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Here, we provide all the details on the screening method to estimate the vaccine effec-
tiveness, the dynamic model definitions, the results of the model calibration, the Monte
Carlo Maximum Likelihood method to estimate VE, and the sensitivity analysis on the
model parameters.

S1 Estimating the vaccine effectiveness with the screening
method

Vaccines are usually evaluated by means of a number, called vaccine effectiveness (VE),
calculated as one minus a measure of relative risk (RR) [1]:

VE =1 - RR. (S1)

The relative risk is a ratio of two risks: the risk that a certain event occurs in a group of
people divided by the risk that the same event happens in a second distinct group of people.
In this context, the two groups are composed by vaccinated and unvaccinated individuals
respectively, while the event of interest is some observable related to a particular infectious
disease, for instance clinical observation of illness, possibly supported by biological tests to
confirm the infectious agent, or sampling of pathogens in asymptomatic individuals. The
risks are probabilities, often approximated by rates.

In case-control studies [2], cases are ascertained, and their vaccination statuses are
retrospectively observed. Then, a random sample of the same population to which the
cases belong (the controls) is drawn to give information about the proportion of vaccinated
persons. Thus, cases in case-control studies represent a sampling fraction of all cases and
controls represent a different sampling fraction of the healthy susceptible population. In
order to avoid possible potential biases, the populations should share epidemiologically
relevant characteristics, such as sex, age or geographical area, depending on the disease



under study. The ratio of vaccinated over unvaccinated cases is divided by the ratio of
vaccinated over unvaccinated controls. This is not a ratio of two risks, but rather an odds
ratio (OR). However, for rare disease, OR ~ RR:

VE=1_-RR=1_P —q1_ B/m
Du du/nu
odds, dy/hy
~1-— =1- =1- 2
OR odds,, dy/hy’ (52)

where p, and p, are the probabilities of disease (or risks) in vaccinated and unvaccinated
groups, d, and d, are the respective numbers of observed cases. n, and n, are the popu-
lation in the two groups, so n = u+ h with h, and h, are the controls, healthy individuals
that did not experienced the disease or any other event of interest. The odds are defined
as

odds, = Py and
1-— DPov
odds, = 1 fupu' (S3)

A variant of the case-control studies is the screening method [3]. As in case-control
studies, it requires to compare the proportion of vaccinated among the cases and the
control population. However it differs from other retrospective methods since control is
achieved through external data: the vaccine coverage is estimated from a source that is
external to the study, that has to be highly accurate.

Let’s imagine to estimate the vaccine effectiveness by directly comparing the proportion
of cases occurred in the vaccinated group (PCV) with the proportion of the total population
that has been vaccinated (PPV). Then, Equation S2 can be rewritten as [3, 4]:

PCV 1-PCV

VE=1= T ey ppv 59

Instead of drawing a sample of the population and estimating PPV from it, as in case-
control studies, the screening method employs the assumed true value of PPV from moni-
toring systems.

Employing disease occurrence data, it is not possible to detect indirect effects of vac-
cines. An indirect effect would reduce the number of disease cases in all the population,
independently on they vaccinal status. Therefore, PCV, that is a number of cases in vac-
cinated divided by the overall number of cases, would remain unchanged, and so would
the VE. Moreover, as the indirect effectiveness increases, the samples of observed cases
decrease, making the VE estimation always more difficult and even impossible, in the ex-
treme case of perfect immunization against transmission that would imply null samples
sizes.



VEtrue

PPV 50% 60% 70% 80% 90%
1717 1107 652 330 120

70% 474 309 185 95 35
232 153 92 48 18

1967 1205 664 307 98

80% 955 346 195 93 31
277 175 100 49 17

3022 1742 882 361 94

90% 874 516 271 117 33
445 269 145 65 20

5302 2950 1420 5935 120

95% 1554 892 449 182 47
801 471 246 105 30

Table S1: Number of cases to be ascertained for various values of VE e and
PPV, for three different given values of the 95% Cl's lower half width VEe-
VEiow: 5% (first line in each cell), 10% (second line), 15% (third line).

S1.1 Screening method’s sample size analysis

Estimates of vaccine effectiveness must be accompanied by a measure of their precision (or
error), usually expressed as a 95% confidence interval (CI). The precision increases as the
study sample increases. When designing effectiveness studies, it is crucial to calculate the
sample size of cases needed to achieve a desired precision.

For the screening method, Farrington [4] derived a formula to calculate the number
of cases = to be observed to estimate a hypothetical true value of VEi . with a lower
95% confidence limit above a certain threshold VE)u,, depending on the proportion of the
population that has been vaccinated (PPV):

~ 1.96%(1 — PPV - VEjoy)2(1 — VEgrue)

PPV(l - PPV) (VEtrue - \/Elow)2 (85)

Table S1 shows the sample sizes x calculated for different values of PPV, VE, ., and the
distance (VEque-VEjoy) of lower 95% confidence limit from the true effectiveness.

S1.2 The case of Bexsero

It is convenient to convert sample sizes into observational times, by employing the dis-
ease incidence observed in the past in the cohorts of interest. Table S2 reports the time,
expressed in years, required to observe a number of MenB disease cases large enough to



VEtrue

PPV 50% 60% 70% 80% 90%
37.6 27.2 18.2 10.7 4.6

70% 10.4 7.6 5.2 3.1 14
5.1 3.7 2.6 1.6 0.7

46.7 33.0 21.5 12.2 5.0

80% 13.2 9.5 6.3 3.7 1.6
6.6 4.8 3.3 1.9 0.9

78.3 54.0 34.0 18.4 7.1

90% 22.6 16.0 10.4 5.9 2.5
11.5 8.3 5.6 3.3 1.5

143.9 97.8 60.4 31.8 11.8

95% 42.2 29.5 19.1 10.8 4.6
21.7 15.6 10.5 6.2 2.9

Table S2: Expected years needed to observe an adequate sample size of MenB
disease cases for various values of VEi,, and PPV, for three different given
values of the 95% Cl's lower half width VEi,e-VEiow: 5% (first line in each
cell), 10% (second line), 15% (third line). Observational time is calculated
using formula S9.

estimate VE . with a lower 95% confidence limit VEq, lying 5%, 10% and 15% below
VEirue, for different values of PPV.

