0.32-0.75) to 0.10 (95% CI 0.07-0.13). Applying the vaccination-before-entry strategy with a
MeNZB-like vaccine was only likely to achieve a 7% (95% CI 0%-23%) reduction in 2030
incidence, even without emergence of ABR.

The greater the frequency at which treatment failure occurred for ABR infections, the greater
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the predicted incidence in 2030 and the less likely the epidemic could be controlled by a
MeNZB-like vaccine (Figure 5A). Vaccination-on-attendance remained the most effective
strategy, regardless of the treatability of the resistant strain. In the extreme case where ABR
treatment always failed, vaccination-on-attendance with a MeNZB-like vaccine with 100%
uptake reduced the expected number of cases by 45% (95% CI 18%-77%). This equated to
the prevention of around 20,900 cases in 2030, reducing the expected diagnoses from 48,500
(95% CI 23,600-80,100) to 27,600 (95% CI 8,000-55,800). The proportion of cases expected
to be ABR in 2030 was unaffected by vaccination, regardless of the vaccination strategy:
vaccination reduced the expected diagnoses of both the resistant and susceptible strains
proportionately (Figure 5B). The proportion of MSM protected by the vaccine, and the
corresponding number of vaccine courses dispensed, depended more on the vaccination
strategy than on the treatability of the ABR strain (Figure 5C), with
vaccination-on-attendance resulting in a much higher proportion of protected MSM.
Vaccination-on-diagnosis proved to be the most efficient strategy overall, with on average
about one averted case for every two vaccine doses administered, which remained constant
for almost all resistant strains (Figure 5D).

DISCUSSION
We developed a stochastic transmission-dynamic model of gonorrhoea that incorporates
heterogeneity in sexual behaviour and use of health services for care-seeking and screening.
The model was calibrated using 10 years’ worth of data from England using Bayesian
inference methods to estimate model parameters, and then used to examine the
population-level impact of potential vaccines, administered via three realistic strategies. Our
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results show that even a partially-protective vaccine could be useful in controlling the
gonorrhoea epidemic and combatting the spread of antibiotic resistance. In the absence of
antibiotic treatment failure, vaccinating all MSM who attend sexual health clinics in England
from 2020 onwards with a 45%-protective vaccine lasting at least four years, or a
60%-protective vaccine lasting at least two years, would be sufficient to meet the WHO target
of a 90% reduction in annual incidence between 2016 and 2030.14 To investigate the interplay
between resistance and vaccination, we considered the global emergence and importation
into England of a resistant strain for which treatment sometimes fail. We made the
conservative assumption that antibiotic resistant strains did not incur a fitness cost compared
to antibiotic sensitive strains. In the extreme case where treatment for this new strain always
fails, a 52%-protective vaccine lasting six years would be necessary to achieve the WHO
target.

Imperfect vaccines are usually modelled as providing either take-type protection (where a
proportion of vaccinees are fully protected and the remainder not at all), or degree-type
protection (where all vaccinees have a partial reduction in the probability of infection upon
exposure).25 It is unknown what type of protection a future gonorrhoea vaccine might
provide, or indeed if it would conform to one type or another or a mixture of both, so we
chose to be conservative and assume degree-type protection, which requires greater coverage
to reduce the prevalence of infection than with take-type protection.26 Furthermore, a
take-type protection vaccine is similar in result to the effect of partial uptake for a highly
protective degree-type vaccine, which we considered separately (Figure 4). Uptake of
vaccination is clearly a critical determinant for the success of any vaccination programme. A
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recent pilot programme for human papillomavirus (HPV) vaccine in UK MSM up to 45 years
old recorded uptake of 45%, which is likely to be an underestimate due to incomplete
recording.27 Therefore, the 50% uptake scenario we modelled could be considered a realistic
lower bound, especially for the strategies vaccination-on-diagnosis and
vaccination-on-attendance in which the vaccine would be offered to individuals likely to be
concerned.

