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Abstract

Background: Nefsseria gonorrhoeae cross-protection was suggested in a New Zealand
meningitis B vaccine. We modeled the potential impact of similar vaccines on gonorrhea
prevalence in heterosexuals in the United States.

Methods: Our mathematical model incorporated infection, behavior, and vaccination dynamics.
Approximate Bayesian Computation calibrated our model to US prevalence. Primary analyses
assumed New Zealand vaccine characteristics: 30% efficacy and 2-year duration of protection. We
estimated impact under two vaccine coverages (20%, 50%).

Results: Reduction in gonorrhea prevalence ranged from 4.8 to 39.4%, depending on vaccine
coverage. Vaccine impact was correlated with both size of the highly sexually active subpopulation
and sexual mixing between high and low activity subpopulations.

Conclusions: A meningitis vaccine providing low efficacy cross-protection against gonorrhea
acquisition and short duration of protection could result in a large reduction in gonorrhea
prevalence in the United States. Potential dual protective effects can be considered when making
vaccine recommendations.

1. Introduction

Neisseria gonorrhoeae (NG) reported cases have risen 92 % between 2009 and 2019 [1].
About half of NG infections in the United States are resistant to at least one antibiotic [2].
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As a result, NG was identified as a priority pathogen for vaccine development in 2019 [3].
NG vaccine development is challenging since there are no known correlates of protection
and no natural non-human NG hosts [4,5]. Despite some progress [4], there are currently

no NG-specific vaccines. However, an outer membrane vesicle (OMV) meningococcal B
vaccine for a specific epidemic strain in New Zealand (MeNZB, Chiron) suggested cross-
protection against NG with an estimated 30 % efficacy and 2-year duration of protection

[6]. This is also supported by decreases in NG incidence after vaccination campaigns against
meningitis B using other OMV-based vaccines in Cuba and Norway [7,8].

The 2018 uptake of meningitis B vaccination among 17-year-olds in the United States was
17.2 % [9] across two vaccine types: a 4-component meningococcal serogroup B OMV
vaccine (4CMenB, Bexsero, GSK) [10] and a recombinant protein-based vaccine (MenB-
FHbp, 7rumemba, Pfizer) [11]. 4CMenB contains OMVs and three recombinant proteins;
cross-protection against NG is induced through homologous OMV recombinant proteins
and Neisseria heparin binding antigen [12]. MenB-FHbp is unlikely to exhibit the same
cross-protection as 4CMenB because the factor H binding protein (fHbp) of N. meningitidis
is not expressed on the surface of NG [12].

Mathematical modeling studies have shown a vaccine with characteristics similar to MeNZB
could reduce NG prevalence and incidence in a variety of populations. In Australia, modeled
vaccination during adolescence with a 20 % efficacious vaccine that provided permanent
protection resulted in a 40 % reduction in modeled NG prevalence after 20 years. In a
similar study with a vaccine that provided 10 years of protection a decrease of 83,167 NG
infections in a single birth cohort was estimated. Other modeling studies have evaluated

the impact of NG-vaccines on drug resistant NG and vaccine optimization. None of

these models assessed whether uncertainty in their underlying NG transmission parameters
affected predicted vaccine impact [13-17].

With the growing burden of NG, the Health and Human Services Office of Disease
Prevention and Health Promotion set a Healthy People 2030 ten-year objective to reduce
gonorrhea rates 10 % in adolescent and young males 15 to 24 years old by 2030 [18]. We
assessed whether a vaccine similar to 4CMenB could help achieve a similar objective of a 10
% reduction in males and females ages 15-24 years in the United State by constructing and
analyzing a mathematical model involving heterosexual NG transmission and vaccination.
We also assessed the benefits of a vaccine with either improved efficacy or duration of
protection. Finally, we assessed how NG input parameter uncertainty affected our estimates.

Materials and methods

We constructed a heterosexual NG transmission model using ordinary differential equations.
In the model people are categorized by sex, infection status, sexual activity level, and
vaccination status (Fig. 1). We assumed equivalent and constant male and female population
sizes with model entry balanced by exit. For infection status, we classified people as

either susceptible, symptomatically infected, or asymptomatically infected, modeling only
urogenital NG infection, ignoring extragenital infection. Infection recovery occurred through
either seeking treatment (symptomatic infections only), detection of infection through
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routine screening, or natural clearance; reinfections could occur. Activity levels were defined
by the average sexual contact rate per year, and people in the population were categorized
into either a high or low activity sub-population. A mixing parameter was used to determine
the proportion of sexual contacts between people in the same activity level. Higher levels

of this mixing parameter caused higher assortativity, where more sexual contacts occurred
between people in the same activity sub-population (more high-high and low-low contacts);
lower levels of the mixing parameter caused lower assortativity, where more sexual contacts
were with people of the opposite activity sub-population. A full list of parameter values can
be found in Supplemental Table S1.