In order to convert sample sizes into observational times, we employed recent reported
incidences, assuming that future incidence will be the same if no vaccination is imple-
mented. The purpose is to provide a conservative estimate of the observational time as
the MenB disease cases have occurred with a decreasing trend during the last years. The
total number of MenB disease cases reported during the last three epidemiological years
for which these numbers are publicly available, i.e. 2011/12, 2012/13 and 2013/14, were
587, 595 and 424, respectively [5], corresponding to an average 535.3 cases per year. The
effectiveness study will take into account only infants of one year of age, belonging to the
fully vaccinated cohort. Public Health England does not provide data with such a fine
age-stratification. Thus, we estimated the number of cases 2P occurred in the age class
of interest by multiplying the mid 2011 to mid 2014 average of the yearly total number of
cases, k, times the normalised distributions of MenB cases by age observed in 2007 and in
2008, here denoted with y,—1 (data available from MATS databases [6] and stratified by
single year):

A =k-y. (S6)

It resulted that zP* = 70.2 cases per year.



Let’s now assume that, if no vaccination is implemented, during the 2015/16 and the
following epidemiological years, the expected number of MenB disease cases in infants of
1 year of age will be:

no vaccine __ _past
Za=1 Ra=1" (87)

In this case, it is possible to calculate also an expected yearly number of cases z,—1 that
will be reported in case of vaccination, providing hypothetical values of VE . and PPV:

Zae1 = 20231 _ PPV + PPV(1 — VEqrue)). (S8)

Diving the sample size x calculated by fixing VEt;ue, VEow and PPV (Equation S5)
by the appropriate guess of number of cases z,—1 expected during one year, it is finally
possible to translate sample sizes in observational times T':

X

T = (S9)

Za=1

S2 Dynamic model for meningococcal carriage and disease

The dynamic model is structured into two parts:

1. a transmission model (Figure 1A in the main text), that, depending on the vac-
cine effectiveness values given as inputs, simulates the asymptomatic spreading of
meningococcal carriage and the immunization campaign implementation in a specific
population. The model output is the number of asymptomatic infection events.

2. An observational model (Figure 1B in the main text), that allows to build likeli-
hoods given time series of IMD cases notified by public health authorities and the
transmission model outcomes.

S2.1 Transmission model

The following notation is used to the define the compartments of the transmission model:
e S, = susceptible unvaccinated of age class a,

e C, = carriers unvaccinated of age class a,

SVI, = susceptible vaccinated and immune of age class a,

e CVI, = carriers vaccinated and immune of age class a,

SV, = susceptible vaccinated but not immune of age class a,

CV, = carriers vaccinated but not immune of age class a.



Transition Description Parameter

® — So birth «

Xo = Xat1 ageing

Xo = ® death lha

Sae — Cq infection Aa(t)

SV, — CV,

SVI, — CVI, reduced infection Aa(t) - (1 = VE;pnq)
Cu, — Sa

CV, — SV, recovery P

CVI, — SVI,

Sae — SVI successful vaccination Ya: VEg,

C, — CVI

Sq¢ — SV unsuccessful vaccination 7, - (1 — VEg;,)
C,— CV

SVI, —» SV waning of immunity we and Timm
CVI, —» CV

Table S3: Allowed transitions between compartments.

The population is divided into 160 age groups of three months size, plus one group that
includes all individuals > 40 years old. Thus, the index a ranges from 0 to 160.

Individuals are moved between compartments through three broad types of transitions:
demographic, vaccinal and epidemiological. All the possible transitions are summarized in
Table S3.

S2.1.1 Demographic transitions

The demographic transitions are births, ageing and deaths. Births consist in introducing
new susceptible individuals into the first age class. Deaths remove individuals from all
compartments, with a mortality rate u, that depends on the age class a. Ageing consists
in moving all the subjects belonging to a compartment of a given age class to the same
kind of compartment of the following age class, except for the last age class, from which
subjects can only exit when they die.

S2.1.2 Vaccinal transitions

Vaccinal transitions (dashed arrows in Figure 1A in the main text) act according to vaccine
schedules. Individuals are removed from compartments of unvaccinated according to the
reported fractions of individuals covered by the campaign, namely v,. The precise time
points tuq. at which individuals are moved depend on the vaccine and the vaccination



strategy. Individual can be moved only if they have received all the recommended doses
and only after a time needed to enhance an immune response. Vaccinated individuals are
divided into two classes: vaccinated immune and vaccinated non-immune. Here the direct
vaccine effectiveness VEg; comes into play. Only a fraction VEg;,. of the vaccinated gains
immunity to IMD, the remaining 1-VEg;, goes to non-immune compartments. However,
after a certain time period, vaccines cease to be efficacious, so that vaccinated subjects lose
their acquired immunity.

The waning of immunity is modelled by means of transitions SVI—-SV and CVI—CV.
Such transitions are activated after a time span 7, following the precise time of vaccina-
tion tyee. The duration of immunity distributions are usually right-skewed, i.e. a fraction
of subjects remains immune for a longer time if compared to the average. To take into ac-
count this feature, we model a fraction w, of immune individuals that lose their immunity
after a time 7jm, so that the remaining 1 — w fraction of the immune individuals have a
long-lasting immunity.

