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General introduction and scope of this thesis

The meningococcal bacterium, Neisseria meningitidis, is a Gram-negative diplococcus 
that exclusively infects humans [1]. It was first identified and cultured in cerebrospinal 
fluid from a patient with meningitis by Weichselbaum in 1887 [2]. Hence, the etiologic 
relationship between the micro-organism – at that time called Diplococcus intracellu-
laris meningitidis - and epidemic meningitis was established. N. meningitidis is either 
encapsulated or unencapsulated, but without capsule it rarely causes invasive disease. 
At present, 13 serogroups have been distinguished based on the polysaccharide cap-
sule [3]. Healthy individuals may carry the bacterium in the upper respiratory tract 
(naso- and oropharynx) without experiencing symptoms. Colonization may instigate 
an immune response both locally and systemically including the production of an-
tibodies directed to the polysaccharide capsule as well as to other antigens on the 
outer surface of the bacterium [4, 5]. While meningococcal carriage is quite common, 
the meningococcal bacterium rarely crosses the mucosal barriers. The prevalence of 
meningococcal carriage varies with age; rates are low in infants and adults (4-8%) and 
increase during childhood with highest carriage rates (up to 24%) estimated among 
adolescents [6]. Transmission may occur among close contacts through respiratory 
droplets and in addition to crowding, smoking and kissing have been described as risk 
factors [7, 8]. However, it is important to take into account that differences in age dis-
tribution and risk factors between continents exist. In the African so-called meningitis 
belt, meningococcal carriage was common among young children [9]. Furthermore, 
a seasonal effect on disease rates (epidemics during the dry season) was observed, 
although the limited data available about the association between season and carriage 
did not reach significance [9].

1
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Chapter 1

Invasive meningococcal disease

The unlikely event of meningococci passing the epithelial barrier usually occurs within 
10 days from new-onset colonization [10]. The rapid progression of disease can lead 
to a life-threatening situation within hours after onset of symptoms. The predominant 
clinical manifestations of invasive meningococcal disease (IMD) include meningitis or 
sepsis, and both conditions may be featured simultaneously [11]. Other manifestations 
such as arthritis, pneumonia, or gastro-enteritis and chronic meningococcemia are less 
common and might not always be recognized immediately as meningococcal disease. 
Immediate antibiotic treatment is crucial to impede a deterioration of disease course, 
but lack of early diagnosis might impair immediate adequate medical support. Mor-
tality rates up to ~25% have been reported in teenagers, particularly for septic shock, 
although case fatality rates are usually reported to be around 10% [12]. Fatality is as-
sociated with variables such as genetic factors and medical condition of the host, but 
many host (and also bacterial) factors are incompletely understood. Severe sequelae 
such as limb amputation, deafness and neurological deficits, but also a wide range of 
psychological and behavioral problems occur in a substantial part of survivors [13].

Global disease burden

Incidence rates of IMD vary widely across the world (Figure 1) and the geographical 
distribution of different serogroups changes over time. In the last century, hyperen-
demic situations and large epidemics were caused not by one specific, but rather by 
several different serogroups. In Africa, several serogroup A epidemics – mainly in the 
meningitis belt –have occurred with reported incidence rates up to 1,000 per 100,000 
inhabitants [14]. Between 2010-16, serogroup B predominated in a large part of the 
world including Europe, Australia and New-Zealand, the United States and a substan-
tial part of Latin America [15]. Historically, serogroup C was an important cause of 
disease in Europe but large vaccination campaigns targeting this serogroup decreased 
the prevalence of serogroup C to being virtually absent [16, 17]. From 2014 onwards, 
serogroup W has been the primary concern in Europe with dominance of a specific 
clonal complex (cc); the hypervirulent cc11 (also see: the meningococcal bacterium) 
[18, 19]. Prior to this increase in Europe, serogroup W meningococci belonging to cc11 
caused an epidemic among Hajj pilgrims in Saudi Arabia - the strain known as the Hajj 
clone - in 2000, whereafter serogroup W became endemic or caused outbreaks for 
example in South America, United States, and China [20].
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Figure 1. Worldwide serogroup distribution of invasive meningococcal disease in 2019 [21].

The meningococcal bacterium

Meningococci can be classified by the serogroup (capsule), the sero(sub)type, the 
immunotype (Figure 2) and in addition to that may also genetically belong to a spe-
cific sequence type. The capsular genes are located in the cps locus which is a single 
chromosomal locus divided into six regions. These regions encode different processes 
necessary for capsule formation, for instance biosynthesis of the capsule polysaccha-
ride and translocation of the polysaccharide to surface of the cell [3]. The serotype is 
determined by one of the outer membrane proteins, the porin PorB, while another 
porin (PorA) determines the serosubtype. The immunotype can be assigned based on 
the structure of the lipooligosaccharide (LOS).

1
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Figure 2. The structure of the meningococcal outer membrane, including the capsular polysaccharide 
and antigenic outer-membrane structures such as porin A (por A), Neisseria adhesin A (NadA), factor H 
binding protein (fHbp), lipo-oligosaccharide (LOS) [22].

To distinguish between different meningococcal strains/characterize isolates, seven 
housekeeping genes [24] that are required for maintaining basic cellular functions 
are used to assign an allelic profile based on the sequence type: the clonal complex. 
When a strain is of a specific cc, the housekeeping genes may be different, but should 
be closely related with a recognizable common origin [25]. Based on this approach 
called multilocus sequence typing (MLST), the use of typing schemes (pubmlst.org) 
enabled tracking of specific outbreak-causing isolates. The few, specific lineages that 
cause most outbreaks of invasive disease are called hyperinvasive lineages. Genomic 
surveillance – currently with whole genome sequencing (WGS) available as the most 
effective method – can establish relatedness between outbreak-causing strains and for 
example revealed that the MenW cc11 outbreak strain spreading throughout Europe 
(and South America) was distant from the strain responsible for the Hajj outbreak [26]. 
Similarities that were found between the outbreak in England and the Netherlands 
suggested that the evolution of IMD-W epidemiology in the Netherlands could be 
predicted by extrapolating from the disease trends in England [18]. This highlights 
the importance of genetics to describe population biology and to understand epi-
demiology.

Antibodies, the complement system and protection

The bacterial outer surface antigens as described above (see: the meningococcal bac-
terium), such as the polysaccharide capsule, are recognized by the immune system 
[27]. After recognition, a primary, innate response will be established including the 

Milou Ohm Binnenwerk V4.indd   12Milou Ohm Binnenwerk V4.indd   12 06-04-2023   19:3406-04-2023   19:34



13

General introduction and scope of this thesis

complement system that plays a major role in the protection against meningococci 
[28]. As soon as the complement system is activated, these proteins can improve the 
defense mechanism by opsonization, thereby facilitating phagocytosis. Moreover, 
complement can form a pore in the membrane by the membrane-attack complex (C5 
– C9) and kill the bacterium by disrupting the thick protective bacterial polysaccharide 
wall that usually protects against various immune mechanisms [28]. Individuals that 
have a deficiency in the complement system are predisposed to (recurrent) IMD [28]. A 
more targeted response will be in place when the adaptive response occurs [29]. Lym-
phocytes with B- and T-cell receptors that recognize the micro-organism will proliferate 
into effector lymphocytes. These cells are involved in clearing the infection, as well as 
countering a potential subsequent infection by immunological memory. Activated 
B-cells produce antibodies after antigen recognition. Since antibodies may opsonize 
the bacterium and also induce complement-mediated killing, the optimal protection 
against IMD is provided when innate and adaptive systems interact (Figure 3).

There are several classes of antibody (isotypes), of which immunoglobulin G (IgG) is 
the most abundant in blood. IgG is a monomer that has two antigen binding sites and 
consists of four types (IgG1-IgG4). IgG is tailor-made after encountering an antigen 
and facilitates phagocytosis. Furthermore, IgG is important in the long term response, 
while the pentameric IgM provides an immediate immune response and has great po-
tential to fix complement [31]. The dimer IgA is found in secretions such as saliva and 
is mainly present in mucosal areas but also to a lesser extent in serum. At the mucosal 
surface, it can provide a local response that facilitates the elimination of bugs thereby 
preventing invasion [32].

1
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Figure 3. The role of the complement system in the inflammatory response to microbial invaders. Adapted 
from [30], created with BioRender.com

The compromised immune system

Genetic variability between hosts contributes to the risk of contracting IMD. In a large 
pediatric cohort, the susceptibility for meningococcal meningitis was found to be 
associated with single nucleotide polymorphisms in pathogen recognition receptor 
genes [33]. Genetic variations of toll-like receptors were recognized for their impact 
on susceptibility, severity and prognosis of meningococcal meningitis [34]. Patients 
suffering from IMD usually acquire the disease only once in life, except for individu-
als with complement deficiencies who are predisposed to recurrent meningococcal 
disease episodes [35]. Especially late complement component deficiency and other 
defects in components involved in the terminal complement pathway increase the 
risk of IMD [28]. The terminal pathway involves generation of a membrane-attack 
complex that can lead to dissipation of the membrane potential and eventually killing 
of the bacterium (Figure 3). An asplenic state, whether it is functional or anatomical 
asplenia, is another form of immunodeficiency that increases the risk of disease from 
encapsulated bacteria including meningococci, though pneumococcal infections are 
far more frequent in asplenia [36]. Therefore, it is recommended in many countries 
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including the Netherlands for both pediatric and adult asplenic patients to receive 
meningococcal and pneumococcal vaccinations during their lives [37]. Other host 
factors such as immunosuppressive or immunomodulating medication use may play 
a role in susceptibility to disease. Patients treated with monoclonal antibodies such 
as eculizumab – a terminal complement inhibitor – are at increased risk of IMD even 
after meningococcal vaccination [38, 39]. Therefore, the Advisory Committee on Im-
munization Practices advised to get immunized with meningococcal vaccinations 
before initiation of eculizumab treatment [40].

Meningococcal vaccines

Historically, the first meningococcal vaccines - developed since the 1970s - target-
ed the capsular polysaccharides. These plain polysaccharide vaccines provided a 
serogroup-specific anticapsular antibody response, but did not induce a long-term 
memory response and antibodies quickly waned. The induced immune response was 
T-cell independent, thus not inducing the production of memory B cells. Furthermore, 
immunogenicity was poor and short lasting when used in infants and toddlers [41]. 
Conjugate vaccines (polysaccharide conjugated to a carrier protein) that were devel-
oped about 20-25 years later markedly improved the prevention of IMD [42]. These 
vaccines have the advantage of inducing immunological memory and longer lasting 
protection as well as herd protection by reducing transmission [27]. With the induction 
of polysaccharide-specific antibodies following conjugate vaccination, a fast adaptive 
response after encountering the bacterium is established. Circulating antibodies pro-
vide immediate protection against invading meningococci and can prevent the rapid 
progression into severe disease [27]. Up until now, conjugate vaccination has been 
shown as the most effective strategy against IMD.

The capsule of MenB is similar to human fetal tissue, thus the MenB polysaccharide vac-
cine is poorly immunogenic and in addition is thought to potentially increase the risk 
of an auto-antibody response [43, 44]. Consequently, the MenB polysaccharide-based 
vaccine was never brought to the market. Another type of meningococcal vaccina-
tion was developed by use of reversed vaccinology that predicts possible vaccine 
candidates [45]. The immune response generated by currently licensed protein-based 
MenB vaccines is against one (rLP2086, Trumenba®) or four (4CMenB, Bexsero®) outer 
membrane antigens. Both vaccines contain protein(s) from the factor H-binding pro-
tein (fHbp) – Trumenba contains two subvariants of fHbp – while the composition of 
4CMenB also includes, in addition to fHbp, three other antigens; Neisserial Heparin 
Binding Antigen (NHBA), Neisserial adhesin A (NadA) and an outer membrane vesicle 

1
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expressing PorA [46]. Hence, the protection provided by these vaccines is not limited 
to serogroup B but may extend to other serogroups as well.

Nowadays, many mono-, bi-and tetravalent polysaccharide and conjugate vaccines 
are licensed [47] and pentavalent vaccines (ACWYB, ACWYX) are under development 
and have shown promising results in phase 2 clinical trials [48-50].

Correlate of protection

While conjugate vaccines strictly induce the production of polysaccharide-specific 
antibodies, infection (carriage) may induce production of a variety of antibodies that 
can bind other outer surface antigens as well. Intramuscular immunization induces 
mainly serum antibodies, and the level of serum antibodies is used to evaluate immu-
nogenicity of a meningococcal vaccine. The fluorescent bead-based multiplex immu-
noassay (MIA) is one of the laboratory assays that measures antigen-specific antibody 
concentrations, such as polysaccharide-specific serum IgG antibodies. Yet, this assay 
does not take into account the functionality of antibodies. Furthermore, antibodies 
against antigens such as outer membrane proteins - that may be acquired through 
carriage – can add to bactericidal activity of the serum. 

Figure 4. A graphical description of the serum bactericidal antibody (SBA) assay to determine the protec-
tion against meningococcal serogroup A, C, W and Y, as induced by complement (Cm)-mediated killing. The 
bacterial suspension and complement are added to serially two-fold prediluted serum and this mixture is 
incubated for one hour to determine the bactericidal titer. Created with BioRender.com.

Milou Ohm Binnenwerk V4.indd   16Milou Ohm Binnenwerk V4.indd   16 06-04-2023   19:3406-04-2023   19:34



17

General introduction and scope of this thesis

Functional antibodies can be measured with the serum bactericidal antibody (SBA) 
assay (Figure 4) that determines the ability of human serum in different dilutions to 
kill meningococci in presence of an exogenous complement source (human or baby 
rabbit) [51]. The bactericidal titer is defined as the dilution that induces ≥50% killing of 
a target strain in presence of complement during incubation at 37 °C. This standardized 
and validated assay is internationally accepted as serological correlate of protection, 
with a titer of ≥8 as protective level and a titer of ≥128 indicating long-lasting pro-
tection[4, 52, 53].

Meningococcal disease and vaccination programme in the Netherlands

In 2002, a mass campaign for all individuals 1-18 years of age took place to limit the 
IMD-C outbreak that was ongoing since 1999–2000 (Figure 5). In addition to this cam-
paign, a MenC conjugate vaccination (see: meningococcal vaccines) was introduced 
in the national immunization programme (NIP) for all children at 14 months of age 
in the Netherlands [54]. In the immediate years after the mass campaign, a steep 
decrease of cases was observed in vaccinated as well as in unvaccinated groups sug-
gesting herd protection [16]. With IMD-C virtually absent in the years after 2002 and 
IMD-B steadily declining over time, a small rise in incidence of IMD-Y was observed 
in 2015-16 (Figure 5).

Figure 5. Incidence of invasive meningococcal disease by serogroup in the Netherlands, 1992-2021. 
(Source: RIVM)

1
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More importantly, IMD-W emerged and incidence rates steeply increased from 2015 
onwards. During the IMD-W outbreak, teenagers were disproportionally affected and 
mortality rates up to 24% were observed in this age group. Consequently, the menin-
gococcal serogroup C conjugated to tetanus toxoid (MenC-TT) vaccine was replaced 
with a MenACWY-TT vaccine at age 14 months and an adolescent booster vaccination 
at the age of 14 years was introduced in the NIP [55]. Importantly, all children 14-18 
year-olds were eligible to receive a single vaccination during the catch-up campaign 
between 2018-2019 to contain the IMD-W outbreak. This catch-up strategy aimed 
to limit transmission and induce herd protection while also directly protecting teen-
agers from disease. Although the first beneficial effects of this campaign could be 
observed early 2020, the COVID-19 control measurements in 2020-2021 resulted in 
a pronounced decline in all invasive bacterial infections including IMD in the Neth-
erlands [56]. Ongoing surveillance is necessary to find whether a rebound effect of 
increased transmission will occur now the implementation of non-pharmaceutical 
interventions against COVID-19 have stopped.

Objectives and outline

The sudden emergence of IMD-W in the Netherlands highlights the changing epi-
demiology of the meningococcus and the importance of continuous surveillance. 
Emerging meningococcal infections may require adaptation of vaccination strategies 
for primary prevention. Knowledge on protective antibody levels with and without 
prior vaccination across different (age) groups in the population (serosurveillance) is 
essential to decide how to best intervene during an outbreak. The studies described in 
this thesis contribute to insights in the optimization of the protection against menin-
gococcal ACWY disease in the Netherlands. The objectives were to assess protection 
after meningococcal conjugate vaccination in terms of evaluation of antibody respons-
es, in different age groups and with different health status. These objectives lead to 
the following specific research questions:

- What is the current level of seroprotection against meningococcal disease nation-
wide in all age groups and what is the impact of the MenACWY vaccination on 
disease rates in the Netherlands?

- Is the antibody response to a MenACWY vaccination different in specific groups of 
the population (according to age, sex, and health status)?

In chapter 2, we investigated the naturally-and vaccine-induced seroprevalence 
among the population in the Netherlands. We evaluated antibody levels in almost 
7,000 individuals aged 0-89 years in a cross-sectional survey pre-MenACWY implemen-
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tation in 2016–17 and additionally, in longitudinal samples (subset) from a serosurvey 
that was performed because of the COVID-19 outbreak in 2020.

In chapter 3, we evaluated the vaccine impact and effectiveness of the MenACWY 
vaccination campaign in toddlers and teenagers during the IMD-W outbreak. IMD 
cases were extracted from the national surveillance system and age group-specific 
incidence rates before and after MenACWY vaccination implementation in 2018–19 
were compared.

In chapter 4, we explored the long-term protection after a MenACWY vaccination in 
both adolescents and (middle-aged) adults. Waning of antibodies during five years 
postvaccination was modelled to predict the duration of seroprotection for the dif-
ferent age groups.

In chapter 5, the sex-related differences in the vaccine response during adolescence 
were examined. The immune response to vaccination may differ according to sex and 
differences may become more pronounced in adolescents due to hormonal differenc-
es. This may have implications for vaccination strategies, especially since an adolescent 
meningococcal booster vaccination was implemented in the NIP in the Netherlands 
to improve protection in this age group that has relatively high risk for IMD.

In chapter 6, we determined the vaccine response in adolescents with juvenile id-
iopathic arthritis (JIA) or inflammatory bowel disease (IBD) 14-18 years of age who 
received a MenACWY vaccination during the MenACWY campaign. The use of im-
munosuppressive medication is crucial in the treatment of these diseases, but might 
reduce the immune response to meningococcal vaccination. Yet, optimal protection 
against IMD is part of high-quality health care and needed in these – already vulner-
able – patients. Evaluating immunogenicity after vaccination enables improvement 
of guidelines for patients with a compromised immune system.

In chapter 7, we described the immune response to a MenACWY vaccination in a 
heterogenous group of adolescents with primary or secondary immunodeficiencies.

The implications of the main findings as well as considerations to improve the protec-
tion against IMD by optimizing immunization programmes are discussed in chapter 8.

1
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ABSTRACT

Background Meningococcal serogroup C (MenC) vaccination was introduced for 
14-month-olds in the Netherlands in 2002, alongside a mass campaign for 1-18 year-
olds. Due to an outbreak of serogroup W disease, MenC vaccination was replaced for 
MenACWY vaccination in 2018, in addition to introduction of a booster at 14 years of 
age and a catch-up campaign for 14-18 year-olds. We assessed meningococcal ACWY 
antibodies across the Dutch population in 2016-17 and 2020.

Methods In a nationwide cross-sectional serosurvey in 2016-17, sera from partici-
pants aged 0-89 years (n=6886) were tested for MenACWY-polysaccharide-specific (PS) 
serum IgG concentrations, and functional MenACWY antibody titers were determined 
in subsets. Moreover, longitudinal samples collected in 2020 (n=1782) were measured 
for MenACWY-PS serum IgG concentrations.

Results MenC antibody levels were low, except in recently vaccinated 14-23 month-
olds and individuals who were vaccinated as teenagers in 2002, with seroprevalence 
of 59% and 20-46%, respectively. Meningococcal AWY antibody levels were overall 
low both in 2016-17 and in 2020. Naturally-acquired MenW immunity was limited in 
2020 despite the recent serogroup W outbreak.

Conclusions This study demonstrates waning of MenC immunity 15 years after a mass 
campaign in the Netherlands. Furthermore, it highlights the lack of meningococcal 
AWY immunity across the population and underlines the importance of the recently 
introduced MenACWY (booster) vaccination.
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INTRODUCTION

Invasive meningococcal disease (IMD) is a rare but severe disease that can lead to 
septicemia or meningitis [1]. The infectious cause is Neisseria meningitidis, a Gram-neg-
ative bacterium that is selective for the human host [2]. The bacterium is often carried 
asymptomatically in the nasopharynx, with highest carriage rates up to 24% observed 
in teenagers [3], while disease incidence is highest among infants [4].

In 1999-2001, a rapid increase in IMD incidence in the Netherlands was caused by the 
meningococcal serogroup C (MenC) bacterium [5]. Consequently, a MenC capsular 
polysaccharide conjugated to tetanus toxoid vaccine (MenC-TT) was introduced in 
the national immunization programme (NIP) for 14-month-olds in 2002. Additionally, 
a nationwide mass campaign for 1-18 year-olds (born between June 1983 and June 
2001) took place that same year to restrain the epidemic with an estimated coverage 
of 94% [5]. In the years thereafter, a rapid decline in IMD serogroup C (IMD-C) cases 
was observed not only in those vaccinated, but also in unvaccinated cohorts [6]. Only 
five vaccine failures were reported since the implementation of the vaccine, of which 
two patients suffered from underlying immune deficiency [7]. In 2015-16, there was a 
rise in IMD serogroup W (IMD-W) incidence and most cases were caused by a hyperin-
vasive strain that belongs to a single sequence type 11 clonal complex (cc11) [8]. This 
strain circulated in nearby countries such as in the United Kingdom as well [9]. During 
the IMD-W epidemic, unusual high mortality rates were observed across all ages, but 
especially in 14-24 year-olds with an overall case fatality rate of 26% in this age group 
[7]. Hence, the MenC-TT vaccine for 14-month-olds was replaced by a MenACWY-TT 
vaccine in 2018 and a MenACWY booster vaccination at the age of 14 years was imple-
mented in the NIP in 2020. Additionally, a catch-up campaign targeting adolescents 
born between January 2001 and December 2005 (i.e., 14-18 year-olds) was executed 
in 2018-19 with an uptake of 84% [10]. The MenACWY vaccination programme was 
very effective in the target population and also a reduction in IMD-W incidence was 
observed in vaccine-noneligible groups [11].

Due to the rapidly evolving nature of IMD, immediate host defense mechanisms 
causing bacterial killing are vital in the protective response. Bactericidal antibodies, 
together with the complement system, can provide this fast mode of immune action 
[12]. Those antibodies may be acquired naturally through infection, or induced by 
vaccination, and can be present in serum as well as in mucosal tissues [13]. Most 
meningococcal vaccinations induce the production of polysaccharide-specific (PS) 
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antibodies targeting the capsule of the bacterium – while newer vaccines that are 
developed to protect against MenB include proteins from other surface structures [12].

Serosurveillance studies not only provide valuable knowledge on protection through-
out the population, but also enable the detection of changes in protection levels 
when conducted periodically and support optimization of national vaccination policy. 
Our objective was to assess the meningococcal serological status in two consecutive 
cross-sectional population-based surveys recently conducted in the Netherlands [14, 
15]. We determined meningococcal ACWY antibody levels in sera collected in 2016-17, 
thereby investigating both vaccine-induced MenC, and naturally-acquired MenAWY 
immunity. Furthermore, from a subset of these participants, longitudinal sera were 
available from a 2020-serosurvey – initially collected in response to the Coronavirus 
disease 2019 (COVID-19) pandemic – and we explored the post IMD-W epidemic level 
of MenW IgG serum antibodies in these sera.

METHODS

Study design

The third cross-sectional population-based serosurveillance study in the Netherlands, 
the PIENTER3-study (clinical trial number NL5467), was conducted between February 
2016 and October 2017. Details of the survey methods, data collection and inclusion 
have been described previously [14]. Briefly, a randomly-selected national sample 
(NS) of participants 0-89 years of age was drawn from the population registry using a 
two-stage cluster technique (i.e., forty municipalities within five regions proportional 
to size), applying age-stratified sampling within each included municipality. An ad-
ditional sample of participants living in areas with a low vaccination coverage (LVC) 
was also included in this study. All participants in this study (n=6886) were asked to fill 
in a questionnaire including questions on vaccination history and to provide a blood 
sample. Participants from whom there was no available serum for laboratory analyses 
(dry blood spots, n=208; missing, n=5) were excluded. Written informed consent was 
obtained from all participants aged 12 years and older and from both parents or legal 
guardians when a subject was under the age of 16 years at enrolment. The study was 
conducted in accordance with ethical guidelines (the Declaration of Helsinki) and the 
study proposal was ethically approved by the Medical Ethics Committee Noord-Hol-
land (METC number: M015-022).
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Participants from the PIENTER-3 study who provided consent to be approached in a 
follow-up study were consulted to take part in a prospective serosurvey that aimed 
to monitor nationwide SARS-CoV-2 seroprevalence in the population of the Nether-
lands following the COVID-19 pandemic (PIENTER-corona [PICO]-study, clinical trial 
number NL8473) [16]. This serosurvey started in 2020 and encompasses several rounds 
of blood collection. For the current study, 1782 participants (all formally belonging to 
the PIENTER3 NS-sample and excluding SARS-CoV-2 positive participants and those 
with a low serum volume) were included from the June-July 2020 PICO-round [15] to 
explore MenW immunity at the end of the IMD-W epidemic and after implementation 
of MenACWY vaccination. Participants provided a self-collected finger-stick blood 
sample and filled out a questionnaire.

Serological analyses

Serum samples were stored at -80°C until analysis. Available sera were tested for 
MenA-, MenC-, MenW-, and MenY-PS-specific serum IgG concentrations, using a flu-
orescent-bead-based multiplex immunoassay (MIA) [17-19]. For all four serogroups, a 
value of 0.01 µg/mL was assigned to sera that fell below the lower limit of quantitation. 
Since 2019, a protein-free buffer (Surmodics) is used in the meningococcal MIA at our 
laboratory, and the data from both surveys (2016-17 and 2020) as described here were 
generated with this buffer. We executed bridging experiments for the serological anal-
yses to ensure consistency over time, for the MIA as well as for the serum bactericidal 
antibody (SBA) assay as described below.

Functional antibodies were assessed in the 2016-17-survey with the serum bactericidal 
antibody (rSBA) assay using baby rabbit complement (Pelfreez, lot 22841) and MenA 
strain 3125, MenC strain C11 [20], MenW strain MP01240070 and MenY strain S-1975 
as target strains. The dilution of the sera that yielded ≥50% bacterial killing after 60 
minutes incubation was defined as the serum bactericidal titer, and the internation-
ally accepted correlate of protection of rSBA titer ≥8 was used for analyses [21-23]. A 
value of 2 was assigned when rSBA titers fell below the cut-off of the assay (titer below 
4). All sera that were tested with the SBA assay were selected from the NS. A large 
subset of n=1041 sera within stratified age-bands was randomly selected (blinded 
to the IgG results) to determine the MenC rSBA titer. For MenW and MenY, which are 
both endemic but were non-vaccine serogroups in 2016-17, we aimed to investigate 
naturally-acquired MenWY functional antibodies and their corresponding PS-specific 
IgG. A non-random subset of samples (n=155 for both serogroups) with either a low 
IgG concentration (<1 µg/mL) or a high IgG concentration (≥2 µg/mL) was selected 
for the rSBA assay. The selected subsets for MenW and MenY consisted of sera from 
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participants across all ages. A random subset of n=167 samples was selected for the 
MenA rSBA assay (blinded to the IgG result) to detect any killing capacity against this 
serogroup, that has never been endemic in the Netherlands.

Statistical methods

All statistical analyses were performed using Excel, GraphPad Prism 8 and SPSS Sta-
tistics v24. Seroprevalence, rSBA geometric mean titers (GMTs) and geometric mean 
IgG concentrations (GMCs) were calculated with corresponding 95% confidence in-
tervals (CIs) in the 2016-17-survey. GMCs were weighted proportionally to the refer-
ence population (Dutch population, 1 January 2017) with sex, age, ethnic origin and 
urbanization degree taken into account for both the NS and the LVC sample. Also, the 
survey design (with regions as strata and municipalities as clusters) was accounted for 
in the analyses. Differences in weighted GMCs between the NS and LVC sample were 
determined on logarithmic (log)-transformed values with an independent samples 
t-test. Seroprevalence was expressed as the proportion of participants with an rSBA 
titer ≥8 and corresponding 95% CIs were calculated using Wilson-Brown with conti-
nuity correction. Seroprevalence was compared per age group to the seroprevalence 
in the second serosurveillance study in 2006-07 (PIENTER2-study) that was described 
previously [24], and differences were determined with a Fisher’s exact test. Statistical 
tests were two-sided. A p-value below 0.05 was considered statistically significant.

In the 2020-survey, we calculated unweighted GMCs with corresponding 95% CI per 
age groups as used in the 2016-17-survey. Furthermore, we tried to determine how 
many participants were infected during the IMD-W epidemic. Since information on 
meningococcal vaccination history was not obtained due to the nature of question-
naire, we assigned an infection/vaccination status to each participant based on their 
individual IgG concentrations, with use of an arbitrary cut-off of ≥0.1 µg/mL. Sera 
with IgG concentrations for three or all four serogroups ≥0.1 µg/mL were labelled as 
‘probable recent MenACWY vaccination’. When MenW IgG was ≥0.1 µg/mL, together 
with a 10-fold rise in MenW IgG concentration compared to the corresponding MenW 
IgG concentration in the 2016-17 sample, the label ‘probable recent MenW infection’ 
was assigned. If the MenW IgG was ≥0.1 µg/mL but lower in the 2020-survey than in 
the 2016-17-survey, the sample was labelled as ‘other’, and if results were contradictory 
or inconsistent between serogroups or timepoints, the label ‘unknown’ was assigned.
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RESULTS

Study and participant characteristics

We included 5552 sera from the NS and 1334 sera from the LVC sample (in total 6886 
sera) from the 2016-17-survey. Around ten percent more females (54.3% and 55.9% 
respectively) than males (45.7% and 44.1% respectively) were included for analyses 
in both the NS and LVC sample (Table 1). From the 2020-survey, we included 1782 
samples for analyses. In general, the sociodemographic characteristics in the 2020 
sample (Supplementary Table 1) were similar compared to the NS in 2016-17, albeit 
with a slight difference in age distribution between the surveys, more participants 
with a Dutch ethnic background (78.4% versus 89.4%) and more highly educated 
participants (38.6% versus 50.1%) in the 2020 sample compared to the 2016-17 sample.

Table 1. Sociodemographic characteristics of participants with a serum sample available for MenACWY 
IgG antibody measurement from the national sample (n=5552) and the low vaccination coverage (LVC) 
sample (n=1334) in the 2016-17-survey

National sample LVC sample

N=5552 N=1334

Age groups (years) N (%) N (%)

0-14 1384 (24.9%) 367 (27.5%)

15-24 671 (12.1%) 195 (14.6%)

25-34 730 (13.1%) 190 (14.2%)

35-44 653 (11.8%) 162 (12.1%)

45-64 1256 (22.6%) 258 (19.3%)

65-90 859 (15.5%) 162 (12.1%)

Sex

Male 2535 (45.7%) 588 (44.1%)

Female 3017 (54.3%) 746 (55.9%)

Educational level*

High 2015 (38.6%) 295 (23.4%)

Middle 1790 (34.3%) 529 (41.9%)

Low 1413 (27.1%) 437 (34.7%)

Urbanization degree

Highly urbanized 1168 (21.0%) 0 (0%)

Urbanized 1815 (32.7%) 0 (0%)

Moderate urbanized 1064 (19.2%) 156 (11.7%)

Little urbanized 1016 (18.3%) 743 (55.7%)

Countryside 489 (8.8%) 435 (32.6%)

Ethnic background

Dutch 4353 (78.4%) 1279 (95.9%)

other-Western 365 (6.6%) 32 (2.4%)

non-Western 834 (15.0%) 22 (1.7%)
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Table 1.  (Continued)

National sample LVC sample

N=5552 N=1334

MenC vaccination coverage** in eligible cohorts vaccinated/total (%) vaccinated/total (%)

14-23 month-olds 72/78 (92.3%) 10/17 (58.8%)

2-year-olds 64/68 (94.1%) 9/17 (52.9%)

3-year-olds 67/69 (97.1%) 17/23 (73.9%)

4-year-olds 85/92 (92.4%) 12/19 (63.2%)

5-9 year-olds 302/320 (94.3%) 52/75 (69.3%)

10-14 year-olds 332/338 (98.2%) 57/79 (72.2%)

15-19 year-olds 240/271 (88.6%) 57/78 (73.1%)

20-24 year-olds 277/400 (69.3%) 57/117 (48.7%)

25-29 year-olds 52/366 (14.2%) 7/96 (7.3%)

30-34 year-olds 27/363 (7.4%) 8/94 (8.5%)

*percentages calculated on the total number of participants with information on educational level 
available (missing for 334 participants from the national sample and 73 participants from the LVC sample); 
** self-reported vaccination status according to questionnaire

MenC SBA seroprevalence in the national sample in 2016-17

A change in the proportion of MenC-protected individuals (rSBA titer ≥8) was ob-
served in 2016-17 compared to 2006-07 (Figure 1). Especially in toddlers, the seroprev-
alence was significantly (p=0.009) lower in 2016-17 with 59% (95% CI 40.8-75.8%) of 
14-23-month-olds protected compared to 90% previously (in both surveys the mean 
age was 18 months) (Table 2). 

Table 2. Meningococcal C (MenC) geometric mean titers (GMTs) and seroprevalence (rSBA titer ≥8) per 
age group in the national sample in 2016-17 and MenC seroprevalence per age group in the national 
sample in 2006-07.

2016-17 2006-07

Age groups (years) GMT (95%CI) No of samples Seroprevalence  
(95%CI*)

No of samples Seroprevalence  
(95%CI)

0–7 months 2 (NA) 30 0% (NA) 59 0% (NA)

8–13 months 2.45 (1.62–3.69) 31 3.2% (0-18.5) 62 3.3% (0-8)

14–23 months 39.74 (15.16–104.16) 32 59.4% (40.8-75.8) 27 89.7% (79-100)

2 4.84 (2.38–9.86) 29 20.7% (8.7-40.3) 42 61.9% (49.2-74.6)

3–4 2.30 (1.96–2.69) 45 4.4% (1-16.3) 106 36.8% (26.4-47.2)

5–6 2.83 (2.00–3.99) 42 9.5% (3.1-23.5) 49 42.9% (29.8-55.9)

7–8 3.14 (1.98–4.96) 34 11.8% (3.8-28.4) 56 39.3% (27.8-50.7)

9–10 3.03 (2.01–4.58) 40 10.0% (3.3-24.6) 73 49.3% (34.6-64)

11–12 2.90 (2.02–4.16) 43 9.3% (3-23.1) 72 73.6% (65-82.2)
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Table 2.  (Continued)

2016-17 2006-07

Age groups (years) GMT (95%CI) No of samples Seroprevalence  
(95%CI*)

No of samples Seroprevalence  
(95%CI)

13–14 2.74 (1.86–4.04) 44 6.8% (1.8-19.7) 65 80% (70.5-89.5)

15–16 3.69 (2.15–6.34) 43 11.6% (4.4-25.9) 55 83.6% (74.4-92.8)

17–18 2.51 (1.88–3.33) 40 7.5% (2-21.5) 43 93% (86.2-99.9)

19–21 5.31 (3.00–9.41) 61 19.7% (11-32.2) 88 96.6% (92.5-100)

22–25 5.93 (3.71–9.47) 80 26.3% (17.3-37.5) 104 59.6% (50.9-68.4)

26–30 14.45 (8.99–23.23) 106 46.2% (36.6-56.1) 69 33.3% (21.2-45.5)

31–39 5.21 (3.59–7.57) 117 20.5% (13.8-29.2) 58 37.9% (18.5-57.3)

40–49 3.17 (2.03–4.98) 42 9.5% (3.1-23.5) 49 26.5% (14.3-38.7)

50–59 2.55 (1.87–3.46) 46 6.5% (1.7-19) 52 36.5% (19.8-53.3)

60–69 2.66 (1.90–3.71) 44 6.8% (1.8-19.8) 54 29.6% (20.4-38.9)

70–79 2.89 (1.96–4.25) 51 7.8% (2.5-19.8) 37 35.1% (15.8-54.5)

80+ 2.07 (1.97–2.17) 41 0% (NA) 0 NA

Total 4.22 (3.78-4.70) 1041 16.8% (14.6-19.3) 1220 50.5% (47.1-53.9)

Abbreviations: CI, confidence interval; NA, not applicable. *determined with Wilson continuity correction.