Uncertainty exists around key parameter values that describe gonorrhea transmission such as
rates of natural clearance, rates of routine background screening, the proportion of infections
that are symptomatic, and the number of contacts per year (Table 1). Because of this
uncertainty, we used Approximate Bayesian Computation to identify 10,000 uncorrelated
parameter sets with the same baseline equilibrium prevalence: 1.125 % in females and 0.75
% in males. Gonorrhea prevalence has previously been estimated between 2008 and 2018
among 15-24 year-olds to range from 0.1 to 7.6 % for females and 0.0-4.8 % for males
[19,20].

We defined hypothetical vaccine candidates by their efficacy and duration of protection.
Efficacy was modeled as a reduction in susceptibility to infection and was assumed to be
constant throughout the entire duration of protection. To reflect the vaccine performance
described in New Zealand, a modeled OMV vaccine candidate had 30 % efficacy and

2-year duration of protection. A hypothetical NG-specific vaccine could have improved
performance, so we also evaluated hypothetical candidates with improved efficacy (50 %, 70
%) and durations of protection (5 years, 8 years).

All vaccine candidates were modeled at a low (20 %) and high (50 %) population coverage,
representing the percent of the population vaccinated prior to sexual debut (Fig. 1). These
values were selected to approximate current coverage of meningitis B vaccination in 17-
year-olds (17.2 %) and human papillomavirus (HPV) vaccination in 13-year-olds in the
United States in 2018 (50.8 %) [9].

Vaccine impact was measured as the percent reduction of NG prevalence after 10 years.
Impact predictions were made for each scenario (of the 10,000 parameter sets) for all
combinations of vaccine candidates and coverage. The effect of parameter uncertainty on
predicted impact was assessed individually using correlation coefficients. All models and
analyses were conducted in R using version 3.6.1. A full description of the model equations
and parameters can be found in Supplemental Materials.

2.1. Sensitivity analysis

To assess how baseline prevalence affected vaccine impact, we performed the same analyses
assuming a higher baseline prevalence: 2.25 % in females and 1.5 % in males.
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3. Results
3.1. Predicted impact

Our model estimated a vaccine with 30 % efficacy and 2-year duration of protection would
reduce NG prevalence by 4.8-39.4 % depending on coverage and scenario (Fig. 2). Under
higher vaccine coverage, >10 % prevalence reduction was predicted in all scenarios with the
impact ranging from 12.2 to 39.4 %. However, with low vaccine coverage, >10 % prevalence
reduction was achieved in about 1/3 of scenarios with impact ranging from 4.8 to 14.3 %.

A better vaccine candidate with up to 8-year duration and 70 % efficacy could increase
impact up to 8-fold (Fig. 3). Increasing vaccine efficacy from 30 % to either 50 % or 70
% for vaccine candidates with a 2-year duration of protection increased vaccine impact to
8.4-36.9 % under low coverage and 21.3-98.4 % under high coverage. An increase in the
duration of protection from 2 years to either 5 years or 8 years for vaccine candidates with
30 % efficacy increased vaccine impact to 10.8-43.9 % for low coverage and 27.9-97.6 %
for high coverage (Fig. 2).

Predicted vaccine impact was affected by the underlying scenario (i.e., uncertainty in input
parameter values). With a vaccine candidate similar to 4CMenB, some input parameters
were strongly correlated with vaccine impact, namely the mixing parameter (y = —0.91)
and the size of the high activity sub-population (p = 0.30) (Table 1). Thus, higher vaccine
impact resulted from scenarios with lower assortativity and larger size of the high activity
sub-population. Similar correlations were estimated for all vaccine efficacy, duration of
protection, and coverage combinations except for vaccine candidates that had a better
vaccine (70 % efficacy and 8-year duration of protection) and higher coverage, which had
a weaker correlation between the mixing parameter and impact (v = —0.47) (Supplemental
Table S2).

3.2. Sensitivity analysis

When our model assumed a higher baseline prevalence, the relative median impact was
always smaller (Supplemental Fig. S1). A better vaccine candidate, in terms of either
improved efficacy or increased duration of protection showed similar improvements under
the higher baseline prevalence sensitivity analysis (Supplemental Fig. S2). Vaccine impact
remained correlated with the mixing parameter for all vaccine scenarios (y = —0.94 to
-0.96) but was no longer strongly correlated with the high activity population size for any
vaccine scenario (p = 0.01 to 0.12) (Supplemental Table S3). Full results can be found in the
High Prevalence: Results section of the supplemental materials.

4. Discussion

A low efficacy vaccine with a short duration of protection could reduce gonorrhea
prevalence by > 10 % given high enough coverage if its vaccine efficacy is confirmed to be
30 % or greater. This could be achieved with the currently available 4CMenB in the United
States with > 50 % vaccine coverage. At lower vaccine coverage, a 10 % reduction could
be met if the population has a larger high activity subpopulation and lower assortativity.
Our sensitivity analysis indicates that if the baseline prevalence is two-times higher than we
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considered, >10 % reduction could only be achieved with additional types of intervention
such as broader or more frequent screening.