S2.1.3 Epidemiological transitions

The epidemiological transitions (infection and recovery) are responsible for the transmission
of meningococcal carriage in the population. These transitions are stochastic in order to
incorporate intrinsic noise. Therefore, the corresponding parameters can be interpreted as
probabilities. They are obtained from rates, but the model’s time scale has been chosen so
that rates are a good approximation of probabilities [7, 1]. Specifically, all the stochastic
processes are modelled as binomial processes.

All the carriers have the same chance p of recovering, regardless of their age and vaccinal
state. If not immune, susceptibles can become carriers with a probability A\,. Individuals
in SVI compartments are instead subjected to a probability of becoming carriers reduced
by a factor VE;,q4, if compared to individuals in S and SV of the same age. The force of
infection A, is defined as:

ult) = 8 3 DL £ VD), (s10

where Ny (t) = Co(t) + CVIi(t) + CVo(t) +Sa(t) +SVI,(t) + SV, (¢) is the total population.
The matrix elements m, o, represent the number of contacts a subject of age a has with
individuals of age @’ during a time-step. Multiplied by the prevalence of carriage by age,
it provides the pattern of potentially infectious contacts. This is then rescaled by fS,,
that incorporates an age-dependent risk of meningococcal transmission and nasopharingeal
colonization given a contact with an infected person.

At each time step, the number of individuals at risk of developing invasive disease,
namely subjected to transitions S, — C, and SV, —-CV,, are counted. These counts are
depicted in Figure 1A of the main text by the red swollen arrows. They are denoted with
J,, for non-vaccinated, and JV, for vaccinated not immune. The Js and the JV's are the



transmission model’s outcomes, to be connected to the time series of laboratory confirmed
reported IMD cases, that are the system’s observable.

The progression to invasive meningococcal disease is not part of the transmission model.
In fact, its contribution to the spreading of meningococcal carriage is negligible, since it
affects a very small fraction of the susceptible S and SV that have been infected. The risk
of IMD given infection will be instead used in the observational model.

S2.2 Observational model

The observational model described in the main text (Figure 1, panel B) highlights the link
between the transmission model outcomes J, and JV, and the time series of IMD cases
by age and vaccination status to be collected from the monitoring systems, such as Public
Health England. We explicitly modelled an age-dependent probability 6, of observing
an IMD case given an underlying, not directly observable (but reproducible through the
transmission model) infection event. We assumed no under-reporting, since IMD cases are
so severe that is quite unlikely that they go unnoticed. For what concerns the laboratory
confirmation (included serogroup ascertainment), we assumed that there is no bias across
ages in this process.

The progression-to-disease process is modelled through a binomial distribution with
parameters J (JV for the vaccinated non-immune) and 6. Therefore the number of IMD
cases of age a observed during a certain time 7 are distributed as :

D(7) ~ Bin(Ja(7),0a), (S11)

DV (1) ~ Bin(JVa(7), 0a). (S12)

0, is an age-dependet risk of disease given infection multiplied by a probability of laboratory
confirmation and by a probability of reporting. Since we assume a perfect reporting, the
latter equals 1. The probability of laboratory confirmation is a constant, whose precise

value is not relevant to our aim. Therefore the 0s can be called risks of disease given
infection, but implying that they include also a probability of laboratory confirmation.

S2.3 Transmission model’s equations

The equations governing the model dynamics are many and non-linear. Here we provide
the deterministic skeleton of the transmission model’s system of equations.

Equation without vaccinal transitions. When a = 0 (note that there are no carrier
newborns):

No(t + 1) =(1 = po)ary _ Na(t) (S13)

Co(t+1) =(1 — po)ro(t)er Y Na(t). (S14)



When 0 < a < 160:

Na(t +1) =(1 = pta)Na-1(t) (S15)
Ca(t +1) =(1 = pa)[Ca-1(t)
+ Xa(t)(Na—1(t) = Ca1(t)) — pCa-1(t)]- (S16)

When a = 160:

Na(t +1) =(1 = pa)[Na(t) + Na—1(t)] (517)
Calt +1) =(1 = pa)[Ca(t) + Caa(t)+

+ Aa(t)(Na(t) + Noo1(t) — Ca(t) — Camn(2))

= p(Ca(t) + Car ()] (518)

N, = Sq+C, is the total population of age a, while A, depends on two additional parameters
that allow to model the meningococcal transmission patterns:

A= fq %: Maqa’ ;ng; . (819)

Ba is a rate of meningococcal transmission and colonization given contact, while m, 4 is
the number of contacts that an indicidual of age a has with an individual of age a’ during
a time-step.

Complete system of equations. When a = 0 (note that there are no carrier newborns,
nor vaccinated newborns):

No(t+1) =(1 — po)(1 — ~o(t ZN (S20)
NVIo(t + 1) =(1 = o) (1 = wo(t) [10(t) VEgir Y Na(t)] (521)
NVo(t+ 1) :%NVIO(t +1) + (1 - po)o(H)(1 — VEgir)a S No(t)]  (522)
Co(t+1) =(1 — o) (1 —o(t EN a (S23)
CVIn(t+1) =(1 — po)(1 — wa(t))70(t) VEgir (1 — VEina) Xo(t ZN (S24)
CVo(t +1) :%cvhu +1)(1 — po)y0(t) (1 = VEair) Aot ZN (S25)



When 0 < a < 160:

Na(t +1) =(1 = pa) (1 = 7a(t))Na—1(2) (526)
NVI (t + 1) (1 - Ma)(l - wa(t))[NVIa—l(t) + ’Ya(t)VEdirNa—l(t)} (827)
(t + 1) CL())()NVIa(t + 1)(1 - :UJa)[NVafl(t) + 'Va(t)(l - VEdir)Nafl(t)] (828)

(t + 1) (1 - Ma)[(l - Va(t))ca—l(t)

+ Aa(t)(Na—1(t) = (1 = 7a(t))Ca-1(?))