Figure 1. Meningococcal serogroup C (MenC) seroprevalence determined by rSBA assay (titer ≥ 8 defined 
as seroprotected) in the national sample per age group with 95% confidence intervals in 2006-07 and 
2016-17.
Purple (left) box represents age groups with MenC vaccine-eligible (for the mass campaign in 2002) individuals 
in 2006/07. Orange (right) box represents age groups consisting (partly)* of MenC vaccine-eligible (for the 
mass campaign in 2002) individuals in 2016/17. *the age group of individuals aged 31–39 years also contains 
vaccine-noneligible individuals. Abbreviations: mo, months.
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The protected proportion rapidly decreased with age in the 2016-17-survey. On aver-
age, only 10% of children aged 3-18 years showed rSBA titers ≥8. Low seroprevalence 
was also observed in unvaccinated adults, with only 6.5-9.5% of individuals aged 40-80 
years showing bactericidal activity, while ten years prior 26-36% of adults in these age 
groups showed a protective rSBA titer. A substantial part of young adults aged 19-30 
years was protected in 2016-17, with a seroprevalence gradually increasing from 20% 
in 19-21 year-olds to 46% in 26-30 year-olds (Table 2), reflective of vaccine-induced 
humoral immunity as they were vaccine-eligible (at an age of 3-16 years) during the 
MenC mass campaign 15 years prior.

MenACWY-PS-specific IgG concentrations in the national sample in 2016-17

The highest MenC-PS-specific GMC among children was observed in 1- and 2-year-olds 
with GMCs of 0.68 and 0.93 µg/mL, respectively (Figure 2). The MenC-PS-specific GMC 
gradually declined in children from 2 to 4 years of age to 0.33 µg/mL. In children and 
teenagers aged between 5 and 19 years, low MenC-PS-specific GMCs around 0.20 µg/
mL were observed. In adults, the highest GMCs were observed in 25-29 year-olds (0.86 
µg/mL, 95%CI 0.61-1.20) and 30-34 year-olds (0.42 µg/mL, 95%CI 0.30-0.60). Those age 
groups comprised individuals who were eligible for vaccination 15 years prior to serum 
collection in this study, with a single MenC vaccination given at an age of 10-18 years.

In adults aged 35 years and older, the GMCs were low and ranged between 0.04-
0.12 µg/ml, which was comparable to the 2006-07 survey (data not shown). Low 
MenA-, MenW- and MenY-PS-specific GMCs were found in children as well as in 
adults (Figure 2), reflecting the lack of IgG antibodies in a population that was not 
MenAWY-immunized at time of the 2016-17-survey. As observed in the 2006-07 survey 
[24], a minor but steady increase of MenA-PS-specific GMC was observed with age, 
however this cannot be explained by natural immunity since IMD-A is not prevalent 
in the Netherlands, but rather by cross-reactive antibodies that also recognize the 
capsule of Bacillus pumilus [25].
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Figure 2. Meningococcal ACWY polysaccharide (MenACWY-PS)-specific weighted geometric mean con-
centrations (GMCs) with 95% confidence intervals (CI) in the general Dutch population (i.e., the national 
sample) in 2016-17.

MenC-PS-specific IgG concentrations in the LVC sample in 2016-17

We found that only 58.8% of 14-23 month-olds in the LVC sample reported a history 
of MenC vaccination, in contrast to 92.3% in the NS (Table 1). Weighted MenC GMCs 
were significantly lower in the LVC sample than in the NS for 1-, 2- and 25-29 year-olds 
(Figure 3). In the other age groups until the age of 30 years, slight differences between 
weighted GMCs were observed, albeit not significant. No differences between the NS 
and LVC sample were observed in unvaccinated cohorts of adults 31 years and older.
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Figure 3. Meningococcal C polysaccharide (MenC-PS)-specific weighted geometric mean concentrations 
(GMCs) with 95% confidence intervals (CIs) in the general Dutch population (i.e., the national sample) 
compared to the low vaccination coverage areas (LVC) in 2016-17.
* p-value < 0.05, ** p-value < 0.001.

Figure 4. Meningococcal W and Y (left panel) and A (right panel) rSBA titers and corresponding polysac-
charide (PS)-specific IgG concentrations (µg/mL) in a subset of sera from the national sample in 2016-17.
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MenAWY serum bactericidal activity in the national sample in 2016-17

For all three serogroups, a low rSBA titer (<8) corresponded with a wide range of 
PS-specific IgG concentrations, from 0.01 to more than 10 µg/mL (Figure 4). The ma-
jority of sera with bactericidal activity against a specific serogroup also showed a 
high corresponding PS-specific-IgG concentration. However, there were also 12 sera 
(7.7%) with a MenY-PS-specific IgG concentration below 0.1 µg/mL, while the rSBA 
titer for that serogroup was ≥8. This was also true for 5 sera (3.2%) tested for MenW, 
indicating that bactericidal activity in those cases was not IgG PS-specific. Only 19 of 
the 167 (11.3%) randomly selected sera that were tested for MenA showed bactericidal 
activity against this serogroup.

MenW-PS-specific IgG concentrations in 2020

The MenW-PS-specific GMC in the vaccine-eligible age group of 15-19 years was 0.8 
µg/mL, while in all other age groups the GMC was below 0.1 µg/mL. Correspondingly, 
in the majority of samples (1445/1782, 81%) the MenW-PS-specific IgG concentration 
was below 0.1 µg/mL (Table 3). Almost two-third of the samples (215/337) with MenW 
IgG ≥ 0.1 µg/mL also had an IgG ≥0.1 µg/mL for two or three others serogroups, and 
were labelled as probably vaccinated recently or in the past with a MenACWY vaccine. 
Surprisingly, the age of those individuals ranged from 3 years to 81 years and less than 
half was vaccine-eligible according to their age. Of the remaining 122 participants 
with MenW IgG ≥0.1 µg/mL, 85 participants showed a lower IgG concentration in the 
2020-survey than in the 2016-17-survey. Only eight out of 1782 participants (0.45%) 
had a MenACWY IgG profile that suggested a natural infection with MenW in the years 
2017-2020, and were aged between 19-59 years, of which five were aged 42-52 years.

Table 3. Individuals with meningococcal serogroup W polysaccharide (MenW-PS) specific IgG ≥ or <0.1 
µg/mL in the 2020-serosurvey.

Label based on MenACWY-PS-specific IgG profile* N (%)

MenW ≥0.1 µg/mL Natural infection 8 (0.45%)

Probably MenACWY vaccinated 215 (12%)

Other 96 (5%)

Unknown 18 (1%)

MenW <0.1 µg/mL No detectable infection or vaccination 1445 (81%)

Total 1782

*sera with IgG concentrations for three or all four serogroups ≥0.1 µg/mL were labelled as ‘probable 
recent MenACWY vaccination’. When MenW IgG was ≥0.1 µg/mL, together with a 10-fold rise in MenW 
IgG concentration compared to the corresponding MenW IgG concentration in the 2016-17 sample, the 
label ‘probable recent MenW infection’ was assigned. If the MenW IgG was ≥0.1 µg/mL but lower in the 
2020-survey than in the 2016/17-survey, the sample was labelled as ‘other’ and if results were contradictory 
or inconsistent between serogroups or timepoints, the label ‘unknown’ was assigned.
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DISCUSSION

Here, we assessed meningococcal ACWY IgG antibody concentrations and functional 
antibody titers in the Dutch population encompassing a 4-year period (2016-2020) 
in which a MenACWY vaccination was implemented. We found a lack of immunity 
against meningococcal serogroups ACWY across most age groups in 2016-17. Only 
recently vaccinated toddlers and individuals who were vaccinated at teen age during 
the MenC mass campaign in 2002 showed bactericidal MenC activity, albeit lower than 
in the cross-sectional serosurvey conducted ten years prior. These results emphasize 
the waning of MenC immunity across the population in 2016-17, 15 years after im-
plementation of a MenC vaccination. Furthermore, we found MenW immunity in the 
2020-survey in teenagers who were vaccine-eligible during the MenACWY catch-up 
campaign in 2018-19, but low MenACWY antibody levels in vaccine-noneligible age 
cohorts.

Individuals who were 12 years or older at time of MenC mass campaign in 2002 ben-
efit most on an individual level 15 years postvaccination. Almost half of individuals 
aged 26-30 years (who were all vaccine-eligible in the mass campaign) showed bac-
tericidal activity against MenC, and the GMT was higher than in any other adult age 
group. This indicates that vaccinating teenagers with a single dose as part of a mass 
campaign during an epidemic protects half of them far into adulthood. The previous 
survey took place in 2006-07, shortly after the IMD-C epidemic in the Netherlands, 
whereas circulation of MenC is now very limited and thus natural boosting virtually 
absent [6]. This was also illustrated by the low seroprevalence estimates that we found 
in older, unvaccinated age cohorts. Currently, IMD-C cases only sporadically occur in 
both vaccinated and unvaccinated persons [7]. However, we believe that the observed 
overall low seroprevalence could have led to lack of MenC herd immunity in the nearby 
future if the recently introduced teenage MenACWY booster vaccination had not been 
implemented in the NIP in response to a IMD-W epidemic [8].

Surprisingly, less than two-third of vaccine-eligible toddlers (14-23 month-olds) ap-
peared protected shortly after the vaccination timepoint in the NIP. This is despite 
the fact that vaccination coverage was 92% in this group, which is in line with the 
national uptake [7]. In the previous survey that took place ten years before, higher 
SBA seroprevalence rates were detected in all young children, with levels up to 90% 
protection in toddlers [24]. Although we cannot rule out that the ten-year gap between 
the studies might have influenced the results, we executed extensive bridging exper-
iments to detect relevant differences in the assays, and validated the consistency of 
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the assays over time. Our results are in line with a Portuguese serosurveillance study 
that was recently published which showed a seroprevalence of 15.5% in 2-4 year-olds, 
who were primed at the age of 12 months with a MenC conjugate vaccine [26]. In a 
survey carried out in the UK nine year postvaccination, 15.6% of children aged 11 years 
- who were vaccinated once in the second year of life - was seroprotected [27]. This is 
comparable to 10% protection in the Dutch 10-year-olds, who were also vaccinated in 
the second year of life. Although poor persistence of antibodies in MenC-vaccinated 
young children has been described [28, 29], we do not have an explanation for the 
relatively high proportion of toddlers in the current study who lacked functional an-
tibodies shortly after vaccination. We expected to find higher seroprevalence levels 
based on previous immunogenicity and vaccine effectiveness studies (including the 
Dutch 2006-07-survey) that showed that short-term protection reached almost 100% 
in young children [30-33]. Nonetheless, this cohort is also protected indirectly through 
herd immunity [6], which is supported by a very low number of IMD-C cases in recent 
years in the Netherlands [7].

Outbreaks are extensively described for IMD, but mostly in students or military set-
tings or other mass gatherings [34, 35] and not necessarily in geographic spots with 
low coverage, in contrast to other vaccine-preventable infectious diseases [36, 37]. 
In the LVC sample, the MenC GMC was significantly lower than in the NS sample, but 
no meningococcal outbreaks in LVC areas have been described up until now. This will 
probably be the case as long as circulation of meningococci is restricted, although 
higher vaccine uptake in LVC areas would provide better direct protection.

While vaccination may induce production of IgA/IgM antibodies in addition to PS-spe-
cific IgG, carriage may elicit a local immune response on top of that [38, 39]. Moreover, 
natural infection might lead to antibodies against surface antigens not included in the 
vaccine and add to bactericidal activity [38]. On the other hand, the observation of a 
high IgG concentration with a low corresponding SBA titer could be explained by the 
presence of low-avidity or non-functional antibodies. We found that some sera showed 
bactericidal activity against MenW or MenY, while the corresponding PS-specific IgG 
concentration was low. It has previously been described that the correlation between 
IgG concentrations and SBA titers was lower in unimmunized groups [40], possibly 
explained by immunity conferred differently by natural infection compared to vac-
cination. Only 0.45% of the participants in the 2020-survey showed a MenACWY IgG 
profile that suggested recent natural MenW infection, even though IMD-W incidence 
rates had substantially increased in the Netherlands [9]. However, a recent carriage 
prevalence study among college students in the Netherlands [41] showed 1.3% MenW 
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carriage during the epidemic in the fall of 2018 in this age group, that is known to 
show higher carriage rates compared to other age groups. Therefore, the percentage of 
infected participants that we found seemed reasonable but meningococcal PS-specific 
IgG concentrations alone in a serosurvey must be interpreted carefully, especially in 
unvaccinated groups, and particularly also when results are not weighted for baseline 
characteristics.

One of the strengths of this study is the population-based nature with sampling in 
a representative sample every ten years, thereby enabling the detection of changes 
in seroprevalence over the years. The additional 2020-survey including longitudinal 
samples enabled us to investigate antibody levels shortly after the IMD-W epidemic 
as well. However, meningococcal vaccination history was not obtained in this study. 
This complicated the distinction between vaccination and natural infection and we 
had to use the MenACWY IgG profile for the exploration, which could have led to 
misclassification. Furthermore, SBA measurements would have been useful to support 
the IgG results. However, only small volumes of sera were collected in the 2020-survey, 
thereby precluding functional antibody measurements necessitating larger amounts 
of sera. Since we had to exclude participants that were either tested SARS-CoV-2 pos-
itive or had a very low serum volume (<50 µl), it must be taken into account that the 
representativeness of the sample might have been affected.

To conclude, we found that the majority of both children and adults in the Netherlands 
are currently poorly protected individually against MenACWY and we showed waning 
of MenC immunity that was induced by the mass campaign in 2002. Moreover, these 
consecutive studies underline the importance of the teenager MenACWY booster 
vaccination that was recently implemented in the NIP as this will improve the duration 
of seroprotection in this cohort and might provide indirect protection for cohorts with 
low antibody levels.
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Supplementary Table 1. Sociodemographic characteristics of participants with a serum sample available 
for MenACWY IgG antibody measurement in the 2020-survey

Age groups, years N (%)

3-14 265 (14.9%)

15-24 157 (8.8%)

25-34 235 (13.2%)

35-44 264 (14.8%)

45-64 520 (29.2%)

65-90 341 (19.1%)

Sex

Male 778 (43.7%)

Female 1004 (56.3%)

Educational level*

High 880 (50.1)

Middle 588 (33.4)

Low 290 (16.5)

Urbanization degree

Highly urbanized 326 (18.3)

Urbanized 559 (31.4)

Moderate urbanized 414 (23.2)

Little urbanized 316 (17.7)

Countryside 167 (9.4)

Ethnic background

Dutch 1593 (89.4)

other-Western 94 (5.3)

non-Western 95 (5.3)

*percentages calculated on the total number of participants with information on educational level 
available (missing for 24 participants)
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ABSTRACT

Background In response to the recent serogroup W invasive meningococcal disease 
(IMD-W) epidemic in the Netherlands, meningococcal serogroup C (MenC) conjugate 
vaccination for children aged 14 months was replaced with a MenACWY conjugate vac-
cination, and a mass campaign targeting individuals aged 14-18 years was executed. 
We investigated the impact of MenACWY vaccination implementation in 2018-2020 
on incidence rates and estimated vaccine effectiveness (VE).

Methods We extracted IMD cases diagnosed between July 2014 and December 2020 
from the national surveillance system. We calculated age group-specific incidence 
rate ratios by comparing incidence rates before (July 2017-March 2018) and after (July 
2019-March 2020) MenACWY vaccination implementation. We estimated VE in vac-
cine-eligible cases using the screening method.

Results Overall, the IMD-W incidence rate declined by 61% (95% confidence interval 
[CI], 40 to 74). It declined by 82% (95% CI, 18 to 96) in the vaccine-eligible age group 
(individuals aged 15-36 months and 14-18 years) and by 57% (95% CI, 34 to 72) in 
vaccine-noneligible age groups. VE was 92% (95% CI, -20 to 99.5) in vaccine-eligible 
toddlers (aged 15-36 months). No IMD-W cases were reported in vaccine-eligible teen-
agers after the campaign.

Conclusions The MenACWY vaccination programme was effective in preventing 
IMD-W in the target population. The IMD-W incidence reduction in vaccine-noneli-
gible age groups may be caused by indirect effects of the vaccination programme. 
However, disentangling natural fluctuation from vaccine effect was not possible. Our 
findings encourage the use of toddler and teenager MenACWY vaccination in national 
immunization programmes.
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INTRODUCTION

Neisseria meningitidis, a gram-negative bacterium with a polysaccharide capsule that 
confers the specific serogroup, is an important cause of meningitis and septicaemia [1]. 
Worldwide, invasive meningococcal disease (IMD) is most often caused by serogroup 
A, B, C, W, X and Y [2]. The meningococcus can be carried asymptomatically in the na-
sopharynx, but can also act as harmful pathogen when crossing the mucosal barriers. 
Carriage rates are high in teenagers, which is attributed to factors like social behaviour 
including kissing and crowding [3, 4]. Although teenagers show low incidence rates in 
most infectious diseases [5], they are disproportionally affected by IMD, together with 
young children. On average, 1 in 10 patients dies from IMD in countries with excellent 
health care [6]. Furthermore, survivors may experience severe sequelae like deafness 
and limb amputation despite proper medical treatment [7]. Meningococci elude most 
of the host innate immune response and IMD can develop within hours. Hence, the 
host cannot rely on memory mechanisms that are important for a cellular response. 
Thus, circulating antibodies, together with the complement system, are essential for 
bacterial killing [8]. Vaccination is the best strategy to prevent disease by inducing 
such protective antibodies. The majority of currently applied meningococcal vaccines 
induce the production of antibodies that specifically target the meningococcal pol-
ysaccharide capsule.

A recent IMD serogroup W (IMD-W) epidemic in the Netherlands led to dozens of 
disease cases in individuals of all ages with a high mortality rate [9], caused by menin-
gococci belonging to the hyperinvasive clonal complex 11 (cc11) [10]. This cc11 was 
already known for its ability to cause IMD-W epidemics in other countries such as 
the United Kingdom [11, 12]. To halt the epidemic, the meningococcal serogroup 
C conjugated to tetanus toxoid (MenC-TT) vaccine for toddlers was replaced by the 
MenACWY-TT vaccine in May 2018. In addition, a mass campaign in 2018-2019 that 
targeted individuals aged 14-18 years (birth cohort 2001-2005) was implemented, 
and the quadrivalent vaccine was introduced for all individuals aged 14 years in the 
national immunization programme (NIP) in 2020. This strategy aimed to directly pro-
tect these teenagers from disease and also limit transmission through this group [9].

Meningococcal vaccines are registered based on a serological correlate of protec-
tion that reflects the vaccine-induced immune response [13]. The reason is that rare 
diseases like IMD do not allow the use of clinical endpoints in pre-licensure studies 
that investigate vaccine efficacy directly. Consequently, post-licensure observational 
studies are necessary to evaluate effectiveness and impact of meningococcal vaccina-

3

Milou Ohm Binnenwerk V4.indd   49Milou Ohm Binnenwerk V4.indd   49 06-04-2023   19:3406-04-2023   19:34



50

Chapter 3

tion [14]. Previous studies have proved that a mass campaign with a MenC conjugate 
vaccine targeting children can limit an epidemic [15]. However, comprehensive data 
on MenACWY vaccine effectiveness (VE) is lacking and it is unknown whether vacci-
nating only 14-18 year-olds restricts a national outbreak and induces herd immunity.

Here, we describe the impact of the MenACWY vaccination programme in the Nether-
lands between 2018 and 2020. We determined the impact of vaccination in different 
age groups by comparing nationwide incidence rates before and after the mass cam-
paign, thereby investigating both direct and indirect protection. We report estimates 
of the VE in vaccine-eligible toddlers (aged 15-36 months) and teenagers (aged 14-18 
years) in the Netherlands.

METHODS

IMD surveillance in the Netherlands

The national IMD surveillance system is based on 2 data sources: notifications from 
the Regional Public Health Service (RPHS) and laboratory data from the Netherlands 
Reference Laboratory for Bacterial Meningitis (NRLBM, Amsterdam University Medical 
Center Amsterdam, the Netherlands). Data from these 2 sources are linked on a nation-
al level by the National Institute for Public Health and the Environment. In short, the 
notification of a case with clinical information from the RPHS, combined with a report 
of microbiological data including the serogroup from the NRLBM, results in a complete 
overview of all nationally occurring IMD cases. Linking between the 2 sources was 
possible for 87% of all unique records, as described previously [16].

A case was defined as a positive sample from a sterile site confirmed by culture, by 
polymerase chain reaction, or both. Vaccination status of each case was obtained from 
the national vaccination registry. Cases were only included in mortality analyses if 
the outcome status was known. A vaccine failure was defined according to the World 
Health Organization guidelines as follows: a laboratory-confirmed meningococcal case 
with onset more than 10 days after the scheduled dose of the vaccine targeting the 
respective disease-causing serogroup [17]. The national electronic vaccination register 
monitors the vaccination status for all minors up to age 18 years. The routine coverage 
in children aged 14 months was estimated at 93%, based on yearly published vaccine 
coverage data from this register [18]. The vaccine coverage within the teenager mass 
campaign was previously estimated at 86% [19].
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Periods for impact analyses

Epidemiological years were used to describe IMD cases from 2014 to 2020, with a 
year starting July 1 and ending June 30 the year thereafter. The period of quartile 3 
(Q3)-2017 until Q1-2018 was chosen as period before implementation because of 
corresponding length and seasonal characteristics as the period after implementation 
(Figure 1). The period also reflects the epidemiology of disease during the epidemic 
well. By only including the period during the peak of the IMD-W epidemic, the risk 
of underestimating the impact was limited. The period after implementation was de-
fined as starting Q3-2019 and ended at Q1-2020 to limit interference of the measures 
taken, starting close to Q2-2020, to control the coronavirus disease 2019 (COVID-19) 
pandemic. Data from Q2-2020 until Q4-2020 were also analyzed to determine the 
effect of the COVID-19 containment measures on IMD incidence. A sensitivity analysis 
repeated the before-after analyses but additionally included Q2-18 and Q3-2018 in 
the period before implementation, in order to evaluate to what extent the chosen 
period affected the estimated impact (Figure 1). This sensitivity period included the 
period when the MenACWY-TT vaccine was already implemented for children aged 
14 months, but the mass campaign for teenagers had not yet started.

Figure 1. Timeline of implementation and analyzed periods. Abbreviations: A, post-implementation 
period; Ac, period with COVID-19 containment measures; B, pre-implementation period, base case anal-
yses; Bc, period before COVID-19 containment measures; Bs, pre-implementation period within the sen-
sitivity analysis; COVID-19, coronavirus disease 2019; MenACWY, meningococcal serogroup A, C, W and Y; 
NIP, national immunization program; Q, quartile. Created with BioRender.com.
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Statistical analysis

The impact of the MenACWY vaccination campaign was analyzed by comparing in-
cidence rates per 100 000 individuals per year in periods before and after implemen-
tation (Figure 1), expressed as incidence rate ratio (IRR). We estimated the impact for 
different serogroups within different age groups and for the whole population. We 
calculated 95% confidence intervals (CIs) of IRR using a Poisson regression model. Age 
groups were categorized in accordance with the vaccination programme, individuals 
aged 15-36 months and 14-18 years were defined as the vaccine-eligible age groups, 
and individuals aged <15 months, 3-13 years and >19 years were defined as the vac-
cine-noneligible age groups. Since IMD-B is not targeted by the vaccine, this serogroup 
was included in the impact analysis as means of a negative control.

The VE was assessed for laboratory-confirmed IMD-W cases in vaccine-eligible toddlers 
and teenagers. Vaccine eligibility in toddlers was defined as born on or after 1 March 
2017 and diagnosed at age ≥14 months between 1 May 2018 and 31 December 2020. 
Vaccine-eligible teenagers were born between 1 January 2001 and 31 December 2005 
and diagnosed between 1 July 2019 and 31 December 2020 at age ≥14 years. We 
calculated the VE by comparing the proportion of cases vaccinated to the proportion 
of the population vaccinated in the studied cohort, which is the vaccine coverage in 
the respective cohort, using the screening method [20] with the following formula:

𝑉𝑉𝑉𝑉 = 1 −	
𝑃𝑃𝑃𝑃𝑉𝑉

1 − 𝑃𝑃𝑃𝑃𝑉𝑉 ∗	
1 − 𝑃𝑃𝑃𝑃𝑉𝑉
𝑃𝑃𝑃𝑃𝑉𝑉 	

 

where PCV is the proportion of cases vaccinated in the studied cohort and PPV is the proportion of the 
population vaccinated.

Data on population size were obtained from Statistics Netherlands to calculate inci-
dence per population time. Population data for 2020 was not yet available at time of 
analyses (January 2021); therefore, population data from 2019 were used to calculate 
population size for 2020. Statistical analyses were performed using Excel, GraphPad 
Prism 8 and SPSS Statistics 24.
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RESULTS

A total of 884 IMD cases was reported in a 6-year period from 2014-15 until 2019-20 
(Figure 2). IMD cases were predominantly caused by serogroup B in 2014-15 (Figure 2) 
and the years before (data not shown). While only 5 cases of IMD-W were observed 
in 2014-15, it was the most common serogroup in 2017-18 with 104 cases. IMD-C has 
rarely been observed since the introduction of MenC vaccination in 2002, with only 
a few cases occurring throughout the studied years (Figure 2). IMD-Y accounted for 
12% (n=109) of all cases in the period 2014-15 to 2019-20, whereas IMD due to other 
serogroups such as IMD-E and IMD-X, and non-groupable IMD accounted for a few 
cases per year (data not shown). In the studied period, IMD-A was never reported. The 
largest proportion of fatal IMD-W cases in the study period occurred in 2017-18 (47%; 
22 out of 47 cases). Of 22 deceased cases in 2017-18, 13 (59%) were adults aged ≥45 
years and 6 were individuals aged between 14 and 24 years. In 2019-20, only 3 fatal 
IMD-W cases were reported.

Figure 2. Number of invasive meningococcal serogroup B, C, Y, and W disease cases (A) and deceased 
cases* (B) in the period 2014–2015 to 2019–2020. *Only cases with known outcome status are shown (out-
come status missing for 12 invasive meningococcal disease [IMD]-B cases, 0 IMD-C cases, 8 IMD-Y cases, 
and 7 IMD-W cases in this 6-year period).

While IMD-W cases were rare and only observed in adults in 2014-15, incidence started 
to increase in 2015-16 with highest incidence in children ≤15 months of age, albeit low 
absolute numbers (Figure 3). In 2016-17, incidence increased, particularly in individuals 
aged 14-18 years (0.20 to 1.07 per 100 000) followed by a rise in incidence in almost all 
age groups in the year thereafter. Children aged ≤36 months were disproportionally 
affected during the peak years, although the absolute number of cases was highest 
in middle-aged adults and elderly (Figure 3). 
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Figure 3. Number of cases (A) and incidence (B) of invasive meningococcal disease W per age group.

The number of cases dropped in 2018-19 in all age groups except in individuals aged 
14-18 years, with 13 cases that year compared with 10 cases the year before. Over the 
years, the number of cases and incidence rates were continuously low in individuals 
aged 3-13 years and 25-44 years.
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During the mass campaign, the incidence in vaccine-eligible groups rapidly declined 
(Figure 4). After the mass campaign, the IMD-W incidence rate had declined in all age 
groups (Table 1). The most pronounced reduction was observed in vaccine-eligible 
individuals aged 14-18 years with 8 cases before implementation and zero after im-
plementation. Older age cohorts (adults aged 45-64 years and ≥65 years) also showed 
a significant decrease in incidence; the overall IRR for the vaccine non-eligible age 
groups was 0.43 (0.28-0.66).

Table 1. Incidence rate (IR) and incidence rate ratio (IRR) for meningococcal serogroup W per age group 
and for serogroup B, C and Y per vaccine-eligible or vaccine-noneligible age group, in the period before 
and after implementation of meningococcal A, C, W and Y conjugated to tetanus toxoid (MenACWY-TT) 
vaccination.

Age group N IR Q3-2017 to Q1-2018  
(before)

N IR Q3-2019 to Q1-2020  
(after)

IRR 95% CI

Serogroup W <15 months 4 2.49 1 0.63 0.25 0.03–2.27

15-36 months 3 1.31 2 0.88 0.67 0.11–4.02

3-13 years 0 0.0 1 0.07 NA NA

14-18 years 8 1.03 0 0.0 NA NA

19-24 years 5 0.52 2 0.21 0.39 0.08–2.03

25-44 years 7 0.22 3 0.09 0.42 0.11–1.64

45-64 years 24 0.66 8 0.22 0.33 0.15–0.74

≥65 years 27 1.13 14 0.56 0.50 0.26–0.95

All 78 0.61 31 0.24 0.39 0.26–0.60

Vaccine-eligible 11 1.09 2 0.20 0.18 0.04–0.82

Vaccine-noneligible 67 0.57 29 0.24 0.43 0.28–0.66

Serogroup C Vaccine-eligible 0 0.0 0 0.0 NA NA

Vaccine-noneligible 5 0.04 1 0.01 0.20 0.02–1.69

Serogroup Y Vaccine-eligible 2 0.20 0 0.0 NA NA

Vaccine-noneligible 15 0.13 14 0.12 0.92 0.45–1.91

Serogroup B Vaccine-eligible 18 1.79 19 1.90 1.06 0.56–2.02

Vaccine-noneligible 46 0.39 30 0.25 0.65 0.41–1.02

Vaccine-eligible, aged 15–36 months and 14–18 years; vaccine-noneligible, aged under <15 months, 3–13 
years, and ≥19 years. Abbreviations: IR, incidence rate; IRR, incidence rate ratio; NA, not applicable; Q, 
quartile.

3

Milou Ohm Binnenwerk V4.indd   55Milou Ohm Binnenwerk V4.indd   55 06-04-2023   19:3406-04-2023   19:34



56

Chapter 3

Figure 4. Invasive meningococcal disease W incidence per quartile during the calendar years 2015–2020 
in vaccine-eligible (aged 15–36 months and 14–18 years) and vaccine-noneligible (aged <15 months, 3–13 
years, and ≥19 years) groups.

After implementation of the MenACWY vaccination, IMD-Y cases were absent in age 
groups eligible for vaccination; this is in contrast to 2 cases in the period before imple-
mentation (Table 1). In vaccine-noneligible age groups, no difference was observed in 
IMD-Y incidence (IRR 0.92). Although IMD-C cases were already rare and only observed 
in individuals aged ≥45 years, there were even fewer cases after implementation of 
MenACWY vaccination (5 before, 1 after). Overall, the impact on total MenACWY cases 
was larger in vaccine-eligible age groups than in vaccine-noneligible age groups (IRR, 
0.15; 0.03-0.68 and IRR, 0.50; 0.35-0.72, respectively) though all age groups showed a 
decreasing incidence (data not shown). The incidence of IMD-B did not change in vac-
cine-eligible age groups and decreased slightly but not significantly in vaccine-nonel-
igible age groups.

A sensitivity analysis was carried out by including 2 additional quartiles (Q2-2018 and 
Q3-2018) in the period before implementation and showed that IRRs did not change 
when the analyzed period included this extended period before implementation (Sup-
plementary Table 1). The incidence of IMD-W during COVID-19 containment measures 
(Q3-Q4 2020) was lower than in Q3-Q4 2019 (Figure 4), a period just after implemen-
tation of the vaccination with the same seasonal characteristics but before COVID-19 
measures were taken (Figure 1). The incidence of IMD-B also decreased during the time 
COVID-19 measures were in place, although the decrease in noneligible age groups 
was less pronounced than for IMD-W and IMD-Y (Table 2).
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Table 2. Incidence rate (IR) and incidence rate ratio (IRR) for meningococcal serogroup W, Y and B per 
vaccine cohort (vaccine-eligible, vaccine-noneligible and overall), comparing period before and during 
COVID-19 containment measures.

Cohort N IR Q3-19 to Q4-19  
(before COVID)

N IR Q3-20 to Q4-20
(during COVID)

IRR 95% CI

Serogroup W Vaccine-eligible 2 0.30 0 0.0 NA NA

Vaccine-noneligible 21 0.26 4 0.05 0.19 0.07–0.55

Overall 23 0.27 4 0.05 0.17 0.06–0.50

Serogroup Y Vaccine-eligible 0 0.0 0 0.0 NA NA

Vaccine-noneligible 6 0.08 1 0.01 0.17 0.02–1.38

Overall 6 0.07 1 0.01 0.17 0.02–1.38

Serogroup B Vaccine-eligible 13 1.95 3 0.45 0.19 0.07–0.55

Vaccine-noneligible 18 0.23 14 0.18 0.67 0.37–1.21

Overall 31 0.36 17 0.20 0.55 0.30–0.99

Vaccine-eligible, aged 15–36 months and 14–18 years; vaccine-noneligible, aged under <15 months, 3–13 
years, and ≥19 years. Abbreviations: IR, incidence rate; IRR, incidence rate ratio; NA, not applicable; Q, 
quartile.

The estimated VE for 1 dose of MenACWY-TT in children aged 14 months against 
IMD-W was 92% (95% CI, -20 to 99.5). Two IMD-W cases occurred in this eligible cohort, 
both aged ≥14 months at the time of diagnosis and eligible for vaccination based on 
date of birth (being born after March 2017). One case was vaccinated 16 months prior 
to becoming ill, and 1 was unvaccinated. No IMD-W cases were observed in teenagers 
eligible for vaccination; therefore, VE could not be estimated in this cohort. For the 
other serogroups included in the vaccine (serogroup ACY), it was also not possible to 
estimate the VE due to the lack of cases in both vaccine-eligible cohorts.

DISCUSSION

In response to a national IMD-W epidemic in the Netherlands, MenACWY vaccination 
was implemented in the NIP for toddlers from April 2018 onward and for teenagers 
from October 2018 onward, together with a mass campaign for individuals aged 14-18 
years between October 2018 and June 2019. In this study, we evaluated IMD cases 
in the Netherlands from 2014-15 onward, at the time the IMD-W epidemic emerged 
and the NIP consequently was adjusted to counter the epidemic. We found an overall 
61% decrease in IMD-W incidence and an even higher reduction of cases of 82% in 
vaccine-eligible toddlers and teenagers, within the first year after the mass campaign 
was completed. The VE in toddlers was 92%; only 1 vaccinated toddler became ill with 
IMD-W. No cases were observed in teenagers after the mass campaign, thereby pre-
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cluding an estimate of VE in this cohort. Whereas incidence of the vaccine-preventable 
serogroup Y did decrease in the vaccine-eligible cohort, there was very little decline 
in IMD-Y in vaccine-noneligible age groups (IRR, 0.92) in the first 3 quartiles after 
completion of the mass campaign.

A catch-up programme in the UK between 2015 and 2017 provided the MenACWY 
vaccination to all individuals aged 13-18 years [21]. Despite a low coverage of 36.6% 
in the first cohort to be vaccinated, 69% fewer IMD-W cases were observed than were 
predicted to occur without intervention during the first 12 months of the teenager 
MenACWY vaccination programme [22]. Comparable to our findings in toddlers, the 
early estimated VE in teenagers in that study was 100% for IMD-W, but with wide con-
fidence intervals (9%CI -47 to 100) due to small numbers. A study from Chile showed 
a 92% reduction in IMD-W cases in the first 4 years after a mass campaign in the Men-
ACWY vaccinated cohort that consisted of infants and children aged 9 months to 4 
years [23]. Indirect effects were not yet observed 1 year after vaccination in Chile; the 
lack of infants younger than 9 month of age and teenagers in the target group was 
given by the authors as possible explanation. Several European countries reported an 
increase in IMD-W during the years 2013-17; however, the Netherlands was among 
the most strongly affected countries [12], and one of the few that implemented the 
MenACWY vaccination in response to the epidemic. In less affected countries, imple-
mentation was considered but often not recommended by National Immunization 
Technical Advisory Groups for benefit, risk, and cost reasons.

Most studies that investigated the effectiveness of the monovalent MenC conjugate 
vaccine reported VE results that were similar to what we observed for the quadrivalent 
MenACWY conjugate vaccine. According to a systematic review that studied menin-
gococcal transmission and disease in adolescents, MenC-TT effectiveness was approxi-
mately 90% within the first year post-vaccination [24]. The effectiveness of MenC-TT in 
the routinely vaccinated cohort in England (3 doses given to infants aged 2-4 months) 
was 93% within 1 year of the scheduled vaccination [25]. In Italy since 2005, a major 
reduction of cases has been observed after a single dose of MenC-TT was provided 
at age 13-15 months, with some regions carrying out mass-campaigns with either 
MenC or MenACWY conjugate vaccinations in the years thereafter [26]. Overall, high 
VE of the MenC-TT vaccine has been observed in the past across different European 
countries, with vaccine failure begin rare.