Our study is the first to consider vaccination against gonorrhoea in the context of antibiotic
resistance, and to assess the potential real-world impact that could be achieved using a
vaccine with protection profile similar to MeNZB. Previous modelling studies have focused
on assessing the potential impact of hypothetical vaccines in small populations of either
heterosexual individuals11 or MSM28. In accordance with our findings, they concluded that a
vaccine of moderate level and duration of protection (60%, 10 years) could substantially
reduce prevalence of infection by about 40%.11 Our analysis is novel in considering the effect
of a vaccination on the scale of all MSM within a country, by comparing realistic deployment
strategies, and by incorporating the possible global emergence of a new extensively resistant
strain, as well as incorporating a statistically rigorous analysis of incidence data.

Our model assumes that sexual health services will be able to meet the additional demand
caused by increasing levels of incidence and resistance. However, in recent years, access to
UK sexual health services has worsened for individuals with symptoms of an acute sexually
transmitted infection.29 This insufficient capacity in sexual health clinics could create a
vicious circle, where treatment delays cause onward transmission, increased incidence, and
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further unmet treatment need, a situation that would be exacerbated by antibiotic resistance.30
A vaccine would ease this pressure by averting infections, thereby reducing demand on
clinics – provided, of course, that the clinics have sufficient capacity to administer the
vaccination.

Two important distinct areas for attention are the criteria on which treatment guidelines are
formulated, and the need for well-designed vaccine trials with the aim of improving our
understanding of the natural history of N. gonorrhoeae. Treatment guidelines are currently
based on the proportion of diagnosed cases that are drug-resistant, with exceedance of a 5%
threshold prompting changes to recommendations. However, it is important for policymakers
also to consider the total number of resistant cases - especially in scenarios where resistant
gonorrhoea becomes more difficult and costly to treat, as exemplified by a recent case of
multi-drug resistant gonorrhoea that required three days of inpatient treatment with
intravenous ertapenem.5

Trials of vaccine candidates need to be designed to address important gaps in knowledge,
including the possibility of perverse outcomes. For example, if vaccination reduces the
bacterial load then this might reduce transmission by reducing infectivity. Alternatively, it
might promote transmission if it reduces the probability or severity of symptoms and thereby
increases the proportion of infections that are left untreated and hence persistent.31 Not only
could persistent infections lead to increased transmission but they may increase the
probability of drug resistance evolving within asymptomatic hosts.32 Conversely, the
resistance selection pressures could be reduced if less infections are being treated with
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antibiotics.12 The relationship between determinants of drug-resistance and antigenicity is not
known and trials should monitor the diversity of lineages of N. gonorrhoeae. If a determinant
of drug resistance is immunogenic and included in the vaccine, then this would enhance the
beneficial impact of vaccination, whilst a vaccine that is more effective against drug-sensitive
strains could increase the relative prevalence of resistance. Notwithstanding these
interrogations and need for further research, a gonococcal vaccine could offer the hope of
bringing the current epidemic of gonorrhoea under control.
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FIGURE LEGENDS

Figure 1. Model structure flow diagram. Uninfected individuals (U) in sexual activity
group g (low or high) become infected with strain s (antibiotic-sensitive (ABS) or
antibiotic-resistant (ABR)). Infected individuals pass through an incubating state (I), before
either developing symptoms (S) or remaining asymptomatic (A). Symptomatic individuals
seek treatment (T), whilst asymptomatic infections can be identified through screening and
then receive treatment (T) or can recover naturally and return to the uninfected state.
Depending on the vaccination strategy, individuals are vaccinated before entry into the
sexually-active population, on gonorrhoea diagnosis, or on attendance for gonorrhoea
screening. Upon vaccination individuals enter equivalent compartments indicated with a
circumflex. Vaccine protection eventually wanes, with individuals moving into the
corresponding compartments without circumflex.

Figure 2. Simulated annual gonorrhoea cases between 2008 and 2030 in the absence of
vaccination. The model is fitted to data in the period 2008-2017 and then projected beyond
that period. (A) Number of cases if a novel resistant strain does not emerge. The red line
depicts GUMCAD data; the horizontal line shows WHO target of 90% reduction in incidence
relative to 2016. Shaded areas show 99% posterior predictive intervals, based on 1,000
simulations. (B) Expected number of cases in 2030 depending on the frequency of treatment
failure for a novel antibiotic-resistant strain emerging in 2020.