= p(1 =74 (t))Ca-1()] (529)
CVI(t+1) =(1 — pta)(1 — wa(t))[CVIa_1 + Ya(t)VEqgirCa1(t)

F Aa(t) (1 = VEina)(NVIo_1(£) — CVIo_1(t) — va(t) VEgsy Ca_1(t))

= p(CVIi—1(t) + Ya(t) VEairCa-1(1))] (S30)
CVa(t+1) = 1“_"()()1\1\/1 (t+ 1)(1 = 11a)[CVar1 + 72 () (1 = VEgi)Cay (£)

+ Aa(t)(NVa-1(t) — CVao1(t) — 7a(t)(1 — VEqgir)Ca—1(2))

— p(CVa-1(t) +7a(t)(1 = VEg;;)Ca-1(1))] (S31)

The complete set of deterministic equations governing the compartments of the last age
class are not shown, since they are very verbose, but they can be easily derived from
the above equations, as done for equation S17 and S18 . Here, N, = S,+C,, NVI, =
SVI,+CVI,, and NV, = SV,+CV,. As displayed in the main text, Ay(t) is defined as:

_ Cu(t) + CVIy (1) + CVu (1)
Aall) = o Z "1 Nor (8) + NVI () + NV ()

(S32)

with the same 3, and m, s defined after equation S19.

Note that in this deterministic formulation, here provided for illustrative purposes, the
compartment populations and the numbers of cases are not integer numbers. Differently,
in the stochastic model that we used, these numbers are naturally discrete when sampled
from binomial distributions, or are forced to be discrete by rounding when they emerge
from deterministic multiplications, as in the demographic transitions.

S2.4 Observational model’s equations

It is possible to add to the previous systems of difference equations also the deterministic
version of the observational model:

D (t) = 6,J4(1),
DV, (t) = 0,J V4 (), (S33)

with D and DV number of IMD cases emerging from the numbers of meningococcal trans-
mission events J and JV counted during the time-step t.
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S3 Model parametrisation

The meningococcal model is a piece of an inferential framework to estimate the effective-
ness of a vaccine in the field, once an immunisation campaign is introduced. Given the
quantitative nature of the objective, the particular setting of the immunisation campaign
is of primary importance. The case studies on which the model has been parametrised are
two:

1. The serogroup C meningococcal vaccine introduction in England, started in Novem-
ber 1999;

2. The serogroup B meningococcal vaccine introduction in England, started in Septem-
ber 2015.

Even if the two vaccines under study act in immunologically very different ways, from
the point of view of the model they are analogous. Differences lie in the precise values
assigned to parameters and initial populations assigned to the compartments, that can be
determined by the available data. The two implementations of the model will be hereafter
sometimes referred to as MenC model and MenB model.

S3.1 Initial compartments

First of all, the compartments must be filled with the appropriate numbers of individuals,
i.e. initial conditions have to be set. This task was accomplished using three ingredients:

e the England’s population by year of age estimated at the time point of interest,
immediately before the campaign start;

e the average meningococcal carriage prevalence by year of age;
e the fractions of carriers of serogroup B and serogroup C.

Population estimates are available from the UK Office of National Statistics [8] but
they have a minimum resolution of one year. In order to fit the model’s age classes, each
1-year-wide sub-population up to 39 years old is divided by four, while all the subjects
older than 40 are aggregated into the last age class. The time points chosen for calibration
are mid 1999 for the MenC model and mid 2014 for the MenB model.

The age pattern of carriage prevalence that we employ comes from of a recent meta-
analysis, that merged several meningococcal carriage studies in Europe undertaken since
the "70s [9]. As for the population, also the carriage prevalence has one year of resolution,
so it is opportunely fitted to the age classes through cubic interpolation. The interpolation
is done by fixing a boundary condition of null prevalence for negative ages.

The meta-analysis does not differentiate between serogroups, so it is rescaled using
another source of data [10], that reported the results of three large large carriage studies,

11



190 190
] ]
S 180 S 180
(= i
€ 170 € 170
o o
- -
© 160 © 160
2 a
o 150 o 150
o [«
140 140
1305 5 10 15 20 25 30 35 40 130 5 10 15 20 25 30 35 40
Age (years) Age (years)

Figure S1: England’s population by age up to 39 years of age, mid 1999 (left
panel) and mid 2014 (right panel) estimates. The last age classes, composed by
subjects of >40 years of age (not shown), count respectively 22.56 and 27.16
millions of individuals [8].

carried out in 1999, 2000, and 2001 in the UK, to determine the relative fractions of
serogroup B and C.

Thus, the initial populations belonging to the compartments are:

Co = Nacafserogroupa (834)
Su = Ny — Co, (935)
SVI, = CVI, = SV, = CV, = 0. (S36)

N, represents the population, already arranged by age classes of 3 months of width, ¢,
is the overall meningococcal carriage prevalence by age, and fserogroup is the fraction of
serogroup B or serogroup C carriers. Their specific values are fyrenp =24.1% (the 2001
survey) and farenc =2.51% (1999 survey). Figure S1 shows the population distributions
employed for the two case studies.