Since the start of the COVID-19 containment measures in March 2020, partial lock-
downs did not only reduce COVID-19 disease, they also reduced the incidence of many 

Milou Ohm Binnenwerk V4.indd   58Milou Ohm Binnenwerk V4.indd   58 06-04-2023   19:3406-04-2023   19:34



59

MenACWY vaccine impact and effectiveness

other infectious diseases [27, 28]. At the time of COVID-19 containment measures, 
which was more than 1 year after the MenACWY mass campaign was completed, all 
serogroup IMD incidence decreased substantially. As a consequence of those meas-
ures, we could only include a constrained period in our before-after analysis, with both 
periods consisting of 3 quartiles. The analysis showed a decrease in IMD-W incidence 
in vaccine-noneligible age groups, suggesting a herd effect. However, stabilization of 
the incidence had already appeared at the start of the mass campaign. In addition, 
we did not find any early impact in vaccine-noneligible groups for other vaccine-tar-
geted serogroups such as IMD-Y, but the number of cases was low. Remarkably, in 
vaccine-noneligible age groups, the decrease in IMD-W and IMD-Y incidence (IRR, 
0.19; 0.07-0.55 and IRR, 0.17; 0.02-1.38, respectively) during the period with COVID-19 
measures was larger than for IMD-B (IRR, 0.67; 0.37-1.21), which is not covered by the 
vaccine. This could be supportive for an additional effect of group immunity by Men-
ACWY vaccination. However, the epidemiology of IMD-B is different from IMD-W and 
IMD-Y, for example, in terms of age-related susceptibility, and the decrease in IMD-B 
in vaccine eligible groups was similar to IMD-W and IMD-Y in vaccine-noneligible age 
groups during the measures with IRR, 0.19 (0.07-0.55). Thus, the significance of these 
findings remains uncertain.

One drawback of observational research is that it may be confounded by natural trends 
in the incidence of disease over time. Meningococci are known for seasonal variation 
[29], and incidence varies not only within a year, but also throughout the years. For 
example, IMD-B incidence has been steadily declining since early 2000 in the Neth-
erlands without demonstrable reason; in contrast IMD-W suddenly increased rapidly 
in 2015-16. This highlights the importance of comparing periods with the same sea-
sonality, if available, and a critical appraisal of the periods chosen for the before-after 
analysis. Our sensitivity analysis showed that the period chosen for analysis, although it 
consisted of only 3 quartiles, was robust for the impact analyses. However, as possible 
explanation for the observed decrease, we cannot rule out that natural changes in epi-
demiology may have added to a vaccine-induced effect. Carriage studies should verify 
if the vaccination campaign truly led to the proposed herd effect through reduced 
transmission, although behavioral factors such as intimacy with others and smok-
ing may also affect carriage rates [4]. Evidence for reduced meningococcal carriage 
after a quadrivalent vaccine is present but limited [30] and sometimes controversial. A 
cross-sectional carriage study in the United Kingdom in university students observed 
a substantial rise in meningococcal serogroup W carriage despite a coverage of 71% 
with the MenACWY-TT vaccine [31]. It should, however, be taken into account that this 
study investigated a close-contact and thus high-risk setting. Also, a recent modelling 
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study using the same carriage data showed that vaccination led to a carriage plateau, 
and the authors predicted that a higher coverage rate would have produced further 
reduction in carriage levels [32].

In conclusion, we found that the implementation of a MenACWY conjugate vaccine for 
individuals aged 14-18 years through a mass campaign, in addition to its introduction 
in the NIP for toddlers and teenagers, led to a reduction in IMD-W cases in vaccine-eli-
gible age groups. A decline in IMD-W incidence was also observed in vaccine-noneli-
gible groups, but it remains uncertain to what extent the reduction can be attributed 
to indirect effects of the vaccination campaign because it is difficult to disentangle 
natural fluctuation from vaccine effect. This study provides information for countries 
facing an IMD-W epidemic and highlights the importance of continuous surveillance 
to improve vaccination policies and enable quick intervention during an outbreak. It 
underlines the high effectiveness of MenACWY vaccination and encourages its use as 
toddler and teenager vaccination in national immunization programmes.
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Supplementary Table 1. Incidence rate (IR) and incidence rate ratio (IRR) comparing the sensitivity 
period before and after implementation of meningococcal A, C, W and Y conjugated to tetanus toxoid 
(MenACWY-TT) vaccination for meningococcal serogroup W per age group, and per vaccine-eligible or 
vaccine-noneligible age group.

Age group N IR Q3-2017 to Q3-2018  
(before)

N IR Q3-2019 to Q1-2020  
(after)

IRR 95% CI

Serogroup W <15 months 6 2.24 1 0.63 0.28 0.03–2.34

15-36 months 5 1.32 2 0.88 0.67 0.13–3.45

3-13 years 4 0.16 1 0.07 0.42 0.05–3.77

14-18 years 15 1.16 0 0.0 NA NA

19-24 years 9 0.56 2 0.21 0.36 0.08–1.69

25-44 years 10 0.19 3 0.09 0.50 0.14–1.80

45-64 years 36 0.60 8 0.22 0.37 0.17–0.80

≥65 years 37 0.92 14 0.56 0.61 0.33–1.13

All 122 0.57 31 0.24 0.42 0.28–0.62

Vaccine-eligible 20 1.19 2 0.20 0.17 0.04–0.72

Vaccine-noneligible 102 0.52 29 0.24 0.47 0.31–0.71

Vaccine-eligible, aged 15–36 months and 14–18 years; vaccine-noneligible, aged under <15 months, 3–13 
years, and ≥19 years. Abbreviations: CI, confidence interval; NA, not applicable; Q, quartile.
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ABSTRACT

Neisseria meningitidis is often asymptomatically carried in the nasopharynx but may 
cause invasive meningococcal disease, leading to morbidity and mortality. Meningo-
coccal conjugate vaccinations induce functional protective antibodies against capsular 
antigens, but seroprotection wanes over time. We measured functional antibody titers 
five years after administration of a single dose of the meningococcal ACWY-polysac-
charide-specific tetanus toxoid-conjugated (MenACWY-TT) vaccine in adolescents and 
middle-aged adults in the Netherlands, using the serum bactericidal antibody with 
baby rabbit complement (rSBA) assay. Protection was defined as rSBA titer ≥8. The 
meningococcal ACWY-specific serum IgG concentrations were measured with a mul-
tiplex immunoassay. Duration of protection was estimated by a bi-exponential decay 
model. Sufficient protection for MenC, MenW, and MenY was achieved in 94–96% of 
the adolescents five years postvaccination, but, in middle-aged adults, only in 32% for 
MenC, 65% for MenW and 71% for MenY. Median duration of protection for MenCWY 
was 4, 14, and 21 years, respectively, in middle-aged adults, while, in adolescents, it was 
32, 98, and 33 years. Our findings suggest that adolescents, primed in early childhood 
with MenC conjugate vaccination, remain sufficiently protected after a single dose 
of MenACWY-TT vaccine. Middle-aged adults without priming vaccination show fast 
waning of antibodies, particularly MenC, for which protection is lost after four years.
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INTRODUCTION

As a commensal bacterium, Neisseria meningitidis resides in the nasopharynx in humans 
mostly without clinical symptoms. However, sometimes encapsulated serogroups may 
invade the bloodstream of the human host, and cause invasive meningococcal disease 
(IMD) [1, 2]. IMD has both severe acute and life-long consequences and is a major cause 
of mortality [3]. Antibiotics are the main therapy, together with supportive therapy, but 
may work too late against this rapidly progressive disease. To prevent meningococcal 
disease, vaccination with meningococcal conjugate vaccines induces the production 
of protective antibodies against the polysaccharide capsule of the meningococcal bac-
terium [4]. Although a vaccine also induces a cellular memory response, the response 
might be too slow to provide protection against Neisseria meningitidis. A memory 
response can take up to five days, while an invasive disease can manifest itself within 
hours after encountering the pathogen [5, 6]. For protection, it is therefore necessary 
to maintain sufficient levels of circulating anticapsular antibodies that directly interact 
with the complement system to prevent invasive disease by bacterial killing [7-10].

A steep rise in meningococcal C (MenC) disease incidence around 2000 in the Neth-
erlands led to the introduction of a single MenC tetanus toxoid conjugate (MenC-TT) 
vaccination at 14 months of age in the national immunization program (NIP) in 2002 
[11]. In addition, a MenC-TT vaccination was offered to all children aged 1–18 years 
as part of a catch-up mass-campaign to eradicate MenC circulation. A single-dose 
schedule at 14 months of age did not provide sufficient protection on the long-term 
[12] and the timing of an adolescent booster-dose in the NIP was investigated [13, 14]. 
In 2015/2016, a MenW epidemic in the Netherlands emerged, which led to the intro-
duction of meningococcal A, C, W, and Y conjugated to tetanus toxoid (MenACWY-TT) 
vaccine for toddlers at age 14 months with a booster vaccination at the age of 14 
years. At the same time, a catch-up campaign with a single dose of the MenACWY-TT 
vaccine was conducted in all 14 to 18-year-olds. Although this campaign is assumed 
to include the main carriers of MenW [15] and, in this way, might eventually lead to a 
benefit for unvaccinated individuals through herd protection; this may take time [16]. 
Disease cases in the MenW epidemic occurred not only in the very young children 
and in adolescents, but also in adults and in the elderly [17]. To protect older age 
groups directly against IMD, vaccination of other age categories might be required 
[18]. In former studies, MenACWY-TT vaccination has shown to elicit a good immune 
response in both children and adults [18-24]. However, we have previously shown 
that the functional antibody titers in middle-aged adults were lower compared to 
adolescents already at one month after vaccination [25].

4
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To optimize vaccination strategies, knowledge about the duration of protection after 
a single MenACWY-TT vaccination is essential. However, long-term persistence of 
functional antibodies induced by a MenACWY-TT vaccination has been scarcely in-
vestigated, especially in older adults [26, 27]. The level of vaccine-induced protection 
and potentially also the duration of protection seems to vary among different age 
groups [22, 28]. The aim of the current study was to determine duration of protection 
after a single MenACWY-TT vaccination in adolescents who were once primed with 
a single MenC-TT vaccination at preschool age and middle-aged adults who were 
naïve to meningococcal vaccination. We assessed both functional antibody titers and 
concentrations of IgG antibodies using a five-year postvaccination serum sample and 
estimated vaccine-induced duration of protection in years using a multilevel bi-expo-
nential decay model. Furthermore, meningococcal type-specific IgG concentrations 
were compared with rSBA titers of the corresponding serogroup to gain insight into 
the difference between quantity and functionality of persisting antibodies.

METHODS

Study design and participants

This is a five-year follow-up study of two phase-IV trials conducted in a single center 
in the Netherlands. In these trials, a primary MenACWY-TT vaccination was adminis-
tered to 225 healthy adolescents who were all once primed with a MenC-TT vaccine 
(NeisVac-C) at an age between 14 months and 3 years, and to 204 healthy middle-aged 
adults who were naïve to meningococcal vaccination. Detailed information on recruit-
ment, study design, in-and exclusion criteria and clinical procedures are previously 
described [18, 29]. In short, in the adolescent trial (EudraCT number: 2013-001823-
38, Dutch Trial Register: NL4286), healthy 10-, 12-, and 15-year-olds were recruited in 
the surrounding area of Utrecht, the Netherlands. All participants received a single 
dose of the MenACWY-TT vaccine in the spring of 2014. Venous blood samples were 
collected before, 1 month, and 1 year after the study vaccination. In the middle-aged 
adult trial (EudraCT number: 2014-000967-42, Dutch Trial Register: NL4518), healthy 
50- to 65-year-olds were recruited in the municipality of Amersfoort, the Netherlands. 
All participants received a single dose of the MenACWY-TT vaccine in the autumn of 
2014. Venous blood samples were collected before, 7 days, 1 month, and 1 year after 
the study vaccination.
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In the follow-up studies, all participants that completed the former trial and gave 
permission to approach them in the future were asked to donate a venous blood 
sample that was collected 5 years (±3 months) after vaccination. Receiving an addition-
al MenACWY vaccination after the 1-year timepoint was now added to the exclusion 
criteria. Participants that failed to build up an immune response after the MenACWY-TT 
vaccination during the adolescent study were excluded because they were offered an 
extra vaccination.

These studies were designed and conducted in accordance with the Good Clinical 
Practice guidelines established by the International Conference on Harmonization 
and with the Declaration of Helsinki. Ethical approval was obtained from the local 
ethics committee Medical research Ethics Committees United (MEC-U) for both fol-
low-up studies. The middle-aged adult study was approved as an amendment. Since 
the adolescent study was already officially terminated in the national study register, 
this follow-up study was registered separately at the Dutch Trial Register (NL7735). 
Written informed consent was obtained from all participants and from both parents 
or guardians when a subject was aged <16 years at enrolment.

Serological analysis

The functional antibodies were assessed by performing a serum bactericidal antibody 
with baby rabbit complement (rSBA) assay (Pelfreez, Rogers, Arkansas, U.S.A, lot 22841) 
and MenC strain C11 [30], MenW strain MP01240070, and MenY strain S-1975 as target 
strains. The serum bactericidal titer was defined as the dilution of the test serum that 
yielded ≥50% killing after 60 min incubation with a titer of ≥8 as correlate of protection 
[31-33]. Functional antibody titers were also analyzed using the more conservative 
threshold of ≥128 [31, 32]. For statistical purposes, rSBA titers below the cut-off of the 
assay (<4) were given a value of 2. Since no data were available from the former study 
in middle-aged adults about MenA titers, the MenA rSBA assay was not performed 
in this follow-up study. MenA-, MenC-, MenW-, and MenY-PS specific serum IgG con-
centrations were measured using the fluorescent-bead-based multiplex immunoassay 
(MIA) as previously described [34-36], with minor modification of using a protein-free 
buffer (Surmodics, Eden Prairie, MN, U.S.A.) since 2019. The lower limit of quantitation 
was assigned at 0.01 µg/mL for all four serogroups [34-36]. A previously suggested, 
arbitrary cut-off of ≥2 µg/mL for total serum IgG was used for analyses [37-41].

4
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Mathematical model

A multilevel bi-exponential decay model was used to estimate the long-term protec-
tion in terms of functional antibody persistence [42-45]. This model describes the rSBA 
titer decay with the following equation:

𝑌𝑌(𝑡𝑡) = 𝑌𝑌! &
𝑒𝑒"#!(%"%!) + 𝑓𝑓'𝑒𝑒	"#"(%"%!)

1 + 𝑓𝑓'
+	

 
where Y(t) is the antibody titer as function of time (t) after reaching its peak concentration at time t1. v1 and 
v2 are the rates of the two exponential decay components conforming the bi-exponential model. After the 
antibody level peaks at time t1 with value Y1, its decay rate is dominated by the faster decay rate v1 . After a 
while, depending on the value of the factor  fy , the antibody level decay rate slows down and ends up being 
dominated by the slower decay rate, v2. The individual antibody titers of each participant at four timepoints 
(just before, one month, one year, and five years after vaccination) were used to inform the model under a 
Bayesian framework. By means of Markov chain Montecarlo simulations, the model parameters were calculated 
and used to predict expected rSBA titers as a function of time. Four million iterations per simulation were 
calculated using the software JAGS [46], version 4.3, run under R, version 3.6.3 (https://www.r-project.org/).

Statistical analysis

All statistical analyses were performed using GraphPad Prism 8 and SPSS Statistics 24. 
rSBA geometric mean titers (GMTs) and geometric mean concentrations (GMCs) of the 
meningococcal specific IgG concentrations were calculated with corresponding 95% 
confidence intervals (CI). Differences between age groups in GMTs and in GMCs at the 
five-year timepoint, and for the GMTs also at the pre-vaccination timepoint (T0) were 
determined with the Mann–Whitney test. Differences between age groups in GMTs at 
the timepoints one month and one year postvaccination were determined with linear 
regression analyses on natural log-transformed values, adjusting for pre-vaccination 
values from the former studies. Proportions with 95% CI of participants with a rSBA ≥8 
and ≥128 were calculated using the Wilson score interval with continuity correction 
[47]. Differences in proportions at the five-year timepoint were tested with the Fisher’s 
exact test. The Spearman correlation coefficient (R) was calculated to compare rSBA 
titers and IgG concentrations. Statistical tests were 2-sided. A calculated p-value below 
0.05 was considered statistically significant.
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RESULTS

Study participants

Of the 225 participants that received a MenACWY-TT vaccination in the adolescent 
study [29], 221 were approached with an invitation to participate again. Many former 
participants who were interested in participating had to be excluded from this study 
due to a recently received MenACWY-TT vaccination as part of the mass-campaign in 
the Netherlands; therefore, only 50 could be included in the current follow-up study. 
Of the 204 participants in the middle-aged adult study [18], 194 were approached with 
an invitation to participate again and 130 could be included in the follow-up study. In 
total, 180 participants were enrolled in the follow-up studies (Figure 1).

221 approached

15 year olds
N = 74

17 year olds
N = 75

19/20 year olds
N = 72

Response to 
invitation

49/74 (66%)

Response to 
invitation 

31/75 (41%)

Response to 
invitation

28/72 (39%)

Included: 20
Excluded: 29
- 25 recently received

MenACWY
vaccination

- 2 not available
during study period

- 2 failed to build up
initial antibody
response in 2014

Included: 9
Excluded: 22
- 1 corticosteroid therapy
during study
- 18 recently received

MenACWY vaccination
- 1 received vaccination

within one month before
venepuncture

- 2 not available during
study period

Included: 21
Excluded: 7
- 6 not available

during study period
- 1 failed to build up

initial antibody
response in 2014

194 approached

Response to 
invitation 

147/194 (76%)

Included: 130
Excluded: 17
- 1 corticosteroid therapy
during study
- 2 recently undergone

surgery
- 10 not available during

study period
- 4 did not show up at

venepuncture
appointment

Adolescent study Middle-aged adult study

Figure 1. Flow-chart for response to invitation, inclusion and exclusion in the follow-up studies.

Persistence of antibodies after MenACWY-TT vaccination

Five years postvaccination, protective rSBA titers ≥8 were observed in 94% (MenC), 
96% (MenW) and 94% (MenY) of the adolescents (Figure 2). Protection against all three 
serogroups was present in 88% of the participants.

4

Milou Ohm Binnenwerk V4.indd   71Milou Ohm Binnenwerk V4.indd   71 06-04-2023   19:3406-04-2023   19:34



72

Chapter 4

Middle-aged adults showed rSBA titers ≥8 against MenC in 32%, against MenW in 65% 
and against MenY in 71% (Figure 2 and Table 1) at the five-year timepoint. Only 19% 
of the participants were still protected against all three serogroups after five years. 
The meningococcal specific GMTs differed significantly between the age groups not 
only at 1 month and 1 year but now also at five years after vaccination (Table 1). The 
proportion of adolescents showing rSBA titers above the more conservative threshold 
of ≥128 was significantly higher for all serogroups compared with the proportion of 
protected middle-aged adults (Table 1). A considerable difference was seen for MenC, 
as 88% of the adolescents showed rSBA titers ≥128 while only 13% of the middle-aged 
adults showed titers above this more conservative threshold (Table 1).

Figure 2. Longitudinal meningococcal serogroup C (a), W (b) and Y (c) specific geometric mean titers 
(GMTs) of serum bactericidal antibody with baby rabbit complement (rSBA) for two age groups at pre-vac-
cination, 1 month, 1 year, and 5 years after a meningococcal serogroup A, C, W, Y conjugated to tetanus 
toxoid (MenACWY-TT) vaccination. Error bars indicate 95% confidence intervals. The orange and pink 
dots represent the individual measured titers. p-values for the pre-vaccination timepoint and five-year 
timepoint were calculated with Mann–Whitney test. p-values for the 1 month and 1 year timepoint were 
calculated on natural log-transformed values with linear regression, adjusting for pre-vaccination titers.

A B

C
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Table 1. Meningococcal serogroup C, W, Y (MenCWY)-specific geometric mean rSBA titers (GMTs), 
MenACWY-polysaccharide (PS)-specific concentrations (GMCs), and proportions of participants with a 
serum bactericidal antibody (rSBA) titer ≥8 and ≥128 with corresponding 95% confidence intervals (CI) 
determined five years after vaccination.

Antibody Age group p-value

Adolescents (n = 50) Middle-aged adults (n = 130)

MenA GMC MenA-PS-specific IgG µg/mL (95% CI) 1.8 (1.2–2.5) 2.8 (2.0–3.9) 0.1532

MenC GMT (95% CI) 588 (341–1014) 6.5 (4.6–9.0) <0.0001

% rSBA-titer ≥8 (95% CI) 94% (82–98) 32% (24–40) <0.0001

% rSBA-titer ≥128 (95% CI) 88% (75–95) 13% (8–20) <0.0001

GMC MenC-PS-specific IgG µg/mL (95% CI) 10.1 (7.7–13.2) 1.3 (0.9–1.7) <0.0001

MenW GMT (95% CI) 578 (372–898) 52.5 (35.4–78.3) <0.0001

% rSBA-titer ≥8 (95% CI) 96% (85–99) 65% (56–73) <0.0001

% rSBA-titer ≥128 (95% CI) 96% (85–99) 56% (47–65) <0.0001

GMC MenW-PS-specific IgG µg/mL (95% CI) 1.3 (0.8–2.1) 0.5 (0.4–0.6) 0.0008

MenY GMT (95% CI) 270 (170–430) 70.5 (47.2–105) 0.0002

% rSBA-titer ≥8 (95% CI) 94% (82–98) 71% (62–79) 0.0006

% rSBA-titer ≥128 (95% CI) 86% (73–94) 64% (55–72) 0.0036

GMC MenY-PS-specific IgG µg/mL (95% CI) 2.2 (1.3–3.6) 0.9 (0.7–1.2) 0.0045

p-value proportions calculated with Fisher’s exact test. p-value difference in GMT and GMC calculated 
with Mann–Whitney test. p-value difference in proportions calculated with Wilson score interval with 
continuity correction.

The adolescents showed significantly higher MenC-PS, MenW-PS, and MenY-PS specific 
serum IgG concentrations compared to the middle-aged adults, while, for MenA, no 
significant difference between the age groups was observed (Table 1 and Figure 3). 
While the GMTs of the three serogroups in adolescents were comparable or at most 
2-fold higher, the GMC of MenC was almost 8-fold and 5-fold higher than the GMC of 
MenW and MenY, respectively.
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Figure 3. MenA, MenC-, MenW-, and MenY-PS specific serum IgG concentrations five years after a menin-
gococcal serogroup A, C, W, Y conjugated to tetanus toxoid (MenACWY-TT) vaccination. Error bars indicate 
95% confidence intervals. The orange and pink dots represent the individual measured concentrations. 
p-values were calculated using the Mann–Whitney test.

Figure 4. The predicted meningococcal rSBA titers for serogroup C (a) and (d), W (b) and (e) and Y (c) and 
(f) after a meningococcal serogroup A, C, W, Y conjugated to tetanus toxoid (MenACWY-TT) vaccination 
in adolescents (a)–(c) as a booster vaccination after being primed with a meningococcal serogroup C 
conjugated to tetanus toxoid (MenC-TT) vaccination at young age, and in middle-aged (d)–(f) adults as 
a primary vaccination, estimated by the bi-exponential decay model. Individual measurements are con-
nected and presented as grey lines. Bold lines represent the 5% percentile, median, and 95% percentile 
rSBA titers. Dashed lines indicate correlate of protection (rSBA titer =8) and conservative threshold of 
protection (rSBA titer =128), respectively.
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Waning of functional antibodies and duration of protection

In adolescents, the estimated median rSBA titers of all three serogroups, using the 
bi-exponential decay model, remained above the correlate of protection (rSBA ≥8) for 
32, 98, and 33 years for MenC, MenW, and MenY, respectively (Figure 4 and Table 2). 
For MenC and MenY, it was estimated that the median rSBA titer would reach the more 
conservative threshold of ≥128 at 17 years and 13 years postvaccination, respectively 
(Figure 4), while the median MenW rSBA titer was estimated to remain above this 
threshold for 43 years. In contrast, the middle-aged adults showed a median rSBA 
titer below the threshold of 8 against MenC already after 3.7 years due to a steep 
decay in antibodies that continued after the first year postvaccination (Figure 4). The 
decay of MenW- and MenY-specific functional antibodies is less steep compared to 
the decay for MenC and median protection was estimated to continue up to 14 and 21 
years after vaccination, respectively (Table 2). Waning of serogroup-specific functional 
antibodies continues over time and follows a pattern characterized by a rapid decay 
in the first year and a slower decay thereafter (Table 2, Figure 4). Between one year 
and five years after vaccination, mean annual decay rates vary from 0.58–1.65 except 
for MenC antibodies in middle-aged adults that still show a mean annual decay rate 
of 6.65 after the first year up to the fifth year, similar to the decay rate in the first year 
after vaccination (10.2).

Table 2. Fold changes and mean annual decay rates (relative decrease) in meningococcal serogroup C, 
W, Y (MenCWY)-specific geometric mean titers, and minimal (2.5% percentile) and median duration of 
protection (median rSBA titer ≥8).

Antibody Adolescents Middle-aged adults

MenC Fold-change 1 month vs. 1 year 14.3 10.2

Fold-change 1 year vs. 5 years 4.7 26.6

Mean annual decay rate 1–5 years 1.18 6.65

Minimal duration of protection 4.6 years 0.2 years

Median duration of protection 32.4 years 3.7 years

MenW Fold-change 1 month vs. 1 year 5.1 5.3

Fold-change 1 year vs. 5 years 2.3 6.6

Mean annual decay rate 1–5 years 0.58 1.65

Minimal duration of protection 7.0 years 1.7 years

Median duration of protection 97.7 years 13.9 years

MenY Fold-change 1 month vs. 1 year 3.2 6.1

Fold-change 1 year vs. 5 years 5.4 4.2

Mean annual decay rate 1–5 years 1.35 1.05

Minimal duration of protection 3.7 years 1.4 years

Median duration of protection 33.4 years 20.8 years
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Correlation between functional antibodies and serum IgG concentrations

Comparison of the functional antibody titers using the rSBA assay with serogroup-spe-
cific serum IgG concentrations measured by MIA demonstrated a good correlation 
of R = 0.88 for MenC in adolescents and R = 0.64 in middle-aged adults (Figure 5). 
The protected proportions for the rSBA and IgG (using the arbitrary IgG cut-off of ≥2 
µg/mL) respectively are comparable for MenC in both adolescents (94% and 96%) 
and middle-aged adults (32% and 38%). However, 20 out of 89 (22%) of middle-aged 
adults with low bactericidal activity showed MenC-PS specific IgG concentrations that 
exceeded 2 µg/mL. A correlation of R = 0.55 was observed for MenW antibodies in 
adolescents, and, although adolescents showed sufficient killing against MenW in 
96%, only 28% reached the MenW-PS specific IgG threshold of ≥2 µg/mL. In addition, 
in middle-aged adults, this discrepancy was observed, with protective titers in 65% 
while only 19% possessed a MenW-PS specific IgG concentration of 2 µg/mL or higher. 
The correlation was poor for MenY, especially in the middle-aged adults (R = 0.16).

Figure 5. Correlation between the meningococcal serogroup C (a) and (d), W (b) and (e) and Y (c) and 
(f) polysaccharide (MenC, W, Y-PS) specific antibody concentrations and rSBA titers, five years after a 
meningococcal serogroup A, C, W, Y conjugated to tetanus toxoid (MenACWY-TT) vaccination, in both 
adolescents (a)–(c) and middle-aged adults (d)–(f). The correlations were analyzed using Spearman’s rho 
correlation test.
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DISCUSSION

In this study, we estimated the long-term protection against invasive meningococcal 
CWY disease after a single MenACWY-TT vaccination in MenC-vaccinated adolescents 
and in middle-aged adults and investigated the persistence of meningococcal serum 
antibodies in these two age groups. Five years after a single MenACWY-TT vaccination, 
the proportion of adolescents with a rSBA titer ≥8 for MenCWY is 88%. Based on rSBA 
titers, the median duration of protection in adolescents was estimated to be 32 years 
against MenC, 98 years against MenW and 33 years against MenY using a bi-exponen-
tial decay model. In contrast, in middle-aged adults who received the MenACWY-TT 
vaccination at 50–65 years of age, only 19% possessed protective MenCWY antibody 
titers five years postvaccination with an estimated median duration of protection of 
4, 14, and 21 years against MenC, MenW and MenY, respectively.

Five years after vaccination adolescents showed significantly higher GMTs for the 
meningococcal serogroups CWY compared to middle-aged adults. This difference 
seems due to both significantly higher peak titers one month after vaccination for 
all three serogroups and a lower antibody decay rate for MenC and MenW in adoles-
cents in the years thereafter. In former studies, adolescents showed a good immune 
response in reaction to a MenACWY-TT vaccination [14, 19-21, 29, 48, 49] and protec-
tion is known to last for at least several years [50-52]. Information about long-term 
protection in middle-aged adults is, however, scarce and the available studies had a 
short follow-up or investigated other conjugate vaccines or the plain polysaccharide 
vaccine [53-56]. The only comparable study was done by Borja-Tabora et al. [26], where 
seroprotection in adolescents and adults 18–55 years of age was also compared five 
years after a MenACWY-TT vaccination. While we found significantly longer protec-
tion in adolescents for all serogroups, they found mixed differences and a remarkable 
significantly higher protection level against MenY in adults. These differences might 
be at least partly explained by the younger age of the adults (18–55) than that of the 
middle-aged adults of 50–65 years in our study at time of vaccination.

When naïve B cells encounter a new antigen, for instance through vaccination, the 
differentiation into antibody-producing B-cells and memory B cells is induced [57]. 
However, the response to a new antigen such as following primary vaccination might 
be hampered at older age, as a consequence of immunological ageing [58, 59]. An-
tibody production is maintained either by long-lived plasma cells or a continuously 
active pool of memory B cells. At older age, the naïve B cell pool is limited and changes 
in the bone marrow affect the storage and survival of plasma cells [59]. This might ex-
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plain the limited persistence of the antibody response and therefore shorter duration 
of protection after vaccination in the middle-aged adults compared to the adolescents, 
as described before [59].

The age groups in our study differed in vaccination history, with a MenC conjugate 
vaccination for all adolescents at young age while middle-aged adults did not receive 
a meningococcal vaccination earlier. This might have influenced the difference in ad-
olescents and middle-aged adults with regard to MenC protection levels. However, 
van der Heiden et al. [18] observed a booster-like response for MenC in the Dutch 
middle-aged adult group after a first MenC conjugate vaccination. MenC-PS specific 
IgG concentrations increased within seven days while, for MenW and MenY, this early 
increase was not observed. Preexisting immunity for MenC is likely since a higher 
incidence of MenC disease was observed between 1998 and 2002 [12]. In the present 
study, it is possible that all age groups might have been exposed equally to MenC or 
MenW and have gained memory immunity. Adolescents in addition to natural expo-
sure were vaccinated with MenC in early childhood. Since the mass-campaign in 2002 
[60], only a very few cases of invasive meningococcal C disease occur every year in 
the Netherlands [61]. As a result, natural boosting for MenC after receiving the Men-
ACWY-TT vaccination in 2014 is now very limited for our participants. We suggest that 
this absence of exposure might have contributed to the low MenC rSBA titers in the 
majority of middle-aged adults five years postvaccination and high annual decay rate 
of MenC IgG antibodies also in the 1–5 years postvaccination [5]. Our findings empha-
size why natural boosting must be taken into account when designing vaccination 
strategies. Moreover, this is highlighted by our results that showed that the duration 
of protection in adolescents is three times longer for MenW (primary vaccination) 
compared to MenC (booster vaccination) and MenY (primary vaccination), possibly 
due to the recent MenW epidemic. Furthermore, factors related to the vaccine’s profile 
might play a role in the differences between serogroups. In MenACWY-TT, the MenC 
(and also MenA) polysaccharide is conjugated indirectly to tetanus toxoid with an 
adipic dihydrazide, while MenW and MenY polysaccharide are directly conjugated 
to the carrier [62]. It is possible that this indirect conjugation improves SBA titers just 
after vaccination by optimizing outward presentation of the polysaccharide on the 
carrier protein to immune cells [63]. The effect of conjugation process on the long-
term immune response remains, to the best of our knowledge, however unknown.

Remarkably, the MenC-PS specific IgG GMC in adolescents was almost 8-fold higher 
than for MenW five years after vaccination, while their rSBA GMTs were comparable. 
Because of the circulation of MenW, other non-capsular IgG antibodies or IgM anti-
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bodies may contribute to the rSBA, while these are contributing less for MenC in the 
absence of recent circulation of this pathogen. As a result, the total meningococcal 
serum IgG concentration alone after a single vaccination might be less predictive for 
long-term seroprotection as defined by rSBA and, as such, the specific IgG after five 
years contributes only partly to the long-term protective titers. In contrast, when a 
strong IgG meningococcal antibody booster response is induced after revaccination 
or natural boosting, rSBA titers and IgG concentrations correlate better, as described 
earlier for a meningococcal booster vaccination [29].

The longitudinal aspect of this study with a follow-up of five years is an important 
strength of this study. Since the studies were performed in the same year, participants 
were exposed to the same natural circulation of meningococci so, when interpreting 
differences between age groups, timing can in that way be disregarded. Furthermore, 
we confirmed that median duration of protection after a meningococcal conjugate 
booster vaccination at adolescent age in Dutch adolescents is more than 30 years 
for MenC, which is in line with earlier findings by van Ravenhorst et al. [42]. Several 
limitations need to be considered such as the different meningococcal vaccination 
history in the two age groups and the large exclusion number in adolescents due to 
the mass campaign for MenACWY. It is worth mentioning that, within our adolescent 
group, three subgroups were present, vaccinated at age 10, 12, or 15 years. No clear dif-
ferences in estimated duration of protection between these subgroups were observed 
in this study (data not shown), while, in these adolescents, significant differences were 
observed in serum bactericidal antibody titers between these subgroups in former 
studies [13, 14, 29]. The lack of a difference between these subgroups might be due to 
the low number of adolescents or to the long follow-up of five years. Furthermore, no 
historical rSBA data for MenA were available for the middle-aged adults and, therefore, 
we could not estimate long-term seroprotection for this serogroup. However, invasive 
MenA disease is very rare in the Netherlands [64, 65] and MenA-PS specific GMCs 
suggested adequate seroprotection in both age groups (Figure 3).

In conclusion, seroprotection for MenCWY is maintained in adolescents five years after 
a MenACWY-TT vaccination and estimated duration of protection is more than 30 years 
for MenC and MenY and even lifelong for MenW with a duration of 98 years. In contrast, 
middle-aged adults are insufficiently protected on the long run, especially against 
MenC, due to faster waning of antibodies. When vaccine-induced herd protection is 
established, natural boosting by meningococcal circulation will be diminished or even 
eradicated. This must be taken into account when vaccination strategies are adapted, 
to protect all age groups against invasive meningococcal disease.

4

Milou Ohm Binnenwerk V4.indd   79Milou Ohm Binnenwerk V4.indd   79 06-04-2023   19:3406-04-2023   19:34



80

Chapter 4

ACKNOWLEGDEMENTS

We thank the children, their parents, and the adults who participated in the study as 
well as the participating Saltro employees for their excellent help with the venepunc-
tures. We also thank Tom Wolfs from the UMC Utrecht and Nicoline van der Maas 
from the RIVM for being the independent physicians for the studies. We thank Ray 
Borrow, Public Health England, Manchester, UK for providing the MenW and MenY 
bacteria strains for the rSBA assay. We thank Teun Guichelaar for critically reviewing 
the manuscript.

Milou Ohm Binnenwerk V4.indd   80Milou Ohm Binnenwerk V4.indd   80 06-04-2023   19:3406-04-2023   19:34



81

Long-term duration of MenACWY seroprotection

REFERENCES

1. Stephens, D.S., B. Greenwood, and P. Brandtzaeg, Epidemic meningitis, meningococcaemia, and Neisseria 
meningitidis. Lancet, 2007. 369(9580): p. 2196-210.

2. Brandtzaeg, P., Pathogenesis and Pathophysiology of Invasive Meningococcal. Handbook of meningococcal 
disease, 2006: p. 427.

3. Rosenstein, N.E., et al., Meningococcal Disease. New England Journal of Medicine, 2001. 344(18): p. 
1378-1388.

4. Edmond, K., et al., Global and regional risk of disabling sequelae from bacterial meningitis: a systematic 
review and meta-analysis. Lancet Infect Dis, 2010. 10(5): p. 317-28.

5. Perrett, K.P., et al., B cell memory to a serogroup C meningococcal conjugate vaccine in childhood and 
response to booster: little association with serum IgG antibody. J Immunol, 2012. 189(5): p. 2673-81.

6. Pollard, A.J., K.P. Perrett, and P.C. Beverley, Maintaining protection against invasive bacteria with pro-
tein-polysaccharide conjugate vaccines. Nat Rev Immunol, 2009. 9(3): p. 213-20.

7. Lewis, L. and S. Ram, Meningococcal disease and the complement system. Virulence, 2013. 5.

8. McIntosh, E.D., et al., Serum bactericidal antibody assays - The role of complement in infection and immunity. 
Vaccine, 2015. 33(36): p. 4414-21.

9. Erlich, K.S. and B.L. Congeni, Importance of circulating antibodies in protection against meningococcal 
disease. Hum Vaccin Immunother, 2012. 8(8): p. 1029-35.

10. Pichichero, M.E., Booster vaccinations: can immunologic memory outpace disease pathogenesis? Pediatrics, 
2009. 124(6): p. 1633-41.

11. de Greeff, S.C., et al., Protection from routine vaccination at the age of 14 months with meningococcal 
serogroup C conjugate vaccine in the Netherlands. Pediatr Infect Dis J, 2006. 25(1): p. 79-80.

