Supplemental materials for ” Estimating the Population Level
Impact of a Gonococcal Vaccine Candidate: Predictions from a
Simple Mathematical Model”

1 Mathematical model

Our model’s state space is defined by infection status (S: susceptible, and I: infected), gender (F: female, M:
male), the presence or absence of symptoms among the infected (A: asymptomatic, S: symptomatic), sexual
activity level (H: high, L: low), and vaccination status (V: vaccinated, U: unvaccinated). All of these states
are dynamic except for gender. These dynamics are discussed below with greater mechanistic details later.

1.1 Behavioral dynamics

We assume stable behavioral dynamics, where a specific proportion of people (p) are in the high activity
class. People shift from high to low sexual activity at rate 7y, and low to high at rate mg. Assuming steady
state dynamics, the rate shifting from low to high activity () can be written as a function of p and 7, as:

TTH = L (1)

1.2 Infection dynamics

Infection is modeled as an SIS process, where upon infection onset a percent (¢) of people are symptomatic
and a complementary percent (1 — ¢) are asymptomatic; these values are sex-specific (¢r and ¢ys); we also
assume that women are less likely to be symptomatic than men such that ¢r = €4 ¢ar.

1.2.1 Force of infection

The force of infection (\) is both sex specific and sexual activity class specific. The sex specific aspects
assume that women are less contagious to men per contact than vice versa, and thus the male per act
transmission probability (8pr) is modified by a decreased contagiousness factor (eg) to give the female per
act transmission probability (Sr). The force of infection felt by each sex-class category is defined as:

Avmu =K1BrirE + K2BrLrL
AMrL =K3BrirH + KaPrlrL @)

Arg =K1Bmimu + k3BuimL
AFL =K2fBmimu + KaBamimL
where each ¢ represents the proportion of people with infection for each sex-class category and where k1, ko,

k3, and k4 are the contact rates within and between activity classes and are defined based on the average
contact rates in the high and low activity classes (Kpign and kKiow), the size of the high activity class (p), and



the proportion of contacts reserved for within class contact (1)):

K1 =Khighpy

Ko =Knighp(1 — 1))

K3 =Kiow(l — p)(1 — )
Rq Zﬁlow(l - P)w

(3)

The between-class contact must be balanced (i.e., ko must equal k3). We achieve this by setting whichever
contact rate is higher, equal to the smaller one, and then adjusting either ;1 or k4 accordingly:

. R2 = K3
ifke > K3,then
K1 = RhighpP — K2

K3 = K2

ifrkg > Ko, then
{54 = "ﬂow(1 - P)w — K3

1.2.2 Recovery

Recovery occurs based on three mechanisms: natural clearance (v;), background screening (73), and symp-
tomatic treatment seeking (v;); these recovery rates all have sex-specific variants, indicated by each sub-
script’s final letter. Natural clearance and background screening occurs regardless of symptoms, while
symptomatic treatment seeking only occurs among the symptomatic.

1.3 Population dynamics

We assume a constant population size, where people who exit the model are balanced by people entering the
model. This is governed by the rate of exit (u).

1.4 Vaccine modeling

We model a vaccine that provides only protection against infection acquisition. We define vaccine candidates
based on their duration of protection (%) and vaccine efficacy (A,). We assume vaccination occurs just prior
to sexual debut. The model is initiated with a given percent of people (o) vaccinated; similarly, at entry into
the model, we assume that % of newly sexually active people are vaccinated. Vaccine protection wanes at
the rate 6. While o might represent the initial coverage of the vaccine, the actual proportion with protection

is lower, since the duration of protection is shorter than the expected sexual life-span (i)

1.5 Vaccine administration

We estimate vaccine impact at two levels of initial vaccine coverage (o): 20% (low coverage) and 50% (high
coverage).

1.5.1 Vaccine candidates

Our primary analysis assumes a vaccine candidate with vaccine efficacy A,=0.3 and duration of protection
%:2 years. Specific sub-analyses compare vaccine candidates wither three levels of vaccine efficacy (0.3, 0.5,
or 0.7) and three levels of duration of protection (2, 5, or 8 years)

1.6 Analytic procedures

For each vaccine candidate and each level of vaccine administration, we model the 10 year percent reduction
in prevalence in 10,000 different model contexts. These model contexts all have the same baseline prevalence,
but differ in terms of the model parameters that generated them (see supplemental table 1). Our primary
analysis assumes a low baseline prevalence (1.125% in females and 0.75% in males) Sensitivity analyses



consider a different set of 10,000 model contexts that were fit assuming a higher baseline prevalence (2.25%
in females and 1.5% in males). Both low and high contexts were fit assuming the same bounds presented in
Supplemental Table 1.

