
Cellular and humoral immunity 
after infection with B. pertussis

the role of age, antigen and vaccination history   

Inonge van Twillert



Colophon

ISBN 978-90-3936-723-0

© Inonge van Twillert, 2017. All rights reserved. No parts of this thesis may be 
reproduced or transmitted in any form or by any means without written permission 
of the author. 

Cartoon images: © Can Stock Photo / leremy
Cover layout: I. van Twillert, T. Sanderink and M.C.H. Jansen
Layout: M.C.H. Jansen
Lyrics ‘If not for you’ (and other citations): Bob Dylan

Printed by Ipskamp Printing
Printing of this thesis was financially supported by UMC Utrecht and Infection and 
Immunity Utrecht.



Cellular and humoral immunity 
after infection with B. pertussis
the role of age, antigen and vaccination history

Cellulaire en humorale immuniteit na infectie met B. pertussis:
de rol van leeftijd, antigeen en vaccinatie geschiedenis

(met een samenvatting in het Nederlands)

Proefschrift

ter verkrijging van de graad van doctor aan de Universiteit Utrecht op gezag van de
rector magnificus, prof. dr. G.J. van der Zwaan, ingevolge het besluit van het

college voor promoties in het openbaar te verdedigen op 
woensdag 15 februari 2017 des middags te 2.30 uur

door
Inonge van Twillert

geboren op 20 april 1975 te Lusaka, Zambia



Promotor:
Prof. dr. E.A.M. Sanders

Copromotor:
Dr. C.A.C.M. van Els



Contents

Chapter 1  Introduction

Chapter 2 Minireview: Waning and aging of cellular 
immunity to Bordetella pertussis

Chapter 3 Impact of age and vaccination history on long-
term serological responses after symptomatic 
B. pertussis infection, a high dimensional data 
analysis

Chapter 4 The use of innovative two-component cluster 
analysis and serodiagnostic cut-off methods to 
estimate prevalence of pertussis reinfections

Chapter 5 Age related differences in dynamics of specific 
memory B cell populations after clinical 
pertussis infection

Chapter 6 Loss of multi-epitope specificity in memory 
CD4+ T cell responses to B. pertussis with age

Chapter 7 Multifunctional T cell cytokine signatures 
after clinical pertussis in whole cell vaccine 
primed cohorts: age and booster vaccination 
driven maturation

Chapter 8  Summarizing Discussion

Appendices Nederlandse Samenvatting
 Curriculum Vitae
 List of Publications
 Dankwoord

p.8

p.24

p.46

p.74

p.98

p.124

p.152

p176

p.194





Time is an ocean
but it ends at the shore



1Chapter



General introduction



10

Introduction

Pertussis infection and disease
Pertussis, also known as whooping cough, is a bacterial disease of the respiratory 
tract, caused by the human pathogen Bordetella pertussis. The disease spreads 
easily through the coughs and sneezes of an infected person. Symptoms appear 
approximately 7-10 days after infection. At first, in the catarrhal stage, symptoms 
are mild (coughing, low fever), which become more severe in the paroxysmal 
stage, characterized by severe coughing, ‘whooping’ sounds as the patient gasps 
for breath and coughing-induced vomiting. In young (non- or partially vaccinated) 
infants, complications can occur such as pneumonia, otitis media, seizures and 
encephalopathy that may lead to death 1. The paroxysmal stage can last for months 
before transitioning to the convalescent stage in which symptoms decrease in 
severity. 

At the start of an infection, B. pertussis colonizes the mucosa of the respiratory 
tract and multiplies rapidly. Several virulence factors are involved in this process 
such as the adherence factors filamentous hemagglutinin (FHA), pertactin (Prn) 
and fimbriae 2 and 3 (Fim2 and 3) that promote attachment to the respiratory 
epithelium (Fig. 1). After adherence, B. pertussis produces various toxins, of which 
pertussis toxin (Ptx), the most well-known and the only antigen specific for B. 
pertussis, causes most of the clinical symptoms. The virulence factors of B. pertussis 
evoke strong immunomodulatory mechanisms. Laboratory diagnosis of pertussis 
can be performed directly, by bacterial detection using culture or PCR assays, or 
indirectly by serological diagnosis, based on the detection of antibodies against Ptx. 
Serological diagnosis is especially useful in the later stages of the disease 2. 



Fig 1: Interaction of B. pertussis with mucosal surfaces in the respiratory tract, consisting of ciliated 
epithelium. Cilia are found in the trachea, bronchi, and bronchioles and move continuously to keep the 
airway free of mucus-trapped microorganisms and dust. The B. pertussis toxins, pertussis toxin (Ptx) 
and adenylate cyclase toxin (ACT) are toxic for host cells including phagocytes. Ciliostasis is induced by 
tracheal cytotoxin (TCT) and may induce bouts of intense coughing in whooping cough patients to remove 
accumulated mucus. The highly toxic dermonecrotic toxin (DNT) causes inflammation and necrosis and 
induces vasoconstriction in vitro. Other B. pertussis proteins function as adherence molecules, such 
as pertactin (Prn), filamentous hemagglutinin (FHA), fimbriae (Fim), tracheal colonization factor A 
(TcfA), Bordetella resistance to killing protein A (BrkA), the autotransporter Vag8, and other Bordetella 
autotransporters (Bats). B. pertussis contains lipooligosaccharide (LOS, or endotoxin) in its outer 
membrane. Type I, III, and IV secretion systems are used by the bacteria to transfer molecules to the host 
cell. Illustration with permission from 24 . 
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Incidence and vaccination 
Vaccination against pertussis was introduced worldwide in the 1940’s and 1950’s  
and dramatically lowered pertussis incidence and mortality rates 3. However, 
pertussis has remained endemic with epidemics occurring every 2-5 years.  Since 
the 1990’s a resurgence of pertussis in developed countries resulted in pertussis 
becoming one of the most common vaccine-preventable disease despite high vaccine 
coverage 4,5. One of the causes of this resurgence is vaccine-induced strain adaptation 
of B. pertussis resulting in e.g. more virulent strains 6, shifts in vaccine antigens 7,8  
and strains losing vaccine antigens, such as Prn 9,10. The duration of immunity to 
B. pertussis after exposure is not life-long, though it is estimated to be longer after 
being naturally infected (protection lasting 4-30 years) than after vaccination 11-13, 
with currently used acellular pertussis (aP) vaccines comparing less favourably (4-7 
years) than first generation whole-cell pertussis (wP) vaccines (5-14 years) 4,14-16.

Whole-cell pertussis (wP) vaccines consist of heat and/or formalin inactivated 
bacteria and aluminium salts (‘alum’) as adjuvant. The immune system will respond 
to many antigens that are contained in the whole bacterium. Lipo-oligosaccharide 
(LOS), found in the outer membrane of the bacterium, elicits strong pro-inflammatory 
immune responses, but is also responsible for the high reactogenicity of the vaccine. 
Adverse effects of wP vaccines have led to the development of less reactogenic 
acellular pertussis (aP) vaccines, that contain 1-5 purified pertussis antigens i.e. Ptx 
alone or in combination with FHA, Prn, Fim2 and/or Fim3 plus alum 17,18.  Both wP 
and aP vaccines protect against severe disease but not fully against transmission, 
as established in a B. pertussis challenge model in baboons 19, thereby occasionally 
leading to outbreaks in vaccinated cohorts 20. 

Vaccination strategies can shift incidence rates of clinical disease with age, 
exemplified in the Netherlands by the shift of peak incidence of clinical pertussis in 
4-5 year old children to (pre) adolescents after the introduction of the aP pre-school 
booster in 2001 21,22 (Fig. 2). Though known as a childhood disease, pertussis occurs 
in all age groups. Unfortunately, adolescents and adults are a source of transmission 
to vulnerable groups such as infants too young to be (fully) vaccinated and elderly. 
In the period 2006-2008, Dutch infants were determined to be most likely infected 
by their siblings (41%), mother (38%), or father (17%) 23. 
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Fig 2: Pertussis notifications in the Netherlands. 
Pertussis notifications from 1996 to 2015 are given per 100,000 inhabitants of the indicated age groups 
under 10 years of age (A) and ≥ 10 years of age (B).  Between 1953 (start of national vaccination against 
pertussis) and 1996, overall incidence rates were much lower, ranging between 0 and 20 per 100,000. 
Source: RIVM
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Immunity against B. pertussis 
The immune system has evolved two lineages of defence against pathogens. The 
first is the innate system, evolutionary the oldest, and able to respond fast (within 
minutes) in a non-specific manner. The second line of defence is the adaptive 
immune system, encompassing antigen specific B and T lymphocytes that take days 
to weeks to respond. The systems are inter-linked, providing feedback to each other. 
Initially during infection, B. pertussis attaches to the cilia of respiratory epithelial 
cells in the upper respiratory tract. Here the host defence against B. pertussis is 
initiated by innate immune responses from the complement system 24 and innate 
cells, like mucosal dendritic cells (functioning as sentinel systems and antigen 
presenting cells; APCs) and alveolar macrophages 25,26. These innate cells respond 
rapidly based on recognition of pathogen-associated molecular patterns (PAMPs), 

A

B
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unique to micro-organisms, by their pattern-recognition receptors (PPRs) that 
include Toll-like receptors (TLRs). LOS (the endotoxin molecule of B. pertussis) for 
example, is a PAMP that signals through TLR4 and has been shown to be crucial 
in bacterial clearance in mice by promoting favourable T helper-1 (Th-1) type of 
immune responses 27. Another PAMP that was recently identified, BP1569, is a 
lipoprotein that also has protective properties and signals through TLR2 28. When 
PPRs are activated the innate cells will, as part of their response, produce cytokines 
and chemokines that can stimulate B and T cells and attract other innate cells that 
will help to clear the bacteria. 

To establish colonization and infection, B. pertussis expresses virulence factors that 
will help evade or modulate host immune responses, e.g. Ptx, delaying neutrophil 
influx in the lungs and promoting dendritic cell maturation 29, or the Bordetella 
resistance to killing A (BrkA) protein of B. pertussis and the autotransporter Vag8, 
involved in complement evasion (Fig.2) 24. In addition, B. pertussis is able to conceal 
itself from host immune responses by infecting alveolar macrophages. A major 
difference between wP and aP vaccines is that wP contain natural adjuvants from 
the whole bacteria in the forms of the above described PAMPS and aP contain only 
alum as adjuvant, which is known for inducing the less favourable T helper-2 (Th-2) 
skewed type of T cell response 30.