S3.2 Parametrisation of the transitions

Once the initial conditions are fixed, we set the parameters that regulate the transitions
between compartments. Some of these quantities are known in literature, for instance
demographic rates. In other cases, some calculations or additional assumptions are required
to determine unknown quantities such the 8s or the fs. A summary of the quantities needed
to parameterise the model is shown in the main text, Table 1.

Births and deaths

The number of susceptible newborns introduced in the model at each quarter of year are
generated by multiplying the crude birthrate a by the total population. o was obtained by

12
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Figure S2: Mortality rates per 3 months time step, in England. Both are derived
from notified deaths, averaged over two following years: 1999-2000 (left panel,
used in the MenC model) and 2012-2013 (right panel, MenB model) [8]. y axes
in log-scale.

dividing by four the yearly crude birthrates estimated in the years of interest in England
and Wales [8]. For the MenB model, « is fixed to the most recent report, that is 12.3 births
per 1000 population in 2013.

The mortality rates p, are derived from the notified deaths by age in England [8], that
are firstly divided by the population, and then linearly interpolated to fit the model’s age
classes. Figure S2 shows the resulting mortality rates, plotted in logarithmic scale.

Recovery rate

The recovery rate p is taken as the reciprocal of the average duration of carriage 7.4, SO
that
p= 1/Tcar- (837)

There are only a few longitudinal studies reporting the duration of meningococcal carriage,
a quantity not easily obtainable and subject to large fluctuations. Median values reported
in literature range between 4.1 and 10.2 months [11, 12, 13, 14] and no significant differences
across age, serogroup and vaccination status are known. During the last years, modellers
have mainly used a 7., of six months for MenB [15, 16]. 6 months correspond to exactly
2 time steps of the model, thus p = 0.5 per time step. 6 months is here taken as the base
case for duration of carriage, but other values of 7.4, ranging between 4 and 10 months
have been tested, as a sensitivity analysis (see section S5).

Infection rates

The As regulate the infection transitions, but they depend on two other parameters (see
equation 1 in the main text): the contact rates, m, and the rate of infection given contacts

13
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Figure S3: Contact patterns by age. Average number of different individuals of
a certain age a/ with which a single subject of a given age a daily establishes a
contact, summed over three months. Darker colors represent lower numbers of
contacts, lighter colors higher number of contacts.

with carriers, 5.

The m,, parameters correspond to the number of persons belonging to the age class
a’, that one person of age a is in contact with, during three months (one time step) in
England. They are rearranged from the contact rates ¢;; surveyed in Great Britain during
year 2005 (physical and non-physical contacts) [17]. Such contact rates are stratified to
form 15 age classes (14 classes having 5 years of width, from 0-4 to 65-69 years, plus a 70+
years class), and they are daily contacts.

To get the m matrix, the ¢ matrix has been: (1) multiplied by the 2005 population
in England arranged in the ¢’s age classes, to get the total number of contacts between
ages; (2) grouped by ages higher or equal to 40 years; (3) divided by the 2005 population
in England, also grouped for 40+ years old, to get back the number of contacts per single
subject; (4) temporally rescaled to get contacts per time step of three months; (5) arranged
in the a classes of the model, using a two-dimensional linear interpolation technique. The
interpolation is done by fixing the boundary condition of null contacts for negative ages.
The resulting contact pattern is shown in Figure S3.

The meningococcal asymptomatic transmission (or acquisition) given contact rates by
age, that we called (,, are still unknown in the literature. In order to parametrize them,

14



0.25 0.25
0.20 0.20
o (o=l
(=) (=]
S 0.15 S 0.15
Q Q
0.10 0.10
0.05 0.05!,
40+ [N ” 40+
0.005 5 10 15 20 25 30 35 40 0005 5 10 15 20 25 30 35 40
Age (years) Age (years)

Figure S4: Values of 3 in the MenC model (left panel) and in the MenB model
(right panel), calculated from equations S39 and S40.

we imposed the time-stability of the carriage prevalence, adding the following equation:
Ca(t+1) = cqo(t) for any 0 <t < t,, (S38)

corresponding to a conservation of the prevalence ¢, = C,/N, for each age a (N, is the
total population). Mathematically speaking, it consists in adding an equation containing
no further variables that, acting as a constraint, allows to close the system of equations
from S13 to S18. However, this assumption is not only a mere mathematical trick, but it
is motivated by the fact that the prevalence of meningococcal carriage has a shape that is
with a certain degree conserved in time [9]. Moreover, since our aim is building a tool for
a fast inference of effectiveness, it seems reasonable to suppose that large fluctuations of
the prevalence in short times (i.e. in less of 5 years) are unlikely, given the long duration
of meningococcal carriage, and the slow dynamics of infection spreading. More detailed
studies of meningococcal carriage would be precious in order to quantify transmission rates
by age, or to verify and possibly modify our assumption.

After constraining equations from S13 to S18 with the condition S38, it is possible to
calculate B,. If a is not the last age (a < 160), for any time ¢,

Nyo1$e — (1 - p)Cae
o= —Neiie — 1= p)Cos (539)
Za’ maa’ﬁ(Na—l - Ca—l)

where N_; = Npewborns = @), Ng and C_1 = Cyewborns = 0. For the last age class,
a = 160,

4 (Na+ No-1)§# — (1= p)(Ca + Ca1) (540)
‘ Za/ maa’%(Na + Ng—1—Cq — Ca—l)

The values of § calculated with the above relationships in the MenC and the MenB settings
are very similar (see Figure S4).
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Figure S5: Values of 6 in the MenC model (left panel) and in the MenB model
(right panel), calculated employing equation S41.
Risks of disease given infection
The risk of disease given infection by age, ,, is calculated as
Dexp
a
0, = exp ’ (841)

a

where Dg"(t) is the expected occurrence of invasive disease during a time step if no vac-
cination is implemented, and J;*(t) is the number of expected infection events produced
by the model during a time step if no vaccination is implemented. The calculation is based
on the most recent available data before vaccination.