1.7 Full model equations, with vaccination
dSvav = — wSmav + (v + vorr +vine) Invsav + (orr + Vit ) Ivvanv — (1 — A) A Svav + maSurv

—mLSmuv — 0Smmv + PU%

dSyau = — pwSmuu + (v +vm + Vvt ) Ivesau + (Yone + Vst ) I ary — A Svay + THSMLU
—mSvmu + 6Svmy + p(1 — U)%

dSyrv = — pSurv + (ve +vorr + vire) Inesev + (Yonr + vise ) Ivrary — (1 = Av) A Svov — maSvov
U

+7Svav —0Smrv + (1 — P)U§

dSyiny = — Syvru + (ve + Yorr + vine ) Ivescu + (Yoar + Vine) Iviaro — AmnSyvy — T SMLu

+ 7Sy +0Surv + (1 —p)(1 — U)#

2
dIyany = — plyanv — (Yorr +vine) Invagv + (1 = A)AaSvav(l — éar) + malyary — modlvany — dvanv
dIyanuy = — pdavranv — (Vm + Yire) Ivanu + AvaSvnv (1 — éu) + malvary — nolyvanu + 0lvany
dlyiarv = — plvarv — (onr + st ) Invary + (1= M)A Svov(l — én) — mplpary + mnlpany — 0lyvary
dIvary = — plyary — (om +Yine) Ivaro + A Sy (1 — o) — tulyary + nolvanu + 0lvary
dIysav = — plysav — (e +vonm +vine) Inesav + (1= Av)AvaSvavén + malyscy — nrlvsav — 6usav
dIysau = — pdysau — (v + Yorr + Yire ) Isau + A Svavédm + tulvscy — molvsau + dvsuy
dIvspv = — pdyvsey — (Ve +Yorr + vine) Isov + (1= Av) A Syovon — malvscy + nodvsuav — 6lusov
dlyvisiy = — pdarsco — (e + Yorr + Vi) Isco + A Svcvdnr — talyvscy + nlvsau + 0lvsoy

dSrav = — puSrav + (v + or + Yir)Irsav + (or + Yir)Iraay — (1 — A )AraSruv + maSrrv

—mLSraV — 0SFHYV + PU%

dSrav = — pSrav + (¢ + wr +vir) Irsau + (e + vir) IFaru — AraSraU + THSFLU
—7SrrU + 6SFrv + p(1 — U)g

dSrprv = — uSrrv + (Ve + wr +vir)Irscv + (e + vir) Irarv — (1 = Av)AppSrrv — T Srrv
I

+ 7 Sruyv —0SFLy + (1 — p)UE

dSrry = — uSrLu + v +Wr + vir)Irscu + (Wwr + Yir)Irary — ArLSFLU — THSFLU
+7Srau +0SpLv + (1 —p)(1 — U)u

2
dIpany = — plranv — (Wwr +vir)Iragv + (1 = A)AraSrav (1 — ¢r) + Talrary — Trlrpany — 0lpanyv
dlpanu = — plranv — (wr +vir)lranv + AraSrav(1 — ¢r) + mulrary — 7lranu + 0lpany
dlpary = — plrarv — (wr +vir)Irary + (1 = Av)ArpSrrv(1 — ¢r) = ulpary + 7rlranyv — 6lpary
dlpary = — plpary — (wr +vir) Irary + ArLSrrv (1 — ¢r) — talpary + 7odlpanu + 0Ipary
dlpsgv = — plrpsav — (¢ +wr +Yir) Irsav + (1 = Av)AraSruavor + talrsiy — nlrsav — lpsayv
dlpsgu = — plrsau — (Ve + wr + vir)Irsau + AruSruvér + malpsiy — Tolpsuu + psuy
dlpsrv =— plpscv — (ve +wr +vir) Irsoy + (1 = Av)ArLSrivor — mulpscv + molpsav — 0l psoy
dlpsiy = — ilrscy — (Ve + wr +vir)Irsiv + ArLSrLvdr — Talrsiy + mrlpsau + 0lpsoy

(4)



Symbol | Description (unit) Bounds Posterior (low) Posterior (high)

B Per act transmission probability, male- 0.7*
to-female

€3 Contagiousness of women compared to (0.5, 0.75) (0.51, 0.67) (0.51, 0.69)
men

Br Per act transmission probability, g/ il
female-to-male

Klow Low activity class contact rate (0.3, 3) (2.72, 2.99) (2.81, 2.99)

€1 Proportionate increase in contact rate (10, 100) (91.2, 99.5) (93.9, 99.7)
in the high activity class compared to
the low

Khigh High activity class contact rate €10 Klow!