In general, aP vaccine antigens are used in immunological tests (using e.g. sera of 
laboratory animals or humans) to determine whether there is an immune response 
against B. pertussis. Considering that B. pertussis consists of many more antigens, 
these tests do not cover the whole immune response after natural infection. Even 
so, the immune responses triggered by these vaccine antigens can provide us with 
valuable information. Antigen specific responses may vary, in immunogenicity and 
potentially because of the various roles of B. pertussis adhesins and toxins in the 
infection and colonisation of B. pertussis in the human body.

Humoral immune responses to B. pertussis 
The main effector molecules of humoral immunity are antibodies, or 
immunoglobulins (Igs), that are secreted by B cells when they are differentiated 
into plasma cells. Igs can function by either neutralizing bacterial toxins, enabling 
phagocytosis by macrophages and neutrophils or inhibiting extracellular bacteria 
from binding to cells in mucosal tracts. Human Igs are categorized in five Ig classes 
(or isotypes). IgM and small amounts of IgD are produced early in the B cell 
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1response; later class switching occurs to the most abundant Ig class, IgG, or to IgA or 
IgE depending on external signals such as cytokines. IgA is mostly found in mucosal 
secretions, though in serum, (monomeric) IgA is the second most prevalent antibody 
type after IgG 31. IgG is further classified into four IgG subclasses, named, in sequence 
of their quantity in serum, IgG1, IgG2, IgG3 and IgG4, each with distinct functional 
properties. Human IgG3 is a potent pro-inflammatory antibody, opsonising invading 
microorganisms and the best activator of the complement system, followed by IgG132. 
In adults, IgG2 is associated with the (T cell independent) response to bacterial 
capsular polysaccharides 33. IgG4, like IgE, can be induced by allergens. Levels of 
IgG4 are also often measured after repeated exposure to antigen in a non-infectious 
setting 34.  

Historically, antibodies have been regarded as the main effectors of protection 
against B. pertussis, supported by passive immunization studies 35 and studies 
where children with high levels of IgG against certain B. pertussis antigens, that 
were exposed to pertussis from family members were protected from severe clinical 
pertussis 36-38. Vaccination and infection both induce high levels of serum antibodies 
against B. pertussis antigens, yet it has not been possible to define a level of 
antibodies against B. pertussis antigen(s) that would predict protection. At mucosal 
surfaces, secretory (dimeric) IgA is the first line of defence against B. pertussis 39. 
In mice, infection induced responses that gave sterilizing protection have been 
contributed for a substantial part to mucosal IgA 40,41.  In general, after both wP and 
aP vaccinations B. pertussis specific Ig levels wane within a few years and yet most 
vaccinees are not directly susceptible to subsequent infections. It is now widely 
accepted that protective immune responses against B. pertussis are facilitated not 
only by antibodies but also by (memory) CD4+ T cell and B cells 42.

B. pertussis specific B-cell responses
B cells originate from hematopoietic stem cells (HSCs) that mature in the bone 
marrow after which they migrate through the blood to secondary lymphoid 
organs (SLOs), such as the spleen and lymph nodes. At the SLOs, B cell activation 
begins when the B cell binds to a specific antigen via its clonally expressed B cell 
receptor (BCR). After receiving help from T cells in germinal centres, activated B 
cells will proliferate and undergo somatic hypermutation. Some will be licensed to 
differentiate into long-lived plasma cells that home to the bone marrow, excreting 
large amounts of antibodies, which are in fact the soluble forms of the BCR. Others 
will turn into antigen specific memory B (Bmem) cells that can circulate and survey 
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the body. These Bmem cells can respond to renewed pathogen encounter in several 
ways. One part of Bmem cells will directly differentiate into short-lived plasma blasts, 
responsible for a rapid anamnestic IgG response. Another part will (re-) enter into 
a germinal centre reaction, leaving either as new Bmem cell descendants or as new 
long-lived plasma cells. Both pertussis vaccination and B. pertussis infection can 
induce B. pertussis specific memory B cells 43. In mice, Leef et al revealed that B 
cells contributed to protective immunity to B. pertussis in an antibody-independent 
manner presumably by either performing as APC thereby activating CD4+ cells or by 
producing chemokines and cytokines 44.

B. pertussis specific T-cell responses
T cells also originate from HSCs, but unlike B cells, T cells migrate from the bone 
marrow to the thymus for maturation. Two main classes of T cells are distinguished, 
namely cytotoxic (CD8+) T cells, known for killing e.g. pathogen-infected cells and 
T-helper (CD4+) cells (Th) that can stimulate other cells such as B cells or CD8+ T cells 
by releasing cytokines. Naïve CD4+ T cells are triggered through their T cell receptor 
(TCR) by antigen, presented by activated APCs, such as dendritic cells. Depending on 
the cytokines produced by the APC, distinct Th cell lineages can develop into at least 
five T helper types, the Th1, Th2, Th17, Treg (regulatory T cell) or Tfh (follicular 
T helper cell) lineages, characterized by their transcription factors and secreted 
cytokines 45.  In studies using CD8+ T cell knock-out mice, CD8+ T cells were shown 
to play no role in protective immunity to B. pertussis infection 44. Some researchers 
in human studies however, do see a role for CD8+ T cells in pertussis immunity-46-49. 
The role of CD4+ T cells in protective immunity to B. pertussis infection is more 
established; many studies in mice, baboons and humans have shown the importance 
of these cells 42,44,49-52. 

The wP vaccine, that induces immune responses more closely resembling natural 
infection induced responses, has a broad antigen coverage and induces robust 
innate responses (e.g. by the LOS-TLR4 ligation). It elicits robust T cell responses 
in the form of Th1 and Th17 cells, thereby conferring enhanced protection to B. 
pertussis compared to the aP vaccine, that induces Th2-dominated CD4+ T cell 
responses. In a baboon study the failure of aP vaccines to protect against infection 
and transmission 19 is largely attributed to the fact that aP vaccines do not induce the 
right (Th1 dominated) type of cellular immune responses.
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1Aging Immunity
Immune responses vary during a lifetime. Early-life immune responses are weaker 
and of shorter duration than those prompted in immunologically mature hosts, 
making infants more susceptible to infections 53. The same applies to elderly that 
have to contend with aging immune responses. Vaccination strategies have to 
take into account these age-related changes in immunity. The age-related decline 
of the immune system is a process commonly referred to as immunosenescence. 
This comprises of alterations in the distribution and function of cells involved in 
innate (e.g. NK cells) and adaptive immunity 54,55. An obvious effect of chronological 
aging is involution of the thymus. By the age of 50, thymic output of naive T-cells 
has decreased to less than 10% of the original function 56. Eventually, this leads to a 
reduced diversity of the TCR repertoire, with an increasing risk of novel antigens not 
being recognized with age 57. In addition, an inverted CD4/CD8 T-cell ratio, proposed 
to be an immune risk factor 58, and a decline in the numbers of B-cells occurs during 
aging 59-61. 

Not only chronological age, but also cytomegalovirus (CMV) infection, and the male 
gender have been described to enhance immunosenescence, already in middle aged 
cohorts 62, which ultimately leads to increased morbidity, risk of infections, and 
reduced vaccination responses in elderly people 59,63. Human immune responses to 
B. pertussis have been explored mostly in vaccination studies in children or healthy 
adults, yet infection with B. pertussis affects individuals across the whole life span. 
An overview of literature that summarizes current knowledge on the waning 
patterns of human cellular immune responses to B. pertussis as addressed in various 
age groups (in diverse vaccination and infection settings) is given in Chapter 2. Age 
does seem have an impact; however, there are still gaps to be filled in the knowledge 
of B. pertussis specific immune responses in relation to age.
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Thesis scope and outline

With the current recognition that pertussis vaccines, and in particular aP vaccines, 
fail to provide long lasting immunity to B. pertussis, novel intervention strategies are 
required. Third generation vaccines such as a live attenuated pertussis vaccine 64,65 
and outer membrane vesicle (OMV) pertussis vaccines 66,67 that will induce broad 
immune responses reminiscent of a natural infection, are under development. 
Another approach lies in the replacement of the classical adjuvant alum with PAMPS 
that will provoke Th1 and Th17 type of immunity 28,68-70.  The problem with the 
development of new vaccines is that it is challenging to prove the superiority of the 
new vaccine over ‘old’ vaccines. aP vaccines when first introduced, were considered 
of advanced quality in comparison to wP vaccines, in view of  the high levels of IgG 
to pertussis antigens that they induced. Yet aP vaccines fail to induce long lasting 
immunity and are now regarded as suboptimal since they skew the immune system 
to Th2 type of responses. 

So, which immune parameters induced by a new vaccine are vital for protective 
immunity? Infection-induced immunity in humans is estimated to last longer than 
current vaccination-induced immunity. Immune parameters that appear after natural 
infection are therefore likely desirable to be achieved after vaccination. There is an 
abundance of studies investigating immune responses to B. pertussis in mice, as well 
as in healthy humans after pertussis vaccination. However, there is still a great deal to 
be learned from immune responses, both humoral and cellular, generated by natural 
infection in humans. Both the strengths and weaknesses in human B. pertussis 
specific cellular immunity should be studied, in order to help determining which 
immune parameters are paramount. This will ultimately advance the development 
of novel pertussis vaccines and vaccination schedules. Appreciating that pertussis 
occurs throughout life, it is important to study these immune responses not only 
in children, but in all age groups. The scope of this thesis is therefore, to provide 
detailed benchmarking of B. pertussis immune responsiveness and maintenance (in 
the human host) after a symptomatic infection throughout life.

To be able to study B. pertussis specific responses elicited by a natural infection we set 
up an observational, cross-sectional, clinical study called the SKI study ( “Specifieke 
Kinkhoest Immuniteit”). This study comprises of ~300 (ex-) symptomatic patients, 
whose blood was collected, in the period of 2008 and 2012, at a time point ranging 
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1from less than a month to 15 years after their clinical and laboratory confirmed 
diagnosis. Also from various patients in the acute phase, ~90 household contacts of 
various ages were included. By researching B. pertussis specific immune responses 
in three compartments of the adaptive immune system (serological and cellular; B 
and T cell compartments) in various age groups we aim to profoundly extend our 
knowledge on waning pertussis immunity and the impact that aging may have. In 
relation to aging, vaccination history of B. pertussis infected individuals might play 
a role. 
Particular research questions addressed in this thesis are:
1. Do B. pertussis specific cellular and humoral immune responses show 
 typical induction and contraction phases after a natural infection in the 
 human host?
2. Do age and vaccination history influence these immune responses? 
3. Is there a Th type that prevails in the B. pertussis immune response after 
 natural infection, indicated by distinct cytokine and Ig responses?
4. Do immune responses to various (vaccine) antigens of B. pertussis show 
 differences in functionality, waning, aging and dominance? 