Specifically, for the MenC model Dg"™ was obtained by multiplying the normalised
incidence of disease cases by age reported from January 1998 to June 1999 times the total
number of cases observed in the epidemiological year 1998/1999, and then divided by 4 to
get the desired time scale. However, we also tested different total numbers of cases (see
section S5). For the MenB model the IMD incidence distribution employs cases reported
in 2007 and 2008 in England and Wales, times the yearly average of the total number of
cases reported in England from mid 2012 to mid 2015, then divided by 4 to get the desired
time scale. The J®P can be calculated using the infection term of the model equations,
set at the initial time step:

J((z%p = (1 - Ma))‘a(o)(Na(O) - Ca(o))' (842)

The 0 rates do not depend on time, and can make sense only to reproduce meningococcal
disease in regions where it is endemic, as in the UK: their calibration is based on the
additional assumption that the the risk of developing invasive disease that susceptibles
of a certain age will experience once infected will not change in the future, when other
susceptibles of the same age will acquire the pathogen.
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Vaccinal transitions

Y, and w, are the parameters controlling the vaccination and the waning of immunity,
respectively. They are modelled as on switches that, when activated, move a certain fixed
fraction of a compartmental population.

For the MenB model, v has in fact a single value, because the modelled immunisation
campaign targets a single age class of infants, that are continuously targeted by a routine
vaccination. The value of v must be assumed because coverage data are not available yet.
We assume here a coverage v = 95% for the MenB vaccine implementation. Only children
that have received all the three vaccine doses are considered vaccinated, therefore, during
each time step, a fraction of unvaccinated individuals in the age class a = 4, corresponding
to 12-14 months of age, are moved to the respective compartments of vaccinated.

The MenC immunisation campaign covered a much larger population. It has been
composed by a large catch-up campaign, targeting individuals from 4 months to 18 years
of age, extended later to cover up to 24 years old, plus a routine campaign designed with
a 24+4+6 months schedule. In this case, coverage data are available in literature [18].

The fraction w of immune individuals for which, after a certain while, the immunity
wanes can be obtained from serological studies. Here we adopt the simplifying assumption
that after a certain time 7, a fraction w of the individuals belonging to a compartment
of vaccinated immune is moved to a vaccinated non-immune compartment. This fraction
is assumed to be w = 100% for the MenB vaccine, while the assumed duration of immunity
is Ti%ng = 18 months after boost. For MenC, we used results of serological studies that
estimated that a fraction fi,, = 0.416 of those who initially gained immunity was still
immune 3-4 years after the last dose [19]. Therefore w, = 1 — 0.416 = 0.584 for MenC.
MenC was fixed to 15 months for routine vaccination, 5 years for catch-up of one year old

mm

infants, 10 years for all the others [20, 21].

S3.3 Sequential Monte Carlo

Both the VE are varied between 0 and 1 with a step of 0.001, so that the (VEg;,, VE;nq4)
space of the unknown parameters is a discrete grid. For each combination of the VEs, here
we explain the process of likelihood building.

1. 1000 particles are generated. Each particle represents the variables of the systems,
i.e. the populations belonging to each of the 966 compartmental populations. At the
beginning, all the particles are set to the same compartments’ initial conditions.

2. Then all the 1000 particles evolve for the first year y (4 model’s time steps) in the
transmission model. At the end of the process, they will have in general different
values in the compartments’ space, because of the stochasticity of the model. In
addition to the updated state, each particle produces also an output: the Js by age
and vaccination status.
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3. The J,(y = 1) values are combined with the risks 6, (both opportunely rescaled
from age classes a to age groups b if needed) in the observational model, to calculate a
binomial probabilities to observe ngj (y = 1). These binomial probabilities multiplied
together are the likelihood at y = 1. The particles are then pruned according to
their specific likelihoods, using a weighted resampling algorithm [22], and, finally,
the probabilities of the particles are averaged and a likelihood for the first year is
obtained:

[1 P55 (y = DI VEair, VEing, H). (543)
bv

Then, this procedure is repeated from point 2, substituting “first year” and “y = 17
with “second year” and “y = 2”. The result is a second likelihood, conditional to the states
and observations of the first year:

[1POg5(y = 2)[DF (y = 1), VEair, VEina, H). (S44)
bv

Going on for the following years, using the Markov property, all the conditional likeli-
hoods are multiplied together to eventually get the likelihood shown in equation 3 of the
main text. Once the final likelihood at year Y is calculated for the particular set of VEs
chosen at the beginning, then the VEs are varied, a new set of 1000 particles is created to
finally produce a likelihood for another point of the VE’s grid. The procedure is repeated
until all the (VEg;, VE;,q) grid is explored. At the end, a surface like the one shown in
Figure 1C of the main text is produced.

Technical notes: to run the SMC algorithm described above, we run multiple python
scripts on computer clusters; instead of the likelihood, log-likelihood were almost always
actually used, in order to transform products in sums and avoid computational underflow
problems.

S3.4 Maximum Likelihood and confidence intervals

Once we generated the likelihood surface at a desired time point, it is straightforward to
get the best estimates VEi’gﬁt and VEZ?;ft from the maximum of the likelihood itself.