Figure 3. Impact of different vaccination strategies against gonorrhoea, given the
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emergence of a resistant strain in 2020 for which antibiotic treatment always fails.
Vaccination was implemented from 2020 and administered to individuals entering the
sexually active population (A, D), or to patients diagnosed with gonorrhoea (B, E), or to
patients at clinic attendance (C, F). Level (horizontal axes) and duration of protection
(vertical axes) were varied. (A, B, C) show the mean reduction in the expected number of
cases in 2030, whereas (D, E, F) show the proportion of MSM protected by the vaccine in
2030. Vaccine profiles (i.e. combinations of level and duration of protection) for which WHO
incidence target was achieved by 2030 are highlighted with a dotted line (this is only
achieved in part of C).

Figure 4. Protection level and duration of vaccine needed to reduce incidence below the
WHO target by 2030 for gonorrhoea strains with varying degrees of resistance.
Vaccination was implemented on diagnosis (A, B) or at clinic attendance (C, D, E), under
varying levels of vaccine uptake: 100% (A, C), 75% (B, D) and 50% (E). The
vaccination-before-entry strategy is not shown as it did not achieve the WHO target for any
scenario considered, and likewise for the vaccination-on-diagnosis strategy with an uptake of
50%.

Figure 5. Potential impact and efficiency of the MeNZB vaccine. Vaccination was
implemented before entry into the sexually active population, on diagnosis or at clinic
attendance. Shaded bars depict 95% predictive interval. (A) Expected gonorrhoea cases in
2030, with the dashed line depicting the WHO target. (B) Proportion of gonorrhoea cases
expected to be resistant in 2030. (C) Proportion of MSM protected by the vaccine in 2030.

18

bioRxiv preprint doi: https://doi.org/10.1101/692954; this version posted July 4, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

(D) Mean cases averted per course of vaccination, with the dashed line depicting one case
averted per vaccination.

19

bioRxiv preprint doi: https://doi.org/10.1101/692954; this version posted July 4, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

REFERENCES
1

Tacconelli E, Carrara E, Savoldi A, et al. Discovery, research, and development of
new antibiotics: the WHO priority list of antibiotic-resistant bacteria and tuberculosis.
Lancet Infect Dis 2018; 18: 318–327.

2

Whittles LK, White PJ, Paul J, Didelot X. Epidemiological Trends of Antibiotic
Resistant Gonorrhea in the United Kingdom. Antibiotics 2018; 7: 60.

3

Fifer H, Saunders J, Soni S, Sadiq ST, FitzGerald M. British Association for Sexual
Health and HIV national guideline for the management of infection with Neisseria
gonorrhoeae (2019). BASHH 2019; : 1–25.

4

Fifer H, Natarajan U, Jones L, et al. Failure of Dual Antimicrobial Therapy in
Treatment of Gonorrhea. N Engl J Med 2016; 374: 2504–6.

5

Eyre DW, Sanderson ND, Lord E, et al. Gonorrhoea treatment failure caused by a
Neisseria gonorrhoeae strain with combined ceftriaxone and high-level azithromycin
resistance, England, February 2018. Eurosurveillance 2018; 23: pii=1800323.

6

Jerse AE, Bash MC, Russell MW. Vaccines against gonorrhea: Current status and
future challenges. Vaccine 2014; 32: 1579–87.

7

Seib KL. Gonorrhoea vaccines: a step in the right direction. Lancet 2017; 6736: 10–1.

8

Edwards JL, Jennings MP, Seib KL. Neisseria gonorrhoeae vaccine development:
Hope on the horizon? Curr Opin Infect Dis 2018; 31: 246–50.

9

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: 1603–10.

10

Russell MW. Could vaccination against Neisseria gonorrhoeae be on the horizon?