Description of chapters
Chapter 2 provides a literature review of existing knowledge on the waning 
patterns of human cellular immune responses to B. pertussis induced by wP and/or 
aP vaccination and/or natural infection in relation to age. 

Chapter 3 describes the use of a bi-exponential model to characterise and 
compare B. pertussis specific serological dynamics in a comprehensive database 
of IgG, IgG subclass and IgA responses to pertussis antigens in a large cohort of 
(ex-) symptomatic pertussis cases. With this model, we aimed to reveal the co-
existence of diverse antibody responses post-infection and to determine whether 
waning patterns of these responses differ between age groups. Also, the impact of 
vaccination history on serological responses after a natural infection was studied. 

In Chapter 4, the problem of high IgG levels against Ptx in individuals detected 
long after a confirmed symptomatic pertussis episode was tackled. A high IgG-Ptx 
level in these cases is challenging to interpret, since it can be the result of prolonged 
waning, or it can be indicative of a new infection. We aimed to resolve this problem 
by investigating whether two serodiagnostic methods based on the measurement 
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of IgG-Ptx are suitable to estimate pertussis reinfection prevalence. The first 
method was a serodiagnostic cut-off method, the second used values of IgG-Ptx in a 
mathematical model; i.e. two-component cluster analysis. We also asked if the use 
of two-dimensional serodiagnostic profiling, applying IgA-Ptx levels in addition to 
IgG-Ptx levels, would be informative.

Chapter 5 presents a study on B. pertussis specific memory B (Bmem) cells in various 
age groups of (ex) pertussis cases. By zooming in on the levels of Bmem cells in 
three distinct phases, an acute, intermediate and maintenance phase, after clinical 
pertussis, we sought to determine whether pertussis antigen-specific Bmem cell 
levels differ between phases of the response and between age groups, and whether 
emerging differences would correlate with patterns in the Ig response. 

In Chapter 6, we directed our investigations to the T cell arm of B. pertussis specific 
cellular immunity. A panel of Prn and Ptx specific peptides was used to study the 
induction and maintenance of CD4+ T cell responses at the epitope level. In addition, 
these responses were compared between a younger (<30 years) and older (>30 
years) age cohort. 

In Chapter 7, further research on T cell responses after B. pertussis infection is 
described. Two age cohorts were employed with a history of wP priming in infancy, 
consisting of youngsters aged 7-15 years old and adults aged 25-56 years, to 
investigate the role of age in the prevalence and quality of specific T cell responses 
to whole antigens. We examined Th1, Th2, Th10 and Th17 type of responses by 
determining frequencies of specific IFN-γ producing cells and levels of various 
cytokines. In addition, we wanted to know what the effect of an aP pre-school 
booster in a separate wP-primed youngster cohort would be on the cytokine profile 
of post-infection T cell immune responses.

In conclusion, in Chapter 8, major outcomes of the preceding chapters are 
summarized and discussed and recommendations for future research are offered.
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Abstract

While it is clear that the maintenance of B. pertussis-specific immunity evoked both 
after vaccination and infection is insufficient, it is unknown at which pace waning 
occurs and which threshold levels of sustained functional memory B and T cells are 
required to provide long term protection. Longevity of human cellular immunity 
to B. pertussis has been studied less extensively than serology, but is suggested to 
be key for the observed differences between the duration of protection induced 
by acellular vaccination versus whole cell vaccination or infection. The induction 
and maintenance of levels of protective memory B and T cells may alter with age, 
associated with changes of the immune system throughout life and with accumulating 
exposures to circulating B. pertussis or vaccine doses. This is relevant since pertussis 
affects all age groups. This review summarizes current knowledge on the waning 
patterns of human cellular immune responses to B. pertussis as addressed in diverse 
vaccination and infection settings and in various age groups. Knowledge on the 
effectiveness and flaws in human B. pertussis-specific cellular immunity ultimately 
will advance the improvement of pertussis vaccination strategies.
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Introduction

Immunity to Bordetella pertussis is typified by an ambiguity. On the one hand, 
shortly after exposure to live B. pertussis or pertussis vaccine, high levels of specific 
antibodies and memory B and T cells are raised that can provide effective immune 
protection from disease. On the other hand, the acquired protective immunological 
memory is relatively short-lived; this is seen not only after natural infection 1 and 
immunization with whole cell pertussis vaccines (wP) but also, and even more 
rapidly so as recently discovered, after use of current acellular pertussis vaccines 
(aP) 2-4. Following an exposure to any pathogen or vaccine, cells from the specific 
immune system will pass through a clonal expansion phase and subsequently a 
contraction and maintenance phase, as they differentiate into various subsets of 
memory cells. Ideally, individuals maintain lifelong immunity after natural infection 
and vaccination as is the case for some viruses such as measles 5. While clearly this is 
not the case for B. pertussis, it is currently unknown at which pace waning of immune 
mechanisms to B. pertussis is observed after different priming conditions and which 
threshold of sustained functional immune memory is required to provide protection 
to (ex-) patients and vaccinees from infection and disease at a subsequent exposure. 

In the absence of a known correlate of protection for pertussis such a threshold is 
difficult to define. The general view is that antibodies can prevent the attachment 
of B. pertussis to cells of the upper and lower respiratory tract, hence antibodies 
with adhesin specificity and opsonizing or bactericidal effector function may 
provide protection. In addition, cell mediated immunity (CMI) of the proper CD4+ T 
helper cell type is also implied, either by its own effector mechanism or by helping 
the antibody response 6,7. Many studies have described the waning of human B. 
pertussis specific antibody-levels after infection and vaccination 8-13, indicating the 
absence of durable effector mechanisms in the humoral compartment. This raises 
the question as to whether there is maintenance of cellular memory to B. pertussis 
that can provide rapid replenishment of the humoral compartment or mediate 
cellular immunity, involving both B cell populations and CD4+ T helper cell types, 
but these have been studied less extensively. B and T cell components of the specific 
immune response need each other for the development of effective immunological 
memory. At various key stages in the specific B cell response, specific CD4+ T cells 
provide cognate help to specific B cells, which is a prerequisite for the formation 
of germinal centres in which B cell memory develops (Figure 1A) 14,15. There are 
examples that indeed inadequate CD4+ T cell responses may be a limiting factor in 



Figure 1. Multiple cognate interactions between B cells and CD4+ T cells specifc for B. pertussis. 
A. Development of primary and recall B and T cell responses: The presence of B. pertussis (or antigens) 
trapped in draining lymph nodes is sensed by naïve B cells with IgM B cell receptors (BCR) with low affinity 
for antigen. Naïve B cells become activated, take up antigen via their BCR into lysosomal compartments, 
and process and present antigenic peptides in the context of MHC class II molecules. Dendritic cells (DC) 
also sense the pathogen, become activated and start presenting antigenic peptides in the context of MHC 
class II molecules while migrating to the draining lymph node, where they activate naïve CD4+ T cells with 
T cell receptors (TCR) specific for the presented MHC class II-peptide complexes. CD4+ T cell proliferate 
and differentiate into different functional subsets (Th1, Th2, Th17, Treg, TFH). Surface expression 
of CXCR5 enables activated B and TFH cells to co-migrate to the CXCL13 rich B - T cell borders of the 
draining lymph node. Visualized are four stages (1-4) in the development of adaptive immune response 
in lymphoid organs  in which reciprocal interactions between activated B cells and CD4+ TFH cells with the 
same antigen specificity determine the clonal burst, differentiation and maintenance of both memory B 
and CD4+ T cell subsets (based on current literature and adapted from 15,27,29,30). Stage 1) B cells that have 
productive and long lasting interaction with specific CD4+ TFH cells are licensed to start a germinal center 
(GC) reaction in which B cells undergo activation induced cytidine deaminase (AID) mediated BCR class 
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developing B cell responses 16. On the other hand, specific memory B (Bmem) cells are 
the prime antigen presenting cells in the recall of memory CD4+ T cell responses 17. 
During these cellular interactions activated B and MHC class II restricted CD4+ T 
cells exchange antigen-specificity, differentiation, proliferation and survival signals 
(Figure 1B). So at various time points in the immune response mutual B-T cell cross-
talk and licensing is required for the optimal development and maintenance of 
functional B as well as T cell memory to B. pertussis. It is however unknown whether 
B. pertussis-specific B and T cell mechanisms equally wane, or which of these arms 
in the pertussis immune response may become limiting first. 

A



switching and affinity maturation through somatic hypermutation. Activated B cells lacking cognate CD4+ 
T cell help can clonally expand and proceed into non-GC short-lived plasma cell development that may 
involve class switching to IgG. Inset: molecular interactions between activated B and TFH cells in stage 1 
are detailed in Figure 1B and are representative for interactions at subsequent stages. Stage 2) GC B cells 
with sufficiently adapted BCR receive survival signals from CD4+ TFH cells and leave the GC as either long 
lived plasma cells or memory B cells. Stage 3) Low amounts of recall antigen are sensed by memory B 
cells, taken up and processed and presented to memory CD4+ TFH cells that localize close to B cell follicles. 
In the secondary response memory B cells are the prime antigen presenting cells for CD4+ T cells, which 
localize close to the B cell follicles. Productive interaction with memory TFH cells promotes memory B cell 
expansion and 2nd plasma cell generation. Also a 2nd GC reaction can be started. Stage 4) 2nd GC B cells 
with further refined BCRs receive survival signals from 2nd CD4+ TFH cells and can leave the GC. Whether 
2nd GC reactions generate both long lived plasma cells and memory B cells like primary GC reactions is ill 
defined. IgM, IgG, IgA, IgE: Immunoglobulin M, -G, -A, -E. 
B. [Inset:] Receptors and signals involved in cognate interaction between activated B and CD4+ TFH cells 
sharing specificity for a B. pertussis antigen (also representative for other functional subsets of specific 
CD4+ T cells). Cognate interaction is promoted through CXCR5 mediated co-localization in the lymph node 
based on chemokine attraction. Reciprocal licensing occurs through MHC class II restricted recognition of 
CD4+ TFH cells of cognate B. pertussis specific peptides processed and presented by B. pertussis specific B 
cells that have taken up antigen via their BCR. Efficiency of MHC class II presentation of peptide fragments 
is enhanced by BCR affinity for antigen. Further modifying interactions between specific B cells and CD4+ 
TFH cells occur via accessory molecules, such as CD40-CD40L, OX40L-OX40, ICOS-ICOSL and (not shown) 
SLAM. Cells also exchange differentiation, proliferation and survival signals via cytokine production 
and expression of cytokine receptors. Recently it was found that CD4+ TFH cells besides predominantly 
expressing IL-21 can also secrete IL-4 and IFN-γ, known to regulate B cell responses 101. Similar cognate 
interaction can take place between antigen specific B cells and 

29

Waning and aging of cellular immunity to B. pertussis

2

Pertussis affects all age groups 18. Since the immune system undergoes changes 
throughout life, ranging from immatureness in infants to immunosenescence in 
elderly 19,20, age-related differences in the induction and waning of B. pertussis-
specific immune responses are conceivable. Aspects of aging in T cell immunity 
are for example the decrease of the total amount of T lymphocytes with age 21, the 
reversal of the CD4/CD8 ratio, the decrease of naïve T cell and increase of terminally-
differentiated T cells frequencies 22 and a larger role for T cell regulation, as the ratio 
effector cells/regulatory cells declines 23. Aging is also proven to affect B cells. The 

B
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frequency of effector (memory) B cells increases while the pool of naïve B cells 
diminishes and the diversity and affinity of antibodies are more limited 24-26.  