12. de Voer, R.M., et al., Immunity against Neisseria meningitidis serogroup C in the Dutch population before 
and after introduction of the meningococcal c conjugate vaccine. PLoS One, 2010. 5(8): p. e12144.

13. Stoof, S.P., et al., Timing of an adolescent booster after single primary meningococcal serogroup C conju-
gate immunization at young age; an intervention study among Dutch teenagers. PLoS One, 2014. 9(6): p. 
e100651.

14. van Ravenhorst, M.B., et al., Adolescent meningococcal serogroup A, W and Y immune responses following 
immunization with quadrivalent meningococcal A, C, W and Y conjugate vaccine: Optimal age for vaccina-
tion. Vaccine, 2017. 35(36): p. 4753-4760.

15. Christensen, H., et al., Meningococcal carriage by age: a systematic review and meta-analysis. Lancet Infect 
Dis, 2010. 10(12): p. 853-61.

16. Trotter, C.L. and M.C. Maiden, Meningococcal vaccines and herd immunity: lessons learned from serogroup 
C conjugate vaccination programs. Expert Rev Vaccines, 2009. 8(7): p. 851-61.

17. The National Immunisation Programme in the Netherlands: Surveillance and developments in 2018-2019.

18. van der Heiden, M., et al., Novel Intervention in the Aging Population: A Primary Meningococcal Vaccine 
Inducing Protective IgM Responses in Middle-Aged Adults. Frontiers in Immunology, 2017. 8(817).

19. Ostergaard, L., et al., Immunogenicity, reactogenicity and persistence of meningococcal A, C, W-135 and 
Y-tetanus toxoid candidate conjugate (MenACWY-TT) vaccine formulations in adolescents aged 15-25 years. 
Vaccine, 2009. 27(1): p. 161-8.

4

Milou Ohm Binnenwerk V4.indd   81Milou Ohm Binnenwerk V4.indd   81 06-04-2023   19:3406-04-2023   19:34



82

Chapter 4

20. Al-Mazrou, Y., et al., Immunogenicity and safety of a meningococcal quadrivalent conjugate vaccine in 
Saudi Arabian adolescents previously vaccinated with one dose of bivalent and quadrivalent meningococcal 
polysaccharide vaccines: a phase III, controlled, randomized, and modified blind-observer study. Clin Vaccine 
Immunol, 2012. 19(7): p. 999-1004.

21. Baxter, R., et al., Immunogenicity and safety of an investigational quadrivalent meningococcal ACWY tetanus 
toxoid conjugate vaccine in healthy adolescents and young adults 10 to 25 years of age. Pediatr Infect Dis 
J, 2011. 30(3): p. e41-8.

22. Bermal, N., et al., Safety and immunogenicity of a tetravalent meningococcal serogroups A, C, W-135 and 
Y conjugate vaccine in adolescents and adults. Hum Vaccin, 2011. 7(2): p. 239-47.

23. Borja-Tabora, C., et al., Immune response, antibody persistence, and safety of a single dose of the quad-
rivalent meningococcal serogroups A, C, W-135, and Y tetanus toxoid conjugate vaccine in adolescents and 
adults: results of an open, randomised, controlled study. BMC Infect Dis, 2013. 13: p. 116.

24. Dbaibo, G., et al., Immunogenicity and safety of a quadrivalent meningococcal serogroups A, C, W-135 and 
Y tetanus toxoid conjugate vaccine (MenACWY-TT) administered to adults aged 56 Years and older: results 
of an open-label, randomized, controlled trial. Drugs Aging, 2013. 30(5): p. 309-19.

25. van der Heiden, M., et al., Lower antibody functionality in middle-aged adults compared to adolescents 
after primary meningococcal vaccination: Role of IgM. Exp Gerontol, 2018. 105: p. 101-108.

26. Borja-Tabora, C.F., et al., Long-term immunogenicity and safety after a single dose of the quadrivalent 
meningococcal serogroups A, C, W, and Y tetanus toxoid conjugate vaccine in adolescents and adults: 5-year 
follow-up of an open, randomized trial. BMC Infect Dis, 2015. 15: p. 409.

27. Borja-Tabora, C.F.C., et al., A phase 2b/3b MenACWY-TT study of long-term antibody persistence after primary 
vaccination and immunogenicity and safety of a booster dose in individuals aged 11 through 55 years. BMC 
Infectious Diseases, 2020. 20(1): p. 426.

28. Baxter, R., et al., Persistence of the immune response after MenACWY-CRM vaccination and response to a 
booster dose, in adolescents, children and infants. Hum Vaccin Immunother, 2016: p. 1-11.

29. van Ravenhorst, M.B., et al., Meningococcal serogroup C immunogenicity, antibody persistence and memory 
B-cells induced by the monovalent meningococcal serogroup C versus quadrivalent meningococcal sero-
group ACWY conjugate booster vaccine: A randomized controlled trial. Vaccine, 2017. 35(36): p. 4745-4752.

30. Maslanka, S.E., et al., Standardization and a multilaboratory comparison of Neisseria meningitidis serogroup 
A and C serum bactericidal assays. The Multilaboratory Study Group. Clin Diagn Lab Immunol, 1997. 4(2): 
p. 156-67.

31. Borrow, R., et al., Serological basis for use of meningococcal serogroup C conjugate vaccines in the United 
Kingdom: reevaluation of correlates of protection. Infect Immun, 2001. 69(3): p. 1568-73.

32. Borrow, R., P. Balmer, and E. Miller, Meningococcal surrogates of protection--serum bactericidal antibody 
activity. Vaccine, 2005. 23(17-18): p. 2222-7.

33. Andrews, N., R. Borrow, and E. Miller, Validation of serological correlate of protection for meningococcal 
C conjugate vaccine by using efficacy estimates from postlicensure surveillance in England. Clin Diagn Lab 
Immunol, 2003. 10(5): p. 780-6.

34. de Voer, R.M., et al., Simultaneous detection of Haemophilus influenzae type b polysaccharide-specific 
antibodies and Neisseria meningitidis serogroup A, C, Y, and W-135 polysaccharide-specific antibodies in a 
fluorescent-bead-based multiplex immunoassay. Clin Vaccine Immunol, 2009. 16(3): p. 433-6.

35. de Voer, R.M., et al., Development of a fluorescent-bead-based multiplex immunoassay to determine immu-
noglobulin G subclass responses to Neisseria meningitidis serogroup A and C polysaccharides. Clin Vaccine 
Immunol, 2008. 15(8): p. 1188-93.

Milou Ohm Binnenwerk V4.indd   82Milou Ohm Binnenwerk V4.indd   82 06-04-2023   19:3406-04-2023   19:34



83

Long-term duration of MenACWY seroprotection

36. Lal, G., et al., Development and evaluation of a tetraplex flow cytometric assay for quantitation of serum 
antibodies to Neisseria meningitidis serogroups A, C, Y, and W-135. Clin Diagn Lab Immunol, 2004. 11(2): 
p. 272-9.

37. Ceyhan, M., et al., Age-specific seroprevalence of serogroup C meningococcal serum bactericidal antibody 
activity and serogroup A, C, W135 and Y-specific IgG concentrations in the Turkish population during 2005. 
Vaccine, 2007. 25(41): p. 7233-7.

38. Peltola, H., et al., Clinical efficacy of meningococcus group A capsular polysaccharide vaccine in children 
three months to five years of age. N Engl J Med, 1977. 297(13): p. 686-91.

39. King, W.J., et al., Total and functional antibody response to a quadrivalent meningococcal polysaccharide 
vaccine among children. The Journal of Pediatrics, 1996. 128(2): p. 196-202.

40. Elias, J., et al., Persistence of antibodies in laboratory staff immunized with quadrivalent meningococcal 
polysaccharide vaccine. J Occup Med Toxicol, 2013. 8(1): p. 4.

41. Findlow, H., et al., Kinetics of maternally-derived serogroup A, C, Y and W-specific meningococcal immuno-
globulin G in Malian women and infants. Vaccine, 2019. 37(18): p. 2477-2481.

42. van Ravenhorst, M.B., et al., Long-term persistence of protective antibodies in Dutch adolescents following 
a meningococcal serogroup C tetanus booster vaccination. Vaccine, 2016.

43. de Graaf, W.F., et al., A two-phase within-host model for immune response and its application to serological 
profiles of pertussis. Epidemics, 2014. 9: p. 1-7.

44. Berbers, G.A., et al., A novel method for evaluating natural and vaccine induced serological responses to 
Bordetella pertussis antigens. Vaccine, 2013. 31(36): p. 3732-8.

45. Teunis, P.F.M., et al., Linking the seroresponse to infection to within-host heterogeneity in antibody produc-
tion. Epidemics, 2016. 16: p. 33-39.

46. Plummer, M., JAGS: A program for analysis of Bayesian graphial models using Gibbs sampling. Proceedings 
of the 3rd International Workshop on Distributed Statistical Computing (DSC 2003), Vienna, Austria, 
2003: p. 1-10.

47. Newcombe, R.G., Improved confidence intervals for the difference between binomial proportions based on 
paired data. Stat Med, 1998. 17(22): p. 2635-50.

48. McVernon, J., et al., A randomized trial to assess safety and immunogenicity of alternative formulations of 
a quadrivalent meningococcal (A, C, Y, and W-135) tetanus protein conjugate vaccine in toddlers. Pediatr 
Infect Dis J, 2012. 31(1): p. e15-23.

49. Findlow, H. and R. Borrow, Immunogenicity and safety of a meningococcal serogroup A, C, Y and W glyco-
conjugate vaccine, ACWY-TT. Adv Ther, 2013. 30(5): p. 431-58.

50. Østergaard, L., et al., Persistence of antibodies for 42 months following vaccination of adolescents with a 
meningococcal serogroups A, C, W-135, and Y tetanus toxoid conjugate vaccine (MenACWY-TT). Interna-
tional Journal of Infectious Diseases, 2013. 17(3): p. e173-e176.

51. Baxter, R., et al., Five-year Antibody Persistence and Booster Response to a Single Dose of Meningococcal 
A, C, W and Y Tetanus Toxoid Conjugate Vaccine in Adolescents and Young Adults: An Open, Randomized 
Trial. Pediatr Infect Dis J, 2015. 34(11): p. 1236-43.

52. Klein, N.P., et al., Five-year Antibody Persistence and Booster Response After 1 or 2 Doses of Meningococcal 
A, C, W and Y Tetanus Toxoid Conjugate Vaccine in Healthy Children. Pediatr Infect Dis J, 2016. 35(6): p. 
662-72.

53. Ilyina, N., et al., Safety and immunogenicity of meningococcal ACWY CRM197-conjugate vaccine in children, 
adolescents and adults in Russia. Hum Vaccin Immunother, 2014. 10(8): p. 2471-81.

4

Milou Ohm Binnenwerk V4.indd   83Milou Ohm Binnenwerk V4.indd   83 06-04-2023   19:3406-04-2023   19:34



84

Chapter 4

54. Lalwani, S., et al., Safety and immunogenicity of an investigational meningococcal ACWY conjugate vaccine 
(MenACWY-CRM) in healthy Indian subjects aged 2 to 75 years. International Journal of Infectious Diseases, 
2015. 38: p. 36-42.

55. Reisinger, K.S., et al., Quadrivalent meningococcal vaccination of adults: phase III comparison of an inves-
tigational conjugate vaccine, MenACWY-CRM, with the licensed vaccine, Menactra. Clin Vaccine Immunol, 
2009. 16(12): p. 1810-5.

56. Ferlito, C., et al., Immunogenicity of meningococcal polysaccharide ACWY vaccine in primary immunized 
or revaccinated adults. Clin Exp Immunol, 2018. 194(3): p. 361-370.

57. Siegrist, C.A. and R. Aspinall, B-cell responses to vaccination at the extremes of age. Nat Rev Immunol, 
2009. 9(3): p. 185-94.

58. Esteves-Jaramillo, A., et al., Immunogenicity and safety of a quadrivalent meningococcal tetanus tox-
oid-conjugate vaccine (MenACYW-TT) in ≥56-year-olds: A Phase III randomized study. Vaccine, 2020. 38(28): 
p. 4405-4411.

59. Weinberger, B., et al., Biology of immune responses to vaccines in elderly persons. Clin Infect Dis, 2008. 
46(7): p. 1078-84.

60. Stoof, S.P., et al., Disease Burden of Invasive Meningococcal Disease in the Netherlands Between June 1999 
and June 2011: A Subjective Role for Serogroup and Clonal Complex. Clin Infect Dis, 2015. 61(8): p. 1281-92.

61. Bijlsma, M.W., et al., A decade of herd protection after introduction of meningococcal serogroup C conjugate 
vaccination. Clin Infect Dis, 2014. 59(9): p. 1216-21.

62. Nimenrix - Assessment report - Procedure No. EMEA/H/C/002226. European Medicines Agency: EMEA/
H/C/00226]. Available from: https://www.ema.europa.eu/en/documents/assessment-report/nimen-
rix-epar-public-assessment-report_en.pdf

63. Bröker, M., F. Berti, and P. Costantino, Factors contributing to the immunogenicity of meningococcal con-
jugate vaccines. Hum Vaccin Immunother, 2016. 12(7): p. 1808-24.

64. Bijlsma, M.W., et al., Epidemiology of invasive meningococcal disease in the Netherlands, 1960-2012: an 
analysis of national surveillance data. Lancet Infect Dis, 2014. 14(9): p. 805-12.

65. Knol, M., et al., Meningococcal disease in the Netherlands. Background information for the Health Council, in 
Meningokokkenziekte in Nederland : Achtergrondinformatie voor de Gezondheidsraad. 2017, Rijksinstituut 
voor Volksgezondheid en Milieu RIVM.

Milou Ohm Binnenwerk V4.indd   84Milou Ohm Binnenwerk V4.indd   84 06-04-2023   19:3406-04-2023   19:34



Milou Ohm Binnenwerk V4.indd   85Milou Ohm Binnenwerk V4.indd   85 06-04-2023   19:3406-04-2023   19:34



5

Milou Ohm Binnenwerk V4.indd   86Milou Ohm Binnenwerk V4.indd   86 06-04-2023   19:3406-04-2023   19:34



Sex-related differences in the immune 
response to meningococcal vaccinations 
during adolescence

Milou Ohm1, Anna G.C. Boef1, Susanne P. Stoof1, Mariëtte B. van Ravenhorst1, 
 Fiona R.M. van der Klis1, Guy A.M. Berbers1, Mirjam J. Knol1

1 Centre for Infectious Disease Control, National Institute for Public Health and the Environment (RIVM), 
Bilthoven, the Netherlands.

Frontiers in Public Health. 2022 May 6;10:871670. 
doi: 10.3389/fpubh.2022.871670.

Milou Ohm Binnenwerk V4.indd   87Milou Ohm Binnenwerk V4.indd   87 06-04-2023   19:3406-04-2023   19:34



88

Chapter 5

ABSTRACT

Background Immune responses to pediatric vaccinations have been reported to differ 
according to sex. Such sex-differential responses may become more pronounced 
during adolescence due to hormonal differences. We investigated whether the vaccine 
response following primary vaccination against meningococcal serogroup A (MenA), 
MenW and MenY and booster vaccination against MenC differed between girls and 
boys using data from two clinical studies.

Methods Children aged 10, 12 and 15 years, who had been primed with MenC vacci-
nation between 14 months and 6 years of age, received a booster MenC vaccination 
or MenACWY vaccination. Polysaccharide-specific IgG concentrations and functional 
antibody titers (determined with the serum bactericidal antibody [SBA] assay) were 
measured at baseline, 1 month, 1 year, and 3 years (only MenC group) after vaccina-
tion. We calculated geometric mean concentrations and titers (GMC and GMT) ratios 
for girls vs. boys adjusted for age group. Additionally, we compared the proportion 
protected individuals between girls and boys at all timepoints.

Results This study included 342 girls and 327 boys from two clinical trials. While 
MenAWY antibody levels did not differ consistently 1 month after vaccination, all 
GMC- and GMT-ratios were in favor of girls 1 year after vaccination (range: 1.31 [1.02 
to 1.70] for MenA IgG to 1.54 [1.10 to 2.16] for MenW IgG). Overall, MenC antibody 
levels were slightly higher in girls at all postvaccination timepoints (GMC- and GMT-ra-
tios: 1.16/1.17 at one month, 1.16/1.22 at one year and 1.12/1.15 three years postvac-
cination). Higher MenC antibody levels were observed in 12- and 15-year-old girls 
compared to boys of the same age, whereas 10-year-old boys and girls had similar 
antibody levels. The percentage of participants protected (SBA titer ≥8) was very high 
(95 to 100%) at all timepoints, and did not differ significantly between boys and girls.

Conclusion Antibody responses were higher in girls than in boys for all serogroups at 
most timepoints after primary MenAWY vaccination and booster MenC vaccination. 
The differences in average titers were however small and the percentage participants 
with protective titers was very high for both sexes.
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INTRODUCTION

Sex-related differences of genetic and hormonal nature are known to influence the 
immune system [1]. Biological factors related to sex, such as hormones, but also chro-
mosomal differences are considered important in both infectious diseases and au-
toimmunity [2]. Invasive meningococcal disease (IMD) is a severe disease, caused by 
the Gram-negative bacterium Neisseria meningitidis [3], which can be prevented by 
vaccination. A meta-analytic evaluation of sex differences in IMD rates by age group 
in 10 countries found excess incidence rates in young males, but a reversed sex ratio 
in older adults with higher rates in females [4]. During a recent IMD-W outbreak in 
the Netherlands, females were affected more often than males (66% versus 34% re-
spectively), although cases predominantly occurred in (older) adults [5]. Mortality 
data from New York City showed higher case fatality rates for IMD in females across 
all ages [6]. However, there is insufficient knowledge about the vaccine response at 
different stages of life in relation to sex and a paucity of clinical (vaccine) trials that 
include data analyzed by sex [7, 8]. Immune responses to several infant vaccinations 
have been reported to differ according to sex [9]. Such sex-differential responses may 
become more pronounced during adolescence due to hormonal differences. For ex-
ample, while IgG and IgM levels are generally equal between the sexes pre-puberty, 
these immunoglobulins are higher in females post-puberty [2]. Knowledge on sex 
differences in vaccine response could contribute to the rationale of vaccine strategies, 
as was previously proposed for influenza vaccination [10].

A meningococcal serogroup C (MenC) conjugate vaccine was introduced in the na-
tional immunization programme (NIP) in the Netherlands in September 2002 for 
14-month-olds [11]; children born from July 2001 onwards were therefore eligible for 
vaccination. Furthermore, a catch-up campaign for children up to 18 years of age (born 
from June 1983 until July 2001) was conducted from June until November 2002 [11]. 
Recently, the MenC conjugate vaccine was replaced by a meningococcal serogroup 
A, C, W and Y (MenACWY) conjugate vaccine in response to an increase of IMD sero-
group W (IMD-W) [12]. During this increase, teenagers were the main target population 
for vaccination, since they were disproportionally affected during this increase [13] 
and since this age group has the highest meningococcal carriage rate [14]. A mass 
campaign for 14-18 year-olds (born between January 2001 and December 2005) was 
conducted, and all 14-year-olds are now offered a MenACWY-TT booster dose, after 
priming at the age of 14 months. Data on protection levels after meningococcal vac-
cination separated by sex are scarce and lacking for adolescents in particular.

5
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Our objective was to explore the sex-related differences in the immune response fol-
lowing adolescent meningococcal vaccination in two clinical studies that were carried 
out between 2011−14 and 2015−19. We determined the quantity and functionality of 
serum and salivary MenACWY antibody levels in individuals aged 10, 12 and 15 years 
at time of vaccination, and assessed differences between the sexes.

METHODS

Study populations

Two phase-IV clinical trials (clinical trial numbers: NL3372 and NL4286) enrolled par-
ticipants in 2011 and 2014 to receive a MenC-TT or MenACWY-TT vaccine respectively 
at the age of 10, 12 or 15 years after being primed at young age (aged between 14 
months and 6 years) with a MenC-TT vaccine, as previously described [15-17]. Serum 
samples were collected at baseline (T0), 1 month (T1) and 1 year (T2) after vaccination. 
In addition, from a subset of participants serum samples were collected at 3 years (T3) 
postvaccination (MenC booster vaccination group) [18].

Serological analyses

MenA-, MenC-, MenW-, and MenY polysaccharide (PS)-specific serum IgG, serum IgA 
and salivary IgA concentrations and tetanus toxoid (TT)-specific serum IgG concentra-
tions were measured using a fluorescent-bead-based multiplex immunoassay (MIA) 
[19-22]. Functional antibodies were assessed with the serum bactericidal antibody 
(rSBA) assay using baby rabbit complement and MenA strain 3125, MenC strain C11 
[23], MenW strain MP01240070 and MenY strain S-1975 as target strains. The correlate 
of protection (internationally accepted) of rSBA titer ≥8 was used for analyses, with the 
bactericidal titer defined as the dilution of the serum that corresponded with ≥50% 
killing after 60 minutes incubation [24-26]. When the titer fell below the cut-off of the 
assay (titer <4), a value of 2 was assigned.

Statistical analysis

The statistical analyses were performed using Excel, GraphPad Prism 8 and SPSS Sta-
tistics v24. Geometric mean concentrations (GMCs) of MenACWY-PS-specific IgG and 
TT-specific IgG and geometric mean titers (GMTs) for serogroup-specific SBA titers were 
calculated for girls and boys separately (across age groups) at T1 (1 month after booster 
vaccination) and T2 (1 year after booster vaccination). We used a generalized linear 
model to perform regression analyses per serogroup, using ln-transformed IgG levels 
or SBA titer at T1 or T2 as dependent variable and sex as independent variable. The 
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exponentiated regression coefficient for sex was used to obtain IgG GMC ratios or SBA 
GMT ratios for girls versus boys for each serogroup. We performed the MenAWY anal-
yses (1) adjusted for age group and (2) adjusted for both age group and IgG or SBA at 
T0. For meningococcal serogroup A, W and Y, we did not perform separate analyses for 
the different age groups because of the small sample sizes. We performed MenC anal-
yses (1) adjusted for study-group (8 groups which differed on the following aspects: 
booster age, priming age and MenC-TT or MenACWY-TT booster vaccination) and (2) 
adjusted for both study-group and IgG or SBA result at T0. We performed analyses per 
booster-age-group (10 years, 12 years and 15 years), and overall for each timepoint. 
Analyses were performed for an additional timepoint (T3: 3 years after MenC booster 
vaccination) for the subgroup for whom measurements at this additional timepoint 
were available. In addition, the proportion of protected (SBA titer ≥8) girls and boys at 
the different time points for each serogroup were compared by a Fischer’s exact test. 
For serum IgA and salivary IgA we performed the same analyses as for IgG and SBA. No 
measurements at 3 years after booster vaccination were available for serum or salivary 
IgA. The same analyses were also performed for TT-specific serum IgG for the MenC 
booster vaccination group, with measurements available at baseline, one month and 
one year after vaccination. A p-value of <0.05 was considered as statistically significant.

RESULTS

Population characteristics

As shown in Table 1A, the distribution of girls and boys slightly differed across age 
groups in the study population for meningococcal serogroup A, W and Y with more 
girls in the youngest age group and more boys in the older age groups. Baseline IgG 
levels against meningococcal serogroups A, W and Y were generally low for both sexes. 
The percentage with protective SBA titers at baseline was similar for girls and boys 
for all three serogroups, with overall 20, 15, and 31% of the participants protected for 
serogroup A, W, and Y, respectively.

The characteristics of the study population for meningococcal serogroup C are de-
scribed in Table 1B. Both the baseline MenC IgG concentrations and the percentage 
with protective SBA titers at baseline did not differ between girls and boys. The overall 
percentage of participants with protective SBA titers at baseline ranged from 10% 
among 12-year olds who were primed at 14 months of age, to 45% in 15-year olds 
who were primed at 6 years of age.

5

Milou Ohm Binnenwerk V4.indd   91Milou Ohm Binnenwerk V4.indd   91 06-04-2023   19:3406-04-2023   19:34



92

Chapter 5

 Table 1A. Characteristics of the study population for meningococcal serogroups A, W and Y.

Characteristic Girls (n=121) Boys (n=116)

Age group, n (%)

10y 47 (38.8) 33 (28.4)

12y 36 (29.8) 43 (37.1)

15y 38 (31.4) 40 (34.5)

Baseline IgG in µg/mL, median (IQR)

MenA 0.55 (0.29-1.39) (n=118) 0.44 (0.25-0.85) (n=114)

MenW 0.12 (0.05-0.44) (n=119) 0.08 (0.04-0.23) (n=115)

MenY 0.06 (0.03-0.12) (n=119) 0.05 (0.03-0.08) (n=115)

Baseline SBA titer

MenA, median (range) 2 (2-2048) 2 (2-1024)

MenA ≥8, n(%) 24/117 (21) 22/115 (19)

MenW, median (range) 2 (2-512) 2 (2-2048)

MenW ≥8, n(%) 18/118 (15) 18/115 (16)

MenY, median (range) 2 (2-4096) 2 (2-4096)

MenY ≥8, n(%) 35/117 (30) 38/115 (33)

Abbreviations: MenA, meningococcal serogroup A; MenW, meningococcal serogroup W135; MenY, 
meningococcal serogroup Y; IgG immunoglobulin G; SBA, serum bactericidal antibody; IQR, interquartile 
range.

Meningococcal serogroups A, W and Y: IgG and SBA

The IgG GMCs and SBA GMTs for MenA, MenW and MenY for girls and boys (across 
age groups) at 1 month and 1 year after booster vaccination, and the corresponding 
(adjusted) GMC ratios and GMT ratios are shown in Table 2A. At 1 month after the Men-
ACWY vaccination, IgG levels and SBA titers did not differ consistently between sexes, 
as shown in Figure 1. Adjustment for IgG level/SBA titer at baseline slightly changed 
some estimates, but did not alter the observed trend. At 1 year after vaccination, all 
GMC/GMT ratio estimates were in favor of girls; ratio estimates ranged from 1.31 (1.02 
to 1.70) for MenA IgG to 1.54 (1.10 to 2.16) for MenW IgG. Estimates were somewhat 
attenuated after adjusting for IgG/SBA at T0, e.g. to 1.18 (0.95 to 1.47) and 1.40 (1.00 to 
1.94) respectively for the previously mentioned GMC ratios for MenA and MenW IgG.
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Table 1B Characteristics of the study population for meningococcal serogroups C.

Characteristic Girls (n=342) Boys (n=327)

Group*, n (%)

10y MenC-TT 14m 53 (15.5) 38 (11.6)

10y MenACWY-TT 14m 47 (13.7) 33 (10.1)

12y MenC-TT 3y 44 (12.9) 47 (14.4)

12y MenC-TT 14m 37 (10.8) 45 (13.8)

12y MenACWY-TT 14m 36 (10.5) 43 (13.2)

15y MenC-TT 6y 41 (12.0) 45 (13.8)

15y MenC-TT 3y 46 (13.5) 36 (11.0)

15y MenACWY-TT 3y 38 (11.1) 40 (12.2)

Baseline IgG in µg/mL, median (IQR)

MenC

Overall 0.26 (0.15-0.51) (n=338) 0.24 (0.14-0.46) (n=326)

10y 14m 0.21 (0.12-0.43) (n=98) 0.27 (0.13-0.53) (n=70)

12y 3y 0.24 (0.15-0.66) (n=44) 0.26 (0.18-0.47) (n=47)

12y 14m 0.21 (0.10-0.43) (n=71) 0.21 (0.11-0.43) (n=88)

15y 6y 0.45 (0.28-0.83) (n=41) 0.25 (0.16-0.52) (n=45)

15y 3y 0.28 (0.18-0.51) (n=84) 0.24 (0.14-0.46) (n=76)

Baseline SBA titer

MenC, median (range)

Overall 2 (2-16384) 2 (2-16384)

10y 14m 2 (2-2048) 2 (2-512)

12y 3y 2 (2-3072) 2 (2-4096)

12y 14m 2 (2-1024) 2 (2-2048)

15y 6y 4 (2-16384) 2 (2-768)

15y 3y 2 (2-2048) 2 (2-16384)

MenC ≥8, n(%)

Overall 66/337 (19.6) 70/326 (21.5)

10y 14m 12/98 (12) 13/70 (19)

12y 3y 14/44 (32) 17/47 (36)

12y 14m 6/71 (9) 10/88 (11)

15y 6y 20/41 (49) 19/45 (42)

15y 3y 14/83 (17) 11/76 (15)

Abbreviations: MenC, meningococcal serogroup C; IgG immunoglobulin G; SBA, serum bactericidal 
antibody; IQR, interquartile range.
*groups differed on the following aspects: 1) booster age, 2) MenC-TT or MenACWY-TT booster vaccination 
and 3) priming age.

5
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Meningococcal serogroup C: IgG and SBA

For MenC, IgG GMCs and SBA GMTs are shown in Table 2B. Overall, both IgG and SBA 
were higher in girls at all postvaccination timepoints (Figure 2), e.g. at 1-month after 
the booster the overall IgG GMC ratio was 1.16 (1.02-1.31) and the overall SBA GMT 
ratio was 1.17 (1.01-1.35). When separated by age group, higher MenC IgG levels and 
SBA titers were observed in 12-and 15-year-old girls than in boys, whereas 10-year-old 
boys and girls had similar IgG levels and SBA titers.
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Figure 1. Geometric mean concentration (GMC) ratio and geometric mean titer (GMT) ratio for menin-
gococcal serogroup A (MenA), MenW and MenY in girls versus boys at one month (T1) and one year (T2) 
after a meningococcal serogroup A, C, W and Y conjugated to tetanus toxoid (MenACWY-TT) vaccine 
in adolescents who were primed at young age (aged between 14 months and 6 years) with a MenC-TT 
vaccine. *adjusted for age group and baseline level at T0 (IgG or SBA respectively for GMC and GMT ratio) 
; **adjusted for age group

Figure 2. Geometric mean concentration (GMC) ratio and geometric mean titer (GMT) ratio for meningo-
coccal serogroup C (MenC) in girls vs. boys per age group (10, 12 or 15 years) and overall at 1 month (T1), 
1 year (T2) and 3 years (T3) after either a meningococcal serogroup A, C, W and Y conjugated to tetanus 
toxoid (MenACWY-TT) vaccine or a MenC-TT vaccine in adolescents who were primed at young age (aged 
between 14 months and 6 years) with a MenC-TT vaccine. *adjusted for age group and baseline level at 
T0 (IgG or SBA respectively for GMC and GMT ratio).

5
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Meningococcal serogroup A, C, W and Y: proportions protected

The vast majority of participants (96-100%), both girls and boys, were protected 
against all serogroups 1 month and 1 year after vaccination. There were no signifi-
cant differences in the proportions protected (SBA ≥8) between girls and boys at any 
timepoint or for any serogroup (Table 3). Three years after vaccination, all girls and 
boys (n=110 and n=89 respectively) were still protected against MenC [18].

Table 3. Proportions protected according to SBA titer for girls and boys for all serogroups and timepoints.

Serogroup Timepoint Girls Boys p-value*

N protected (SBA 
≥8)

N totaal % N protected 
(SBA≥8)

N totaal %

A 1 mo 115 119 96.6 113 113 100 0.122

1 yr 112 116 96.6 107 111 96.4 1.000

W 1 mo 115 119 96.6 113 113 100 0.122

1 yr 112 115 97.4 111 111 100 0.247

Y 1 mo 118 119 99.2 113 113 100 1.000

1 yr 112 116 96.6 110 111 99.1 0.370

C 1 mo 329 330 99.7 322 322 100 1.000

1 yr 322 324 99.4 315 315 100 0.499

3 yrª 110 110 100 89 89 100 NA

Abbreviations: mo = month, yr= year, NA = not applicable.
*p-values (two-sided) of the difference in proportion protected between girls and boys were determined 
with Fisher’s exact test
ªdetermined in a subgroup of participants who participated in a follow-up study

Serum and salivary meningococcal IgA

Results for serum IgA and salivary IgA are shown in Supplementary Tables 2A,B (with 
baseline characteristics in Supplementary Tables 1A,B). The observed trend of the 
IgA results was similar to IgG and SBA, either showing no clear difference or some-
what higher levels in girls. However, although the trend was similar, the difference 
only reached significance for MenY serum IgA at T2 when adjusted for age group 
only (p=0.037) or for age group and baseline levels (p=0.019). For MenC, a significant 
difference towards girls was observed for serum IgA at 1 year after vaccination in 
12-year-olds, when adjusted for age and baseline level. A significant difference was 
found for MenC salivary IgA at 1 month after vaccination in 12-year-olds as well as for 
the overall group.

Serum tetanus IgG

Results for TT-specific serum IgG were only available for the MenC-booster group for 
baseline, 1 month and 1 year after vaccination (Supplementary Table 3). We found a 
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significant difference for 10-year-olds at T2 with a higher level in boys (GMC ratio girls 
versus boys: 0.72 [0.54-0.96], p=0.024), but we found no significant difference in other 
age groups nor at other timepoints.

DISCUSSION

In this study, we evaluated sex-related differences in the immune response to a menin-
gococcal conjugate vaccine in adolescents. We found slightly higher antibody levels in 
girls than in boys at the age of 12 or 15 years respectively, and at more than a month 
after vaccination. Our results suggest some sex-based disparity in the meningococcal 
vaccine-induced immune response during adolescence. Since this is a period charac-
terized by a developing and changing hormonal system while simultaneously being 
prone for carriage of meningococci, a sufficient vaccine response is important.

To our knowledge, we are the first to report meningococcal vaccine-induced sex-spe-
cific immune responses in adolescents. A meta-analysis by Voysey et al. found consist-
ently higher immune responses in girls than boys - all aged younger than 3 years - to 
a (diphtheria cross-reacting material [CRM197] conjugated) meningococcal ACWY 
vaccine for serogroup A, W and Y, but not for serogroup C with most geometric mean 
MenC ratios close to 1 [9]. This is in contrast to our results that showed favorable results 
in girls for all serogroups including serogroup C, albeit not for each timepoint. In line 
with our findings, a study that investigated the vaccine response to other capsular 
conjugate vaccines like the pneumococcal vaccine and Haemophilus influenza type 
B (Hib) vaccine reported no differences or higher antibody levels in females, although 
they included infants and young children [27]. Similar, a trend of comparable or higher 
tetanus antibody levels in boys was also observed in that study.

It was previously proposed that the carrier protein in conjugate vaccines might have 
a sex-differential effect [9, 28]. In the current study, all participants received a menin-
gococcal vaccine conjugated to tetanus toxoid and we could not make a comparison 
between different carrier proteins. Yet, with regard to the carrier protein itself, we only 
identified a significant difference in 10-year-olds with higher tetanus antibody levels in 
boys rather than girls. This finding does not prove nor exclude a sex-differential effect 
towards females as promoted by the carrier protein.

Since age is inextricably linked with sex hormones - which induce variation of the 
immune profile during life - the influence of age should always be considered in stud-

5
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ies comparing responses according to sex. Generally, estrogens have a variable (mostly 
activating) effect on the immune function, while progesterone is considered as a mod-
ulator or suppressive hormone and testosterone mainly acts as immunosuppressor [2, 
29]. In adolescence, the actions of steroid hormones result in extensive changes to an 
individual’s body [30], including the immune system. Therefore, our results cannot be 
translated directly to younger children or elderly, in whom sex-differences are hypoth-
esized to be minimized due to the life-course related changing hormonal status. For 
instance, the effect of sex could be limited in postmenopausal females due to relatively 
high levels of progesterone compared to earlier in life (and comparable progesterone 
levels to males at older age), though genetic differences continue to exist. This is also 
highlighted by the fact that we found sex-differences in 12- and 15-year-olds but not in 
10-year-olds. At the age of 10, most children are in a phase prior to, or at the start of the 
pubertal rise of reproductive hormones that is called the gonadarche [31, 32]. Before 
this phase, the effect of gonadal steroids on the vaccine response is expected to be 
limited. The implications of sex-differential effects for vaccination policy are therefore 
dependent on many factors and sex should always be considered in relation to age.

Not only vaccination or disease, but also asymptomatic carriage can induce the pro-
duction of antibodies [33, 34]. We cannot exclude that carriage of the bacterium 
might have influenced our results, since serogroup C, W and Y are still prevalent in 
the Netherlands [13]. To what extent carriage might have affected our results remains 
uncertain, but evidence for sex-differential meningococcal carriage rates is limited. A 
large carriage study in the UK that investigated predisposing factors for meningococ-
cal carriage in teenagers did not find an association between carriage and sex [35], 
similar to results from a study in adolescents in Australia [36]. In university students 
in the United States, meningococcal carriage was in fact associated with being male 
[37]. In this study, we did not find any significant sex-related differences in IgA levels. 
IgA is the dominant Ig type in mucosal tissues and thus important in the first line of 
defense at the location of carriage, e.g. the nasopharynx and its mucosal surfaces [38, 
39]. Moreover, the sex-related differences in IgG levels we found were present after 
vaccination, but not before vaccination and carriage levels are known to increase after 
the age of 15 years [14]. Therefore, it appears unlikely that our results were confounded 
by naturally-acquired immunity.