P High activity proportion (0.05, 0.15) (0.13, 0.15) (0.14, 0.15)

T Rate of shifting from high to low activ- 0.2*
ity

TH Rate of shifting from low to high activ- ﬁ oAl
ity

W Population dynamics 0.1*

P Proportion of contacts reserved for (0, 1) (0.22, 0.96) (0.15, 0.94)
within class sexual contact

OM Proportion of new male infections that (0.3, 0.9) (0.8, 0.9) (0.8, 0.9)
are symptomatic

€6 Chance of symptoms in women com- (0.1, 0.5) (0.1, 0.4) (0.1, 0.3)
pared to men

oF Proportion of new female infections €4 ¢ el
that are symptomatic

ToF Background screening rate, females (0.1, 0.3) (0.12, 0.28) (0.12, 0.28)

€y Proportionate decreased background (0.25, 0.75) (0.26, 0.70) (0.25, 0.71)
screening rate in men compared to
women

You Background screening rate, males er YVor

YiM Natural clearance rate, males (3.65, 6.08) (60-100d) (5.42, 6.06) (5.59, 6.06)

€y Natural clearance rate in women com- (0.17, 0.67) (0.17, 0.18) (0.17, 0.18)
pared to men

YiF Natural clearance rate, females €y, Vi I

Ve Symptomatic treatment rate, males (14.4, 43.2) (19.6, 40.9) (19.6, 40.9)
and females

Table 1: Model parameters, descriptions, and bounds. *Unvaried parameter. fComposite parameters do not
have bounds and take values based on the illustrated formulations. Posterior distributions reflect the first
and third quartiles of either the low or high baseline prevalence model fitting parameter sets.



Low coverage (20%)

High coverage (50%)

Efficacy (%) | 30 30 50 50 50 70 70 70 30 30 50 50 50 70 70 70
Protection 5 8 2 5 8 P 5 8 5 8 2 5 8 2 5 8
Duration (y)

€5 20.006  -0.004 -0.007 -0.008 -0.004 -0.009 -0.006 0.005 | -0.005 0.008 -0.012 0.035 0.071 -0.002 0.093 0.141

Y 20.004 0.002 -0.006 -0.010 0.002 -0.012 -0.007 0.030 | -0.001 0.043 -0.024 0.138 0.255 0.016 0.330  0.537

€ 0.044 0.047 0.043 0.043 0.049 0.041 0.047 0.062 | 0.049 0068 0.042 0.113 0.162 0.067 0204 0.287

v 0.063 0.062 0065 0.070 0.063 0.070 0.068 0.046 | 0.064 0.037 0.074 -0.036 -0.116 0.034 -0.190 -0.353

P 0.306  0.309 0.305 0.310 0.315 0305 0.315 0.322 | 0.317 0324 0.309 0.327 0325 0.313 0315 0.267

Klow 20.074 -0.074 -0.074 -0.076 -0.075 -0.075 -0.077 -0.073 | -0.077 -0.072 -0.081 -0.067 -0.056 -0.084 -0.057 -0.032

€x 20.020 -0.102 -0.102 -0.104 -0.104 -0.103 -0.106 -0.010 | -0.106 -0.097 -0.109 -0.079 -0.056 -0.108 -0.051 -0.011

W 20.907 -0.907 -0.907 -0.905 -0.904 -0.906 -0.903 -0.902 | -0.904 -0.901 -0.903 -0.881 -0.829 -0.901 -0.759 -0.471

Vor 20.009 -0.008 -0.009 -0.010 -0.008 -0.010 -0.009 -0.004 | -0.008 -0.002 -0.010 0.011 0.023 -0.003 0.033 0.058

e, 20.016 -0.015 -0.016 -0.016 -0.015 -0.016 -0.016 -0.013 | -0.016 -0.012 -0.017 -0.002 0.008 -0.012 0.016  0.032

Yim 0.073  0.072 0.073 0075 0.072 0.075 -0.073 0.063 | 0.071 0.059 0.073 0.019 -0.017 0.042 -0.070 -0.157

e, 20.063 -0.066 -0.062 -0.059 -0.066 -0.058 -0.061 -0.083 | -0.064 -0.091 -0.053 -0.152 -0.218 -0.084 -0.267 -0.360

Table 2: Correlation between each fitted parameter and vaccine impact across vaccine candidates defined by vaccine efficacy and vaccine duration of protection. Low

prevalence at baseline is assumed. Parameter descriptions available in Table 1.

2 Supplemental Results

2.1 Additional low prevalence baseline results

Our primary results assumed a baseline prevalence of of 1.125% in females and 0.75% in males. Table 2 illustrates how context in terms of parameter uncertainty affects

vaccine impact across vaccine candidates defined by duration of protection and vaccine efficacy against infection acquisition.