This review will summarize current knowledge on the waning of human cellular 
immunity to B. pertussis after various priming conditions and the observed effects of 
age, in an effort to understand why pertussis immunity is, in general, relatively short-
lived. Ultimately, knowledge on cellular key players responsible for the relatively 
rapid loss of immunity, especially after aP priming, will advance efforts to improve 
pertussis vaccines and vaccination strategies.

Waning patterns in B. pertussis-specific B cell responses 
The specific B cell response begins when naïve B cells recognize antigen with their 
clonally expressed B cell receptor become activated and start proliferating. While 
a part of these activated specific B cells directly develops into short-lived antibody 
secreting plasma cells, another part moves, with the help of so-called follicular 
helper T cells (TFH) 27, into germinal centres. Subsequently, cells emerge either as 
long-lived antibody secreting plasma cells that home to the bone marrow, or as Bmem 
cells that recirculate in the blood as they head to secondary lymphoid organs (Figure 
1A). Upon recall with antigen part of these Bmem cells will, aided by memory TFH 
cells, differentiate quickly into antibody secreting plasma cells, providing an initial 
rapid boost of the antibody response. Another part will re-enter a germinal centre 
reaction developing a second generation of Bmem cells 28-30. Much of this mechanistic 
knowledge comes from animal models, but in order to better understand immunity 
to vaccine preventable infectious diseases human cellular B cell responses against 
various pathogens have started to gain more attention 31-37.  

Assays to enumerate Bmem cells to B. pertussis based on their in vitro differentiation 
into Antibody Secreting Cells (ASC) and detection in ELISpot were applied by 
Buisman et al. 37, to first describe that specific long-term Bmem cells could be detected 
in vaccinated children whose antibody levels had already waned (Hendrikx, et 
al. 2011: 1431-7). Such Bmem cells may have a protective role, provided they can 
propagate a booster response rapidly enough to outpace pathogenesis of B. pertussis 
38. In the mouse, a direct protective role was shown for B. pertussis-specific Bmem cells 
in the absence of antibodies 39,40. In another study by Hendrikx et al., a second aP 
booster vaccinaton in Dutch wP primed children 9 years of age heightened Bmem 
cell responses. The follow-up after one year showed a decline of these Bmem cell 
levels compared to +1 month after booster but still an enhancement compared to 
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pre-booster levels, indicating that waning of Bmem cell levels occurs gradually-41. 
Whether waning of pertussis specific Bmem cell levels after a second aP booster 
is different in aP primed children is currently under investigation (A. Buisman, 
personal communication). In an Italian study comparing two aP vaccines in 104 
children, still >80% in both groups presented a positive Bmem ASC response 5 years 
after aP priming-42. Buisman’s group also compared B cell memory in 6-year-old 
children either wP or aP-primed in infancy and having received an aP booster at 
4 years of age. For wP-primed children levels of filamentous hemagglutinin (FHA) 
and pertactin (Prn) specific Bmem cells were higher at both 28 days and 2 years post-
booster compared to pre-booster levels and there were no significant differences 
between the levels of 28 days vs 2 years post-booster. In contrast, aP primed children 
showed a 2-5 fold decrease of pertussis toxin (Ptx), FHA and Prn-specific levels at 
2 years compared to 28 days post-booster, suggesting that aP-primed children may 
experience faster Bmem cell waning 43. 

To investigate B. pertussis-specific B and T cell responses after a (natural) pertussis 
infection our group set up an observational, cross-sectional study (the SKI study), 
comprising ~300 (ex-) symptomatic pertussis patients of various ages and whose 
blood samples were collected between 2008 and 2012 at a known time after their 
laboratory confirmed diagnosis, ranging between < 1 month and > 10 years post-
diagnosis 44,45. In a subset of the SKI study, we measured pertussis specific Bmem 
responses in 174 (ex-) patients. Peak levels reduced 2-3 fold within 9 months after 
antigen encounter 44. Besides our study, one other study evaluated Bmem cell responses 
induced by live B. pertussis in humans. In the randomized phase I clinical trial of 
the live attenuated B. pertussis vaccine BPZE1 the seven subjects who exhibited 
nasopharyngeal colonization accumulated strong Ptx, FHA and/or Prn- specific Bmem 
cell responses between day 0 and 28, demonstrating the immunogenicity of BPZE1 
in humans. At follow up, 5-6 months after vaccination, these responses had declined. 
Despite suboptimal vaccine dosage, some subjects sustained elevated antigen 
specific Bmem cell levels as compared to day 0, while others had responses that had 
declined to undetectable levels 46. 

Summarizing, we conclude that dynamics of B. pertussis-specific Bmem cells show an 
expansion phase soon after exposure to B. pertussis antigens, followed by a relatively 
rapid decay within several months and a maintenance phase in which levels can be 
detectable for years. The fact that peripheral Bmem cell peak levels wane after the 
acute phase of antigen exposure is to be expected due to normal contraction and 
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homing to secondary lymphoid organs. The question remains whether the measured 
maintenance levels of specific Bmem cells are high enough for a quick recall reaction.

The induction and maintenance of pertussis specific Bmem cells 
throughout life
Most studies that were performed to investigate Bmem cell responses to B. pertussis 
have so far concentrated on vaccination effects on frequencies of B cells specific for 
vaccine antigens Ptx, FHA and Prn in children and adolescents 41-43,47-49. The Buisman 
group showed that the levels of specific Bmem cells, measured in the maintenance 
phase, increased with age in groups of 3, 4, 6 and 9 year old wP vaccine primed 
children 48. In the SKI study that contains (ex-)pertussis cases of all ages, our group 
equally found an increase of B. pertussis antigen-specific Bmem cell levels with age, 
however in the expansion phase 44. Here, higher levels of Ptx, FHA and Prn specific 
Bmem cells were found in adults and (pre) elderly compared to under-fours and 
schoolchildren. In subsequent phases after diagnosis, Bmem cell numbers declined 
for all groups to maintenance levels with no significant differences related to age. 
A re-analysis of these findings is summarized in Figure 2A, showing waning of 
early induced levels of Ptx specific Bmem cells within three months after exposure 
across age groups, but a significantly stronger early peak levels at older age. The 
accumulating number of encounters with antigen with age, be it through vaccination 
or by circulating B. pertussis, was proposed to be involved in the higher Bmem cell 
levels found in older age groups 44. However, other age related factors in B cell 
immunity cannot be excluded. The gradual increase of specific Bmem cell levels after 
subsequent booster doses has earlier been found within the first three months after 
vaccination with diphtheria toxoid 50.  In summary, from these few studies it appears 
that B. pertussis specific Bmem cell frequencies increase with age.
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Figure 2. Early and steady state Ptx-specific B and T cell responses in (ex-) pertussis cases and 
impact of age. B cell (A) and T cell (B) responsiveness to Ptx in symptomatic (ex-) pertussis cases are 
two-dimensionally plotted in relation to time elapsed after last exposure to antigen or diagnosis (Y-axes) 
and age at blood donation (X-axes). Responses are subgrouped in recently exposed (< 3 months after 
date of diagnosis or after date of last vaccination if vaccination took place after clinical infection) versus 
retrospectively exposed (≥ 3 months) cases (Y-axis) and in younger (<35 years) versus older (≥35 years) 
age at blood sampling. Peripheral blood was obtained after informed consent from (ex-)pertussis cases 
at various time points after their laboratory confirmed diagnosis of symptomatic B. pertussis infection as 
part of the observational SKI-study (NVI-243, ABR NL16334.040.070). 
A. Thawed PBMC from 179 (ex-)pertussis cases were cultured for 5 days in culture medium supplemented 
with an optimized cocktail of polyclonal and specific stimuli (3 mg/ml CpG, 10 ng/ml IL-10 and 10 ng/
ml Ptx) to differentiate Bmem cells into ASC. Ptx-specific ASC were determined by using an ELISPOT 
assay. Spots from at least two countable cell dilutions were used and expressed as geometric mean ASC 
per 105 plated cells. Negative control wells not coated with Ptx but incubated with cells were used to 
calculate background. These background spot numbers were subtracted from the antigen specific ASC. 
In 32 of tested pertussis cases (18%) B. pertussis infection was not the last exposure to Ptx, due to later 
vaccination. Strength of Ptx-specific Bmem cell responses was classified and indicated per case (white = 
no response ACS/10^5 PBMC < 2, green = medium response ACS/10^5 PBMC 2 - 70, and red = strong 
response ACS/10^5 PBMC > 70). The percentages in the quadrants indicate the fraction of strong Ptx-
specific ACS responses of the studied subgroup. Waning of strong Bmem cell responsiveness in time was 
seen across age groups, being highest in older cases. In the early phase after exposure strong responses 
were seen more frequently in younger versus older cases (Fisher’s exact test, p = 0.0121). 
B. Fresh PBMC from 62 (ex-) pertussis cases were stimulated with 1 µg/ml heat-inactivated Ptx protein 
for 7 days and Ptx-specific proliferation was assed using [3H]Thymidine incorporation the last 18 hours. 
Stimulation Index (S.I. = geomean CPM peptide/ geomean CPM medium) was calculated. Strength of Ptx-
specific T cell responsiveness was classified and indicated per case (white = no response S.I. < 2, green 
= medium response S.I. 2 – 10, and red = strong response S.I. > 10). The percentages in the quadrants 
indicate the fraction of cases with strong Ptx lymphoproliferative responses of the studied subgroup. 
Waning of strong Ptx-specific lymphoproliferation in time was seen across age groups, but was highest in 
the older cases (Fisher’s exact test, p = 0.0391).
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Dynamics of B. pertussis-specific T cell responses 
In the course of infection or vaccination, dendritic cells will process endocytosed 
whole bacteria or antigen material and present protein fragments in the context 
of MHC class II molecules to naïve CD4+ T cells (Figure 1A). These may clonally 
respond if their unique T cell receptor recognizes a particular expressed MHC 
class II peptide specificity. Depending on the quality of their TCR signal and the 
innate cytokine and co-stimulatory environment, CD4+ T cells will then expand 
and differentiate into several of at least five T helper types (Th) of CD4+ effector 
cells, the Th1, Th2, Th17, Treg (regulatory T cell) or TFH lineages, characterised 
by the transcription factors they express and the cytokines they secrete 51. After 
contraction of most of the peak response, part of the CD4+ T cell lineages will be 
maintained as central memory T cells. Quickly after sensing the presence of recall 
antigen and depending on their population size and imprinted memory potential, 
central memory CD4+ T cells will proliferate and differentiate into effector memory 
T cells. In these CD4+ T cell recall reactions, antigen specific Bmem cells are the main 
antigen presenting cells 52 and producers of cytokines 53, and hence strongly impact 
the outcome (Figure 1A and 1B).