In spite of a difference in geometric mean antibody levels, protection levels did not 
differ significantly up to 3 years postvaccination. Longer follow-up studies are neces-
sary to investigate the implications for adolescents when antibodies wane. Although 
there seems to be a tendency of faster waning for MenAWY in males (with sex differ-
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ences increasing over time), we did not observe this pattern for MenC. We have some 
data available 5 years after the MenACWY vaccination for a subgroup of participants, 
but these results were inconclusive due to small sample sizes and proportions pro-
tected were still very high among adolescents as was previously published [40]. We 
encourage future clinical trials, carriage studies but also serosurveillance studies - that 
often cover longer periods after vaccination due to the nature of the study - to report 
data stratified by sex. Thereby, the knowledge on sex differences in vaccine-induced 
immune responses could be expanded, not only for meningococci but also for other 
vaccine-preventable pathogens. Meningococcal vaccination policy might not change 
when long-term data would become available, which is supported by our finding that 
differences between sexes are limited 3 years postvaccination and protection levels at 
that timepoint were very high for both sexes. However, it might be relevant for other 
vaccine-preventable diseases if vaccine-induced immunity wanes fast in one sex but 
not the other.

One of the strengths of this study is the clinical trial setting of the studies with a fairly 
equal number of included boys and girls enabled post-hoc analysis without risk of 
selection bias. We investigated both IgG concentrations and functional antibody titers, 
which enabled analysis of the proportions protected in addition to geometric means 
of antibody levels. However, despite our trial has a follow-up time of three years, we 
found very high levels of protected participants at this latest timepoint. This hampered 
the exploration of clinical relevance of the biological differences that we found. Future 
modeling studies could estimate potential differences in duration of protection and 
serosurveillance studies should also consider presenting data by sex to explore sex-
based differences in antibody levels across the population. One of the limitations 
of the study is the lack of information about every individual’s pubertal maturation 
status at time of the study. Since the onset of puberty differs per individual, we could 
not analyse the results per puberty stage (pre-puberty vs. puberty) in addition to the 
age-specific analyses that we did. Furthermore, we could not analyse the MenAWY 
results per age group due to the limited number of participants in the MenACWY 
booster group. Nevertheless, we did have a large sample size in the MenC booster 
group which enabled us to examine MenC IgG, IgA and TT results per age group.

To conclude, our data showed that the vaccine responses following an adolescent 
MenC or MenACWY vaccination were slightly higher in 12- and 15-year-old girls than 
in boys. However, the percentage with protective titers was very high for both boys 
and girls. More research is needed to establish whether these findings are of clinical 
relevance on the long-term when antibodies wane and protection levels decrease.
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Supplementary Table 1A. Characteristics of the study population for meningococcal serogroups A, W 
and Y (IgA analyses).

Characteristic Girls (n=121) Boys (n=116)

Baseline serum IgA in µg/mL,
median (IQR)

MenA 0.075 (0.039-0.160) (n=114) 0.064 (0.032-0.115) (n=113)

MenW 0.017 (0.007-0.046) (n=114) 0.019 (0.001-0.037) (n=113)

MenY 0.044 (0.007-0.097) (n=114) 0.036 (0.014-0.068) (n=111)

Baseline salivary IgA in ng/mL,
median (IQR)

MenA 42 (26-65) (n=118) 38 (26-61) (n=112)

MenW 13 (11-17) (n=120) 13 (10-16) (n=115)

MenY 28 (20-38) (n=120) 25 (18-33) (n=115)

Abbreviations: ; IgA immunoglobulin A; IQR, interquartile range; MenA, meningococcal serogroup A; 
MenW, meningococcal serogroup W135; MenY, meningococcal serogroup Y.

Supplementary Table 1B. Characteristics of the study population for meningococcal serogroup C (IgA 
analyses)

Characteristic Girls (n=342) Boys (n=327)

Baseline IgA, median (IQR)

Serum (µg/mL)

Overall 0.025 (0.010-0.064) (n=328) 0.022 (0.010-0.055) (n=322)

10y 14m 0.013 (0.006-0.036) (n=95) 0.012 (0.003-0.032) (n=69)

12y 3y 0.016 (0.009-0.043) (n=41) 0.020 (0.007-0.104) (n=47)

12y 14m 0.027 (0.013-0.041) (n=71) 0.027 (0.012-0.054) (n=87)

15y 6y 0.054 (0.014-0.147) (n=40) 0.020 (0.010-0.093) (n=43)

15y 3y 0.044 (0.020-0.091) (n=81) 0.032 (0.017-0.064) (n=76)

Saliva (ng/mL)

Overall 7.7 (5.0-12.3) (n=336) 7.6 (5.0-12.1) (n=324)

10y 14m 6.9 (4.0-9.2) (n=96) 5.8 (3.6-9.3) (n=71)

12y 3y 6.0 (3.0-12.3) (n=44) 5.8 (3.5-12.6) (n=47)

12y 14m 7.7 (5.4-12.0) (n=71) 7.6 (5.4-9.6) (n=85)

15y 6y 11.0 (5.8-16.2) (n=41) 9.0 (4.2-18.4) (n=45)

15y 3y 9.0 (6.3-15.0) (n=84) 10.2 (6.9-17.9) (n=76)

Abbreviations: IgA immunoglobulin A; IQR, interquartile range; MenC, meningococcal serogroup C; SBA, 
serum bactericidal antibody.
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ABSTRACT

Background Immunogenicity to meningococcal serogroup ACWY (MenACWY) con-
jugate vaccine has not been studied in immunocompromised minors with juvenile 
idiopathic arthritis (JIA) or inflammatory bowel disease (IBD). We determined immu-
nogenicity of a MenACWY-TT vaccine in adolescents with JIA or IBD and compared 
results to data from aged-matched healthy controls (HCs).

Methods We performed a prospective observational cohort study in 14-18-year-olds 
diagnosed with JIA or IBD, who received a MenACWY vaccination during a nation-
wide catch-up campaign (2018–2019) in the Netherlands. Primary aim was to com-
pare MenACWY polysaccharide-specific serum IgG geometric mean concentrations 
(GMCs) in patients with HCs and secondary between patients with or without anti-TNF 
therapy. GMCs were determined before and 3-6, 12, and 24 months postvaccination 
and compared with data from HCs at baseline and 12 months postvaccination. Serum 
bactericidal antibody (SBA) titers were determined in a subset of patients at 12 months 
postvaccination.

Findings We included 226 participants with JIA (66%) or IBD (34%). GMCs were lower 
for MenA and MenW (GMC ratio 0.24 [0.17-0.34] and 0.16 [0.10-0.26] respectively, 
p<0.01) in patients compared to HCs at 12 months postvaccination. Anti-TNF users 
had lower MenACWY GMCs postvaccination compared with those without anti-TNF 
(p<0.01). The proportion protected (SBA≥8) for MenW was reduced in anti-TNF users 
(76% versus 92% in non-anti-TNF and 100% in HCs, p<0.01).

Interpretation The MenACWY conjugate vaccine was immunogenic in the vast major-
ity of adolescents with JIA and IBD but seroprotection was lower in patients using an-
ti-TNF agents. Therefore, an extra booster MenACWY vaccination should be considered.
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INTRODUCTION

Pediatric patients with autoimmune inflammatory diseases are more susceptible for 
(a severe course of ) infections, which is either caused by the disease itself and/or the 
use of immunosuppressive or immunomodulating medication[1]. Immunosuppres-
sive/modulatory drugs are fundamental to suppress disease activity, but can lead to a 
compromised immune system. Juvenile idiopathic arthritis (JIA) is the most common 
rheumatic condition in children [2] and inflammatory bowel disease (IBD) is an im-
portant gastro-intestinal inflammatory disorder in the pediatric population [3]. Even 
though these disorders vary widely in clinical manifestation, tumor necrosis factor 
(TNF) plays an important role in the pathophysiology of these diseases and is a key 
target for therapy for both diseases[4].

Vaccination in immunocompromised patients is crucial to provide better protection 
against infections. Over the years, trials have proved that the risk of adverse events, 
such as disease flares, is limited and vaccinations are now advocated for (pediatric) 
patients with immune disorders [5, 6]. Yet, vaccine immunogenicity was not always 
found to be as good as in healthy individuals, although data are conflicting [5]. Pro-
gress towards better treatment of many immune diseases was made with the intro-
duction of biological Disease Modifying Anti-Rheumatic Drugs (bDMARDs), of which 
anti-TNF agents are most commonly used. In addition to improvement of therapy, 
bDMARDS as well as conventional synthetic DMARDS (csDMARDs) may impact the 
immune system in an unwanted way. Studies show that B-cell depleting therapies and 
high-dose glucocorticoids hamper the humoral response upon vaccination in children 
[7]. In addition, recent studies showed that children on TNF inhibitors generally have 
adequate immune responses upon vaccination but antibody levels were lower and 
tended to decline more rapidly compared with healthy controls [7, 8].

Previously, meningococcal C (MenC) conjugate vaccination was shown to be immu-
nogenic and safe in patients with JIA [9]. However, data on vaccine-induced antibody 
responses (including the effect of medication use) and safety in immunocompromised 
pediatric patients receiving a MenACWY vaccination is lacking. Due to an outbreak 
of serogroup W invasive meningococcal disease (IMD-W), the MenACWY vaccination 
was introduced in the national immunization programme (NIP) in the Netherlands for 
toddlers aged 14 months (replacing MenC conjugate vaccination at 14 months of age) 
in 2018 and adolescents 14 years of age (newly introduced) in 2020 [10]. Furthermore, 
a catch-up campaign for all adolescents aged 14-18 years took place in 2018-2019. In 
order to assess immunogenicity of the MenACWY conjugate vaccine (MenACWY-TT, 
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Nimenrix©) in adolescents with JIA or IBD, we conducted a prospective observational 
study in a cohort of adolescent patients 14-18 years of age. Vaccine responses – overall, 
as well as in relation to medication use – were measured in sera collected pre- and 
postvaccination, with a follow-up of two years. Safety was evaluated by analyzing the 
effect of meningococcal vaccination on disease activity and (serious) adverse events 
in patients.

METHODS

Study design and participants

The MenACWY vaccination was included in the NIP in the Netherlands since 2020 
for adolescents aged 14 years, preceded by a nationwide catch-up campaign in 
2018–2019 for 14-18 year-olds [10]. An observational cohort study that started at 
the beginning of the campaign in 2018 was performed in adolescent patients with 
immune disorders (autoimmune inflammatory rheumatic diseases including JIA, IBD, 
SLE, MCTD, vasculitis, uveitis, immune deficiencies [cellular and humoral], 22q11 dele-
tion syndrome, sickle cell disease or (functional) asplenia, and patients that underwent 
stem cell transplantation after bone marrow failure/aplasia). Patients were recruited 
from the Wilhelmina Children’s Hospital of the University Medical Centre Utrecht. For 
the current study, we asked all JIA and IBD patients who were 14-18 years of age and 
eligible for vaccination during the campaign to participate. The adolescent patients 
with other immune disorders as mentioned hereabove will be described elsewhere. All 
participants received a single dose of MenACWY-TT (Nimenrix®) from the local public 
health center. Written informed consent was obtained from participants and also their 
parents/guardians if the participant was under 16 years of age at time of enrollment. 
The Medical Research Ethics Committee Utrecht decided that the study was exempt 
from the Medical Research Involving Human Subjects Act (WMO) (local RIB protocol 
number 18/558/C). Clinical data and collection of blood samples occurred as part of 
routine follow-up visits with the clinician. Thus, blood samples were collected before, 
and at 3-6 months, 12 months (+/- 3 months) and 24 months (+/- 3 months) after 
vaccination. Serology results were compared with healthy control data (15 years of 
age) at baseline and 12 months postvaccination from a randomized controlled trial 
that was previously performed and published by National Institute for Public Health 
and the Environment (RIVM) [11, 12].
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Outcome measures

Serology

Meningococcal serogroup A, C, W and Y polysaccharide (PS)-specific serum IgG con-
centrations were determined by fluorescent bead-based multiplex immunoassay 
(MIA), as described previously [13]. The lower level of quantitation was set at 0.01 µg/
mL. Functional antibodies were determined with the serum bactericidal antibody (SBA) 
assay in an arbitrarily chosen subset of sera (n=97) at 12 months postvaccination, with 
a titer ≥8 considered as the protective threshold (internationally-accepted correlate 
of protection) [14, 15].

Safety

Safety was assessed by determining disease activity and patient’s self-reported adverse 
events (interviewed by the clinician) after vaccination in all participants. Disease activ-
ity was assessed at every visit and measured in JIA patients with the clinical Juvenile 
Arthritis Disease Activity Score including 27 joints (cJADAS-27) with a range from 0 
(low activity) to 47 (high activity) [16] and in IBD patients either by the weighted Pedi-
atric Crohn’s Disease Activity Index (wPCDAI) [17] or by the Pediatric Ulcerative Colitis 
Activity Index (PUCAI) [18]. Medication use was noted at each visit. All participants 
were asked at every visit for (serious) adverse events, which were registered if present.

Statistical analysis

Baseline and follow-up MenACWY-PS specific IgG concentrations were log-trans-
formed prior to all statistical analyses and presented as GMCs with corresponding 
95% confidence intervals (CI). GMCs of JIA and IBD patients were compared with data 
from aged-matched healthy controls (HCs) at baseline and 12 months postvaccination 
using the ANOVA test [11, 12]. GMCs were compared between anti-TNF users, non-anti-
TNF users (i.e. patients who did not use anti-TNF agents, regardless if other biologicals 
were used) and HCs at baseline and 12 months postvaccination using the ANOVA test. 
Post-hoc tests were performed using the t-test with Bonferroni correction. GMCs at 3-6 
and 24 months postvaccination were compared between anti-TNF and non-anti-TNF 
users using the t-test. Also, pairwise comparisons of GMCs in anti-TNF and non-an-
ti-TNF users per visit were performed to determine differences between timepoints 
using the t-test with Bonferroni correction. In order to study the independent effect 
of anti-TNF use on log-transformed MenACWY IgG concentrations postvaccination in 
IBD and JIA patients, we performed crude and adjusted linear mixed model analyses 
[19]. Variables adjusted for in the analyses were sex, disease, age at vaccination, base-
line IgG concentration (constant variables), follow-up time and drug therapy (other 
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than anti-TNF) (time-varying variables). The regression coefficient was exponentiated 
to obtain (adjusted) GMC ratios and 95% CIs for anti-TNF users versus non-anti-TNF 
users. For these analyses, we used a random intercept per patient and a random slope 
for the anti-TNF effect. Missing GMC data were handled by multiple imputation using 
chained equations [20]. All analyses were run for 20 imputed datasets and estimates 
were pooled using Rubin’s rules. Furthermore, we decided a-priori to perform linear 
mixed model analyses to study the adjusted effect of follow-up time on MenACWY 
IgG concentrations postvaccination. In order to assess if this effect was different for 
anti-TNF and non-anti-TNF users, we added an interaction term between anti-TNF use 
and follow-up time to the regression models.

We aimed to determine a cut-off for the PS-specific IgG concentrations using antibody 
data from patients and HCs. The threshold for seroprotectivity was defined as the min-
imal IgG concentration for which 100% of the SBA titers 12 months postvaccination 
were protective (SBA≥8) in the healthy controls.

Log-transformed SBA titers for the different serogroups at 12 months postvaccination 
were compared between anti-TNF users, non-anti-TNF users and healthy controls using 
the ANOVA test and post-hoc tests were performed using the t-test with Bonferroni 
correction. Proportions of participants with seroprotective SBA titers (SBA≥8) were 
compared using Fisher’s exact test and post-hoc tests were performed with Bonferroni 
correction.

An overall difference in disease activity score (cJADAS, PUCAI, wPCDAI) between study 
visits was tested with the Skillings-Mack test for unbalanced dependent samples [21]. 
Pairwise comparisons of disease activity scores per visit were performed using the 
Wilcoxon rank sum test with Bonferroni correction.

A p-value of 0.05 was considered statistically significant for all analyses. All analyses 
were performed using R version 4.0.3 and the mice and lme4 packages.
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RESULTS

Baseline characteristics

Between October 2018 and March 2020, 226 participants (59% female, 134/226) were 
included (Figure 1) with a median age of 15.7 years (Table 1). Among them, two-thirds 
of the patients was diagnosed with JIA (150/226, 66%) of which the main subgroups 
were oligo-and polyarthritis. One-third of the patients had IBD (76/226, 34%), with 
Crohn’s disease as most common subtype. A total of 113 out of 226 patients (50%) 
used csDMARDs and 109 out of 226 (48.2%) used bDMARDs, mostly anti-TNF agents 
(89 out of 109).

Figure 1. Flow-chart of inclusion. Created with BioRender.com
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Table 1. Study participant characteristics at baseline

Total patient cohort 
 (n = 226)

JIA
(n = 150)

IBD
(n = 76)

Healthy controls  
(n=75)

Female sex, n (%) 134 (59.3%) 95 (63.3%) 39 (51.3%) 36 (48%)

Age in years, median (IQR) 15.7 (14.3 – 17.3) 15.6 (14.1 – 17.3) 16.3 (14.9 – 16.7) 15.2 (14.9 – 15.5)

Medication use, n (%)
N/A

No immunosuppressive drugs/NSAIDs 61 (27.0%) 52 (34.7%) 9 (11.8%)

Systemic corticosteroids 14 (6.2%) 4 (2.7%) 10 (13.2%)

csDMARDs 113 (50.0%) 67 (44.7%) 46 (60.5%)

 MTX 54 (23.9%) 52 (34.7%) 2 (2.6%)

 AZA 39 (17.3%) 3 (2.0%) 36 (47.4%)

 SSZ 15 (6.6%) 0 (0.0%) 15 (19.7%)

 LEF 7 (3.1%) 7 (4.7%) 0 (0.0%)

bDMARDs 109 (48.2%) 67 (44.7%) 42 (55.3%)

 Anti-TNF 89 (39.4%) 54 (36.0%) 35 (46.1%)

 Non-anti-TNF bDMARD 20 (8.8%) 13 (8.7%) 7 (9.2%)

 Anti-TNF + csDMARD 55 (24.3%) 36 (24.0%) 19 (25.0%)

Disease, n (%) N/A

JIA 150 (66.4%) 150 (100.0%) N/A

 Persistent oligoarthritis 49 (21. 7 %) 49 (32. 7 %)

 Extended oligoarthritis 16 (7.1%) 16 (10.7%)

 Polyarthritis 47 (20.8%) 47 (31.3%)

 Systemic arthritis 14 (6.2%) 14 (9.3%)

 Enthesitis-related arthritis 11 (4.9%) 11 (7.3%)

 Psoriatic arthritis 8 (3.5%) 8 (5.3%)

 Other JIA 5 (2.2%) 5 (3.3%)

IBD 76 (33.6%) N/A 76 (100.0%)

 Crohn’s disease 44 (19.5%) 44 (57.9%)

 Ulcerative colitis 21 (9.3%) 21 (27.6%)

 IBD-unclassified 11 (4.9%) 11 (14.5%)

IQR = interquartile range; NSAIDs = non-steroidal anti-inflammatory drugs; MTX = methotrexate; 
AZA = azathioprine; SSZ = sulfasalazine; LEF = leflunomide; bDMARDS = biological Disease Modifying 
Anti-Rheumatic Drugs; csDMARDS = conventional synthetic Disease Modifying Anti-Rheumatic Drugs; 
JIA = juvenile idiopathic arthritis; IBD = inflammatory bowel disease; N/A = not applicable
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Meningococcal polysaccharide-specific IgG concentrations in JIA and IBD 
patients

GMCs of PS-specific IgG concentrations were below 0.5 µg/mL for all serogroups at 
baseline in patients (Figure 2 and Supplementary Table 1). Compared with HCs, IgG 
PS-specific GMCs were significantly lower in patients for serogroup A and W (2.0 [1.6-
2.4] and 0.7 [0.5-1.0] respectively versus 8.2 [6.5-10.4] and 4.5 [3.3-6.3] in HCs) at 12 
months postvaccination and also at baseline (Supplementary Table 1). GMCs did not 
differ between patients and HCs for serogroup C and Y at 12 months postvaccination. 
Three months after vaccination, GMCs significantly increased compared to baseline 
(Supplementary Table 2) and the GMC for MenC was significantly higher than for 
MenAWY (Figure 2). MenA and MenC antibodies waned over time between 3-6 months 
and 12 months postvaccination (p<0.01), and between 3-6 months and 24 months 
postvaccination for all serogroups (p<0.01) (Supplementary Table 2).

Figure 2. Meningococcal serogroup A, C, W and Y polysaccharide-specific serum IgG concentrations in 
JIA patients, IBD patients and healthy controls at all timepoints. Dots indicate geometric mean concentra-
tions with 95% confidence intervals. JIA = juvenile idiopathic arthritis; IBD = inflammatory bowel disease; 
PS = polysaccharide
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Effect of anti-TNF agents on PS-specific IgG concentrations in JIA and IBD 
patients

Within the patient cohort, non-anti-TNF users were more often female (66%) while 
anti-TNF users were slightly more often males (52%) using anti-TNF (Supplementary 
Table 3). No difference in systemic corticosteroid use was found between anti-TNF 
users and non-anti-TNF users. Among non-anti-TNF users, 42% used sDMARDS, 22% 
used methotrexate and 15% used bDMARDS other than anti-TNF. For all serogroups, 
significant differences in PS-specific IgG GMCs between anti-TNF users and non-anti-
TNF users were already present 3-6 months postvaccination (Figure 3, Supplementary 
Table 4) and these differences persisted until 24 months postvaccination. Both the 
crude and adjusted effect of anti-TNF therapy at baseline on PS-specific IgG concentra-
tions were statistically significant for all serogroups in the linear mixed model (Table 2, 
Supplementary Table 5). The GMC ratio between anti-TNF users and non-anti-TNF 
users was lowest for serogroup Y (0.19 [0.10-0.34]) and highest for serogroup A (0.50 
[0.33-0.76]) in the adjusted analysis (Table 2), but also significant for serogroup C (0.47 
[0.32-0.70]) and serogroup W (0.23 [0.14-0.39]). A difference in GMC between 12 and 
24 months postvaccination was observed for serogroup C and W (p<0.01) but not for 
A and Y in anti-TNF users. In non-anti-TNF users, significant differences in GMCs be-
tween 12 and 24 months were found for serogroup A and C (Supplementary Table 6).

Figure 3. Meningococcal serogroup A, C, W and Y polysaccharide-specific serum IgG concentrations in 
anti-TNF users and non-anti-TNF users per disease cohort (in JIA and IBD patients) at baseline and during 
follow-up. Dots indicate geometric mean concentrations with 95% confidence intervals. JIA = juvenile 
idiopathic arthritis; IBD = inflammatory bowel disease; PS = polysaccharide

Milou Ohm Binnenwerk V4.indd   118Milou Ohm Binnenwerk V4.indd   118 06-04-2023   19:3406-04-2023   19:34



119

MenACWY vaccine response JIA and IBD

Table 2. Linear mixed model analyses for the independent effect of anti-TNF use at baseline on log-
transformed meningococcal IgG concentrations at all postvaccination timepoints for JIA and IBD patients

Serogroup Analysis GMC ratio for anti-TNF users vs. non-anti-TNF users (95% CI)

MenA Crude 0.44 (0.31 - 0.63)*

Adjusted1 0.50 (0.33 - 0.76)*

MenC Crude 0.50 (0.35 - 0.71)*

Adjusted1 0.47 (0.32 - 0.70)*

MenW Crude 0.17 (0.11 - 0.28)*

Adjusted1 0.23 (0.14 - 0.39)*

MenY Crude 0.14 (0.08 - 0.24)*

Adjusted1 0.19 (0.10 - 0.34)*

*statistically significant effect
1adjusted for sex, disease, age at vaccination, baseline IgG concentration (constant variables), follow-up 
time and immunosuppressive drug therapy other than anti-TNF (time-varying variables)
Missing values were handled by multiple imputation. GMC = geometric mean concentration

Functional antibodies at 12 months postvaccination

Serum samples from a random subset of n=97 patients (of which 65 diagnosed with 
JIA and 32 diagnosed with IBD) collected at 12 months postvaccination were tested 
in the SBA assay. We compared three different groups: anti-TNF users, non-anti-TNF 
users and HCs. The seroprotection rates (proportion with SBA titer ≥8) between pa-
tients using anti-TNF, patients not using anti-TNF and HCs were significantly different 
for MenW (76%, 92%, and 100% respectively, p<0.01), but not for MenACY (Table 3). 
Furthermore, SBA GMTs at 12 months postvaccination were significantly lower (p<0.05) 
for serogroup C and W in the anti-TNF group in comparison with the non-anti-TNF 
group (Supplementary Table 7). There were no significant differences in GMTs between 
the anti-TNF and non-anti-TNF group for serogroup A, and Y. However, significant dif-
ferences between GMTs were found for all serogroups when anti-TNF users were 
compared with HCs (Supplementary Table 6). The lowest SBA GMT was observed for 
serogroup W, with a GMT of 188 [80-440] in the anti-TNF group, compared with 533 
[304-934] in the non-anti-TNF group and 1546 [1257-1903] in HCs. We did not find a 
difference between boys and girls in the protected proportion of JIA and IBD patients 
(Supplementary Table 8). Because functional antibody titers did not correlate with 
PS-specific IgG concentrations except for serogroup C (r=0.88, p<0.01), a cut-off for IgG 
seroprotection could not be determined (Supplementary Figure 1 and Supplementary 
Table 9); not all children with a low SBA titer also showed a low IgG concentration, 
some had IgG concentrations above 0.5 or even 1.0 µg/mL (Supplementary Figure 1).
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Table 3. Frequency (%) of seroprotective SBA titres (≥8) 12 months postvaccination in JIA and IBD patients 
with and without anti-TNF use at baseline and in healthy 15 year-old controls (HC).

Serogroup Non-anti-TNF
(n = 52)

Anti-TNF
(n = 45)

HC
(n = 75)

P-value

Overall 
difference

Non-anti-TNF 
vs. anti-TNF1

Non-anti-TNF 
vs. HC1

Anti-TNF 
vs. HC1

MenA 50 (96%) 41 (91%) 74 (99%) 0.11 1.00 1.00 0.20

MenC 49 (94%) 44 (98%) 75 (100%) 0.06 1.00 0.20 1.00

MenW 48 (92%) 34 (76%) 74 (100%)2 <0.01* 0.08 0.08 <0.01*

MenY 49 (96%)2 43 (96%) 73 (97%) 0.88 1.00 1.00 1.00

*P < 0.05
1P-values were adjusted for multiple testing with Bonferroni correction
2one missing observation

Safety: disease activity and adverse events

No severe adverse events were reported during the study. Three patients reported an 
event of special interest during routine care at 3 months follow-up, which included 
worsening of alopecia areata, low serum adalimumab level, and sinusitis. All events 
were transient. No significant overall difference was observed in disease activity scores 
(wPCDAI, PUCAI and cJADAS) during follow-up (Figure 4) and at 3 months postvacci-
nation compared to baseline (Supplementary Table 10).

Figure 4. Disease activity as measured with the wPCDAI, PUCAI or cJADAS at all timepoints. Dots indicate 
mean disease activity scores with 95% confidence intervals. P-values reflect an overall difference be-
tween study visits. cJADAS = clinical Juvenile Arthritis Disease Activity Score; wPCDAI = weighted Pediatric 
Crohn’s Disease Activity; PUCAI = Pediatric Ulcerative Colitis Activity Index (PUCAI)
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DISCUSSION

In this study, we found that a single dose of meningococcal ACWY conjugate vaccine 
is immunogenic and in general elicited seroprotective antibody titers in adolescents 
diagnosed with JIA or IBD. However, the vaccine was less immunogenic in patients 
using anti-TNF agents compared with patients not using anti-TNF agents and com-
pared with healthy controls. More specifically, one fourth of the patients on anti-TNF 
did not have a protective functional antibody titer against serogroup W 12 months 
after vaccination. No severe advents or increase in disease activity was detected after 
vaccination.

The few studies reporting on the vaccine response in pediatric patients treated with 
bDMARDs are contradictory and not always in line with our results. In a recently pub-
lished systematic literature review that assessed all available data on vaccines except 
for the COVID-19 vaccines, pediatric patients with autoimmune inflammatory rheu-
matic diseases did not have lower seroprotection rates when bDMARDS were used 
except for B-cell depleting therapies [7]. The only available reports on meningococcal 
vaccines found that MenC vaccination was safe and immunogenic in JIA patients [9], 
although an accelerated decline of antibodies was observed when biologicals were 
used [22]. Current guidelines recommend regular vaccinations according to the NIP[7], 
but recommendations on determination of seroprotection levels postvaccination, and 
consequently a booster vaccination in case of low antibody levels, are lacking.

TNF inhibitors suppress the response to TNF, a cytokine involved in immune and 
inflammatory responses such as proliferation and activation of T-cells, B-cells, mac-
rophages, dendritic cells and NK cells [23]. Although the pathogenesis of some im-
mune-mediated inflammatory diseases – including JIA and IBD - remains incompletely 
understood, an excessive production of proinflammatory cytokines including TNFα is 
involved and plays a crucial role in treatment. The immune response to a conjugate 
vaccine includes the activation of B- and T-cells that results in the production of an-
tibodies and induction of a cellular memory response. TNF promotes the activation 
and proliferation of T cells, both naïve and effector, and can thereby provide help to 
B-cells for antibody production. Anti-TNF may alter the T-cell dependent B-cell re-
sponse, which is especially important in the polysaccharide-specific B-cell response 
that is induced by conjugate vaccines [24]. Furthermore, TNF induces dendritic cell 
maturation, which promotes an efficient antigen presentation [25]. CD40 and the CD40 
ligand, which are important proteins in the carrier-peptide-specific T cell response, 
have been reported to be down-regulated by anti-TNF agents in patients with Crohn’s 
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disease [24, 26]. Future research should investigate how the recall response to an extra 
booster vaccination (while being treated with anti-TNF) is influenced.

In this study, most patients were primed with a MenC vaccination (vaccine uptake was 
around 95% in 2006-2008 [27]) at the age of 14 months. The response to a new antigen 
differs from a recall response and secondary responses are less likely to be impaired by 
immunosuppressive therapy [28]. We indeed observed a higher GMC in MenC com-
pared to the other serogroups in both patients with or without anti-TNF treatment 
(Supplementary Table 11). This probably predicts a promising booster response for 
the other 3 meningococcal serogroups as well - even when anti-TNF agents are used - 
which underlines the importance of a booster vaccination, especially in patients who 
did not respond (fully) to the primary vaccination. Since the MenC vaccination was 
replaced for a MenACWY vaccination in the Dutch NIP, future patients (the first chil-
dren primed at the age of 14 months with MenACWY vaccination in 2019 will receive 
a booster at 14 years around the year 2032) will probably respond to all serogroups 
as a recall. Thus, an additional booster vaccination for these patients might become 
unnecessary by the time MenACWY-primed toddlers receive the MenACWY booster 
vaccination as an adolescent.

One year postvaccination, one quarter of the patients using anti-TNF was not pro-
tected for MenW in this study and we expect that this proportion will further increase 
over time. We found that vaccine-induced PS-specific serum IgG concentrations were 
unreliable as cut-off for seroprotection as measured by SBA, as not all children with 
a low SBA titer also showed a low IgG concentration, some even had IgG concentra-
tions above 0.5 or even 1.0 µg/mL. The functionality of the all antibodies in addition 
to serum components as complement proteins (as reflected by the SBA) involves not 
only PS-specific IgG, but also other antibodies not restricted to the capsule and also 
for example IgM. Children that have a low SBA titer despite adequate PS-specific IgG 
concentrations may therefore actually benefit from an extra booster vaccination. Thus, 
PS-specific IgG concentrations were unreliable to use as a cut-off, which hampers 
individual-based advice on a booster vaccination for each patient by physicians. The 
SBA assay is however an expensive and time-consuming assay, and only validated for 
research purposes. Since the antibody decay, rather than hyporesponsiveness to the 
initial vaccination, might play a role in the reduced protection induced by vaccina-
tion [22], a booster vaccination should be considered. Usually, a 2-dose schedule or a 
vaccination 3-5 years after the primary vaccination is advised in risk groups. A 2-dose 
schedule may induce a good initial vaccine response, but does not necessarily lead to 
a longer duration of protection [29]. A booster could provide this, but earlier boosting 
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(earlier than after 3-5 years) is required to provide protection for at least one-fourth 
of the patients that would otherwise be unprotected during the period in life that an 
individual has high risk of contracting the meningococcal bacterium. For the clinical 
practice, therefore, we propose that an extra MenACWY vaccination should be con-
sidered for all adolescents treated with anti-TNF, regardless of IgG concentration, one 
year after the regular vaccination.

While safety has not been investigated before in immunocompromised adolescents 
receiving a MenACWY vaccination, for MenC vaccination safety was proved to be as-
sured and no adverse events were reported [9]. We did not find altered disease activity 
three months after MenACWY vaccination in JIA and IBD patients and no safety issues 
were reported in patients using immunosuppressive/modulating agents. This is in line 
with what was found for other vaccines [30].

Our study comes with limitations, especially because we performed an observational 
cohort study. Serum sampling depended on routine visits with the clinician and the 
COVID-19 pandemic has led to dropouts during follow-up. Furthermore, the age of 
vaccination in this study was 14-18 years, while currently in the NIP adolescents re-
ceive MenACWY vaccination at 14 years. Therefore, we might have overestimated the 
vaccine response since this may increase with age [12].

Strengths of the study were that we assessed functional antibody activity (SBA assay) 
– in addition to IgG concentrations – to actually assess seroprotection rates. We were 
able to take into account medical data including disease activity and medication use 
such as anti-TNF agents. We prospectively followed-up on patients for 24 months and 
could therefore optimize the recommendations for a possible booster vaccination. 
Furthermore, we investigated both differences between anti-TNF users and non-anti-
TNF users as well as the difference between healthy adolescents and patients (with or 
without medication use) by including healthy age-matched control data. In addition, 
we performed analyses to adjust for dependent measurements within patients over 
time and factors that could have led to confounding, which is a frequent problem in 
observational studies. We encourage that our results are validated in another pro-
spective cohort.

In conclusion, vaccination of immunocompromised adolescents with a MenACWY 
conjugate vaccine was immunogenic, but patients using anti-TNF agents showed 
lower antibody concentrations for all serogroups and even reduced seroprotection 
rates for MenW. An extra booster vaccination in those adolescents should be consid-
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ered, which we would now advise one year after the regular adolescent vaccination 
at the age of 14 years. Future research should evaluate the effect and optimal timing 
of a booster vaccination.
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Supplementary Table 1. Geometric mean concentrations (GMCs) and 95% confidence intervals of 
meningococcal polysaccharide-specific serogroup A, C, W and Y (MenACWY) IgG concentrations (µg/ml) 
during follow-up in the patient cohort (juvenile idiopathic arthritis (JIA) and inflammatory bowel disease 
(IBD) patients) and in healthy controls (HC).

Months Serogroup JIA + IBD HC P-value GMC ratio (95% CI)

0 n = 175 n = 75

MenA 0.1 (0.1 – 0.1) 0.6 (0.5 – 0.8)2 <0.01* 0.13 (0.08 – 0.20)

MenC 0.4 (0.3 – 0.6) 0.3 (0.3 – 0.5) 0.19 1.29 (0.85 – 1.95)

MenW 0.0 (0.0 – 0.0) 0.2 (0.1 – 0.3) <0.01* 0.11 (0.07 – 0.16)

MenY 0.0 (0.0 – 0.0) 0.1 (0.1 – 0.1) <0.01* 0.44 (0.27 – 0.70)

3-6 n = 188 n = 0

MenA 3.6 (2.8 – 4.6) -

MenC 50.5 (40.0 – 63.8) -

MenW 0.7 (0.5 – 1.0) -

MenY 2.5 (1.8 – 3.5) -

12 n = 182 n = 75

MenA 2.0 (1.6 – 2.4) 8.2 (6.5 – 10.4) <0.01* 0.24 (0.17 – 0.34)

MenC 14.8 (12.3 – 17.8) 16.9 (14.0 – 20.4) 0.32 0.88 (0.64 – 1.19)

MenW 0.7 (0.5 – 1.0 ) 4.5 (3.3 – 6.3) <0.01* 0.16 (0.10 – 0.26)

MenY 1.5 (1.1 – 2.1) 2.5 (1.7 – 3.8) 0.05 0.60 (0.34 – 1.05)

24 n = 161 n = 0

MenA 1.0 (0.8 – 1.4) -

MenC 7.7 (6.2 – 9.5) -

MenW 0.4 (0.3 – 0.5) -

MenY 1.1 (0.8 – 1.5) -

P-values to compare GMCs were determined with a t-test on log-transformed data. Significant GMC ratios 
are outlined in bold. *P < 0.05
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Supplementary Table 2. P-values for pairwise comparisons of meningococcal serogroup A, C, W and Y 
(MenACWY) polysaccharide-specific IgG concentrations at different study visits for juvenile idiopathic 
arthritis (JIA) and inflammatory bowel disease (IBD) patients.