20

bioRxiv preprint doi: https://doi.org/10.1101/692954; this version posted July 4, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

Future Microbiol 2018; 13: 495–7.
11

Craig AP, Gray RT, Edwards JL, et al. The potential impact of vaccination on the
prevalence of gonorrhea. Vaccine 2015; 33: 4520–5.

12

Grad YH, Goldstein E, Lipsitch M, White PJ. Improving control of antibiotic resistant
gonorrhea by integrating research agendas across disciplines: key questions arising
from mathematical modeling. J Infect Dis 2016; 213: 883–90.

13

Atkins KE, Lafferty EI, Deeny SR, Davies NG, Robotham J V., Jit M. Use of
mathematical modelling to assess the impact of vaccines on antibiotic resistance.
Lancet Infect Dis 2018; 18: e204–13.

14

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;
14: e1002344.

15

Public Health England. National STI surveillance data tables. 2016; : Table 2.

16

Whittles LK, White PJ, Didelot X. Estimating the fitness benefit and cost of cefixime
resistance in Neisseria gonorrhoeae to inform prescription policy: A modelling study.
PLoS Med 2017; 14: e1002416.

17

Park N. Revised population estimates for England and Wales: mid-2012 to mid-2016.
2018.
https://www.ons.gov.uk/releases/revisedannualmidyearpopulationestimates2012to20
16.

18

Datta J, Erens B, Johnson AM, et al. Methodology of the third British National Survey
of Sexual Attitudes and Lifestyles (Natsal-3). Sex Transm Infect 2013; 90: 84–9.

19

Schmidt KA, Schneider H, Lindstrom JA, et al. Experimental gonococcal urethritis

21

bioRxiv preprint doi: https://doi.org/10.1101/692954; this version posted July 4, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

and reinfection with homologous gonococci in male volunteers. Sex Transm Dis 2001;
28: 555–64.
20

Hosenfeld CB, Workowski KA, Berman S, et al. Repeat infection with Chlamydia and
gonorrhea among females: a systematic review of the literature. Sex Transm Dis 2009;
36: 478–89.

21

Savage EJ, Mohammed H, Leong G, Duffell S, Hughes G. Improving surveillance of
sexually transmitted infections using mandatory electronic clinical reporting: the
genitourinary medicine clinic activity dataset, England, 2009 to 2013.
Eurosurveillance 2014; 19: 20981.

22

Del Moral P, Doucet A, Jasra A. Sequential monte carlo samplers. J R Stat Soc Ser B
2006; 68: 411–436.

23

Andrieu C, Doucet A, Holenstein R. Particle Markov chain Monte Carlo methods. J R
Stat Soc Ser B 2010; 72: 269–342.

24

King AA, Nguyen D, Ionides EL. Statistical Inference for Partially Observed Markov
Processes via the R Package pomp. J Stat Softw 2016; 69: 1–43.

25

McLean AR, Blower SM. Imperfect vaccines and herd immunity to HIV. Proc R Soc B
1993; 253: 9–13.

26

Garnett GP. The theoretical impact and cost-effectiveness of vaccines that protect
against sexually transmitted infections and disease. Vaccine 2014; 32: 1536–42.

27

Edelstein M, Iyanger N, Hennessy N, et al. Implementation and evaluation of the
human papillomavirus (HPV) vaccination pilot for men who have sex with men
(MSM), England, April 2016 to March 2017. Eurosurveillance 2019; 24:
:pii=1800055.

22

bioRxiv preprint doi: https://doi.org/10.1101/692954; this version posted July 4, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

28

Whittles LK, White PJ, Didelot X. A dynamic power-law sexual network model of
gonorrhoea outbreaks. PLOS Comput Biol 2019; 15: e1006748.

29

Foley E, Furegato M, Hughes G, et al. Inequalities in access to genitourinary medicine
clinics in the UK: results from a mystery shopper survey. Sex Transm Infect 2017; 93:
472–5.

30

White PJ. Increases in gonorrhoea incidence and GUM clinic waiting times: are we in
a vicious circle like the late 1990s and early 2000s, but now exacerbated by drug
resistance? Sex Transm Infect 2017; 93: 471.