Although features of CD4+ TFH cells may be very relevant in immunity to B. pertussis, 
they have not been studied in pertussis models so far. Instead most attention has gone 
to the analysis of other functional T cell lineages, although these may also partially 
play a role in TFH cell responses 15,27,54. Th1 and Th17 cells mediate the recruitment 
and activation of neutrophils and macrophages, which, with the help of opsonizing 
antibodies produced by plasma B cells, can take up and kill pathogens, as shown for 
B. pertussis 55. Experimental models in mice and baboons have indicated the 
importance of pertussis specific Th1 and Th17 type CD4+ T cells and redundancy of 
Th2 type CD4+ T cells in protection against pertussis 56-61. Natural pertussis infection 
and wP vaccination in humans are known to induce Th1 and Th17 responses while 
aP vaccination yields a mixed Th1/Th2 response 62-69. The discrepancies between 
these lineages of CD4+ T cell responses to B. pertussis now seem essential for the 
effectiveness of the immune response, since currently used aP vaccines, although 
efficacious in the short term, protect less long 2-4. Collectively these observations 
emphasize the importance of studies investigating both functionality and longevity 
of human pertussis specific T cell responses.

Pioneers researching human B. pertussis-specific T cell responses in vaccine trials 
in the 90’s began with classical CMI studies. Typically, 3H Thymidine incorporation 
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and cytokine production in culture supernatants of PBMC were measured after in 
vitro stimulation of PBMC with conventional B. pertussis antigens Ptx, FHA and Prn 
for several days, thus analysing both the proliferative capacity and type of the T cell 
response at the bulk level 68,70-75. Based on these classical assays, CMI was proposed to 
better correlate with protection than pertussis specific antibody levels, considering 
its greater magnitude and longer duration 12,70,72,76,77. CMI responses diminishing in 
time were shown in some studies, such as in Finnish 10-12 year olds, 8-10 years 
after primary wP vaccination 78, and in Italian 4 year old children, 42 months after 
primary aP vaccination 68. On the other hand, limited waning of CMI responses was 
seen in a Finnish follow-up cohort after an aP booster in adolescents. Here pertussis 
specific CMI persisted above the pre-booster levels measured 5 years earlier 79. In 
another study in adolescents and adults, B. pertussis-specific CMI responses were 
still elevated one year after aP vaccination whereas pertussis specific IgG levels 
had declined considerably 77. A German adolescent cohort showed detectable CMI 
responses 4-10 years after a pre-school booster dose in both aP and wP primed 
groups 80. In younger children, Zepp et al. showed CMI responses in aP vaccinated 
children that had even increased during the post-primary to pre-booster (at 15 to 
19 months of age) period 72.

Few studies researched waning of CMI responses in clinically B. pertussis-infected 
cases. Ausiello et al. found that clinically infected non-vaccinated children, 8-59 
(median 28) months after diagnosis had lower Ptx specific CMI responses compared 
to children 4-6 years after primary (aP) vaccination 76. The ex-pertussis cases had not 
been tested for CMI responses shortly after diagnosis, therefore no interpretations 
could be made regarding the waning rate of these infection-related CMI responses. 
These findings however do suggest that infection and vaccination history differently 
affect the level of CMI maintenance. 

Although classical CMI assessment is very sensitive, a second generation of B. 
pertussis-specific T cell assays was developed to study T cell responses at the 
single cell level. In IFN-γ ELIspot assays frequencies of pertussis specific T cells are 
determined after in vitro stimulation of PBMC, eventually combined with measuring 
cytokine levels in the supernatants of these cultures. The persistence of pertussis 
specific T cell responses has thus been studied in several vaccination studies. Dirix 
et al. found that the majority of 13 months old Belgian children showed B. pertussis- 
specific T-cell responses, i.e. secretions of IFN-γ and/or IL-13, 9 months after the 
last primary vaccine dose 81. Three years after vaccination in infancy Dutch children 
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had still detectable specific T cell responses, showing higher frequencies of IFN-γ 
producing cells and higher cytokine levels in aP versus wP primed children 67. When 
these cohorts were boosted by a pre-school aP booster vaccinaton at the age of 4 
and followed for 2 years afterwards, aP primed children had inferior maintenance 
of IFN-γ producing cells and in vitro produced IL-17 levels as compared to wP 
primed children 43. In another Dutch study, pertussis specific IFN-γ producing cell 
frequencies and T cell cytokine concentrations had waned hardly in wP primed 9 
year old children 1 year after an additional aP booster vaccination compared to 1 
month post booster, which the authors related to age 82. 

More recently, third generation Flow cytometry (FACS) based assays have further 
enhanced the possibilities of single cell analysis of in vitro restimulated pertussis 
specific T cells: these assays combine valuable information on class, proliferation, 
cytokine production and memory phenotype (differentiation stage). Investigators 
using these methods to interrogate B. pertussis-specific T cell responses have mostly 
looked at vaccination effects (aP vs wP vaccine) but have not directly addressed 
waning by comparing early and late time points in the response 82-85. Compared 
to children aP primed at infancy, wP primed children displayed equally preserved 
proliferative capacity but more frequent cytokine responses by specific effector 
memory T cells in steady state around 10 years of age, even though the time 
elapsed since the  preschool aP booster dose given to both groups was higher in 
the wP primed versus the aP primed group, suggesting less pronounced waning 
in the wP primed group 84. Direct ex vivo analysis of antigen specific human CD4+ 
T cells requires the development of innovative tools such as HLA class II peptide 
tetramers. Recently, we showed proof of principle for human tetramer analysis 
based on an immunodominant Prn specific epitope 86, however this method has no 
high throughput potential to study waning of T cell immunity to B. pertussis in large 
cohorts due to HLA polymorphism. 

Altogether, studies have shown that vaccination and infection history may differently 
impact the induction and maintenance of functional pertussis-specific memory T 
cell responses. Similar to Bmem cell responses, memory CD4+ T cell responses are 
sustained for years, however seemingly with less overt waning. 
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The impact of age on B. pertussis-specific T cell responses
Direct investigations of the effect of age on specific T cell immunity to B. pertussis 
are scarce, though some studies have focused on distinct age groups while studying 
differences between responses after aP and wP vaccination or infection. The infant’s 
immune system has been shown to be mature enough to develop Th1 (and Th2 
responses) upon vaccination or infection, shown for 0-2 month old neonates, even 
when born preterm 62,69,87-89. FACS analysis showed higher maintenance levels of Th1 
(IFN-γ and TNF-α) cytokine producing Ptx and Prn specific CD4+ T cells of the effector 
memory (CCR7-CD45RA-) phenotype in 9 year olds compared to 4 year olds-82. This 
was in line with higher pertussis specific IFN-γ producing T cell frequencies and 
cytokine levels found in the Dutch 9 year olds, measured in ELISpot and luminex 
technology, respectively. Such accumulating T cell levels with age were assumed to 
be caused by asymptomic infections, consistent with studies in Italian children that 
emphasized the impact of high circulation of B. pertussis on CMI 68,73.

Our group investigated B. pertussis epitope-specific CD4+ T cell responses in 
symptomatic laboratory-confirmed (ex) pertussis patients in two age groups in 
the SKI study. Remarkably, multi-epitope specificity long-term after infection was 
maintained in the younger but was lost in the older age group 45. When re-analysed at 
the level of lymphoproliferation to whole proteins (Ptx, Prn), strong responsiveness 
was generally lost with time but most prominently in the higher age group (shown 
for Ptx in Figure 2B). In a more recent analysis, children from the SKI study mounted a 
significantly higher number of Ptx specific IFN-γ producing cells soon after infection 
and retained higher pertussis specific cytokine maintenance levels compared to 
adults (van Twillert et al, manuscript in preparation). 

Hence, maintenance of CD4+ T cell responsiveness to B. pertussis appears to depend 
on age. In children steady state T cell levels, like those of Bmem cells, may show an 
increase with age through natural boosters. In contrast, in older age groups CD4+ T 
cell responsiveness in the maintenance phase seems to decay with age (Figure 2B), 
indicating that immunosenescence may come into play. 
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Conclusion and future perspective

While shortly after pertussis vaccination or natural infection protective pertussis 
immunity is in place, pertussis still occurs in vaccinated populations, indicating that 
the maintenance of protective immunological memory is incomplete. Awareness 
for waning of pertussis immunity has recently risen due to shortcomings of the aP 
vaccine. B. pertussis-specific B and T cell responses both persist longer than humoral 
immunity 12,43,48,70,72,76,77. Only recently, more insight in the expansion and waning 
patterns of these pertussis specific cellular immune arms is starting to accumulate. 
Reviewing the state of the art, the B and T cell data from (ex-) pertussis cases in the 
SKI study (illustrated in Figure 2A and B, respectively) seem representative to some 
extent for patterns of B and T cell responses to B. pertussis found in various other 
studies. As expected, more intense responses are found shortly after an encounter 
with B. pertussis antigens, and waning of cellular levels can already be measured 
within several months. Cumulatively, the studies under review however indicated 
that both peak and maintenance levels could be influenced by vaccination type or 
infection history as well as by age. Furthermore, pertussis-specific memory B and T 
cell responses may follow different dynamics. 