Serogroup Time-point Baseline 3-6 months 12 months

MenA 3-6 months <0.01* - -

12 months <0.01* <0.01* -

24 months <0.01* <0.01* <0.01*

MenC 3-6 months <0.01* - -

12 months <0.01* <0.01* -

24 months <0.01* <0.01* <0.01*

MenW 3-6 months <0.01* - -

12 months <0.01* 1.00 -

24 months <0.01* <0.01* <0.01*

MenY 3-6 months <0.01* - -

12 months <0.01* 0.13 -

24 months <0.01* <0.01* 1.00

*P < 0.05
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Supplementary Table 3. Study participant baseline characteristics in anti-TNF users and non-anti-TNF 
users

Non-anti-TNF (n = 137) Anti-TNF (n = 89)

Female sex, n (%) 91 (66.4%) 43 (48.3%)

Age in years, median (IQR) 15.9 (14.4 - 17.3) 15.7 (13.9 - 16.8)

Medication use, n (%)

No immunosuppressive drugs/NSAIDs 61 (44.5%) 0 (0.0%)

Systemic corticosteroids 7 (5.1%) 7 (7.9%)

csDMARDs 58 (42.3%) 55 (61.8%)

 MTX 30 (21.9%) 24 (27.0%)

 AZA 20 (14.6%) 19 (21.3%)

 SSZ 9 (6.6%) 6 (6.7%)

 LEF 1 (0.7%) 6 (6.7%)

bDMARDs 20 (14.6%) 89 (100.0%)

 Anti-TNF 0 (0.0%) 89 (100.0%)

 Non-anti-TNF bDMARD 20 (14.6%) 0 (0.0%)

 Anti-TNF + sDMARD 0 (0.0%) 55 (61.8%)

Disease, n (%)

JIA 96 (70.1%) 54 (60.7%)

 Persistent oligoarthritis 32 (23.4%) 17 (19.1%)

 Extended oligoarthritis 7 (5.1%) 9 (10.1%)

 Polyarthritis 28 (20.4%) 19 (21.3%)

 Systemic arthritis 14 (10.2%) 0 (0.0%)

 Enthesitis-related arthritis 7 (5.1%) 4 (4.5%)

 Psoriatic arthritis 5 (3.6%) 3 (3.4%)

 Other JIA 3 (2.2%) 2 (2.2%)

IBD 41 (29.9%) 35 (39.3%)

 Crohn’s disease 22 (16.1%) 22 (24.7%)

 Ulcerative colitis 12 (8.8%) 9 (10.1%)

 IBD-unclassified 7 (5.1%) 4 (4.5%)

IQR = interquartile range; NSAIDs = non-steroidal anti-inflammatory drugs; MTX = methotrexate; 
AZA = azathioprine; SSZ = sulfasalazine; LEF = leflunomide; bDMARDS = biological Disease Modifying 
Anti-Rheumatic Drugs; csDMARDS = conventional synthetic Disease Modifying Anti-Rheumatic Drugs; 
JIA = juvenile idiopathic arthritis; IBD = inflammatory bowel disease
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Supplementary Table 5. Linear mixed model analyses in juvenile idiopathic arthritis (JIA) and 
inflammatory bowel disease (IBD) patients for a difference in adjusted effect of follow-up time on 
log-transformed meningococcal serogroup A, C, W and Y (MenACWY) polysaccharide-specific IgG 
concentrations postvaccination between anti-TNF and non-anti-TNF use at baseline.

Serogroup Variable β (95% CI) 1

MenA Follow-up time (years) -0.77 (-0.96 – -0.59)*

Follow-up time (years)*anti-TNF use 0.14 (-0.17 – 0.45)

MenC Follow-up time (years) -1.14 (-1.30 – -0.98)*

Follow-up time (years)*anti-TNF use -0.07 (-0.34 – 0.20)

MenW Follow-up time (years) -0.45 (-0.68 – -0.22)*

Follow-up time (years)*anti-TNF use -0.13 (-0.58 – 0.31)

MenY Follow-up time (years) -0.58 (-0.78 – -0.38)*

Follow-up time (years)*anti-TNF use 0.04 (-0.32 – 0.40)

*statistically significant effect
1adjusted for anti-TNF use at baseline, sex, disease, age at vaccination, baseline IgG concentration (constant 
variables) and drug therapy (time-varying variable)
JIA = juvenile idiopathic arthritis; IBD = inflammatory bowel disease
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Supplementary Table 6. P-values for pairwise comparisons of meningococcal serogroup A, C, W and Y 
(MenACWY) polysaccharide-specific IgG concentrations at different study visits for juvenile idiopathic 
arthritis (JIA) and inflammatory bowel disease (IBD) patients with and without anti-TNF use at baseline.

Serogroup Anti-TNF use at baseline Time-point Baseline 3-6 months 12 months

MenA No 3-6 months <0.01* - -

12 months <0.01* <0.01* -

24 months <0.01* <0.01* 0.04*

Yes 3-6 months <0.01* - -

12 months <0.01* 0.84 -

24 months <0.01* <0.01* 0.07

MenC No 3-6 months <0.01* - -

12 months <0.01* <0.01* -

24 months <0.01* <0.01* 0.01*

Yes 3-6 months <0.01* - -

12 months <0.01* <0.01* -

24 months <0.01* <0.01* 0.02*

MenW No 3-6 months <0.01* - -

12 months <0.01* 1.00 -

24 months <0.01* 0.20 0.08

Yes 3-6 months <0.01* - -

12 months <0.01* 1.00 -

24 months <0.01* <0.01* 0.02*

MenY No 3-6 months <0.01* - -

12 months <0.01* 0.57 -

24 months <0.01* <0.01* 0.64

Yes 3-6 months <0.01* - -

12 months <0.01* 0.16 -

24 months <0.01* 0.05* 1.00

*P < 0.05
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Supplementary Table 7. Geometric mean titres (95% CI) of meningococcal serogroup A, C, W and Y 
(MenACWY) serum bactericidal antibody (SBA) results per serogroup 12 months postvaccination for 
juvenile idiopathic arthritis (JIA) and inflammatory bowel disease (IBD) patients with and without anti-
TNF use at baseline and healthy aged-matched controls (HC).

Serogroup No anti-TNF
(n = 52)

Anti-TNF
(n = 45)

HC
(n = 75)

P-value

Overall No anti-TNF  
vs. anti-TNF1

No anti-TNF  
vs. HC1

Anti-TNF  
vs. HC1

MenA 625
(385 – 1015)

413
(222 – 768)

875
(687 – 1115)

0.04* 0.60 0.72 0.04*

MenC 1611
(911 – 2850)

671
(406 – 1111)

2964
(2340 – 3755)

<0.01* 0.02* 0.10 <0.01*

MenW 533
(304 – 934)

188
(80 – 440)

1546
(1257 – 1903)2

<0.01* 0.03* <0.01* <0.01*

MenY 983
(611 – 1581)2

708
(442 – 1133)

1611
(1154 – 2247)

0.02* 0.91 0.25 0.02*

*P < 0.05
1P-values were adjusted for multiple testing with Bonferroni correction
2one missing observation

Supplementary Table 8. Frequency (%) of seroprotective meningococcal serogroup A, C, W and Y 
(MenACWY) serum bactericidal antibody (SBA) titers (≥8) 12 months postvaccination in male and female 
juvenile idiopathic arthritis (JIA) and inflammatory bowel disease (IBD) patients.

Serogroup Girls (n = 60) Boys (n = 37) P-value

MenA 55 (91.7%) 36 (97.3%) 0.40

MenC 56 (93.3%) 37 (100.0%) 0.29

MenW 51 (85.0%) 31 (83.8%) 1.00

MenY 571 (96.6%) 35 (94.6%) 0.64

1one missing observation

Supplementary Table 9. Correlation between polysaccharide-specific serum IgG concentrations and 
serum bactericidal antibody titers determined with Spearman’s correlation at 12 months postvaccination.

Serogroup r P-value

MenA 0.05 0.60

MenC 0.88 <0.01

MenW 0.12 0.24

MenY 0.19 0.07

6
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Supplementary Table 10. Bonferroni-adjusted P-values for pairwise comparisons of disease activity 
scores at different study visits for juvenile idiopathic arthritis (JIA) and inflammatory bowel disease (IBD) 
patients.

Score Time-point Baseline 3 months 12 months

cJADAS Baseline (n = 98)

3-6 months (n = 90) 1.00 - -

12 months (n = 84) 0.39 1.00 -

24 months (n = 66) 0.71 0.13 0.01*

wPCDAI Baseline (n = 18)

3-6 months (n = 23) 0.95 - -

12 months (n = 20) 1.00 1.00 -

24 months (n = 9) 1.00 0.31 1.00

PUCAI Baseline (n = 14)

3-6 months (n = 14) 1.00 - -

12 months (n = 13) 1.00 1.00 -

24 months (n = 11) 1.00 1.00 1.00

*P < 0.05

Supplementary Table 11. Geometric mean concentrations and 95% confidence intervals of 
meningococcal serogroup A, C, W and Y (MenACWY) polysaccharide-specific IgG concentrations (µg/
ml) in juvenile idiopathic arthritis (JIA) and inflammatory bowel disease (IBD) patients during follow-up.

Timepoint Anti-TNF use at baseline MenA MenC MenW MenY P-value

0 months No (n = 95) 0.08 (0.06 – 0.12) 0.48 (0.34 – 0.67) 0.02 (0.02 – 0.03) 0.04 (0.03 – 0.06) <0.01*

Yes (n = 80) 0.08 (0.06 – 0.12) 0.40 (0.28 – 0.56) 0.02 (0.02 – 0.03) 0.03 (0.02 – 0.04) <0.01*

3-6 months No (n = 106) 6.2 (4.6 – 8.2) 69.2 (52.8 – 90.7) 1.6 (1.1 – 2.3) 5.9 (4.2 – 8.5) <0.01*

Yes (n = 82) 1.8 (1.3 – 2.6) 33.6 (22.6 – 49.9) 0.2 (0.2 – 0.4) 0.8 (0.5 – 1.3) <0.01*

12 months No (n = 106) 2.8 (2.2 – 3.6) 20.8 (16.9 – 25.6) 1.7 (1.3 – 2.4) 3.9 (2.8 – 5.5) <0.01*

Yes (n = 76) 1.2 (0.9 – 1.6) 9.2 (6.8 – 12.5) 0.2 (0.1 – 0.3) 0.4 (0.2 – 0.7) <0.01*

24 months No (n = 94) 1.51 (1.1 – 2.2) 11.61 (9.0 – 14.8) 1.0 (0.7 – 1.4) 2.5 (1.7 – 3.7) <0.01*

Yes (n = 67) 0.6 (0.4 – 1.0) 4.3 (3.0 – 6.1) 0.1 (0.0 – 0.2) 0.3 (0.2 – 0.5) <0.01*

*statistically significant
1one missing observation
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Supplementary Figure 1. Plots of meningococcal serogroup A, C, W and Y polysaccharide-specific serum 
IgG concentrations versus serum bactericidal antibody (SBA) titers for participants with available data 12 
months postvaccination. Coloured lines indicate linear trends.
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ABSTRACT

Background Immunization with meningococcal ACWY conjugate vaccine induces 
protective antibodies against invasive meningococcal disease (IMD) caused by sero-
groups A, C, W and Y. We studied MenACWY-TT vaccine immunogenicity in adolescents 
with a heterogenous group of primary and secondary immune deficiency including 
patients with systemic lupus erythematosus, mixed connective tissue disease, vascu-
litis, uveitis, 22Q11 syndrome, sickle cell disease, and patients who underwent stem 
cell transplantation for bone marrow failure.

Findings We enrolled 69 individuals aged 14-18 years diagnosed with a primary or 
secondary immune deficiency in a prospective observational cohort study. All patients 
received a single dose of MenACWY-TT vaccine during the catch-up campaign 2018-19 
because of the IMD-W outbreak in the Netherlands. Capsular polysaccharide-specific 
(PS) IgG concentrations against MenACWY were measured before and 3-6, 12, and 24 
months after vaccination. Overall, geometric mean concentrations (GMCs) of Men-
ACWY-PS-specific IgG were lower in patients compared to data from healthy, aged-
matched controls (n=75) reaching significance at 12 months postvaccination for sero-
group A and W (adjusted GMC ratios 0.26 [95% CI: 0.15 – 0.47] and 0.22 [95% CI: 0.10 
– 0.49], respectively). No serious adverse events were reported by study participants.

Conclusions The MenACWY conjugate vaccine was less immunogenic in adolescent 
patients with primary or secondary immunodeficiency compared to healthy controls, 
urging the need for further surveillance of these patients and supporting considera-
tions for booster MenACWY conjugate vaccinations in these patient groups.
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INTRODUCTION

Individuals with primary or secondary immunodeficiencies are more susceptible 
for a severe course of infections, because of their underlying disease and the use of 
immunomodulating medication that compromises immune defense against infec-
tion [1]. The spectrum of primary immunodeficiencies is large and includes humoral 
immune deficiency (such as common variable immunodeficiencies (CVID), cellular 
and combined immune deficiencies (CID), complement disorders, and (functional) 
asplenia. Secondary immunodeficiency is often due to immunosuppressive treatment 
and therefore can occur in a wide spectrum of inflammatory diseases, such as juve-
nile idiopathic arthritis (JIA) and inflammatory bowel disease (IBD), but may also be 
caused by more rare diagnoses including mixed connective tissue disorder (MCTD), 
systemic lupus erythematosus (SLE), as well as several forms of vasculitis. Prevention 
of infections is crucial to reduce the number of (intensive care) admissions and mor-
tality of invasive bacterial infections such as (vaccine-preventable) meningococcal and 
pneumococcal disease [2-4]. Data on immunogenicity of polysaccharide-conjugate 
vaccines in medical high-risk groups such as immunocompromised patients remain 
relatively scarce [5, 6].

In 2018, a national outbreak of serogroup W invasive meningococcal disease (IMD-W) 
in the Netherlands urged the implementation of a meningococcal serogroup A, C, W 
and Y (MenACWY) conjugate vaccination at 14 years of age, in addition to a catch-up 
campaign for individuals 14-18 years [7]. We conducted a prospective observational 
study on antibody levels before and after MenACWY vaccination in a cohort of indi-
viduals diagnosed with primary or secondary immunodeficiency aged 14-18 years, 
with a follow-up of two years.

METHODS

Adolescents with immune disorders from the Wilhelmina Children’s Hospital of the 
University Medical Centre Utrecht were recruited for this prospective observational 
cohort study. For the current study, we enrolled patients with primary and second-
ary immunodeficiencies, excluding juvenile idiopathic arthritis (JIA) or inflammatory 
bowel disease (IBD) as these data were described separately (manuscript submitted). 
As part of the nationwide catch-up campaign in 2018 for individuals aged 14-18 years 
in the Netherlands, participants received a single dose of MenACWY-TT (Nimenrix®) 
from their local public health centers [7]. All patients had received primary MenC-TT 
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conjugate vaccine at 14 months of age according to the national immunization pro-
gramme (NIP). Clinical data and blood collection were combined with routine out-
patient follow-up visits. Blood samples were collected before vaccination and at 3-6 
months, 12 months (+/- 3 months) and 24 months (+/- 3 months) after vaccination. 
We measured MenACWY polysaccharide (PS)-specific serum IgG concentrations with 
a fluorescent bead-based multiplex immunoassay (MIA), as previously described [8]. 
Data were compared with published data from healthy, aged-matched controls (HCs) 
who participated in a randomized controlled trial, in which antibody concentrations 
were determined by the same laboratory according to the same procedures [9, 10]. 
For safety measurements, we evaluated self-reported (serious) adverse events post-
vaccination. Written informed consent was obtained from participants and caregivers 
(for patients <16 years).

Patient characteristics at baseline (sex, age, disease category and medication use) 
were presented as frequency with percentage for categorical variables and median 
with interquartile range (IQR) for numerical variables. For all analyses, MenACWY-PS 
specific IgG concentrations were log-transformed prior to analysis and presented as 
geometric mean concentrations (GMCs) with 95% confidence intervals (CI). In order 
to adjust for baseline differences, GMCs were compared between study participants 
and HCs at 12 months postvaccination using a multivariable linear regression analysis. 
The regression coefficient was exponentiated to obtain (adjusted) GMC ratios with 
95% CIs for study participants versus HCs. GMCs in the total patient cohort were com-
pared between study visits for each serogroup using pairwise t-tests with Bonferroni 
correction. GMCs were compared between boys and girls within the study partici-
pant cohort at all study visits using the t-test. GMCs within patients were compared 
between the different diseases, as well as between three large disease subgroups 
(primary immunodeficiency, secondary immunodeficiency, hematological condition) 
at all timepoints using ANOVA test. For all analyses, a p-value of <0.05 was considered 
statistically significant. All analyses were performed using R version 4.0.

RESULTS

We included 82 patients in the current study between October 2018 and March 2020. 
For 13 patients no serological data were collected and these patients were excluded 
from further analyses. The median age of participants was 15.3 years, and approxi-
mately half of the remaining 69 participants were female (49%) (Table 1). 
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Table 1. Patient characteristics at baseline

Characteristics Total cohort (n=69) Healthy controls (n=75)

Female, n (%) 34 (49.3%) 36 (48.0%)

Age in years, median (IQR) 15.3 (13.7 – 17.0) 15.2 (14.9 – 15.5)

Disease, n (%)
N/A

Immune deficiencies1 33 (47.8%)

Autoimmune and auto-inflammatory diseases2 20 (29.0%)

Uveitis 12 (17.4%)

Sickle cell disease 4 (5.8%)

Medication use, n (%)

NSAIDs 5 (7.2%)

Immunosuppressive drugs* 23 (33.3%)

Systemic corticosteroids 1 (1.4%)

Synthetic DMARDs 19 (27.5%)

 Methotrexate 6 (8.7%)

 Azathioprine 1 (1.4%)

 Mycophenolate mofetil 11 (15.9%)

 Other 1 (1.4%)

Biologic DMARDs 10 (14.5%)

 Anti-TNF 7 (10.1%)

 Anti-IL6 2 (2.9%)

 Anti-IL1 1 (1.4%)

Abbreviations: DMARDS, disease-modifying anti-rheumatic drugs; IQR, interquartile range; N/A, not 
applicable. *including systemic corticosteroids, synthetic DMARDS, biologic DMARDS
111 common variable immunodeficiency; 8 22Q11 syndrome; 3 chronic neutropenia; 3 specific 
polysaccharide antibody deficiency; 2 complement 2 deficiency; 1 bone marrow failure/allogeneic 
stem cell transplantation; 1 hyper IgE syndrome; 1 warts, hypogammaglobulinemia, infections and 
myelokathexis syndrome; 1 ataxia telangiectasia; 1 dysimmunoglobulinemia; 1 IgG subclass deficiency
2 6 systemic lupus erythematosus; 3 mixed connective tissue disease; 3 juvenile dermatomyositis; 2 
systemic sclerosis; 1 recurrent idiopathic pericarditis; 1 chronic recurrent multifocal osteomyelitis; 
1 localized scleroderma; 1 eosinophilic granulomatosis with polyangiitis; 1 alopecia areata with 
dysimmunoglobulinemia; 1 adenosine deaminase 2 deficiency 

At baseline, GMCs of ≤0.5 µg/mL were observed for all serogroups (Table 2) with GMCs 
in the patients significantly lower compared with HCs for serogroup A and W, but not 
for serogroup C and Y (Figure 1). GMCs increased for all serogroups at three months 
postvaccination, the highest increase observed for serogroup C, which concerns a 
booster vaccination. Compared with HCs at 12 months postvaccination, GMCs were 
lower (p<0.01) for serogroup A and W (2.5 and 1.1 µg/mL versus 8.2 and 4.5 µg/mL 
respectively) but not significantly different for C and Y (14.6 and 2.1 µg/mL versus 16.9 
and 2.5 µg/mL respectively) (Figure 1, Table 2). 
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Figure 1. Geometric mean concentrations of meningococcal serogroup A, C, W and Y (MenACWY) poly-
saccharide (PS)-specific serum antibody concentrations of study participants and healthy controls during 
follow-up. Dots indicate geometric mean concentrations with 95% confidence interval.

Table 2. Geometric mean concentrations and 95% confidence intervals of MenACWY PS-specific IgG 
concentrations (µg/ml) during follow-up.

Months Serogroup Study participants Healthy controls P

0 n = 26 n = 75

MenA 0.1; 0.1 – 0.21 0.6; 0.5 – 0.81 <0.01*

MenC 0.5; 0.2 – 1.0 0.3; 0.3 – 0.5 0.36

MenW 0.0; 0.0 – 0.1 0.2; 0.1 – 0.3 <0.01*

MenY 0.0; 0.0 – 0.1 0.1; 0.1 – 0.1 0.23

3-6 n = 45 n = 0

MenA 5.3; 3.3 – 8.7 - -

MenC 38.5; 22.5 – 65.8 - -

MenW 1.5; 0.9 – 2.5 - -

MenY 3.0; 1.7 – 5.5 - -

12 n = 47 n = 75

MenA 2.5; 1.6 – 3.7 8.2; 6.5 – 10.4 <0.01*

MenC 14.6; 9.4 – 22.51 16.9; 14.0 – 20.4 0.53

MenW 1.1; 0.7 – 1.8 4.5; 3.3 – 6.3 <0.01*

MenY 2.1; 1.3 – 3.7 2.5; 1.7 – 3.8 0.60

24 n = 39 n = 0

MenA 1.2; 0.8 – 2.0 - -

MenC 5.6; 3.1 – 10.2 - -

MenW 0.4; 0.3 – 0.7 - -

MenY 1.0; 0.6 – 1.7 - -

*P < 0.05
1one missing observation
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Overall, differences between the various disease groups were limited, though patient 
subgroups were small (Figure 2 and Supplementary Table 4). GMCs showed a higher 
trend in patients with sickle cell disease compared to patients with primary or second-
ary immunodeficiency at 12 months postvaccination (Figure 2, p<0.05 for serogroup 
A and C, not significant for serogroup W and Y), but the sample size for each group 
was very small.

Two patients reported an event of special interest after vaccination: one patient report-
ed a transient headache and another patient (who received a concomitant influenza 
vaccination) fainted after the vaccination with spontaneous recovery; this patient also 
reported a transiently enlarged lymph node. No serious adverse events were reported.

Figure 2. Meningococcal serogroup A, C, W and Y polysaccharide (PS)-specific serum IgG concentrations 
in patients and healthy controls during follow-up. Dots indicate geometric mean concentrations with 95% 
confidence intervals. Abbreviations: AAID, autoimmune and auto-inflammatory diseases
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DISCUSSION

Our study found a lower IgG antibody response to a single primary MenACWY-TT 
conjugate vaccine in immunocompromised adolescents compared to HCs against 
serogroup A and W, but not for the booster vaccination to serogroup C. Serious ad-
verse events following the MenACWY vaccination were not reported in the current 
study population.

To our knowledge, no studies have reported results on the meningococcal conjugate 
vaccine response in autoimmune inflammatory rheumatic disease (AIIRD), other than 
two studies on MenC conjugate vaccination in JIA patients [5, 11, 12]. Our findings 
are consistent with a study in JIA and IBD patients, showing a reduced functionality 
of antibodies and a lower proportion of protecting antibodies against serogroup W 
following MenACWY vaccination; differences in that study were especially pronounced 
in anti-TNF users (submitted). Data in literature concerning immunocompromised 
individuals are scarce, including groups at high risk for IMD such as individuals with 
complement deficiencies or use of eculizumab [13-15]. In the Netherlands, one booster 
is advised 3-5 years after the primary single MenACWY and MenB vaccination for as-
plenic individuals aged 1-24 years [16]. For complement deficiencies, repeat boosters 
every 5 years are advised. However, for other primary immunodeficiencies and for 
both pediatric and adult AIIRD patients, there are currently no recommendations on 
meningococcal vaccines available [17, 18]. Generally, the European Alliance of Asso-
ciations for Rheumatology recommends to follow the NIP for pediatric AIIRD patients 
[6], but our studies suggest extra vaccination may be required for some individuals 
with immunodeficiency. Recommendations based on studies in the larger patient 
groups (JIA, IBD) are often extended to all AIIRDs because of a lack of data rather than 
similar immune pathology. This highlights the importance of further research into all 
(rare) diseases to improve protection against vaccine-preventable diseases in immu-
nocompromised individuals and should include the immediate vaccine response as 
well as waning of antibodies over time as differences in kinetics have been described 
compared with HCs [11]. Importantly, albeit a small sample size, no severe adverse 
events were reported by the patients in our cohort in the first three months postvac-
cination. This confirms the assumption that meningococcal conjugate vaccines are 
safe in patients with immunodeficiencies.

Given the design of the study, we included a heterogenous patient cohort with a 
variety of (rare) immune disorders with low numbers for each separate disease and 
medication group, which hampered assessing differences between medication groups. 
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Because sampling was dependent on regular hospital visits, a number of serum sam-
ples were lacking at different timepoints. We only assessed serogroup-specific IgG 
concentrations, while addition of a functional assay [19] would have been of value be-
cause functional circulating antibodies are crucial in the prevention of IMD. A strength 
of the study was that we compared with data from age-matched HCs from the same 
laboratory and using the same procedures.

Based on our observations, it seems sensible to consider a second MenACWY-TT dose 
for these immunocompromised groups. This however warrants further study and fol-
low-up of these vulnerable patient groups.
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Supplementary Table 1. Linear regression analyses for the geometric mean concentration (GMC) ratio 
of meningococcal serogroup ACWY polysaccharide-specific serum IgG concentrations at 12 months 
postvaccination for study participants versus healthy controls.

Serogroup Analysis GMC ratio for study participants
vs. healthy controls (95% CI)

MenA Crude 0.30 (0.19 – 0.46)*

Adjusted1 0.26 (0.15 – 0.47)*

MenC Crude 0.86 (0.57 – 1.29)

Adjusted1 0.97 (0.58 – 1.61)

MenW Crude 0.24 (0.14 – 0.42)*

Adjusted1 0.22 (0.10 – 0.49)*

MenY Crude 0.84 (0.44 – 1.59)

Adjusted1 0.64 (0.23 – 1.74)

*statistically significant effect
1adjusted for baseline IgG concentration

Supplementary Table 2. P-values for pairwise comparisons of meningococcal serogroup ACWY 
polysaccharide-specific serum IgG concentrations at different study visits for all study participants.

Serogroup Time-point Baseline 3-6 months 12 months

MenA 3-6 months <0.01* - -

12 months <0.01* 0.11 -

24 months <0.01* <0.01* 0.28

MenC 3-6 months <0.01* - -

12 months <0.01* 0.05* -

24 months <0.01* <0.01* 0.07

MenW 3-6 months <0.01* - -

12 months <0.01* 1.00 -

24 months <0.01* <0.01* 0.08

MenY 3-6 months <0.01* - -

12 months <0.01* 1.00 -

24 months <0.01* 0.05* 0.35

*P < 0.05
P-values were adjusted with Bonferroni correction
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Supplementary Table 3. Geometric mean concentrations and 95% confidence intervals of meningococcal 
serogroup ACWY polysaccharide-specific serum IgG concentrations (µg/ml) for study participants during 
follow-up stratified by sex.

Months Serogroup Girls Boys P

0 n = 15 n = 11

MenA 0.1; 0.0 – 0.1 0.2; 0.1 – 1.11 0.12

MenC 0.3; 0.2 – 0.7 0.8; 0.2 – 3.6 0.32

MenW 0.0; 0.0 – 0.0 0.1; 0.0 – 0.3 0.02*

MenY 0.0; 0.0 – 0.0 0.2; 0.0 – 1.2 <0.01*

3-6 n = 25 n = 20

MenA 5.6; 2.8 – 11.2 5.0;2.3 – 10.7 0.82

MenC 47.9; 20.9 – 110.1 29.3; 14.8 – 57.7 0.35

MenW 1.6; 0.7 – 4.1 1.3; 0.7 – 2.3 0.66

MenY 3.0; 1.2 – 7.5 3.0; 1.3 – 6.8 0.98

12 n = 24 n = 23

MenA 2.2; 1.2 – 4.2 2.8; 1.5 – 5.0 0.60

MenC 19.3; 10.2 – 36.5 10.7; 5.8 – 19.91 0.17

MenW 1.2; 0.6 – 2.6 1.0; 0.5 – 2.0 0.63

MenY 2.3; 1.1 – 4.7 2.0; 0.8 – 4.7 0.79

24 n = 18 n = 21

MenA 1.2; 0.5 – 2.8 1.3; 0.7 – 2.2 0.96

MenC 7.9; 3.4 – 18.2 4.2; 1.7 – 10.2 0.29

MenW 0.7; 0.3 – 1.7 0.3; 0.2 – 0.6 0.15

MenY 1.2; 0.5 – 2.8 0.8; 0.4 – 1.7 0.47

*P < 0.05
1one missing observation
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Supplementary Table 4. Geometric mean concentrations and 95% confidence intervals of meningococcal 
serogroup ACWY polysaccharide-specific serum IgG concentrations (µg/ml) in study participants reported 
for each disease type during follow-up.

Months Serogroup AAID Immune 
deficiency

Uveitis Sickle cell 
disease

P

0 n = 10 n = 11 n = 5 n = 0

MenA 0.1;
0.0 – 0.2

0.1;
0.0 – 0.61

0.2;
0.0 – 1.4

- 0.61

MenC 0.4;
0.2 – 0.7

0.4;
0.1 – 1.5

1.2;
0.1 – 32.7

- 0.44

MenW 0.0;
0.0 – 0.0

0.1;
0.0 – 0.2

0.0;
0.0 – 0.1

- 0.19

MenY 0.0;
0.0 – 0.0

0.1;
0.0 – 0.6

0.1;
0.0 – 1.6

- 0.19

3-6 n = 14 n = 20 n = 8 n = 3

MenA 4.1;
1.2 – 13.4

7.3;
4.1 – 13.0

2.6;
0.7 – 9.9

15.8;
0.4 – 602.8

0.27

MenC 47.2;
17.7 – 125.6

36.2;
16.2 – 80.7

17.1;
4.5 – 65.8

194.3;
0.2 – 180592.8

0.23

MenW 1.6;
0.5 – 4.9

1.9;
0.8 – 4.4

0.5;
0.1 – 1.9

4.0;
0.3 – 59.1

0.20

MenY 2.8;
0.8 – 10.0

3.6;
1.7 – 7.5

1.5;
0.1 – 14.6

10.1;
3.2 – 32.0

0.52

12 n = 16 n = 17 n = 10 n = 4

MenA 2.1;
1.0 – 4.2

3.0;
1.4 – 6.1

1.6;
0.5 – 5.2

7.1;
1.0 – 49.7

0.31

MenC 20.9;
9.4 – 46.7

8.4;
4.1 – 17.3

12.1;
4.6 – 31.81

53.3;
7.6 – 372.4

0.08

MenW 1.3;
0.5 – 3.7

1.3;
0.7 – 2.4

0.5;
0.1 – 2.1

2.5;
0.8 – 7.3

0.35

MenY 2.0;
0.7 – 6.0

2.6;
1.4 – 4.7

1.3;
0.2 – 9.0

4.0;
1.7 – 9.3

0.73

24 n = 14 n = 17 n = 7 n = 1

MenA 1.3;
0.5 – 3.2

1.3;
0.7 – 2.5

0.8;
0.2 – 3.1

7.0;
7.0 – 7.0

0.56

MenC 10.6;
4.4 – 25.5

2.4;
0.8 – 7.5

9.1;
3.3 – 25.2

7.4;
7.4 – 7.4

0.13

MenW 0.7;
0.3 – 1.9

0.4;
0.2 – 1.0

0.1;
0.0 – 0.5

1.0;
1.0 – 1.0

0.19

MenY 1.2;
0.4 – 3.1

1.0;
0.4 – 2.1

0.6;
0.1 – 4.4

2.5;
2.5 – 2.5

0.78

Abbreviations: AAID = autoimmune and auto-inflammatory diseases
*P < 0.05
1one missing observation
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General discussion

Invasive meningococcal disease is a much-feared, serious illness and Neisseria meningitid-
is is one of the most important causes of bacterial meningitis worldwide. The case-fatality 
rate of IMD has been reported to be up to 25% despite appropriate medical treatment. 
Young children and teenagers are disproportionally affected. Meningococcal C conjugate 
vaccine was implemented in the national immunization programme of the Netherlands in 
2002 for toddlers at the age of 14 months. The MenC conjugate vaccine was replaced by a 
meningococcal ACWY conjugate vaccine since 2018. Also, teenagers now receive a booster 
MenACWY vaccination at 14 years of age with a MenACWY conjugate vaccine. This thesis 
described a series of studies on vaccine-induced immunity and effect of MenACWY vacci-
nation in several (age) groups and in the Dutch population as a whole. These studies con-
tribute to insights for optimizing protection against meningococcal ACWY disease in the 
Netherlands. Here, I will summarize the findings of the research. In the general discussion I 
will elaborate on the most important findings of the thesis and discuss future perspectives.

Summary of main findings

In chapter 2, we investigated the naturally- and vaccine-induced meningococcal 
seroprevalence among the population in the Netherlands, aged 0-89 years in two 
cross-sectional nationwide serosurveillance studies pre- and post-MenACWY conju-
gate vaccine implementation (2016-17 and 2020). We determined antibody levels and 
observed a decrease in meningococcal seroprevalence for all serogroups across most 
age groups nationwide in 2016-17 compared with a prior serosurveillance study in 
2006-07. These results underlined the importance of the introduction of a MenACWY 
vaccination in the national immunization programme (NIP) upon the serogroup W 
outbreak in 2018 for both teenagers and toddlers.
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In chapter 3, we examined the impact and effectiveness of the MenACWY vaccina-
tion campaign in toddlers and teenagers after the IMD-W outbreak. The vaccination 
campaign proved highly effective in the targeted age groups with no IMD-W cases 
reported in vaccine-eligible teenagers after the campaign started. Data pointed at 
potential indirect herd protection following the introduction, although distinguishing 
natural fluctuation in IMD-ACWY incidence from vaccine effect was not feasible while 
the coronavirus disease 19 (COVID-19) pandemic also hampered data interpretation 
following the campaign.

In chapter 4, we investigated the long-term seroprotection after a MenACWY vac-
cination in healthy adolescents and middle-aged adults. Antibody levels up to five 
years postvaccination remained high in adolescents yet had waned in part of the 
middle-aged adults. While adolescents - primed in early childhood with a MenC con-
jugate vaccine - were estimated to remain protected against serogroup C for 32 years 
after vaccination, the estimated duration of protection in middle-aged adults - who 
were not primed before - was only four years for serogroup C. The protection in adults 
against serogroup W and Y was estimated to last longer than for serogroup C i.e. 14 
years for W and 21 years for Y, but shorter than in adolescents (up to 98 and 33 years 
respectively).

In chapter 5, potential sex-related differences to the vaccine response in healthy 
adolescents were investigated. A difference in geometric mean SBA titers and pol-
ysaccharide-specific IgG concentrations in favor of girls was observed. Differences 
were observed for 12- and 15-year-olds, but not for 10-year-olds. The percentage of 
adolescents that reached protective serum antibody titers was very high in both sexes 
and at all timepoints and proportions did not significantly differ between sexes.

In chapter 6, we determined SBA and polysaccharide-specific IgG vaccine responses 
in juvenile idiopathic arthritis (JIA) and inflammatory bowel disease (IBD) patients 
aged 14-18 years who received a MenACWY conjugate vaccine during the catch up 
campaign because of the IMD-W outbreak. We observed significantly lower antibody 
responses in adolescents with JIA or IBD who were treated with anti-TNF agents. There-
fore it is advised to consider a second (booster) dose for those adolescent patients 
treated with anti-TNF to optimize protection against meningococcal ACWY disease.

In chapter 7, the MenACWY conjugate vaccine response was assessed in a heteroge-
neous group of individuals 14-18 years of age diagnosed with primary or secondary 
immune deficiency, who received this vaccination during the MenACWY campaign, 
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though excluding the most common and larger groups of JIA and IBD patients. We 
found lower antibody levels in patients compared to data from healthy, aged-matched 
controls. Again, extra doses for those patients may be considered to optimize protec-
tion against meningococcal ACWY disease.