A vaccine with improved performance would make it easier to achieve > 10 % reduction

in prevalence. For a vaccine with 30 % efficacy, increasing the duration of protection to

5 years doubles the vaccine impact (10.8-43.9 %); increasing to 8 years triples impact
(27.9-97.6 %). For a vaccine with a 2-year duration of protection, increasing efficacy to

50 % nearly doubles vaccine impact (8.3-76.8 %); increasing efficacy to 80 % nearly

triples impact (26.0-98.4 %). Previous heterosexual models found meaningful reductions

in gonorrhea prevalence for vaccine candidates with low efficacy and high duration of
protection but only negligible impact with high efficacy and short duration of protection
[13]. Extended protection could be achieved through vaccine development targeted to NG or
by incorporating boosters into the current vaccine schedule.

Higher vaccine impact was strongly correlated with lower assortativity and larger high-
activity sub-populations. This high-lights the importance of the comprehensive uncertainty
analyses we conducted. Our boundary values for the mixing parameter allowed for fully
assortative or disassortative contact and our model analyzed each vaccine candidate across
10,000 parameter sets fit to the same baseline prevalence. Our analysis showed substantial
variation in predicted vaccine impact caused by this underlying uncertainty, unrelated to
vaccine efficacy, duration of protection, and coverage. This suggests that future modeling
work predicting NG vaccine impact could either utilize nationally representative data for
these parameters, which may not be available, or consider broad ranges. Failure to do so
could lead to substantial over- or underestimation of potential vaccine impact. Incorporating
more detailed contact network data, such as the frequency, duration, and sex of sex partners
may add credibility to predictions, but only if input data are representative of the population
in question or if sufficiently broad ranges or heterogeneity is incorporated.

Our model does not address potential uses of booster opportunities to extend the duration

of protection or catch-up opportunities to vaccinate people who may not receive the vaccine
prior to sexual debut. With a short duration of protection, vaccine administration prior to
sexual debut may not be a feasible roll-out strategy. As such, our work should be interpreted
cautiously, as an exploration of effective coverage, though achievement of this coverage was
not modeled in a feasible manner. Future modeling work that explicitly accounts for age
and gradual waning of vaccine effects will be necessary to make stronger recommendations
regarding broader vaccination administration strategies.

Besides vaccine characteristics and delivery, our model is also simplified in terms of

NG natural history and sexual behavior: we ignored extragenital infection as well as
transmission between men. Currently available data are unable to inform transmission
strength between all possible routes of transmission when extragenital infection is being
modeled, which is of particular concern for men who have sex with men [21]. Because of
this, we limited our scope to only urogenital heterosexual transmission. Future modeling
work will be critical for exploring how extragenital infection affects vaccine impact.
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Currently meningitis B vaccine recommendations in the United States do not state a
preference for one meningitis B vaccine over another as both are similarly protective
against meningitis B infection [22]. If one vaccine were definitively shown to provide
cross-protection against NG, the relative costs and benefits of the two meningitis vaccines
might differ. Cost-effectiveness work accounting for the dual protection will be critical to
inform this issue. Additional work is also needed to provide evidence for use of this vaccine
in high NG burden populations such as STD clinic attendees.

5. Conclusion

A meningitis B OMV vaccine, such as 4CMenB, with a low efficacy against gonorrhea
acquisition and a short duration of protection could meet a targeted 10 % reduction in
gonorrhea prevalence in the United States with 50 % or greater vaccine coverage. OMV
vaccines with greater efficacy or longer duration of protection against gonorrhea could have
an even greater impact. Potential dual protective effects of OMV vaccines can help to inform
vaccine recommendations.
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“Increased vaccine impact” is calculated as the ratio of the reduction in prevalence in the

improved vaccine compared to the reduction in prevalence of the vaccine with 30% efficacy
and 2-year duration of protection.
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Correlation of fitted parameters with predicted vaccine impact for a vaccine with 30% efficacy and a 2-year
duration of protection by vaccine coverage assuming a baseline NG prevalence of 1.125% in women and

0.75% in men.

Parameter Description Parameter Low Coverage(20  High Coverage (50
%) %)
Probability of transmission per contact, female to male transmission compared to & -0.005 -0.010
male to female transmission
Proportion of infections that are symptomatic in males bdu -0.001 -0.013
Proportion of infections that are symptomatic in females compared to males £, 0.045 0.041
Symptomatic treatment rate 12 0.062 0.071
Proportion of the population in the high activity subgroup p 0.303 0.306
Number of contacts per year, low activity subgroup Kiow -0.073 -0.076
Number of contacts per year, high activity subgroup compared to the low activity &, -0.101 -0.103
subgroup
Proportion of contacts reserved for assortative mixing W -0.908 -0.906
Routine recommended screening rate for females Yo -0.009 -0.010
Routine recommended screening rate for males compared to females £ -0.016 -0.016
Natural clearance rate for males (days) Yim 0.072 0.076
Natural clearance rate for females compared to males £, -0.065 -0.058
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