Remarkably, the peak levels of the Ptx-specific Bmem cells are higher in older recently 
infected individuals compared to the young, but then contract to similar maintenance 
levels (Figure 2A). Yet the Ptx-IgG levels measured in serum of the older patient 
group were not higher than in the younger group 44, suggesting that mounting a 
larger specific Bmem cell response does not always need to correlate with stronger 
humoral responses by antibody secreting plasma cells. It is known that elderly have 
a reduced effectiveness in their B cell compartment. The ability to generate high 
affinity antibodies and IgG1 and IgG3 responses is reduced in elderly, as was shown 
for influenza A hemagglutinin antibody responses 90,91. Since immune complexes 
provide negative feedback on Bmem cell proliferation 92, a failure to produce effective 
antibody responses with age may explain higher peak levels of Bmem cells. In addition, 
accumulating exposures to specific antigen in life may generally lead to a more 
efficient  Bmem cell burst and maintenance in sequential recall responses 15. In the 
human population repeat encounters with pertussis antigen tend to occur, either 
by vaccine boosters or natural exposures to the pathogen, but the phenomenon of 
accumulating pertussis B cell memory needs further investigation 44,48. 
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In contrast to the B cell dynamics, incidence of strong Ptx-specific T cell 
responsiveness was not higher in the older recently infected cases than in 
younger ones (Figure 2B). However, long-term after infection strong Ptx-specific 
lymphoproliferation was reduced in older cases (Figure 2B). End-stage (CCR7-CD27-) 
differentiated (exhausted) memory CD4+ T cells have been associated with decreased 
proliferative capacity, compared to early-stage (CCR7+CD27+) differentiated memory 
CD4+ T cells-93 and impairment of human memory CD4+ T cell responsiveness to 
stimulation has been associated with higher age 21,94. Therefore, reduced Ptx-specific 
CD4+ T cell responsiveness with age may reflect immunosenescence. 

Although the B. pertussis-specific memory responses remain poorly resolved, we 
suggest that the Bmem cell compartment has a tendency to inflate in older subjects 
(Figure 2A) while T cell responsiveness tends to diminish with age (Figure 2B). 
Does this suggest that failing pertussis immunity is a matter of T cell immunity? 
This seems to be too early to conclude since, besides magnitude, qualitative features 
of specific memory Bmem and T cell responses may equate with protective immunity. 
Affinity of produced antibodies after B cell recall rather than absolute antibody levels 
or Bmem cell frequencies has been explored as a biomarker of the B cell response. 
So far, studies have shown higher avidity of Ptx-specific IgG after natural infection 
compared to aP vaccination 95, whereas higher avidity of Ptx- and Prn-specific IgG 
was found in aP compared to wP primed children 96. Also, the balance between T 
helper cell types (TFH, Th1, Th17 versus Th2 and Treg) and the memory phenotype 
of the T cell response are important parameters for effectiveness. 

Future research on cellular immunity to B. pertussis should aim to answer which 
threshold levels and qualitative features of specific Bmem and T cells are needed for 
sustained protection. Considering that B. pertussis displays immune evasion and 
modulation strategies 97-100 we postulate that a relatively high maintenance level and 
high quality for both B and T cell memory is required. State of the technology should 
be used to advance this line of research. Affinity and avidity assays can reveal quality 
of antibodies in sera or in vitro produced by cultured Bmem cells, flow cytometry based 
assays can assess the differentiation stage of memory T cells and high throughput 
multiplex platforms can be used to determine the quality and breadth of antibody 
responses as well as the Th cytokine profile produced by memory T cells, all features 
implied in the shortcomings of aP vaccine induced immune protection. This will lead 
to more knowledge on the protective potential of B and T cells and their individual 
roles in the waning problem of pertussis immunity, imperative to improve current 
pertussis vaccines and vaccination strategies.
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Abstract 

Capturing the complexity and waning patterns of co-occurring immunoglobulin (Ig) 
responses after clinical B. pertussis infection may help understand how the human 
host gradually loses protection against whooping cough. We applied bi-exponential 
modelling to characterise and compare B. pertussis specific serological dynamics 
in a comprehensive database of IgG, IgG subclass and IgA responses to Ptx, FHA, 
Prn, Fim2/3 and OMV antigens of (ex-) symptomatic pertussis cases across all age 
groups.  The decay model revealed that antigen type and age group were major 
factors determining differences in levels and kinetics of Ig (sub) classes. IgG-Ptx 
waned fastest in all age groups, while IgA to Ptx, FHA, Prn and Fim2/3 decreased 
fast in the younger but remained high in older (ex-) cases, indicating an age-effect. 
While IgG1 was the main IgG subclass in response to most antigens, IgG2 and IgG3 
dominated the anti-OMV response. Moreover, vaccination history plays an important 
role in post-infection Ig responses, demonstrated by low responsiveness to Fim2/3 
in unvaccinated elderly and by elevated IgG4 responses to multiple antigens only 
in children primed with acellular pertussis vaccine (aP). This work highlights the 
complexity of the immune response to this re-emerging pathogen and factors 
determining its Ig quantity and quality.
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Introduction

Bordetella pertussis causes the respiratory infectious disease ‘whooping cough’ 
(pertussis) that has remained endemic even in populations with high vaccination 
coverage, affecting all age groups 1,2. Protective immunological memory to B. 
pertussis is not long-lasting, as observed after natural infection and immunization 
with whole cell pertussis vaccines (wP) 3, but is apparently even shorter-lived after 
use of current acellular pertussis vaccines (aP) 4,5. So far, no unambiguous correlates 
of protection for pertussis have been established, though both humoral and cellular 
adaptive immunity are likely engaged 6-8. Infection involves attachment of B. 
pertussis to cells in the upper and lower respiratory tract, mediated by adhesins like 
filamentous hemagglutinin (FHA), pertactin (Prn) and fimbriae (Fim2 and/or Fim3). 
Consequently, antibodies with adhesin specificity and opsonizing and bactericidal 
effector function, may provide protection against colonization 9,10. Pertussis toxin 
(Ptx), an important virulence factor and unique for B. pertussis, is implied in the 
pathogenesis of clinical pertussis symptoms 11,12 and capable of suppressing and 
modulating host immune responses 13-15. Low levels of pertussis toxin (Ptx) specific 
immunoglobulins (Ig) have been shown to correlate with susceptibility to disease16,17.  

At mucosal surfaces, secretory (dimeric) IgA is the first line of defence against B. 
pertussis. In serum, (monomeric) IgA is the second most prevalent antibody type 
after IgG. Serum IgA, though a poor activator of complement, can trigger effector 
functions that may extinguish bacteria 18. IgG, the most abundant antibody type 
in peripheral blood consists of four IgG subclasses: IgG1is the dominant subtype, 
followed by IgG2, IgG3 and IgG4 19,20.  These subclasses have distinct effector functions, 
mediated by differences in the Fc part of the Ig molecule. Human IgG3 is a potent pro-
inflammatory antibody, opsonising invading microorganisms and the best activator 
of the complement system, followed by IgG1 21. In adults, IgG2 is associated with 
the (T cell independent) response to bacterial capsular polysaccharides 22. Infants, 
having still weak T cell independent responses, are known to have less production 
of IgG2 23 though IgG2 production can be stimulated by polysaccharide vaccines 24. 
IgG4, like IgE, can be induced by allergens. Levels of IgG4 are also often measured 
after repeated exposure to antigen in a non-infectious setting 21,25. 

The dynamics of the serological response to B. pertussis, as it has been studied 
after infection or vaccination, is generally described by group level statistics of 
antibody levels at distinct time intervals after an immunizing event 26-28. This 
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approach however is limited when time of sampling is not harmonized, follow up 
is restricted and if large inter-subject variation in responsiveness is involved, the 
latter being the case for B. pertussis humoral responses. Mathematical models can 
accommodate for these events and kinetic modelling assuming first order (simple 
exponential) decay of IgG responses against mostly only Ptx, has been described 29-32.
Human seroresponses to B. pertussis bacteria, however involve multiple specificities 
and Ig types. Also, decay curves of Ig levels may rather be biphasic, reflecting the 
contribution of both rapidly declining short-lived plasma cells and slowly declining 
long-lived plasma cells to the Ig production 33. Such biphasic decay in pertussis 
serology was indeed earlier suggested by two Scandinavian studies, following IgG 
responses to Ptx in both vaccinees and pertussis cases 27,28. 

The aim of our study was to substantially enrich our knowledge on the waning of 
multiple parallel Ig responses to B. pertussis across age groups by modelling of data 
assuming biexponential decay. Using samples from a large cohort of clinical pertussis 
cases and ex-cases of all ages from the SKI-study 34,35, and multiplex technology, we 
created a comprehensive database of levels of various Ig (sub) classes to multiple B. 
pertussis specific antigens. Subsequently, a biexponential decay model was applied 
to extract and compare essential features of the ongoing host response, such as 
immediate levels, decline patterns, antigenic breadth and effector types of Ig, in a 
systematic way. We hypothesize that features will vary between cohorts of different 
ages, having diverse vaccination and/or exposure histories. Better understanding of 
how resistance is built up to this re-emerging pathogen in the overall population is 
essential to support improved vaccine strategies in the future. 
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Methods

Ethics
Participants were symptomatic (ex-) pertussis cases included in a Dutch cross-
sectional observational study conducted between January 2008 and December 
2012 (Specifieke Kinkhoest Immuniteit; SKI) 34,35. This study was approved by the 
accredited Review Board STEG followed by management of the METC UMC Utrecht 
(CCMO nr: NL16334.040.07). All participants provided written informed consent. 
Written informed consent for minor participants was provided by both parents 
or guardians of participants. This study was conducted in compliance with the 
principles of the Declaration of Helsinki.

Study populations
289 (Ex-) pertussis cases of all ages, who had presented with clinical symptoms, 
were physician-diagnosed with pertussis (based on standardized PCR-, culture- 
or serological diagnostic assays in accredited laboratories). For the study blood 
was drawn at a known time interval, ranging from 0.2-191.5 months, after date 
of diagnosis. Participants (male; n=145 and female; n=186) were classified into 
five age groups (Fig. 1), depending on both age and history of childhood pertussis 
vaccination (Fig. 1): under-fours, schoolchildren, adolescents, adults, and (pre-) 
elderly. Forty-two cases donated two blood samples, the first 0.4-2.1 (median 0.8) 
months after diagnosis, the second 13.5-56.9 (median 40.1) months after diagnosis, 
totalling the number of samples to 331. As indicated in Fig. 1, for 269 blood samples, 
the date of diagnosis was the last known date of contact with pertussis antigens; 
for the 62 other samples, a pertussis vaccination had taken place between their 
clinical pertussis episode and blood withdrawal, and for these samples date of last 
vaccination was computed as last known date of contact with pertussis antigens. 
For unmodelled data analysis, a smaller group of  subjects was stratified based on 
the time after last exposure to pertussis antigens and date of blood sampling : [≤ 9 
months] and [9- 48 months], based on earlier work 34 and as indicated.