Current situation in the Netherlands

Immunization programme and population-based seroprotection

Major steps have been made in the battle against infectious diseases, with the discov-
ery of a smallpox vaccine in the year 1796 by Edward Jenner as the basis for vaccine 
development being one of the most important contributions [1]. The first menin-
gococcal (capsular polysaccharide) vaccine was licensed in the 1970s and the later 
development of conjugate vaccines (capsular polysaccharide conjugated to a carrier 
protein) has really been a big step forward in the vaccinology field. These conjugate 
vaccines led to improved immune induction particularly in the very youngest as well 
as induced herd protection effects due to eradication of carriership. In 1999, the United 
Kingdom was the first country to implement a MenC conjugate vaccine in the na-
tional immunization programme (NIP) and to carry out a mass campaign during the 
outbreak of IMD-C. Shortly afterwards, the Netherlands followed in 2002 with a mass 
campaign for 1-18 year-olds and introduction of the MenC conjugate vaccine at 14 
months of age in the NIP. The mass campaign that accompanied the introduction was 
responsible for the steep decline in IMD-C in all age groups due to eradication of MenC 
carriage [2]. Overall IMD incidence declined in the years thereafter [3], with a sharp 
vaccine-induced decline in IMD-C but also a natural decline in IMD-B with time. When 
the MenC vaccination was replaced by MenACWY vaccination in 2018 and a booster 
vaccination was implemented at 14 years of age together with a catch-up campaign 
for 14-18 year-olds in 2018-19, similar containment of serogroup W due to carriage 
eradication in teenagers was also aimed at and indeed a decline was observed in all 
age groups after start of the campaign (chapter 3). Notably, natural fluctuation could 
not be ruled out since the increase in incidence already had plateaued and COVID-19 
measures that started in 2020 are likely to have largely contributed to the low number 
of IMD cases observed. During the control measures, this was not only observed for 
IMD but also for other invasive bacterial and viral infections [4, 5]. Close monitoring 
remains crucial to allow early detection of communicable disease threats after lifting 
of the COVID-19 restrictions. Routine childhood immunization programmes were often 
partly or completely postponed worldwide during the COVID-19 pandemic [6]. In the 
Netherlands, the consequences of the pandemic for participation in NIP vaccinations 
appeared to be limited and great efforts were made to vaccinate as many children as 
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possible [7]. In 2021, the uptake of the MenACWY vaccination in the cohort of vac-
cine-eligible adolescents was estimated at 85%. A comparison with previous years 
was not possible because this was the first year of implementation in the NIP. The 
coverage in toddlers was estimated at 92%, which was slightly lower (-1%) compared 
to the years prior to the COVID-19 pandemic. Recovery of delayed vaccinations as well 
as continuation of immunization in future outbreaks are of high importance to battle 
vaccine-preventable diseases.

While IMD-C cases have remained low since the mass campaign in 2002 –on average 6 
persons suffer from IMD-C each year in the Netherlands [8]. We found that serological 
immunity in the whole population was low 15 years after the introduction of MenC 
vaccination in 2002 (chapter 2). In the United Kingdom, waning immunity for MenC 
was also observed, albeit nationwide immunity was not as low as what we observed 
[9]. Despite low levels of seroprotection in some age groups, no reintroduction of 
IMD-C was observed until 2022 in the Netherlands. This is potentially due to remain-
ing herd protection with still low circulation of MenC in the population following the 
mass campaign in 2002. Yet, without an adolescent booster, the low levels of immunity 
in most age groups in the Netherlands might have led to a problematic increase of 
IMD-C in the future.

Up until recently, robust data confirming that vaccination with a MenACWY conjugate 
vaccine also induces herd protection was lacking. A systematic review published in 
2021 assessed the effectiveness of meningococcal conjugate vaccines on meningococ-
cal carriage and found reduced pharyngeal carriage after immunization with a MenC 
conjugate vaccine, but not after a MenACWY conjugate vaccine [10]. However, results 
from a very recent observational study from the UK indicated reduced carriage acqui-
sition for serogroup and genogroup W and Y after the introduction of the MenACWY 
conjugate vaccine in the national programme which suggests that herd protection 
is likely [11]. Furthermore, they found ongoing low genogroup C carriage in school 
students 15-19 years of age. In contrast, they found no evidence that 4CMenB vac-
cine (Bexsero®) reduced carriage and induced herd protection. In the Netherlands, no 
meningococcal carriage studies were performed after introduction of the MenACWY 
conjugate vaccine in 2018. The most recent large carriage study that was performed 
among adolescents and young adults collected swabs in 2013-14 and mainly detected 
non-groupable meningococci, with serogroup B as most identified serogroup [12]. A 
carriage study - that coincided with the start of the MenACWY catch-up campaign - 
collected saliva and oropharyngeal swabs among 300 college students (who were 
not vaccine-eligible) in 2018 [13]. While incidence of IMD-W reached its peak, the 
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prevalence of genogroup W in carriage was still low in this specific cohort (4 out of 
299 students, 1.3%). Large carriage studies with a follow-up of years are probably 
necessary to assess if transmission was limited through the MenACWY vaccination 
campaign. Disease epidemiology did show that IMD caused by serogroup A, C, W, Y 
cases in vaccine non-eligible groups decreased after introduction of MenACWY con-
jugate vaccine (chapter 3). Although seriously hampered by a short follow-up due to 
COVID-19 social distancing measures, the first observations suggested a reduction of 
cases in non-eligible groups. Continuous surveillance is required to see if herd pro-
tection is induced by immunization of 14-18 year-olds with a MenACWY conjugate 
vaccine, as occurred after the MenC conjugate vaccine in the mass campaign for all 
1-18 year-olds and with a high uptake in 2002.

How herd protection via carriage eradication is induced by conjugate vaccines is still 
not fully unraveled, but the IgA, IgG and potentially also IgM humoral response is 
indispensable. With a decrease in serological and mucosal immunity, the risk of ac-
quisition, carriage and transmission of the meningococcal bacterium increases [14]. 
Epidemiological patterns of meningococcal carriage and disease in the Netherlands 
have been highly similar to the UK over the last decades, where it was modelled that 
herd protection induced by the mass campaign would stabilize the incidence of IMD-C 
at low levels for 15 years [15]. Even though an increase in IMD-C was not observed yet 
in the Netherlands, we found that most age groups lacked protective IgG antibodies 
against serogroup C in 2016-17 (chapter 2), just before the introduction of the (boost-
er) MenACWY conjugate vaccine. Furthermore, antibody protection against serogroup 
AWY was absent in all age groups, emphasizing the need for a (booster) MenACWY 
vaccination to provide individual protection and hopefully long-lasting indirect herd 
protection against those serogroups. Changing epidemiology influences the extent to 
which immunization strategies remain successful, but recent data on MenACWY herd 
protection encourage its use in immunization programmes to provide both direct and 
indirect protection for a longer time.

Factors influencing vaccine-induced antibody responses

The level of (in)direct protection in the population is influenced – through altered 
dynamics in transmission – by the duration of vaccine-induced protection. A longer 
duration of seroprotection after MenACWY vaccination was observed for MenCWY 
in a follow-up study in healthy adolescents (primed at young age with MenC) com-
pared to healthy but previously MenC unvaccinated middle-aged adults (chapter 
4). A difference in antibody responses between adolescents and middle-aged adults 
(50-65 years of age at time of vaccination) was already observed shortly after Men-
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ACWY vaccination and was attributed to a lower IgM response in those middle-aged 
adults [16]. However, this finding should not deter implementation for adults if future 
changes in (age-specific) incidence require so. Especially when incidence rises, future 
(repeated) vaccinations for adults may be required to provide direct protection against 
IMD in adults. In the latest IMD-W outbreak, the absolute number of cases was highest 
in middle-aged and older adults (chapter 3). In addition to epidemiological surveil-
lance on IMD cases, regular serosurveillance studies in the population are required 
to target groups at risk in case new outbreaks occur. A study by Borja-Tabora et al. 
showed that a booster dose of MenACWY-TT after the priming dose 10 years prior 
resulted in protective antibody levels in adults 18-55 years of age [17]. The optimal 
age for directly protecting older adults remains to be answered. Currently, a clinical 
study at the National Institute for Public Health and the Environment is investigating 
immunogenicity in adults aged 65-85 years of age and exploring the effect of a booster 
dose one year after priming. Ageing of the immune system leads to a decline in the 
humoral and cellular immune response, with a decreased response to (new) antigens 
[18]. This age-associated immune dysfunction, called immunosenescence, is associ-
ated with a reduced response to vaccination, in particular with new antigens [19]. A 
higher dose or regularly administering booster vaccinations is one of the approaches 
to improve the response to vaccination in older adults, yet booster doses might still fail 
to elicit sufficiently protective antibody levels at later age. Possibly, the best strategy 
may turn out to be the prolongation of interrupted transmission i.e. herd protection, 
by immunization of younger age groups (adolescents and young adults) who have 
the highest meningococcal carriage rates and are the main transmitters. Therefore, 
continuous effort to monitor, evaluate and optimize the NIP with lifelong vaccinations 
remains vital in particular for the most vulnerable groups like young children, elderly 
and immunocompromised persons.

One of the factors influencing the vaccine response that may be considered, in ad-
dition to age, is sex. Females generally have a higher antibody response while males 
have a higher risk of infection, although this also depends on age and hormonal status 
[20]. Yet, if a vaccine response is very high for both sexes, as turned out to be the case 
for adolescent boys and girls after a MenACWY conjugate vaccine (chapter 5), this 
does not have practical implications for an immunization programme like the NIP 
since nearly everyone is protected. This may become different when vaccine responses 
upon immunization are low, due to older age or immunosuppression. This seems to 
indicate that analyzing vaccine responses and reporting results not only by age but 
also by sex should be a standard procedure in clinical (vaccine) trials. We found a higher 
antibody response in girls compared to boys (aged 12-15 years) after meningococcal 
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vaccination. This is in line with what was previously found for influenza vaccination; 
the antibody response induced by a half-dose influenza vaccine in females was com-
parable with full-dose in males [21]. For other vaccinations, the few studies that report 
results according to sex found no, slight or inconsistent differences in vaccine-induced 
antibody levels. This stresses the need for more knowledge [22, 23]. Albeit a growing 
attention for sex-related differences in infectious diseases and immune responses 
as well as adverse events since the COVID-19 pandemic [24], it is still often ignored.

The health status may, in addition to sex and age, influence the immune response to 
vaccination. We investigated the antibody response after immunization with a Men-
ACWY conjugate vaccine in a group of immunocompromised adolescent patients 
(14-18 years of age) diagnosed with either JIA or IBD. A lower vaccine response was ob-
served in patients treated with anti-TNF agents and it turned out that one-fourth of the 
patients was not protected against serogroup W one year after a MenACWY conjugate 
vaccine (chapter 6). Therefore, we proposed that an extra booster vaccination should 
be seriously considered one year after the regular adolescent vaccination, to protect 
these patients during the period in their lives when they have an increased risk of ac-
quisition and transmitting the meningococcal bacterium [25]. While a previous study 
with a MenC vaccination in JIA patients found a significant rise in MenC-specific IgG 
concentrations [26], they also noted lower MenC-specific IgG concentrations upon im-
munization with MenC conjugate vaccine in patients treated with disease-modifying 
antirheumatic drugs. More studies investigating the influence of anti-TNF agents on 
the response to a meningococcal conjugate vaccine are lacking. Results from a pneu-
mococcal conjugate vaccine study are in conflict with what we found, and showed 
similar responses to vaccination in adult patients with rheumatoid arthritis treated with 
TNF blockers [27]. Some other studies are in line with our observation on TNF inhib-
itors and reduced immune responses with an important role of immunosuppressive 
therapy in a reduced vaccine response; a recently published prospective cohort study 
in adults found that biological immunomodulatory drugs impaired the response to 
both the 13-valent pneumococcal conjugate vaccine and the 23-valent pneumococ-
cal polysaccharide vaccine and advised to investigate alternative strategies such as 
additional doses [28]. Possibly, the impaired T-helper cell response – induced by the 
use of immunosuppressants – requires the administration of repeated vaccine doses. 
In addition to drug therapy, future studies should evaluate the influence of age on the 
vaccine response - since this is not necessarily similar in children and adults - as well as 
previous exposure to vaccinations. It has been proposed that the therapeutic range of 
anti-TNF agents might be different in children (with a relatively higher dose necessary 
in children due to different pharmacokinetics of monoclonal antibodies) compared to 
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adults, which highlights age-related therapy differences [29, 30]. In adolescents with 
primary or secondary immune deficiencies, a lower antibody response to a MenACWY 
conjugate vaccine was also observed (chapter 7). This suggests that not only drug 
therapy, but also disease itself may influence the vaccine-induced immune response.

In summary, multiple factors such as age, sex and health status, among many others, 
should be taken into account when assessing vaccine responses and developing im-
munization strategies. The influence of these factors may differ per vaccine antigen 
and investigating this influence requires many studies.

Future perspectives

Vaccines

Currently, pentavalent meningococcal conjugate vaccines including serogroups ACWY 
combined with either serogroup X or B are developed, which fits the current epidemi-
ology worldwide with serogroup X emerging and B of persistent concern. Localized 
IMD-X outbreaks were reported in several countries in Africa; a cumulative incidence 
of 120 cases per 100 000 was identified in one district in Burkina Faso in 2010 [31, 32]. 
Even though the overall burden of serogroup B is relatively low and yearly incidence 
rates generally do not exceed 2 per 100 000 individuals in most countries, there is 
substantial variation with outbreaks reported globally and a case-fatality rate between 
3-10% [33]. The pentavalent NmCV-5 conjugate vaccine that targets the capsular pol-
ysaccharides of meningococcal serogroup ACWYX, was shown to elicit an immune 
response against the serogroup X capsule in addition to serogroups ACWY [34, 35]. 
As a matter of fact, a single dose of the pentavalent NmCV-5 (containing 5 µg poly-
saccharide of each serogroup with serogroup A and X conjugated to tetanus toxoid 
and serogroup C, W and Y conjugated to Cross Reactive Material [CRM]197) showed 
comparable or higher immune responses compared with two doses of Menactra (a 
MenACWY polysaccharide diphtheria toxoid conjugate vaccine containing 4 µg pol-
ysaccharide per serogroup). It did not show any safety concerns in a phase 2 trial 
carried out in Malian children aged 12-16 months [34]. Of note, there was no benefit 
of an adjuvanted vaccine formulation (with aluminum phosphate) of NmCV-5 over a 
nonadjuvanted formulation in these children. While several different adjuvants such 
as aluminum are used in vaccines, meningococcal conjugate vaccines usually do not 
contain an adjuvant because the conjugate vaccine already stimulates a good immune 
response with conjugation to the carrier protein. However, particularly for vaccines 
used in older adults, the addition of an adjuvant might improve efficacy of the vaccine 
[36]. Thus, the added value of adjuvants may very per antigen but also with age.
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The pentavalent MenABCWY vaccines that are currently being developed are com-
bined vaccines of conjugate-based and protein-based vaccines, constituted from 
two already licensed vaccines: for example the combination of MenACWY-TT and 
MenB-factor H binding protein (FHbp) developed by Pfizer [37, 38] and the com-
bined MenACWY-CRM and 4CMenB vaccine developed by GSK [39]. First results 
from the Pfizer vaccine show noninferiority of the combined MenABCWY compared 
to MenB-FHbp alone and a comparable safety profile [38]. Although these results 
are promising, meningococcal protein vaccines have not been able to induce herd 
protection and have not been able to reach the same individual protection levels as 
meningococcal conjugate vaccines [40]. Since the so-called MenB vaccines target 
meningococcal surface structures such as outer membrane proteins rather than the 
serogroup-specific polysaccharide, it is sensitive for the diversity of meningococci, 
including changes in expression of surface proteins by circulating strains [41]. Yet, 
the vaccine-induced antibodies were cross-reactive against several antigen variants 
and antibodies that targeted different epitopes showed to have a synergistic effect 
on bactericidal activity [42]. The 4CMenB vaccine also provided some protection to 
serogroup W, although the expression of vaccine antigens on the surface influences 
the degree of protection that can be reached [43]. Furthermore, immunization with 
conjugate polysaccharide vaccines in infants and young children generally results in 
much higher protection levels against the targeted serogroups than meningococcal 
protein vaccines induce in these age groups.

To determine the optimal age for administration of a MenABCWY vaccine considering 
both direct and indirect protection, geographical differences and changing epidemi-
ology should be taken into account. Serogroup B remains the major cause of IMD in 
Europe as well as in other continents, and serogroup W is currently the second major 
cause of IMD in Europe [44]. Although depending on vaccine effectiveness, implemen-
tation of the pentavalent vaccine will probably provide a broad protection against 
the currently most prevalent serogroups. Albeit potentially simplifying the practical 
aspects of vaccine schedules such as reducing the number of administrations, it must 
not affect the required level of vaccine-induced direct and indirect protection, which 
is highly dependent on the age at administration [45, 46]. The greatest burden of 
invasive disease in Europe in infants and young children, and highest carriage rates 
are observed in adolescents and young adults [25, 44]. It could be hypothesized that 
a MenABCWY 2+1 schedule at young age with a booster at teen age would be (most) 
effective to provide protection during the periods in life when an individual is most 
at risk for IMD. However, the current 1+1 MenACWY schedule at 14 months and 14 
years of age in the Netherlands appears at the moment appears to provide protection 
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against those four serogroups, though we need to await the years post COVID-19 
period to draw any conclusions. While introduction of the MenACWY conjugate vac-
cine was estimated to be cost-effective due to the high projected rise in incidence in 
absence of vaccine implementation during the IMD-W outbreak and the anticipated 
herd protection [47], it is unlikely that a MenB vaccine for infants would be as cost-ef-
fective in the Netherlands due to the currently relatively low incidence of serogroup 
B and the vaccine prices [48]. Furthermore, high reactogenicity of the MenB vaccine 
- albeit transient and of mild to moderate intensity - discouraged its use in NIPs in-
cluding that of the Netherlands in the past [49, 50]. Interestingly, a study from the UK 
did show cost-effectiveness of MenB vaccination if spillover effects such as burden for 
family/caregivers and nonmedical costs were included in the analysis [51]. An altered 
economic evaluation of vaccines, taking into account a broader spectrum of preven-
tion benefits, might be adopted in future cost-effectiveness methodologies [52]. Yet, 
whether a pentavalent MenABCWY vaccine would be cost-effective and preferable 
in terms of the immunization schedule and vaccine immunogenicity, as compared to 
separate B and ACWY schedules, is questionable.

Assays

IMD is one of the vaccine-preventable diseases for which a correlate of protection 
has been established: the serum bactericidal antibody (SBA) assay [53, 54]. This gold 
standard assay enables the assessment of vaccine-induced protection and compar-
ison between laboratories, vaccines and immunization schedules worldwide. The 
SBA assay imitates the situation in case of meningococci in the blood stream, since it 
includes the most important components of the immune reaction (antibodies from 
the serum and exogenous complement) against the bacterium. This assay does not 
include B-cells and T cells, but while these cells are very important in the (vaccine-in-
duced) memory response to an antigen, the fast pathogenesis requires circulating 
antibodies and complement that may directly act and initiate an immune response 
to eliminate the invading meningococci [55]. A memory response can take up to five 
days, while meningococcal disease is known to become quickly - within hours to a few 
days - fatal [56]. In meningococcal vaccine trials, there is thus a limited role of cellular 
assays such as the ELISpot assay that can assess (meningococcal-specific) circulating 
memory B-cells [57]. Yet, class-switching and generation of high-affinity antibodies 
follow after secondary antigen challenge [58], which emphasizes the importance of 
a memory B cell response in vivo.

An assay that could theoretically be well-correlating (or superior to) the SBA assay and 
used as a model to study host-pathogen interactions is the whole blood (WB) assay. 
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This assay uses whole blood instead of serum centrifugated from blood after collec-
tion. While the SBA assay mainly includes antibody-mediated killing and is limited 
to the humoral response, the WB assay also encompasses phagocytic cell-mediated 
killing. All the components that could possibly contribute to the immune response 
to invading meningococci are present in whole blood. Another advantage of the WB 
assay is the fact that it uses endogenous complement present in blood, therefore 
representing the situation in the body even more. In the evaluation of protein-based 
vaccines (MenB), the whole blood assay could add to determining protection levels 
and might even be more sensitive [59, 60]. Serogroup B might be more depending on 
phagocytosis than polysaccharide-specific killing due to the nature of the capsule that 
mimics human structure. However, the WB assay is more labor-intensive than the SBA 
assay because it needs to be carried out soon after collection of blood, while serum can 
be frozen and stored and thus also tested multiple times. While in the WB assay human 
complement is used, both human and baby rabbit complement can be used in the SBA 
assay [61]. To make the transition to animal-free science, complement from a human 
source is indisputably preferred over any other (animal) source of complement. How-
ever, sourcing human complement is difficult and titers established with baby rabbit 
complement have been proposed to correlate better with protection due to a higher 
sensitivity of bactericidal activity [62]. Moreover, the biological standardization that 
baby rabbit complement provides enables better comparison between laboratories. All 
in all, the SBA assay has proved to work well as gold standard and there has not been 
an urge to introduce a more comprehensive yet logistically more complicated assay.

A non-functional, yet less time-consuming assay that is easily used in large popula-
tion studies for detecting meningococcal antibodies among others, is the multiplex 
immune assay (MIA) [63, 64]. This assay measures antibody concentrations by incu-
bating antigen-specific coupled beads with serum, thereby enabling the assessment 
of antibody levels and distinguishing different types of antibodies such as meningo-
coccal polysaccharide-specific IgG concentrations. Multiple antigens can be measured 
at once from a small serum sample (5 µl). This assay can be used for measurements 
in serum as well as saliva, which has previously been described to discriminate well 
between protected and unprotected individuals and was thus proposed as an alter-
native method to analyze meningococcal vaccine response [65]. However, the MIA 
assay is quantitative instead of qualitative (such as the SBA assay), although additional 
measurements of antibody avidity could add to its level of functionality. The assay is 
especially useful for vaccine trials, since it measures antibodies against the capsule 
that is targeted with vaccination, but could underestimate the protection that may 
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be induced by carriage (which would induce antibodies against surface proteins, that 
can add to bactericidal activity, in addition to the polysaccharide).

Thus, in this thesis, we combined both assays (MIA and SBA) to draw conclusions 
on vaccine-induced antibody responses. Even though continuous efforts to improve 
assays should be made, the evidence for the possible added value of the WB assay is 
currently not convincing enough to continue investigations into this assay further. In 
future vaccine trials, it would be optimal to report both SBA and MIA results. Further-
more, analyzing the impact on carriage rates could provide additional information on 
possible reduced colonization and transmission after immunization.

Vaccine uptake

Albeit perfectly well-working vaccines, not everyone invited to get vaccinated can 
seize the opportunity. During the MenACWY catch-up campaign in the Netherlands, 
the overall uptake was fairly high and estimated at 86% but when parents were born 
abroad, a lower uptake was observed [66]. For example, in adolescents with parents 
from Morocco the uptake was only 52% in contrast to 88% in adolescents with parents 
from the Netherlands. To improve protection, researchers should not only focus on 
the protection the vaccine induces, but also how a high and homogeneous uptake in 
the population may be achieved and maintained. A survey in the Netherlands showed 
that a strong predictor of the teenager’s intention to vaccinate was the intention of 
the parents [67]. Communication strategies should not only target the teenager - as 
was widely done during the IMD-W outbreak in the Netherlands in 2016-17 via social 
media with the slogan “Do not share this with your friends. Get that jab against menin-
gococcal disease” - but also the parents. A recently published systematic review and 
meta-analysis from the US found that, among others, perceiving IMD as a risk was 
associated with a higher meningococcal vaccine uptake [68]. This is in line with the 
conclusion of de Vries et al. that the focus on the severity of IMD may have played an 
important role in the response to the outbreak in society. An increasing positive atti-
tude towards the MenACWY vaccination after media attention was observed, albeit 
it only concerned a limited discussion on safety and effectiveness of the vaccine [69]. 
Importantly, to increase social equity, it is essential that information is passed to all 
parents about this (in the Netherlands publicly funded) vaccine and the disease it pre-
vents. Moreover, initiatives such as mobile vaccination units (buses) that go into neigh-
borhoods with low immunization rates - to provide local residents with information 
on vaccination and immunize individuals without appointment - might increase the 
coverage, as was observed during the COVID-19 pandemic [70]. School-based inter-
ventions used for human papillomavirus (HPV)- and meningococcal campaigns were 
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associated with higher uptake and completion of vaccine series [71-73]. Importantly, 
even in high-income countries with immunization programmes that are successful, 
the poorest households have the highest risk of contracting the disease while also 
experiencing the lowest vaccination rates [74]. Developing new vaccines with high 
immunogenicity and long-term vaccine-induced immunity alone is thus insufficient 
to optimize the protection against IMD and simultaneous efforts should be made to 
inform and reach all individuals of the targeted groups, with easily accessible routes 
to get vaccinated when this is wanted.

Recommendations for risk groups

In the US, those at increased risk – including individuals with certain medical conditions 
such as complement deficiencies, those treated with complement inhibitors, asplenia 
(functional or anatomic) and HIV - for IMD are advised by the Advisory Committee on 
Immunization Practices (ACIP) to receive regular booster MenACWY and MenB vaccina-
tions throughout life [45, 75]. The interval between the repeated vaccinations is differ-
ent for each vaccine and also depends on the age of the patient. Furthermore, the age 
range for which the vaccine is licensed is different for each vaccine. For example, Men-
ACWY-D and MenACWY-CRM are not licensed for individuals aged ≥56 years of age, 
and MenB vaccines only licensed for individuals 10-26 years of age. The use of these 
vaccines outside these age ranges is thus considered as off-label use. Several studies 
(mainly case reports) describe IMD in individuals receiving eculizumab despite prior 
immunization with a meningococcal vaccine (and sometimes also despite antibiotic 
prophylaxis), which highlights the difficulty of reaching protection in these patients 
[76-79]. However, the recommendations in the Netherlands for individuals with asple-
nia only advise a single MenACWY vaccination if older than 24 years of age and only 
1+1 MenB vaccination when aged 16 years or older [80]. Furthermore, for many other 
(immune) disorders, no specific recommendations for meningococcal vaccination are 
formulated. For example, pediatric patients with autoimmune inflammatory rheumatic 
diseases were advised to follow the regular NIP based on available data [81]. Future 
research should investigate the effect of repeated meningococcal vaccination, as well 
as the timing of booster doses, among the different immunodeficiency diseases and 
immune modulatory medication that may be highly heterogeneous. One extra booster 
dose during youth might already provide long-term duration of protection throughout 
life for some groups, while especially those individuals who remain at high risk for 
IMD such as individuals with complement deficiencies would benefit from lifelong 
repeated immunizations. Data on IMD incidence in immunocompromised patients 
(including analyses on the use of immunosuppressive or immunomodulatory drugs) 
are often lacking, since groups are small and IMD incidence varies geographically and 
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with time. However, extra protection for these risk groups based on immunological 
data is required. Prevention by vaccination in risk groups should be investigated and 
continuous updates of guidelines when new data are available are necessary.

Global situation

Continuous efforts to diminish bacterial infections worldwide should be made and 
developed countries have an important role to play in this. Strengthening health, in-
creasing protection against IMD and pursuing equity in the access to meningococcal 
vaccines should be a shared interest, even though incidence and serogroup distribu-
tion are regionally different. The World Health Organization (WHO) developed a strat-
egy to defeat meningitis worldwide by 2030. The roadmap was established by experts 
to prevent meningitis through immunization, since it is still behind compared with 
other vaccine-preventable diseases. In the last decade, large steps have been made to 
counter large-scale epidemics in the meningitis belt in Africa which were an important 
public health threat for decades. A meningococcal serogroup A vaccine was devel-
oped through an innovative public/private collaboration by the Meningitis Vaccine 
Project with funding from the Gates Foundation [82]. While serogroup A accounted 
for the vast majority of IMD cases in the past, mass campaigns with MenAfriVac and 
its introduction in childhood immunization programmes led to elimination of IMD-A 
epidemics in the vaccination areas [83]. The advantage of the MenAfriVac vaccine was 
both the low cost (US $0.50, in contrast to $40-80 for comparable conjugate vaccines) 
and the reduced cold chain requirements [84]. A very large campaign from 2010-2016 
was carried out in 26 countries in Africa with MenAfriVac and incidence of IMD-A 
dramatically declined afterwards. Furthermore, there were indications that indirect 
protection for unimmunized individuals was provided and elimination of IMD-A was 
almost established. However, integration of the vaccine in NIPs is indispensable for 
long-term persistence of these achievements [84]. At the same time in Africa, also 
outside the so-called meningitis belt, serogroup C and W still cause outbreaks and 
also outbreaks due to serogroup X have been reported [85]. A substitute for the MenA 
vaccine that covers these serogroups, such as the newly developed MenACWYX con-
jugate vaccine (with A and X conjugated to tetanus toxoid) could decrease incidence 
levels of IMD and, in addition, possibly increase immunity to tetanus [86].

In Europe, IMD-B is of main importance and thus a growing number of countries im-
plemented MenB vaccination, in addition to MenC or MenACWY vaccination in infants 
and adolescents [87]. The United States (US) observed a large decline in IMD incidence 
since the recommendation of administration of a MenACWY conjugate vaccine for 
11-12 year-olds in 2005 and the addition of a booster vaccination for 16 year-olds 
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[88]. A routine MenACWY vaccination for infants was not recommended due to the 
low IMD incidence in this age group. The US experienced several outbreaks of IMD on 
university campuses in the last decade, mainly attributed to serogroup B [89]. A MenB 
vaccine series was therefore recommended since 2015 for all 16-23 year-olds, rather 
than only college students, to control IMD-B [90]. In Australia, a programme that is 
generally comparable with Europa and the US is in place with MenACWY conjugate 
vaccine provided and MenB vaccination recommended for young children, adoles-
cents and immunocompromised individuals [91]. In other countries of the Asia-Pacific 
region, a strong IMD surveillance system is lacking, which complicates monitoring of 
incidence. The predominant serogroups in the region are B, W and Y, and fairly high 
case fatality rates have been reported in some countries (up to 50% in the Philippines 
in infants and young children) [92]. Most countries in this region have not included 
meningococcal vaccinations in their immunization programmes, so there is a potential 
for improvements to be made in the prevention of IMD. In Latin America, serogroup B 
and C have been major contributors to IMD incidence, although serogroup W (espe-
cially hypervirulent strains) emerged in certain countries [93]. However, underreport-
ing of cases remains a problem even though meningococcal disease is a mandatory 
notifiable disease in all Latin American countries. Limited financial resources hamper 
the improvement of surveillance systems that are essential to enhance meningococcal 
disease control [94]. Especially in countries with limited funding, it remains a challenge 
to defeat (meningococcal) meningitis by 2030. Ongoing efforts for a better reporting 
and understanding of IMD epidemiology worldwide are required to improve surveil-
lance as well as prevention of meningococcal disease.

Conclusion

Despite the use of meningococcal vaccinations in many countries worldwide, IMD 
remains much-feared and can rapidly progress into a life-threatening situation de-
spite adequate health care. The introduction of meningococcal vaccines in national 
immunization programmes, when implemented in addition to a mass campaign, have 
shown to reduce the incidence of meningococcal disease significantly for a longer 
period, but may require future booster vaccinations. The meningococcal conjugate 
vaccines provide high protection levels and with quadrivalent (and possibly in the 
future pentavalent vaccines) most disease-causing serogroups are targeted. Consid-
eration of several factors such as age, sex, and health status is imperative to protect 
all individuals against IMD, with targeted extra immunizations for most vulnerable 
immunocompromised groups. Nationwide disease surveillance as well as serosur-
veillance are essential tools to monitor changes in epidemiology for targeted action 
and evolve immunization strategies during outbreaks and hyperendemic situations.
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NEDERLANDSE SAMENVATTING

De meningokokkenbacterie zorgt wereldwijd voor ernstige, en zelfs dodelijke infec-
ties: invasieve meningokokkenziekten. De jaarlijkse incidentie is afhankelijk van onder 
andere demografie, geografie en seizoen, en varieert in de tijd en per land en conti-
nent. In het verleden deden zich met name in Sub-Sahara Afrika soms tot wel 1000 
ziektegevallen per 100.000 mensen voor tijdens uitbraken en ook nu nog komen daar 
vaak uitbraken voor. In Nederland zijn er in de afgelopen jaren meestal niet meer dan 
in totaal 200 gevallen van invasieve meningokokkenziekte per jaar geweest. De bac-
terie kan in de neuskeelholte vóórkomen bij gezonde personen zonder dat diegenen 
daar ziek van worden. Normaliter is dit zogenaamde asymptomatisch dragerschap 
van voorbijgaande aard, waarbij de kolonisatie doorgaans enkele weken tot maanden 
duurt. Soms dringt de bacterie echter de bloedbaan binnen en veroorzaakt ernstige 
ziekteverschijnselen zoals sepsis (bloedvergiftiging) en meningitis (hersenvliesont-
steking) maar ook bijvoorbeeld gewrichtsontsteking (artritis), of de bacterie dringt 
de longen binnen en veroorzaakt een longontsteking (pneumonie). Bij aanvang van 
de ziekte treden vaak griepachtige verschijnselen op met koorts, maar door het snelle 
verloop van de ziekte kan binnen enkele uren een levensbedreigende situatie ont-
staan. De mortaliteit van invasieve meningokokkenziekte ligt rond de 10% ondanks 
snelle en adequate antibiotica en intensive care opvang, en kan oplopen tot wel 50% 
bij gebrek aan medische behandeling. Bij een substantieel deel van de patiënten die 
de ziekte overleven, is sprake van restverschijnselen zoals slechthorend- of doofheid, 
epilepsie, concentratiestoornissen, of amputatie van ledematen. Gezien dit alles is 
preventie van meningokokkenziekte door vaccinatie cruciaal.

De meningokokkenbacterie, Neisseria meningitidis, is een gekapselde, gramnegatieve 
diplokok. Het kapsel is niet bij elke meningokokkenbacterie hetzelfde en kan uit ver-
schillende soorten suikerketens (ook wel polysachariden genoemd) bestaan. Er zijn 
tot op heden 13 verschillende soorten polysacharide kapsels vastgesteld, waarbij het 
kapsel bepaalt welke serogroep wordt toegewezen aan de bacterie. Niet alle sero-
groepen zorgen voor ziekte; de (over het algemeen) meest bekende ziekmakende 
serogroepen zijn: A, B, C, E, W, X, Y, Z. Behalve het kapsel, dat de bacterie omringt, zijn er 
ook eiwitten en andere celstructuren aan het oppervlak van de bacterie die het afweer-
systeem van de mens kan herkennen als lichaamsvreemd, zodra de bacterie in contact 
komt met het afweersysteem. Als reactie hierop komen er signaalstoffen vrij en trekken 
witte bloedcellen naar de bacterie toe om deze in te sluiten en vervolgens af te breken; 
een proces dat ook wel fagocytose wordt genoemd. Dit is de eerste reactie die in gang 
wordt gezet door het afweersysteem en deze reactie treedt snel op, ongeacht welke 
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micro-organisme binnendringt. Het afweersysteem mobiliseert vervolgens B-cellen en 
T-cellen om een meer specifieke reactie tegen een specifieke binnendringer teweeg te 
brengen. De B-cellen maken met hulp van de T-cellen antistoffen aan die heel precies 
(een stukje van) de meningokokkenbacterie herkennen. Deze antistoffen helpen om 
de bacterie onschadelijk te maken. Ook zal het afweersysteem een proces in gang 
zetten om herkende stukjes te onthouden (geheugen B- en geheugen T-cellen), zodat 
er bij een nieuw contact met dezelfde bacterie snel en heel specifiek gereageerd kan 
worden. Op die manier heeft het afweersysteem ook een geheugenfunctie. In de bes-
cherming tegen meningokokkenziekte kunnen antistoffen die al aanwezig zijn in de 
bloedbaan belangrijk zijn om ziekte te voorkomen. Zonder aanwezige antistoffen kan 
een meningokokkenbacterie zich snel in de bloedbaan vermenigvuldigen en daardoor 
ook snel voor ernstige ziekte zorgen. Aanwezige antistoffen helpen om een bacterie 
snel op te ruimen zodra deze het lichaam binnendringt en kunnen zo ziekteontwik-
keling direct remmen. Vaccinatie zet de aanmaak van specifieke antistoffen in gang, 
zonder dat de bacterie aanwezig is, en is een veilige manier om bescherming te verkri-
jgen tegen meningokokkenziekte. Er zijn verschillende vaccins tegen meningokokken 
op de markt. De meeste meningokokkenvaccins bevatten de polysachariden waar 
het kapsel van de bacterie uit bestaat en zorgen dat er antistoffen tegen het kapsel 
aanwezig zijn. Als er alleen polysachariden in het vaccin zitten, worden wel antistoffen 
gemaakt maar geen geheugen B- en T-cellen. Door het polysacharide te koppelen 
aan een eiwit zoals het tetanus toxoïd eiwit, stimuleert het vaccin ook T-cellen en 
worden ook geheugen B- en T-cellen geïnduceerd (immunologisch geheugen). Dit 
soort vaccins, waarbij het antigeen wordt gekoppeld aan een dragereiwit, noemen we 
conjugaatvaccins. Een conjugaatvaccin gebaseerd op de kapsels van vier belangrijke 
typen van ziekmakende serogroepen, een meningokokken serogroepen A, C, W en Y 
(MenACWY) vaccin, is sinds 2018 opgenomen in het rijksvaccinatieprogramma (RVP) 
in Nederland, na een uitbraak in de bevolking van invasieve meningokokkenziekte 
veroorzaakt door serogroep W.