To calculate the 95% confidence intervals (CIs) around the best estimates, it is con-
venient to work with the logarithm of likelihood | = log((L)). The loglikelihood [ is first
sliced by fixing one of the VEs on the value that maximise the [, then using the Wilks
theorem [23], the 95% confidence interval can be calculated to be approximately included

in the region for which:
h

57
where h is a chi-squared-distributed variable with one degree of freedom, so that h = 0.381
with a confidence level of 0.05.

[ > max(l) — (545)

18



However, before applying the Wilks theorem, the [ values must be smoothed, since
they are affected by Monte Carlo variability [22]. Here this is accomplished by applying
a Savitzky-Golay filter. Finally, since [ depends on discrete values of VE, it is linearly
interpolated to be continuous in all the VE values between 0 and 1.

Examples of sliced likelihoods produced with this method are shown in Figure 2B of
the main text, where the vertical lines point out best estimate and the 95% Cls.

S4 The mathematical model realistically reproduces demog-
raphy and meningococcal epidemiology in England

We developed a mathematical model to reproduce two different vaccination campaigns in
England, against serogroup C and B meningococcal disease. In both cases, here we test
the model running its deterministic version without vaccination campaigns for 50 years, to
see if it reasonably reproduce empirical evidences.
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Figure S6: Evolution of the England’s population surveyed in 1999, predicted
by the MenC model.

19



g e initial

S 0.6%}| = 10 years later
o v 20 years later
> 0.5%f| ~ 30 years later

s x40 years later
o 0.4%;} 50 years later

L) i
40+

Age (years)

Figure S7: Evolution of MenC carriage prevalence in England predicted by the
MenC model without vaccination.

The model reproduces a realistic demographic evolution of the population in England,
with fluctuations due to population differences across age groups. Figure S6 shows the
evolution of the demography for the MenC setting.

The carriage prevalence remains constant for all age groups for both MenB and MenC
(MenC carriage shown in Figure S7), indicating that the model has been well calibrated
under the assumption of temporal stability of the asymptomatic carriage prevalence.

We calculated the serogroup-specific transmission given contact rates 5, using equations
S39 and S40, that basically depend on the following key quantities: the serogroup carriage
prevalence by age and the duration of carriage. Direct estimates of transmission rates are
never been published in literature, except for a recent work that evaluated a single carriage
acquisition rate, for MenB only, in individuals of age between 10 and 25 years, finding 2.8
per 1000 person-month [24]. We tested whether our own acquisition rates are reasonably
similar to the above clinical study’s findings. To produce comparable numbers, we run the
MenC and MenB models in absence of vaccination and then we simulated the statistical
procedure adopted by the authors: we divided the overall number of transmissions J of
the interested age classes by the starting susceptible population in the same age classes.
We found the following acquisition rates: 1.32 per 1000 person-month in the MenC setting
and 6.93 per 1000 person-moths in the MenB setting.

Figure S8 shows the distribution of MenC disease cases predicted without implementing
any vaccination campaign. The cases have been numerically generated combining the
disease equations S33 with the deterministic version of the transmission model, defined
by equations from S13 to S18. The cases occurrences by age remain roughly constant,
with fluctuations only due to the demographic shifts. An analogous behaviour is observed
in the MenB setting (not shown). The disease endemicity is a direct consequence of the
assumption that the risk of disease given transmission remains constant over time.
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by the MenC model without vaccination. Simulated IMD cases by age are almost
constant, with little fluctuations due to demography. These fluctuations flatten
out after about 40 years (lower panel, overall incidence plotted against simulated
years), since the model does not account for unpredictable external factors, such
as migratory fluxes or drastic changes in birth and death rates.

For the MenC setting, it is also possible to check if the mathematical model correctly
reproduces meningococcal epidemiology once the immunization campaign is implemented.
In Figure 3 of the main manuscript, panel A, we showed that when the VE parameters are
set to the MCML best estimates, the model well reproduces the overall number of reported
cases per epidemiological year. Here we show that the same argument is valid looking at
different age classes.

Figure S9 shows 6 panels, each one depicting time series of cases reported in England
(grey bars) for 6 different age classes. The red points are the synthetic disease cases gener-
ated by our model set on our best estimates of VEg4;, and VE;,4. In general, our simulation
are in good agreement, demonstrating that the vaccination has been correctly modelled.
However, the age group 20-29 yr shows a discrepancy: the real cases grew while instead
of declining as predicted by our model. We note that such age class was not targeted by
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the catch-up campaign in 2000/01. We hypothesize that some large environmental fluctu-
ations, not reproducible by our model, brought to the increase of disease cases. Anyway,
the next year the cases drastically fell, probably mainly for the herd immunity effect. It is
possible that the mixing assumptions of our model are too simplistic or not very accurate.
Maybe that individuals in the 20-29 age class have more contacts within themselves and
less with the remaining population, so retarding the herd immunity effect. Further stud-
ies on human contacts and their impact on the transmission of N. meningitidis would be
precious to improve the understanding and modelling of meningococcal disease.
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Figure S9: MenC epidemiology by age in England during the immunization
campaign, started at the end of 1999. Each panel shows a different age group.
Reported cases as grey bars, simulated cases as red dots. The simulations
employed MCML best estimates of VE.
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S5 Sensitivity analysis

The complexity of the inferential method and of the underlying mathematical meningo-
coccal model required to test the sensitivity of the VE final estimates. We varied the
expected number of disease cases, the duration of carriage and the duration of immunity.
We tested these three key quantities because they are not accurately known and because
all other quantities that are affected by uncertainties depend on them. Finally we discuss
the temporal evolution of the final VE estimates. The sensitivity analyses were carried out
in the MenC setting.