Blood sampling 
Venous blood samples were collected in vacutainer cell preparation (CPT) tubes. 
Plasma was isolated using standard procedures and stored at -80° until testing. 



SKI samples
n=331

Under-fours
0.5- 4 yrs

n=37

Vaccination: aP(1-4)

n=4 Infanrix**
n=3 mixed  Infanrix /          

Pediacel***
n=27  Pediacel***
n=3    no vacc.

21a/13b/3c

Schoolchildren
4-13 yrs

n=103

Vaccination*: 
aP/wP(1-4) +  aP(5)

51a/44b/8c

Adolescents
11-19 yrs

n= 74

Vaccination: 
wP(1-4)

68a/5b/1c

Adults
21-60 yrs

n= 66

Vaccination: 
wP(1-4)

66a/0b/0c

(pre-) Elderly
56-90 yrs

n= 51

No vaccination

0a/0b/51c

Figure 1: Flowchart of SKI samples stratified according to age and vaccination status. 
aP(1-4): acellular pertussis vaccination doses 1-4, [either Infanrix (GSK; GlaxoSmithKline) threevalent 
pertussis vaccine or Pediacel (SP, SanofiPasteur) five-valent pertussis vaccine],  aP(5): acellular pertussis 
preschool booster dose 5; wP(1-4): whole cell pertussis vaccination doses 1-4 (Netherlands Vaccine 
Institute or predecessor). According to the Dutch National Immunization Program (NIP) pertussis vaccine 
primary doses 1-4 are given at 2,3,4, and 11 months of age, and the preschool booster dose 5 is given 
at 4 years of age, for all birthcohorts since 2001. a= number of samples where pertussis infection had 
taken place after pertussis vaccination, b= number of samples where the pertussis infection had preceded 
pertussis vaccination, c= number of samples of (voluntarily) unvaccinated (ex) pertussis cases, (pre-) 
Elderly were born before the implementation of the National Immunization Programme. * Vaccination 
details of the schoolchildren are given in supplementary table 1. ** Infanrix (GSK): threevalent pertussis 
vaccine (Ptx: 25 µg, FHA: 25 µg, Prn: 8 µg). *** Pediacel (Sanofi Pasteur): five-valent pertussis vaccine 
(Ptx: 20 µg, FHA: 20 µg, Prn: 3 µg, Fim2/Fim3: 5 µg).
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Antigens
Pertussis Toxin (Ptx) and Filamentous Hemagglutinin (FHA) were obtained from 
Kaketsuken (Japan). P.69 pertactin (Prn) and Fimbriae types 2 and 3 mix (Fim2/3) 
were obtained from Sanofi, formerly Aventis Pasteur (France). B. pertussis specific 
Outer Membrane Vesicles (OMV) were generated in-house, as described elsewhere 36.  

Multiplex immuno assay
Levels of Ig (sub) classes against pertussis antigens Ptx, FHA, Prn, FIM2/3 and 
OMV were measured in plasma samples applying an optimized in-house multiplex 
immunoassay (MIA) described earlier 34,37 with some modifications. For each antigen 
fluorescently labelled microspheres were used with a distinct bead region (Bio-Rad 
Laboratories, Hercules, USA). Activated beads were coupled to antigen, mixed to 
form a heptaplex bead platform, and then incubated with serial dilutions of reference 
sera or diluted plasma samples. Plasma samples were prepared in the dilutions 
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1/300 and 1/3600 for IgG and in 1/50 and 1/500 dilutions for measurement of 
IgG subclasses and IgA, respectively, in parallel series. As a reporter antibody Goat 
anti-human IgG, R-PE (Jackson ImmunoResearch, USA) and Goat anti-human-IgA-PE 
(Southern Biotech, USA) were used for detecting IgG and IgA levels, respectively. IgG 
subclass measurement required two detection steps; Mouse anti-human IgG1, IgG2, 
IgG3 or IgG4 (all from Invitrogen, USA), followed by Goat anti-Mouse IgG-PE (Jackson 
ImmunoResearch, USA). The International WHO pertussis standard (NISCB 06/140) 
was used as reference for IgG and IgA levels against Ptx, FHA and Prn (International 
units, IU/ml) and for IgA against Fim2/3 and OMV (arbitrary units, AU/ml). Human 
Normal Immunoglobulin solution for infusion (KIOVIG, Baxalta, (formely Baxter AG), 
Vienna, Austria) was used as an in-house reference to measure levels of IgG against 
Fim2/3, and of IgG subclasses against all antigens, in arbitrary units per ml (AU/
ml) based on observed relative magnitudes of Fluorescence Intensity (FI). Analysis 
was performed with a Bio-Plex 200 in combination with Bio-Plex Manager software 
version 5.5 (Bio-Rad Laboratories, USA). Some measurements corresponded to 
values below the lower limit of detection (LLD) (lowest measurable concentration 
within the linear range of the reference curve) and these were censored. For 
graphical purposes these measurements were assigned the LLD divided by two. For 
modelling procedures these measurements were considered censored below the 
LLD and assumed to follow the distribution patterns from the known data in the 
dataset. Those few measurements corresponding to values above the higher limit 
of detection (HLD) (when the highest sample dilution fell above the linear range 
of the reference curve), were assigned values based on bridging to samples having 
corresponding FIs above the HLD for their least diluted sample dilution, but having 
FIs in the linear range of the reference curve for their most diluted sample dilution. 
The relative contribution of an IgG subclass response against an antigen to the total 
IgG response was calculated as the following percentage: [FI of the specific IgG 
subclass response]/[summed FIs of all four specific IgG subclass responses] * 100%.

Biexponentional decay model
The waning episode of the Ig responses was assumed to be biphasic and described 
by a biexponential decay model with the shape Ae-k

a
t + Be-k

b
t 33. One component 

represents an acute fast-decaying Ig response, with initial concentration A and 
decay rate ka ; and the other component represents a slow-decaying maintenance 
Ig response, with initial concentration B and decay rate kb. At each given time point 
the model-predicted value of the response is the sum of both components (Fig. 2). 
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Figure 2: Model of specific Ig concentration as a function of time since last antigen contact. 
The biexponential decay model describes the waning episode of an Ig response with the shape Ae-k(a)t + 
Be-k(b)t. One component represents an acute fast-decaying Ig response, with initial concentration A and 
decay rate ka ; and the other component represents a slow-decaying maintenance Ig response, with initial 
concentration B and decay rate kb. At each given time point the model-predicted value of the response is 
the sum of both components. The figure shows two examples of the final curve, one grey and one black 
line, which incorporate the two underlying A and B components.
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For each measured Ig response distributions for parameters A, B, ka and kb were 
extracted from the Ig dataset by means of a Bayesian approach with Monte 
Carlo simulations, for age groups combined and for age groups separately. Using 
the determined A, B, ka and kb for each response, quantiles (97.5th, 50th and 2.5th 
percentiles) of the Ig concentrations were predicted as a function of time since last 
pertussis antigen contact. Estimates of the 50th percentiles (medians) of each Ig 
response were used for comparative analysis between age groups or time points. 
Serodynamic trends of Ig responses were analysed using data extracted at 6 arbitrary 
points in time, i.e. 28, 70, 140, 365, 730 and 1095 days after last pertussis antigen 
contact. The model does not capture the initial rise of the Ig response and day 28 
was taken to predict Ig peak levels. Of the 289 SKI cases, 42 cases donated a second 
blood sample; modelling exclusive of these longitudinal samples did not indicate a 
confounding effect. Three waning factors calculated by a concentration ratio were 
used to express the decay of Ig responses: (a) week-10 waning factor: [Ig]t=28/[Ig]
t=70, (b) year-2 waning factor: [Ig]t=28/[Ig]t=730, (c) year-3 waning factor:  [Ig]
t=28/[Ig]t=1095, with t in days and [Ig] being the 50th Ig percentiles.
For modelling, data analysis and visualization of data software program “R”, 
version 3.1.2.and GraphPad Prism (GraphPad Software version 6.05) were used 
(Figs.1-5). Statistical significance of differences in Ig levels between subcohorts (Fig. 
6) were analysed with the nonparametric Kruskal-Wallis Test and Dunn’s Multiple 
comparison test. P values <0.05 were considered statistically significant. 
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Results 

High-dimensional dataset of serological responses in the waning 
episode after a B. pertussis infection
We acquired Ig data from 331 plasma samples from 289 (ex) pertussis cases of 
varying age and vaccination histories in different phases after a symptomatic 
pertussis infection using an in-house pentaplex MIA. In all samples we measured 
Ig levels against five pertussis antigens simultaneously, i.e. to Ptx, FHA, Prn, Fim2/3 
and OMV. In parallel series six types of Ig levels to all antigens were measured, i.e. 
IgG, IgA, IgG1, IgG2, IgG3 and IgG4 levels (with the exception of the IgG-OMV series), 
creating a comprehensive dataset of 9599 Ig values. No interference of various 
antigen coupled bead regions was found between monoplex and pentaplex MIA.

Applying a biexponential decay model that predicts B. pertussis 
specific Ig levels 
To contend with the large individual variation in Ig responses in (ex-) pertussis 
cases, we used the data to perform Markov-chain montecarlo simulations in a 
biexponential  longitudinal biomarker model. For each  immune response the four 
model parameters, A, B, ka and kb, were statistically predicted and employed in the 
model to capture the early phase of fast Ig decay followed by a second phase of slower 
Ig decay. As an example, distributions of A and B parameters at a given point in time 
(in IU/ml) and their respective half-lives, t½(A) and t½(B), are shown for the IgG-
Ptx dataset (Fig. 3a). Analysis of residuals between the model predictions and the 
measured dataset indicate that the model follows the data accurately. Fig. 3b depicts 
the measured levels of IgG and IgA of all clinical pertussis cases for all antigens, 
together with the 2.5th, 50th and 97.5th percentiles of the responses predicted by the 
model at any desired point in time. This allows to objectively compare immediate 
response ranges and kinetics of specific Ig levels after symptomatic pertussis 
between various antigens, Ig (sub) classes and age groups. IgG and IgA peak levels at 
day 28 were highly variable for all B. pertussis antigens; overall highest 2.5th to 97.5th 
percentile ranges at the peak of (total) IgG and IgA responses were found for IgG-
Fim2/3 (4.1-3052.2 AU/ml) and IgA-Fim2/3 (7.0-3932.3 AU/ml), respectively, and 
lowest for IgG-Prn (11.6-755.5 IU/ml) and IgA-Ptx (0.8-176.2 IU/ml), respectively 
(as illustrated in Fig.3).
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IgG peak
[Ig]t=d28 