Voorheen was alleen een conjugaatvaccin gericht tegen de meningokokken serogroep 
C (MenC) in het RVP opgenomen. Dit vaccin werd in 2002 ingevoerd voor alle kinderen 
van 14 maanden oud vanwege een uitbraak van invasieve meningokokkenziekte vero-
orzaakt door serogroep C. Om de uitbraak in 2002 tegen te gaan, werden tevens alle 
minderjarigen van 1-18 jaar eenmalig gevaccineerd met het MenC conjugaatvaccin. 
Daarna was tot 2015 het aantal gevallen van invasieve meningokokkenziekte door 
serogroep C in Nederland (zeer) laag; er waren slechts enkele gevallen per jaar. In 2015-
2016 nam het aantal invasieve meningokokken ziektegevallen opnieuw toe, dit keer 
veroorzaakt door een stijging in serogroep W ziektegevallen. Er werden vooral enkele 
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tientallen tieners ziek en ongeveer 1 op de 4 tieners met meningokokken W ziekte 
overleed. Om te beschermen tegen serogroep W werd de meningokokkenvaccinatie 
op de leeftijd van 14 maanden met het MenC conjugaatvaccin vervangen door een 
vaccinatie met het MenACWY conjugaatvaccin. Ook werd een herhaalprik met een 
MenACWY conjugaatvaccin ingevoerd voor 14-jarigen in het RVP en werden alle 14-18 
jarigen (geboortecohort 2001-2005) uitgenodigd tijdens een inhaalcampagne voor 
een eenmalige vaccinatie met het MenACWY conjugaatvaccin.

Bescherming tegen meningokokken in de populatie

Wanneer een individu de meningokokkenbacterie bij zich draagt (kolonisatie), kan dit 
leiden tot de aanmaak van antistoffen tegen bijvoorbeeld het polysacharidekapsel 
of tegen eiwitten op de buitenkant van de bacterie. Ook na een vaccinatie worden 
er antistoffen tegen het polysacharidekapsel aangemaakt. Omdat deze antistoffen 
belangrijk zijn in de bescherming tegen meningokokkenziekte, geeft de aanwezig-
heid en de hoeveelheid antistoffen gericht tegen de meningokokkenbacterie in het 
bloed een indicatie van bescherming. De aanwezigheid en hoeveelheid antistoffen 
kan gemeten worden in een monster van bijvoorbeeld serum (het vloeibare deel van 
bloed wat overblijft nadat bloed gestold is en het stolsel afgedraaid) of speeksel. De 
immunogeniciteit van het meningokokken conjugaatvaccin kan worden uitgedrukt 
door het bepalen van de concentratie van specifieke antistoffen (meningokokken pol-
ysacharide [PS]-specifieke IgG concentratie) en de functionaliteit van alle opgewekte 
antistoffen in het bloed (de serum bactericide antistof [SBA] titer). Een SBA titer van 8 of 
hoger wordt internationaal beschouwd als de correlaat van bescherming tegen menin-
gokokkenziekte. Deze grenswaarde is initieel vastgesteld voor de MenC bacterie, maar 
wordt tegenwoordig ook voor de meningokokken serogroepen A, W en Y gebruikt.
We wilden in de hele Nederlandse populatie zien of er specifieke meningokokken 
antistoffen tegen diverse meningokokken serogroepen aanwezig zijn en bij wie. In 
hoofdstuk 2 doen we verslag van onderzoek waarbij we gebruik hebben gemaakt 
van drie eerder uitgevoerde, grote populatiestudies in Nederland. Bij deze zogeheten 
PIENTER studies is bloed afgenomen bij een dwarsdoorsnede van de Nederlandse bev-
olking, in de jaren 2006-2007, 2016-2017 en in 2020. In het serum is de functionaliteit 
van antistoffen tegen meningokokken serogroep A, C, W en Y en de concentratie van 
antistoffen gericht tegen deze specifieke kapsels gemeten. In 2002 ontving 94% van 
alle 1-18 jarigen in Nederland een MenC vaccinatie vanwege de toenmalige uitbraak 
door serogroep C. Na 2002 circuleert de MenC bacterie nog maar zeer weinig in Ned-
erland en kan dus ook niet zorgen voor natuurlijke aanmaak van antistoffen. Alleen 
kinderen die recent gevaccineerd zijn (op de leeftijd van 14 maanden, via het RVP) 
en volwassenen die eerder in 2002 op de adolescentenleeftijd een MenC vaccinatie 
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ontvingen, bezitten nog aanwezige MenC antistoffen, zeer waarschijnlijk dankzij deze 
voorgaande vaccinatie met het MenC conjugaatvaccin. In vergelijking met eenzelfde 
soort onderzoek waarin bloed werd afgenomen in 2006-2007, zagen we in 2016-2017 
een duidelijke daling in MenC antistoffen. Tegen serogroep A, W en Y werden weinig 
tot geen antistoffen gevonden in de hele populatie (lage seroprevalentie), wat wijst op 
een lage bescherming tegen deze serogroepen. De meningokokken seroprevalentie 
(het percentage van de mensen dat antistoffen heeft) in Nederland is dan ook in het 
algemeen laag.

Sinds de invoering van de MenACWY vaccinatie vanaf 2018 voor 14-18 jarigen, lijkt de 
gehele populatie in Nederland nu beter beschermd tegen invasieve meningokokken 
ACWY ziekte. Adolescenten zijn belangrijke verspreiders van meningokokkenbacterie 
en vaccinatie bij deze groep leidt tot minder verspreiding en daarmee bescherming 
van anderen in de populatie (groepsbescherming). In hoofdstuk 3 hebben we bep-
aald hoe effectief de MenACWY vaccinatiecampagne in 2018-2019 voor tieners was 
in het verlagen van het aantal meningokokken ziektegevallen in de hele populatie. 
We vonden dat er een algemene daling was van 61% van meningokokken ziekte-
gevallen door serogroep W ten opzichte van voor de campagne. In de totale groep 
gevaccineerde minderjarigen was de daling 82% en bij gevaccineerde tieners zelfs 
100%; in die leeftijdsgroep deden zich geen serogroep W ziektegevallen meer voor 
na invoering van de MenACWY vaccinatie. Het is onzeker of de daling van het aantal 
meningokokkenziektegevallen in de hele populatie (de daling werd ook geobserveerd 
in ongevaccineerde groepen) alleen door invoering van de vaccinatie komt. Want ook 
de maatregelen tegen corona-verspreiding in 2020 hebben geleid tot daling van tal 
van invasieve ziekten waar we niet tegen hebben gevaccineerd. Daarnaast kunnen 
ook natuurlijke fluctuaties in het vóórkomen van de ziekte hebben bijgedragen aan 
de afname van meningokokkenziekte onder ongevaccineerden.

Afweerreactie na meningokokken ACWY vaccinatie

Al enkele jaren vóór de aanvang van de MenACWY vaccinatiecampagne in Nederland 
in 2018 zijn twee andere studies uitgevoerd; de zogeheten ‘JIM’ studie (Juveniele Im-
munisatie Meningokokken, onderzoek naar de optimale leeftijd voor meningokok-
kenvaccinatie in tieners) en de zogeheten ‘StimulAge’ studie (onderzoek naar het 
stimuleren van immuniteit op middelbare leeftijd). In deze studies werd het MenACWY 
conjugaatvaccin toegediend aan 10, 12, 15 jarigen (JIM-studie) en 50-65 jarigen (Stim-
ulAge-studie) en werd bloed afgenomen om de meningokokken antistoffen (PS-spec-
ifieke IgG concentraties en SBA titers) een maand en een jaar na vaccinatie te bepa-
len. We hebben deelnemers van beide studies vijf jaar na toediening van het vaccin 

Milou Ohm Binnenwerk V4.indd   182Milou Ohm Binnenwerk V4.indd   182 06-04-2023   19:3406-04-2023   19:34



183

Nederlandse samenvatting

opnieuw uitgenodigd voor een bloedafname. In hoofdstuk 4, hebben we gekeken 
naar de aanwezigheid van serogroep C, W en Y antistoffen op de langere termijn, vijf 
jaar na het toedienen van het vaccin. We zagen dat na vijf jaar bijna alle tieners nog 
beschermende antistoffen (SBA titer ≥8) in het bloed hadden tegen serogroep C, W en 
Y. Dit was anders in de groep volwassenen (ondertussen 55-70 jaar), bij wie na vijf jaar 
slechts 32% nog beschermende antistoffen had tegen serogroep C, 65% tegen sero-
groep W en 71% tegen serogroep Y. We hebben in deze studie een wiskundig model 
toegepast om in te schatten hoe lang de duur van de bescherming op basis van deze 
data gemiddeld zou zijn. Zo konden we inschatten dat de adolescenten 32, 98, en 33 
jaar beschermd zijn tegen serogroep C, W en Y na MenACWY vaccinatie (waarbij dit 
voor MenC een herhaalvaccinatie was, na de eerste vaccinatie op de leeftijd van 14 
maanden met een MenC conjugaatvaccin volgens het RVP). In de groep volwassenen, 
die niet eerder waren gevaccineerd tegen meningokokken, werd dit op slechts 4, 14 
en 21 jaar ingeschat voor respectievelijk serogroep C, W en Y. We denken dat zowel de 
vaccinatiegeschiedenis, de circulatie van de meningokokkenbacterie in de populatie, 
maar vooral ook de leeftijd van de deelnemers van invloed kan zijn geweest op de 
gevonden verschillen. 

Om inzicht te verkrijgen in het effect dat het geslacht van een gevaccineerde kan 
hebben op de vaccinatierespons, hebben we in hoofdstuk 5 de meningokokken 
PS-specifieke IgG concentraties en SBA titers na vaccinatie met MenC en MenACWY 
conjugaatvaccins vergeleken tussen jongens en meisjes (10-15 jaar) op verschillende 
tijdspunten tot drie jaar na vaccinatie. Meisjes bleken meer antistoffen te hebben 
dan jongens een jaar na vaccinatie, maar de verschillen waren klein. Het percentage 
deelnemers dat beschermd was na meningokokkenvaccinatie was voor zowel jongens 
als meisjes erg hoog en verschilde niet tussen de groepen. Op dit moment zouden we 
dan ook niet adviseren om het vaccinatieprogramma voor de meningokokkenvaccins 
aan te passen op basis van het geslacht. Wel is het belangrijk dat er bij toekomstig 
onderzoek rekening gehouden wordt met de rol die het geslacht kan spelen in de 
respons op vaccinatie.

Naast factoren zoals leeftijd en geslacht, kan tevens de gezondheidstoestand van 
een individu belangrijke invloed hebben op de vaccinatierespons. Individuen met 
een ziekte die gepaard gaat met een verstoord afweersysteem zijn vatbaarder voor 
infecties, terwijl ook de immuunreactie na vaccinatie verminderd kan zijn. Soms komt 
dit door de ziekte en het onderliggende verstoorde afweersysteem zelf, soms komt 
dit door de medicijnen die gebruikt worden bij de behandeling. Het kan per vaccin 
en per medicament verschillen of de vaccinatierespons al dan niet verlaagd is bij 

Milou Ohm Binnenwerk V4.indd   183Milou Ohm Binnenwerk V4.indd   183 06-04-2023   19:3406-04-2023   19:34



184

Nederlandse samenvatting

deze patiënten ten opzichte van gezonde individuen. In hoofdstuk 6 hebben we een 
studie uitgevoerd bij immuungecompromitteerde tieners met twee veelvoorkomende 
aandoeningen met een verstoorde afweer: JIA (juveniele idiopathische artritis) en IBD 
(inflammatoire darmziekte). Er deden 226 deelnemers mee, waarvan een derde leed 
aan IBD en twee derde de diagnose JIA had. Deze patiënten waren hiervoor onder 
behandeling in het Wilhelmina Kinderziekenhuis (Utrecht) en kwamen in aanmerking 
voor vaccinatie omdat zij tot het geboortecohort 2001-2005 behoorden tijdens de 
MenACWY vaccinatiecampagne. De deelnemers ontvingen de MenACWY vaccinatie bij 
de GGD. Het merendeel van de patiënten gebruikte medicijnen, zoals corticosteroïden 
(geneesmiddelen afgeleid van bijnierschorshormonen die invloed hebben op het 
afweersysteem) en/of biologicals (geneesmiddelen die ontstekingseiwitten van het af-
weersysteem beïnvloeden). In vergelijking met gezonde controles van dezelfde leeftijd 
(uit de eerder genoemde JIM-studie) waren de antistofconcentraties bij de patiënten 
lager voor serogroep A en W. Voor serogroep C en Y vonden we geen verschil, waarbij 
de vaccinatie tegen MenC een herhaalvaccinatie was na een eerste vaccinatie tegen 
MenC op de leeftijd van 14 maanden volgens het RVP. Deelnemers die vanwege hun 
ziekte anti-TNF medicijnen gebruikten, een bepaald type biologicals, hadden tegen 
alle serogroepen lagere antistofconcentraties- en titers dan patiënten die dit niet ge-
bruikten. Ook het percentage patiënten met beschermende antistoffen (SBA titer ≥8) 
was lager in anti-TNF gebruikers voor serogroep W. Na een jaar had één op de vier an-
ti-TNF gebruikers een MenW SBA titer onder de grens van bescherming (SBA titer <8) 
terwijl de gezonde controles allemaal nog beschermd waren na een jaar. Dit betekent 
dat tieners met JIA of IBD waarschijnlijk baat hebben bij een extra vaccinatie om net 
zo goed beschermd te zijn als gezonde leeftijdsgenoten, zeker wanneer biologicals 
zoals anti-TNF worden gebruikt als medicamenteuze behandeling. Er werden binnen 
de groep deelnemers geen ernstige ongewenste voorvallen gemeld na de vaccinatie, 
zoals opleving van de ziekte. In hoofdstuk 7 hebben we een soortgelijk onderzoek 
gedaan in 69 tieners met andere en meer zeldzame aandoeningen (anders dan JIA 
of IBD) waarbij ook de afweer is verstoord, zoals systemische lupus erythematodes, 
sikkelcelziekte, auto-immuunziekten als oog- of vaatontstekingen en bijvoorbeeld 
ook patiënten die een stamceltransplantatie hadden ondergaan. Ook zij ontvingen 
allen de MenACWY vaccinatie tijdens de campagne in 2018-2019. Ondanks de lage 
aantallen patiënten viel het op dat ook hier IgG antistofconcentraties tegen serogroep 
A en W in patiënten lager waren dan in gezonde leeftijdsgenoten. Opnieuw zagen we 
geen verschil tussen patiënten en gezonde controles in de vaccinatierespons tegen 
serogroep C, wat ook voor deze deelnemers een herhaalvaccinatie was na een MenC 
vaccinatie op de kinderleeftijd. Er waren geen deelnemers die een serieus ongewenst 
voorval meldden na de vaccinatie.
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Hoewel het huidige meningokokken vaccinatieprogramma in Nederland erg effectief 
lijkt, is er aandacht nodig om de vaccinatiegraad onder jongeren hoog te houden 
zodat de gezondheidswinst voor de gehele populatie behouden blijft. Daarnaast richt 
veel onderzoek richt zich momenteel op de vaccinatie tegen meningokokken sero-
groep B, die nu nog de meeste ziekte veroorzaakt in Europa. Het monitoren van de 
meningokokken epidemiologie wereldwijd is noodzakelijk om vaccinontwikkeling op 
tijd aan te kunnen passen aan eventuele opkomende serogroepen, zoals serogroep 
X die nu opkomt op het Afrikaanse continent. Ook in Nederland blijft het toezicht 
houden op meningokokken ziektegevallen noodzakelijk, om de effectiviteit van het 
huidige RVP te blijven evalueren en om vlot te kunnen handelen bij een volgende 
uitbraak. Serologisch onderzoek in grote populatiecohorten kan bijdragen aan goed 
monitoren van veranderingen in meningokokken antistofconcentraties op populat-
ieniveau zodat bekend is wie beschermd is en wie niet.

Dit proefschrift draagt bij aan de kennis over bescherming tegen invasieve menin-
gokokken ACWY ziekte na vaccinatie. Het bestuderen van de vaccinatierespons naar 
geslacht, leeftijd en gezondheidsstatus zorgt voor een beter begrip van de werking 
en toepassing van meningokokkenvaccins. Samenvattend heeft dit onderzoek geleid 
tot meer kennis van meningokokkenimmuniteit na een MenACWY vaccinatie en bes-
cherming op populatieniveau in Nederland.
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Vier jaar lang keek ik uit naar het schrijven van dit dankwoord, al was dat niet omdat 
ik zo graag klaar wilde zijn met mijn promotie. Ik heb echt enorm genoten van de 
afgelopen jaren en zou het zo weer over willen doen, maar het leek me gewoon het 
allerleukste deel van het proefschrift om te schrijven (want, lezers gegarandeerd). 
Ik wil een aantal mensen in het bijzonder bedanken voor hun steun, interesse, en 
vooral ook afleiding en vermaak tijdens de afgelopen jaren. Voordat ik dat doe wil 
ik allereerst mijn dank uitspreken naar alle deelnemers van de klinische studies die 
ervoor hebben gezorgd dat ik de onderzoeken heb kunnen doen die tot het voltooien 
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Lieke, prof. dr. Sanders, gedurende de afgelopen vier jaar kreeg ik van jou precies de 
begeleiding die bij mij paste en waar ik behoefte aan had. Ik weet niet hoe je dat hebt 
gedaan, maar het is hoe dan ook één van je vele talenten. Ik ben je dankbaar voor je 
goede adviezen, wetenschappelijke input en prikkelende vragen, maar ook voor je 
oprechte interesse, menselijkheid en de complimenten die tussendoor in mijn mailbox 
kwamen en mij het gevoel gaven dat je vanaf het begin het volste vertrouwen in mij 
had. Dat heeft mij enorm geholpen om zelf vorm aan mijn project te geven, en mijn 
eigen keuzes te maken (“ach, je mag dat paper wel schrijven hoor, als je een keer op 
zondag niks te doen hebt”). Dat paper is er gekomen en ik heb er gelukkig geen enkele 
zondag aan gewerkt. Heel veel dank voor alle inspiratie en wijsheid.

Guy, jouw pensioen kan nu écht beginnen! Wat een geluk heb ik gehad, dat jij het 
nog zag zitten om mij te begeleiden ondanks dat je wist dat je er dan een soort vrijwil-
ligersbaan bij kreeg voor twee jaar. Jij stond echt altijd klaar voor vragen, al hing het de 
laatste maanden wel van je golfschema en verre reizen af wanneer ik antwoord kreeg. 
Ik bewonder het gemak waarmee jij mij hebt laten ontwikkelen als onderzoeker en 
me tegelijkertijd toch helemaal mijn gang liet gaan. Ontzettend veel dank voor alles 
wat ik van jou heb mogen leren en voor het plezier wat we hebben gehad. Ik voel mij 
vereerd dat ik de laatste in de rij ben geweest.

Mirjam, mijn bonus begeleider (al was je dat stiekem vanaf het begin al), en wat 
voor één! Ik ben heel blij dat ik van jouw begeleiding heb mogen genieten. Jouw 
scherpzinnige blik en professionele input waren de perfecte aanvulling bij eigenlijk 
alle projecten. Ik heb ontzettend veel van je geleerd en zal daar mijn hele carrière nog 
veel aan hebben. Ik kwam altijd geïnspireerd en vol goede moed uit de besprekingen 
die we hadden, over m’n thesis of het elektrische auto laadplan voor de vakantie. Ik 
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heb altijd het gevoel gehad dat je oog had voor mij als mens en dat waardeer ik, dank 
voor je begeleiding en betrokkenheid.

Leden van de leescommissie, prof. dr. Diederik van de Beek, prof. dr. Marc Bonten, 
prof. dr. Cécile van Els, prof. dr. Janneke van de Wijgert, en prof. dr. Nico Wulffraat. 
Hartelijk dank voor jullie bereidheid om dit proefschrift te beoordelen. Ook de rest 
van de promotiecommissie; prof. dr. Ger Rijkers en prof. dr. Annemarie van Rossum 
wil ik bedanken voor jullie aanwezigheid bij de verdediging.

Lieve Debbie en Hella, mijn lieve paranimfen, het kon natuurlijk niet anders dan dat 
jullie twee naast mij zouden staan bij de verdediging. Ik durf met zekerheid te zeggen 
dat ik half niet zo veel plezier had gehad in het hele promotietraject als jullie er niet bij 
waren geweest. Deb, naast de fijne samenwerking en het plezier dat we hadden als 
we weer eens prachtige duplo’s produceerden op het lab, de vele uren zingen in de 
flowkast, en alle flauwe geintjes die we met en naar elkaar maakten - soms tot schrik 
van de rest van de collega’s -, doken we ook samen het buitenzwembad in bij -1°C 
graden in hartje winter en hielden we eigenlijk nooit op met kletsen. Zo’n flowkast 
schept een band en doet praten, en we hebben de afgelopen jaren ontzettend veel 
met elkaar gedeeld. Ik besef mij dat ik enorm in mijn handjes heb mogen knijpen met 
zo’n fijn, en snel-pipetterend persoon aan mijn zijde gedurende de afgelopen jaren. 
Hellie, mijn allerfavorietste meest gebruikte chat op Whatsapp. Hoe vaak ik wel niet 
van het lachen onder het bureau, onder de bar in een (Duitse) kroeg, of met bloedende 
knie en kin in de stationshal na het missen van de laatste trein lag met jou. Ik heb er 
letterlijk wat littekens aan over gehouden, maar ik kan niet anders dan daar met een 
grote lach aan terugdenken. You sparkle up my life, m’n outfits tijdens het songfestival, 
de inhoud van m’n agenda (jouw dubbele agenda) en de inhoud van m’n telefoon 
met nog steeds dagelijkse voicememo’s en sinds kort ook foto’s van de mups. Je hebt 
letterlijk van de eerste tot de laatste dag een hoofdrol gespeeld in dit traject en dat 
heeft het zo (10^9x) veel leuker gemaakt.

Wat een geluk dat er nog geen hybride werken bestond toen ik bij het RIVM kwam 
werken; anders had fourty-four roomies misschien wel nooit bestaan. Nora, wij hebben 
heel wat uurtjes aan het einde van de middag kletsend doorgebracht. Dank dat jij 
een fijne rots in de branding (letterlijk) naast mij was. Michiel, jij bent de collega die 
iedereen zich wenst. Dank dat je op maandagochtend altijd even de tijd nam om te 
horen hoe het met me ging en voor alle praktische zaken waarvoor ik bij jou terecht 
kon, inclusief het alvast verkennen van het zweetkamertje als paranimf tijdens jouw 
promotie.
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Alle mede (oud)-promovendi Alper, Anke, Daan, Daantje, David, Elsbeth, Eric, 
Esther, Iris, Josien, Koen, Leon, Liz, Marta, Maxime, Michiel, Nora, Pauline, 
Rosanne, Samantha, Sara, Tamara, wil ik bedanken voor de gezellige praatjes op 
de gang of soms met de deur dicht in onze AIO kamers en het sparren over congressen 
met de beste buitenlandbestemmingen en posters (zelfs in mijn laatste jaar had ik nog 
geen idee hoe dat moest). Ook al hoorde ik als simpele dokter uiteraard absoluut niet 
bij de T-cell club en snapte ik weinig van celkweken of de FACS (blij dat ik de mails 
over kapotte apparaten altijd direct kon deleten), bij de borrels zaten we gelukkig 
altijd op hetzelfde level.

Alle collega’s van de afdeling IIV, dank voor de fijne en leuke tijd op de afdeling. Ik kijk 
met veel plezier terug op de centrumuitjes, kerstpubquiz en alle fijne samenwerkin-
gen. Marjan B, lieve Marjannetje, jouw nuchterheid en humor hebben mij zo vaak 
aan het lachen gemaakt en je bent een geweldig mens om als collega te hebben. Ik 
heb genoten van alle theetjes en vond het een feest om samen met jou paranimf te 
zijn bij Hella. Janine, ik ben blij dat ik jou toch een beetje heb mogen adopteren als 
student én we daarna hebben mogen samenwerken inclusief Abba pakjes en glüh-
wein in V109. Gerco, het is wel weer duidelijk wie er het hardste werkten zo vlak 
voor de kerst. Daarentegen is jouw brein van onmisbare waarde geweest voor mijn 
proefschrift, als peer-reviewer, meningokokkenkenner en briljante, doch enigszins 
verstrooide wetenschapper. Kina, alleen al jouw bakkunsten hebben mijn tijd bij het 
RIVM opgevrolijkt. Mijn mede-vega en mede-genieter van lekker eten samen met 
Hella en Eric, foxie, oude levens(eet)genieter en technoraver, jammer dat je niet meer 
voor Regnerus door gaat op artikelen. Fiona, jouw enthousiasme en lach die altijd 
doorklonk tot ver in de gang, kunnen niet anders dan de sfeer opvrolijken. Dank voor 
je spontaniteit en gezelligheid.

Alle collega’s van het WKZ, met in het bijzonder Gerrie voor alle organisatie en Nico, 
Marc, Joeri en Anne Jasmijn voor de informele sfeer tijdens ieder overleg, ik vond 
het ontzettend leuk om samen met jullie aan een project te werken en ben trots op 
wat we hebben bereikt.

Ik ben blij dat ik de afgelopen maanden zo’n fijne start van weer een volgend avontuur 
heb gehad dankzij alle leuke nieuwe collega’s bij de Medische Microbiologie van het 
Amsterdam UMC.
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Naast iedereen die direct betrokken was bij mijn PhD traject, waren er vrienden en 
familie die voor een hoop plezier en ondersteuning hebben gezorgd de afgelopen 
jaren, en mijn leven iedere dag opfleuren.

Melanie & Melissa, mijn lieve Ruisvoorntjes Mellie en Melisje, het is zo fijn om te 
weten dat ik onvoorwaardelijk op én met jullie kan bouwen - in het leven en aan onze 
steiger voor het bootje - en zinken, als we weer eens niet hadden gehoosd of net 
een borreltje te veel hadden gedronken. Ik weet oprecht niet wat ik zonder jullie zou 
moeten. Hopelijk komt er nu eindelijk meer ruimte in de agenda om écht de part(y)
timers uit te hangen samen met de mannen.

Hanna & Roos, lieve Han en Roosje, er was denk ik minder dan een week voor nodig 
op de VU om een onafscheidelijk trio te worden. Ik vind het fantastisch om alles in 
het leven als driehoek met elkaar te delen en te vieren – ook al heeft dat het afronden 
van mijn proefschrift af en toe misschien stiekem enigszins vertraagd door de piek 
aan life events in de afgelopen jaren bij ons allemaal. Ondertussen hebben onze lieve 
mannen Daniël, Kajan, Joseph & kleine Abel zich bij ons aangesloten en de unieke 
vriendschap met Docs&Gents is er één voor het leven. Ik hou van het gemak waarmee 
wij een vriendschap hebben.

Kim, Nikky, Willemijn, lieve trouwe gloeiwijntjes, met jullie is het altijd vertrouwd, 
van Amsterdam tot Zandvoort en van het Gooi tot aan Kaapstad. Het is direct lachen 
(en soms huilen) als we elkaar zien. Zonder de kwaliteiten die jullie mij toekenden 
tijdens onze avonden zelfreflectie was dit promotietraject heel anders verlopen. Dank 
voor de dans&walvis demo’s, de vriendschap en herinneringen samen die tot aan onze 
puberteit terug gaan, ook al zullen we er waarschijnlijk nooit achter komen hoe we 
nou met z’n viertjes zijn beland.

Elsje, Julia, Kris, Marly, Victoria, mijn Spange Tangas, de tofste vriendinnen die ik 
mij - als Goois meisje tussen jullie als stoere Diemen chicks - kan wensen. Er is altijd wel 
iets om naar uit te kijken, van het zoveelste buitenlandtripje tot vogelen in de natuur, 
van Antilliaanse Feesten gekte tot luxe diners met geweldig private wijnadvies waar 
de beste ideeën ontstonden voor ons eigen feministisch en progressief georiënteerde 
bedrijf. “Het is beter zo”, met jullie in mijn leven. 

Anouk, Dana, Daniël, Esteban, Hanna, Hugo, Joseph, Kajan, Loes, Marc, Marit, 
Rick, Roos, mijn favoriete festivalgroep BANGING. Ieder jaar weer kijk ik uit naar de 
momenten waarop wij met z’n allen in onze eigen tijdmachine even helemaal lo-
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skomen van routine en verplichtingen. Marit, lieve Rit, heel wat kilometers hebben 
wij er samen op zitten, hollend door de stad of wandelend met Peppie om de voortuin 
van de buren te verkennen. Ik vind je een fantastisch mens, dank voor de hoogtes 
(tijdens het feesten) en dieptes (tijdens de gesprekken of in de modder als jij weer een 
‘avontuurlijke’ hardlooproute koos). Rick, wat fijn dat jij Daan regelmatig in de studio 
vermaakt samen met Joe, en ik kijk uit naar het eerste optreden van TMSM.

Danique & Mariëtte, mijn NVK’ers én mede OLVG’ers. Lieve Mariëtte, als oud RIVM’er 
en mijn meningokokken voorganger wil ik jou bedanken voor je tip om te solliciter-
en op dit PhD project. Jouw enthousiasme over het werken met bacteriën werkte 
aanstekelijk en zonder jou had ik dit proefschrift letterlijk niet geschreven. Ook je 
bemoedigende woorden en fles bubbels op de mat na mijn eerste publicatie zijn een 
hele fijne steun in de rug geweest. Lieve Daan, jij en jouw familie hebben een speciaal 
plekje in mijn hart. Samen naar La Motte met garantie op nachtelijke kaasplank, ge-
nieten van de koude douche, en de rosé die daar toch altijd net wat lekkerder smaakt 
dan thuis. Fijn om iemand te hebben die precies snapt waarom kamperen zonder 
elektriciteit zo ontzettend leuk is. 

Camila, dear Maria, thanks for all the tennis dates we had, even though we are prob-
ably better at drinks after the match outside the court than inside (but one day..). I 
am so happy that you are my sister-in-law to enjoy all the family birthdays, week-
ends and holidays with. Reinder, lieve Rein, ik ben blij dat jij mijn zwager bent en we 
elkaar familie mogen noemen, zo voelt het namelijk echt. Jessica, lieve Jess, je bent 
een prachtig mens en ik ben blij dat mijn favoriete 40+er Leon aan jouw zijde staat. 
Van verrassingsslingers na de verloving (beste reden om uitgewisselde huissleutels te 
gebruiken) tot heerlijke vegan probeersels en van blinde bierproeverijen tot rondjes 
over de hei, voor een veelzijdigheid aan leuke dingen én meer kan ik bij jullie tere-
cht. Ik kijk uit naar alle Gooische afspraakjes die nog zullen volgen en ik gun jullie de 
wereld. Marnik & Martine, lieve Wallie&Tinus, de twee liefste verpleegkundigen van 
de wereld, stiekem hoop ik nog steeds dat we ooit ergens samen komen te werken. 

Marleen, lieve Lena, dat geldt minimaal net zo veel voor jou en ik ben blij dat het 
gewoon altijd aan is tussen ons! Anouk, lieve Nouk, als je zo’n lange geschiedenis 
met elkaar hebt zoals wij, dan zullen wegen zich gelukkig altijd zo nu en dan blijven 
kruisen.
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Aaron & Anna, van carnaval tot canonliedjes, en van Anna’s snackpaleis tot Aarie’s 
koffie met muziek op bed. Dank voor de logeerfeestjes eens in de zoveel tijd en jaarli-
jkse bezoekjes aan het zuiden, met jullie is het altijd feest. 

Emma, Hanna, Lotje, Lotte, Marie-Louise, fysio chickies/de leukste vino’s van Am-
sterdam (& de USA, Antwerpen, Heiloo, you name it) en meest blonde (maar ook miss-
chien wel de meest intelligente) vriendinnengroep die ik heb. Uiteindelijk vinden wij 
elkaar altijd weer, tijdens een koffie of borrel pakken we direct op waar we gebleven 
zijn.

Marlieke, mijn lieve, oudste vriendin en onvoorwaardelijke vertrouweling. Jij bent 
in dit dankwoord de overgang tussen mijn vrienden en mijn familie, omdat je eigen-
lijk bij beide hoort. We kennen elkaars geschiedenis zover als ons geheugen reikt, 
delen het heden op alle belangrijke momenten, en ik weet zeker dat dat nooit meer 
zal veranderen. We kunnen de buitenwereld misschien niet meer wijsmaken dat we 
tweelingzusjes zijn, zoals we vroeger op vakantie deden, maar van binnen is dat toch 
eigenlijk nog steeds hoe het voelt.

Jitte & Truus, lieve opa en oma, ik ben dol op jullie en voel me gezegend dat jullie 
zowel het behalen van mijn doktersdiploma als het verdedigen van mijn proefschrift 
nog mee kunnen maken. Lieve oma Jos, jij had dit waarschijnlijk ‘uit de kunst’ 
gevonden en in gedachte ben je er bij.

Astrid, Marcel, Mees, Liz, Demi, lieve As, Mas en kids, OosterVeldWijnburen, ik ben 
enorm gek op jullie en mag in mijn handen knijpen met zo’n fijne schoonfamilie. De 
Goodholyman avonden met gedichten en surprises hebben misschien nog wel meer 
stress opgeleverd dan het hele promotietraject bij elkaar, maar iedere avond met jullie 
is genieten. Ik vind het heerlijk dat we nu binnen een minuut afstand bij elkaar in de 
tuin of op de bank zitten en kruipend naar huis kunnen. Joris, Anouk, Elin, Fiene, 
lieve Joor, Nouk, E’tje en Fientje, ook al is het altijd afwachten of de afspraken met 
potlood ook tot pen worden omgezet, ik geniet van jullie blijheid (de vrouwen) en 
humor (allemaal) en ben blij dat ik alvast een kijkje in de toekomst kan nemen wat het 
(blonde) resultaat van voortplanting zal zijn. Is Fien écht niet van Daan? Eva, mijn leuke 
‘nichtje’ Eefie, als jouw tante Mil vind ik ieder weekendje weg met jou een feestje, van 
familieweekend tot Harlingen en van discofeest tot liedjes zingen bij het kampvuur 
(al zing je dan wel net wat beter dan ik). Wanneer duiken we weer samen een tent in?
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Henni, lieve Henni, ik kan niet anders dan zo’n uniek, kleurrijk mens als jij enorm 
missen. Wat had ik jou en Johan nog graag hier bij ons gehad, bij deze mijlpaal en 
vooral bij vele anderen die nog gaan volgen. Jullie hebben een fantastische zoon op 
deze wereld gezet en daar ben ik jullie eeuwig dankbaar voor.

Puck & Jostein, als jullie grote zus ben ik onvoorwaardelijk gek op jullie. Puck, jouw 
zorgzaamheid is bewonderenswaardig en ik vind het mooi om te zien hoe jij je hebt 
ontwikkeld tot superleuke juf en prachtig mens. Lucien, wat ben ik blij dat jij en Puck 
elkaar gevonden hebben. Jostein, heerlijk dat ik op jouw nek door de kantine van 
BFC kan hossen met een grote pul bier in iedere hand. Ik support je langs de lijn en 
daarbuiten en geniet van je optimisme en talent om altijd ontspannen te zijn. Lief 
broertje en zusje, jullie komen er wel.

Hein, lieve Hein, wat ben ik blij dat jij en mama elkaar hebben gevonden en ik daarmee 
een persoonlijke boswachter heb gevonden, die ons meeneemt op de mooiste boot-
tochtjes en altijd kan beantwoorden welk vogeltje ik nou weer zie vliegen. Je bent 
mijn natuurvoorbeeld, ik hoop nog veel van je te kunnen leren op de moestuin en 
met de verrekijker.

Fred, lieve papa, bij jou hoeft niks en mag alles. Je zult altijd voor ons klaar staan, zelfs 
midden in de nacht, en voor jou hoef ik niks te bewijzen want trots ben je toch wel. 
Zoals je vroeger altijd zei, “goed gedaan hoor, het is hoger dan de 6jes die ik haalde op 
school”. Ik heb een hoop geleerd van de luchtigheid waarmee jij het leven benadert. 
Blijf de levensgenieter die je bent, lieve papa. 

Els, lieve mama, de appel valt niet ver van de boom, en als ik je nodig heb, zal jij als 
boom desnoods naast mij als appel vallen. Ik lijk met de dag meer op je en dat omarm 
ik met liefde. Je inspireert mij met jouw eindeloze wil om te leren, te groeien en te 
zijn. Ik voel mij door jou gesteund en geliefd, het voelt altijd als een warm thuis als 
ik met open armen en dikke kus en knuffel wordt verwelkomd. Wat ben ik dankbaar 
voor zo’n fantastische vrouw als moeder, lieve mama. 

Daniël, mijn lieve Daan, mijn lieve verloofde, na jarenlang door het leven te gaan als 
twee vlindertjes fladderend op 28 hoog in de stad, staan we nu met onze voeten in de 
aarde en beide benen op de grond in ons eigen huis. Met jou is het leven turbulenter 
en valt er altijd wat te ontdekken, van de wereld en van elkaar. Dank voor je eindeloze 
energie, je enthousiasme en optimisme, en de onvoorwaardelijke liefde die je me 
geeft. Like a bridge over troubled water, ik ben zo blij dat jij in mijn leven bent.
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