Expected number of disease cases

The number of disease cases by age can be subjected to unpredictable trends. We parametrized
the risk of disease given infection (equation S41) using the average age-pattern of cases re-
ported in England from January 1998 and June 1999, multiplied by total number of cases
reported in England in epidemiological year 1998/99.

We tested whether different choices of the total number of cases, namely Dyy, would
affect the MCML inference. In particular we set Dy, to be:

e England cases of known age in 98/99 (base case) = 869;

England cases in 98/99 = 883;

Yearly average England cases in 97/98! and 98/99 = 807;

Yearly average England cases from 96/97" to 98/99 = 776;

Yearly average England cases from 95/96' to 98/99 = 728;

Low incidence scenario = 600;

High incidence scenario = 1000.

Table S4 shows the final estimates of VE4;,. and VE;,,4 and after two years of vaccination
campaign, when Dy, is changed. The direct effectiveness is almost perfectly unchanged.
The indirect effectiveness gets higher as the number of expected cases is increased.

Duration of carriage

Figure S10 shows how the likelihoods of VEg;, and VE;,4 for the MenC vaccination setting
change i) in time and ii) by varying the duration of carriage. Each row shows likelihoods

! We did not know the precise number of cases observed in England before 1998, therefore we had to
use the aggregated England + Wales number, multiplied by the average fraction Eng over Eng&Wal MenC
cases observed after 1998.
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Dyt VEu (%)  95%CI VEna(%)  95%CI

600 96.60  [94.82-97.89)] 17.40 [ 5.51-31.06]
728 96.40 [94.69-97.86] 44.10 [30.64-57.72]
776 96.50 [94.74-97.88] 52.10 [38.92-66.52]
807 9650  [94.74-97.85] 5770 [44.18-72.20]
869 96.50 [94.76-97.86] 68.80 [54.43-83.27]
(baseline)
883 96,50  [94.77-97.86] 7010 [56.39-85.37]
1000 96.60 [94.78-97.87] 89.10 [74.51-99.99]

Table S4: VEg;, and VE;, 4 best estimates and 95%Cls calculated through the
MCML method (MenC setting). Each row corresponds to a different total
number of disease cases Dy, expected to emerge without vaccination.

calculated at different time points (from top to bottom, after 1 to 5 full epidemiological
years from the campaign start). Each column corresponds to a different scenario of duration
of carriage: from left to right, 7.4, = 4, 6, 8 months, where 6 months is the base case
supported by recent studies, as discussed in section S3.2. The likelihood presented in
Figure 2 of the main text is shown here at the intersection of the second row from top (2
years of data) and second column (6 months of duration of carriage).

The MCML method is in general sensitive to the precise value assigned to the duration
of carriage 7.q-. However, only the indirect vaccine effectiveness is affected by changes to
Tear: Moving from 4 to 8 months, the 95% confidence region shifts only horizontally. While
VEy;, is fairly independent on 7.4, VE;,q is clearly affected. In the 4 months scenario,
VE;,q converges to less than 50%, while if 7.4, equals 8 months, VE;,; almost reaches
100%. When 7.4, is set to 6 months, VE;,4 converges to about 70%, a value very near to
the ones calculated from carriage studies [25, 10], as described in main text.

Duration of immunity

We also tested the sensitivity of our results to the duration of immunity, 7., whose value
is reported in the literature with significant uncertainty. As described in the main text, in
the MenC model we have set three different values, depending from the age of the vacci-
nated: 15 months for routinely vaccinated infants, 5 years for infants of up to 12 months
of age enrolled for the catch-up campaign, 10 years for all the other subjects included in
the catch-up campaign. Varying the duration of immunity induced in subjects vaccinated
in the catch-up campaign does not change the results. This is a trivial consequence of the
fact that we do not use disease case notifications after 5-6 years from the beginning of the
campaign.

Regarding the routine vaccination, changing the duration of immunity slightly affects
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our results. Figure S11 shows likelihoods of VEg;,. and VE;,4 for the MenC routine vaccina-
tion programme, calculated at different time points, by employing three different duration
of immunity: 9 months, 15 months (base case [20, 21]) and 24 months. Differences in the
best estimates are small. However, the 24 months scenario displays a higher value of the
likelihood maximum, indicating that previous estimates could underestimate the duration
of immunity. We think that the immunity persistence should be further investigate to
improve the modelling of this process, that in other scenarios could significantly impact
the VE estimation and Public Health decisions.

Temporal evolution of the VE estimates

In addition, Figures S10 and S11 also show how the estimates evolve in time (epidemiolog-
ical years, overall between mid 2000 and mid 2005). In general, the 95% confidence regions
shrink as more data are used. When IMD cases notified during the first epidemiological
year only are employed, the best estimates of VE;, 4 are significantly different if compared
to the best estimates obtained using more data, even if the precision after one year is
very low, with a very broad 95% CI of the indirect effectiveness. On the other hand, the
assessment of VEy;,. is extremely fast to converge and does not show systematic deviations,
indicating that the direct effectiveness of MenC conjugate vaccines in England could have
been estimated even after one year only.
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Figure S10: Likelihoods of VEy;, and VE;,q, MenC setting. Each column cor-
responds to a different value of the duration of carriage 7.4-. Each row from
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3, 4 and 5 epidemiological years after vaccination starts, i.e. between mid 2000
and at most mid 2005. Higher values of likelihood are shown in lighter colors.
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Figure S11: Likelihoods of VEy;, and VE;,q, MenC setting. Each column cor-
responds to a different value of the duration of immunity 7., for routine
vaccination. Each row from top to bottom reports the likelihood obtained us-
ing data reported during 1, 2, 3, 4 and 5 epidemiological years after vaccination
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