2.2 High prevalence baseline results

As a sensitivity analysis, we reproduced all analyses assuming a higher baseline prevalence of 2.25% in females and 1.5% in males. First we illustrate the primary vaccine
impact results across nine vaccine candidates (Figure 1). Second, we summarize the median relative improvements in vaccine impact given improvements in a vaccine
candidate’s duration of protection or vaccine efficacy, compared to a vaccine with only 2 years duration of protection and 30% efficacy (Figure 2). Finally, we show how

context affects vaccine impact by showing the correlation between each varied parameter and vaccine impact for all nine vaccine candidates (Table 3).
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Vaccine Coverage D Low Coverage (20%) |:| High Coverage (50%)

Figure 1: Distributions of predicted impact for a vaccine impact among low and high coverage levels when the
baseline gonorrhea prevalence was 2.25% in females and 1.5% in males. Minimum, 25th percentile, median,
75th percentile, and maximum predicted impact values are listed below each panel for each coverage level.



Low Coverage (20%) High Coverage (50%)

30% 1.00 2.24 3.06 1.00 2.27 3.14

50% 1.74 3.92 5.37 1.75 4.07 5.72

Vaccine Efficacy

% 2.55 5.74 7.86 2.56 6.30 8.79

2 Years 5 Years 8 Years 2 Years 5 Years 8 Years
Duration of Protection

Figure 2: Median increased vaccine impact of improved vaccines compared to a vaccine with 30% efficacy
and 2-year duration assuming either low (20%) or high (50%) coverage and assuming a high baseline NG
prevalence (2.25% in females and 1.5% in males). “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.



Low coverage (20%) High coverage (50%)
Efficacy (%) 30 30 30 50 50 50 70 70 70 30 30 30 50 50 50 70 70 70
Protection |, 5 8 2 5 8 2 5 8 2 5 8 2 5 8 2 5 8
Duration (y)
€3 0.018 0.017 0.018 0.018 0.017 0.017 0.018 0.016 0.016 0.018 0.016 0.016 0.017 0.016 0.015 0.015 0.020 0.043
Onm -0.003 -0.035 -0.034 -0.032 -0.036 -0.034 -0.032 -0.038 -0.036 | -0.003 -0.038 -0.036 -0.034 -0.049 -0.037 -0.039 -0.018 0.065
€4 0.096 0.096 0.097 0.097 0.096 0.097 0.097 0.096 0.097 0.097 0.097 0.098 0.097  0.095 0.101 0.096 0.110 0.137
Ve 0.017 0.010 0.018 0.017 0.021 0.021 0.018 0.024 0.024 | 0.018 0.024 0.024 0.020 0.035 0.028 0.025 0.012 -0.043
p 0.075 0.078 0.079 0.077 0.080 0.083 0.078 0.082 0.086 0.078 0.083 0.088 0.081 0.089 0.010 0.083 0.105 0.122
Klow -0.067 -0.067 -0.067 -0.067 -0.068 -0.068 -0.067 -0.069 -0.069 | -0.067 -0.069 -0.070 -0.068 -0.074 -0.073 -0.070 -0.072 -0.058
€k -0.123 -0.123 -0.123 -0.123 -0.123 -0.123 -0.123 -0.124 -0.123 | -0.123 -0.124 -0.123 -0.123 -0.124 -0.125 -0.124 -0.124 -0.104
P -0.963 -0.962 -0.962 -0.963 -0.962 -0.961 -0.962 -0.961 -0.960 | -0.962 -0.961 -0.960 0.962 -0.958 -0.957 -0.960 -0.956 -0.945
Vor 0.034 0.034 0.034 0.034 0.034 0.034 0.034 0.033 0.034 | 0.034 0.033 0.036 0.034 0.032 0.034 0.033 0.037 0.047
€y, -0.007 -0.008 -0.007 -0.007 -0.008 -0.008 -0.005 -0.008 -0.008 | -0.008 -0.008 -0.008 -0.008 -0.009 -0.007 -0.008 -0.004 -0.003
YiM 0.088 0.089 0.089 0.088 0.089 0.090 0.088 0.090 0.091 0.088 0.090 0.091 0.089 0.093 0.092 0.090 0.084 0.076
€y, -0.052 -0.051 -0.052 -0.052 -0.051 -0.052 -0.052 -0.050 -0.051 | -0.052 -0.050 -0.051 -0.051 -0.046 -0.051 -0.050 -0.060 -0.091

Table 3: Correlation between each fitted parameter and vaccine impact across vaccine candidates defined by vaccine efficacy and vaccine duration of protection. High prevalence
at baseline is assumed. Parameter descriptions available in Table 1.