31

Halloran ME, Longini IM, Struchiner CJ. Design and interpretation of vaccine field
studies. Epidemiol Rev 1999; 21: 73–88.

32

Didelot X, Walker AS, Peto TE, Crook DW, Wilson DJ. Within-host evolution of
bacterial pathogens. Nat Rev Microbiol 2016; 14: 150–162.

23

ν

CABS
g

(1 − ψ)σ

AABS
g

IABS
g

CABR
g

∑ θghCABS
h

µ

ψσ

(

)ξ(t)

vaccination
strategies:
1. before entry
2. on treatment
3. at screening

pvax
T ρ

Ug
∑ θghCABR
h

ζ
ψσ

SABR
g

IABR
g

(1 − ψ)σ
ν

µ
η

TABR
g

(1 − pvax
T )φρ

pvax
T φρ

µ

^
TABS
g

ρ

^
Ug

(1 − φ)ρ
∑ γθghCABR
h
h∈{L,H}

ψσ
^ABR
Ig

AABR
g

^
SABS
g

η

h∈{L,H}

pvax
T (1 − φ)ρ

(1 − pvax
T )(1 − φ)ρ
h∈{L,H}

ψσ

∑ γθghCABS
h

qgpvax
E ξ(t)

ηpvax
S

χ(t)

^ABS
Ig

SABS
g

(1 − pvax
T )ρ

^
AABS
g

(1 − ψ)σ

TABS
g

h∈{L,H}

qg 1 − pvax
E

ν

χ(t)

η

(1 − ψ)σ
ν

^
SABR
g
^
AABR
g

µ
η
φρ

^
TABR
g

100
80
60
40
0

20

Expected cases in 2030 (000s)

30

0.5%
10%
20%
30%
40%
50%

10

20

B

0

Total GUMCAD cases (000s)

40

A

2010

2015

2020
Year

2025

2030

0

20

40

60

80

ABR cases failing treatment (%)

100

> 90%
> 80%

16

20

C

> 70%

12

16

20

B

100

40

60

80

E

40

60

efficacy (%)

80

100

0

20

40

60

80

100
> 20%

F

> 10%
≤ 10%

12
1

4

8

12
4
1
20

8
100

8

12
8
4
0

> 30%

1
20

16

20

D

0

20

80

> 40%

16

60

> 50%

4

8
4
1
40

1

duration (years)

Vaccination at attendance

12

12
8

20

16

20

0

MSM protected by vaccine

Vaccination on diagnosis

> 60%

4

duration (years)

16

20

A

1

Mean reduction in cases

Vaccination before entry

0

20

40

60

efficacy (%)

80

100

0

20

40

60

efficacy (%)

80

100

20
duration (years)
8
12
16

50% vaccine uptake

B
% treatment
failure
100
80
60
40
20
0

1

4
100

20

40
60
efficacy (%)

80

100

D

0

20

40
60
efficacy (%)

80

100

E

4

4
1

1

4

duration (years)
8
12
16

20

C

0

20

80

duration (years)
8
12
16

40
60
efficacy (%)

1

20
duration (years)
8
12
16
4

20

duration (years)
8
12
16

20

0

Vaccination on attendance

75% vaccine uptake

1

Vaccination on diagnosis

100% vaccine uptake
A

0

20

40
60
efficacy (%)

80

100

0

20

40
60
efficacy (%)

80

100

40

60

80

100
80
60
40
20

100

0

40

60

80

100

ABR cases failing treatment (%)

0.4

0.6

D

20

0.0

20

40

60

Mean cases averted per vaccination

80

0.8

ABR cases failing treatment (%)

0

MSM protected by vaccine in 2030 (%)

C

20

0.2

0

B

0

Proportion of 2030 cases that are ABR (%)

100
80
20

40

60

No vaccination
Vaccination before entry
Vaccination on diagnosis
Vaccination at attendance

0

Expected cases in 2030 (000s)

A

0

20

40

60

80

ABR cases failing treatment (%)

100

0

20

40

60

80

ABR cases failing treatment (%)

100