[Ig]t=wk10 [Ig]t=2y [Ig]t=3y Week 10 
waning 
factor*

Year 2 
waning 
factor*

Year 3 
waning 
factor*

2.5-97.5th 
percentile 
range of 
[Ig]t=d28

Ptx 209.7 122.7 29.5 25.3 1.7 7.1 8.3 29.1-
1314.1

FHA 330.0 251.8 71.9 58.9 1.3 4.6 5.6 63.7-
2031.7

Prn 88.8 76.2 45.0 37.2 1.2 2.0 2.4 11.6-755.5

Fim2/3 47.7 23.3 9.1 6.2 2.0 5.2 7.7 4.1-3052.2

OMV ND ND ND ND ND ND ND ND

IgA peak 
[Ig]t=d28 

[Ig]t=wk10 [Ig]t=2y [Ig]t=3y Week 10 
waning 
factor*

Year 2 
waning 
factor*

Year 3 
waning 
factor*

2.5-97.5th 
percentile 
range of 
[Ig]t=d28

Ptx 12.8 4.3 1.5 1.4 2.9 8.7 8.9 0.8-176.2

FHA 47.1 23.1 9.1 7.0 2.0 5.2 6.8 4.0-1047.3

Prn 29.9 12.4 6.6 6.1 2.4 4.5 4.9 2.0-1346.3

Fim2/3 103.1 40.0 16.0 12.4 2.6 6.5 8.3 7.0-3932.3

OMV 133.7 59.4 29.2 28.8 2.3 4.6 4.6 10.9-
1558.4

*As described in Methods, ND=Not Determined

Table 1: IgG and IgA levels (50th percentiles) of all SKI cases at day 28, week 10, year 2 and year 3, based 
on the model and corresponding waning factors against B. pertussis antigens.  
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The model reveals differences in kinetics of B. pertussis antigen 
specific Ig responses: faster waning of IgA compared to IgG 
To compare the overall pace of Ig waning between antigen specificities and Ig 
subtypes three waning factors were determined, for week 10, year 2 and year 3, 
respectively, based on model derived predicted median [Ig] values for the whole 
SKI-cohort (table 1). Three years after a symptomatic pertussis infection, all B. 
pertussis specific IgG responses have declined, however not all antigen specificities 
wane to the same extent. IgG-Prn levels showed slowest waning, hardly measurable 
at week 10 (decay factor 1.2), and being decayed 2.0-fold and 2.4-fold at year 2 
and 3, respectively, while IgG-Ptx levels had waned 1.7-fold at week 10, and had 
highest decay factors at year 2 and year 3, 7.1 and 8.3, respectively. Also, IgG-FHA 
and IgG-Fim2/3 Ig responses waned faster than Prn counterparts, having week 10 
decay factors of 1.3 versus 2.0, year 2 decay factors of 4.6 versus 5.2, and year 3 
decay factors of 5.6 and 7.7, respectively (table 1). In general, B. pertussis specific 
IgA plasma levels showed waning of greater magnitude than IgG counterparts, decay 
factors for all specific antigens after 10 weeks and after 3 years being 1.3-2 fold and 
1.1-2 fold higher, respectively. 
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The impact of age group factors on peak and maintenance levels 
of B. pertussis specific IgG and IgA 
To investigate whether group factors such as age and vaccination history play a role 
in waning patterns of Ig responses after a clinical symptomatic infection we applied 
the biexponential decay model on the five age groups of the SKI cohort separately. 
Median IgG and IgA values for the B. pertussis specific antigens were thus predicted 
for six time points per age group (Fig. 4). Adults and (pre-) elderly reached higher 
peak levels for IgG-Ptx levels  (> 225 IU/ml, suppl.table 2) than the other age groups 
(Fig. 4a). Moreover, adolescents, adults and (pre-) elderly showed highest peak 
responses after pertussis infection for IgG-FHA (> 300 IU/ml, suppl.table 2) than the 
under-fours, (displaying  markedly low anti-FHA responses) and schoolchildren. A 
reciprocal pattern was observed for IgG-Prn peak responses, which were highest in 
the three youngest age groups (> 100 IU/ml, suppl.table 2). A prominent age group 
effect for IgG responses was exhibited by the IgG-Fim2/3 response; (pre-) elderly 
showed very low IgG-Fim2/3 peak levels (< 6 AU/ml), being approximately 5-32-
fold lower than the other age groups  (Fig. 4a, Suppl. Table 2).  Of all age groups, the 
under-fours showed highest year 3 decay factors for IgG response to 3 out of 4 B. 
pertussis antigens. 

IgA responses to all B. pertussis antigens were more prominently affected by age 
group factors than IgG responses (Fig. 4b, Suppl.Table 2). With advancing maturity 
of the age groups higher medians of predicted IgA levels were found at all time points 
for vaccine antigens Ptx, FHA and Prn. IgA-Ptx and IgA-FHA peak levels for (pre-) 
elderly were 19 and 76 fold higher than for the under-fours, respectively. A similar 
group pattern was observed for IgA-OMV, except that adults displayed higher IgA-
OMV responses than the (pre-) elderly did. The under-fours displayed virtually no 
IgA response to OMV antigens after pertussis infection, reminiscent of the absence of 
an IgA response to Ptx, FHA, Prn in this age group, With increasing age, higher ‘early’ 
and late IgA-Fim2/3 levels were observed, except for (pre-) elderly who rather had 
flat responses at intermediate levels. Noticeably, the under-fours did mount an IgA 
response to Fim2/3. 



Figure 4: Predicted Ig levels against B. pertussis specific antigens stratified by age group
Median IgG (A) and IgA (B) values to B. pertussis specific antigens predicted by our biexponential decay 
model for six time points, i.e. day 28, day 70 (week 10), day 140 (week 20), day 365 (year 1), day 730 
(year 2), day 1095 (year 3) (shown in days, non-linear time axis), for each age group, as indicated.

Ptx FHA Prn Fim2/3 OMV

Ptx FHA Prn Fim2/3 OMV
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Dissecting B. pertussis specific IgG responses after clinical 
infection at the subclass level: the impact of age group factors
Next, we analysed the IgG response to B. pertussis and at the level of the IgG1, IgG2, 
IgG3 and IgG4 subclasses. Subclass dominance, peak response and waning dynamics 
were identified and compared between age groups. Generally, IgG1 was the 
prevailing subclass compared to the other three IgG subclasses, as was evidenced 
by highest fluorescence intensity values. IgG1 levels for all antigens showed similar 
dynamics as the total IgG levels. (Fig. 5a). Yet other IgG subclasses also contributed 
to the response.

A

B



Figure 5: Impact of age group factors on IgG subclass levels against B. pertussis specific antigens 
Median levels of IgG subclasses IgG1 (A), IgG2 (B), IgG3 (C) and IgG4 (D) to B. pertussis specific antigens 
predicted by our biexponential decay model for six time points, i.e. day 28, day 70 (week 10), day 140 
(week 20), day 365 (year 1), day 730 (year 2), day 1095 (year 3) (shown in days, non-linear time axis), 
for each age group, as indicated.
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The anti-OMV response was the only non-IgG1 dominated response, the relative 
IgG subclass contribution in the total dataset being 44.5% for IgG3, 37% for IgG2, 
18% for IgG1, and 0.5% for IgG4. Except the under-fours, all age groups displayed 
an anti-OMV response. With advancing maturity of the age groups higher IgG2-
OMV medians were calculated throughout the entire follow up period. Similarly, 
IgG3-OMV responses were lowest in under-fours and schoolchildren followed by 
(pre-) elderly and adults. However highest OMV levels were reached in adolescents 
(Figs. 5B and 5C).

Elevated early IgG3 levels were also seen against the B. pertussis vaccine antigens 
Ptx, FHA and Prn, especially in the younger age groups, although low compared to 
their IgG1 counterparts or to IgG3-OMV levels. IgG3 peak levels in these age groups 
showed a faster decline than the B. pertussis specific IgG decline. For example the 
week 10 waning factor was 3.9 and 1.8 for IgG3-Ptx levels and 1.7 and 1.4 for IgG-Ptx 
levels in schoolchildren and adolescents respectively. Waning factors of IgG3-FHA 
and IgG3-Prn were likewise higher compared to the waning factors of IgG-FHA and 
IgG-Prn in these age groups (Suppl. Table 2). In under-fours, of whom the majority 
had received a Fim2/3 containing aP vaccine (Pediacel, Sanofi) in infancy, higher 
IgG3-Fim2/3 levels were raised than in the other age groups during the first 20 
weeks after B. pertussis exposure. The day 28 predicted median level of IgG-Fim2/3 
for under-fours was 11.7 AU/ml, which declined to 7.6 AU/ml and 0.04 AU/ml at 10 
weeks and 2 years, respectively.

IgG4 levels, both at early and later time points after B. pertussis exposure, were low 
in all age groups not vaccinated with aP. Against this background, the under-fours 
and schoolchildren, being either aP primed and/or aP boosted showed relatively 
high IgG4 peak levels for the vaccine antigens Ptx (10.9 and 4.4 AU/ml), FHA (17.0 
and 43.3AU/ml) and Prn (25.4 and 5.5AU/ml). Waning of these levels was fast, after 
1 year their predicted IgG4 medians to B. pertussis antigens were comparable to the 
one year medians of the other age groups (Fig. 5d). 
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Figure 6: Priming with aP or wP vaccination leads to opposing trends in B. pertussis specific IgG3 
and IgG4 responses after pertussis infection
Scatter dot plots of specific IgG3 (left panels) and IgG4 (right panels) concentrations of Ptx (A, B), FHA (C, 
D), Prn (E, F), Fim2/3 (G, H) and OMV (I, J) in under-fours (aP primed; u4s), schoolchildren  (aP primed 
and aP boosted;  sch aP/aP), schoolchildren (wP primed and aP boosted; sch wP/aP) and adolescents (wP 
primed, not boosted; ado) early (≤ 9 months) and late (9-48 months)  after last known B. pertussis antigen 
exposure. Non vaccinated subjects were excluded.
* = p<0.05; **= p< 0.01; ***= p<0.001, ****= p<0.0001
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Evidence for reciprocal IgG3 and IgG4 responsiveness related to 
vaccination history
The modelled data suggested an association between the highest predicted levels 
for the IgG4 component in the overall anti-B. pertussis response with the aP 
primed cohort of under-fours, while in this age cohort the other minor component 
in the overall response, IgG3, seemed to wane most prominently. In the cohort of 
schoolchildren, a small subgroup received aP vaccinations during infancy, while the 
majority was wP primed, creating the opportunity to investigate the effect of primary 
vaccination on IgG3 versus IgG4 responsiveness to B. pertussis antigens within the 
same age group. Notably, all schoolchildren received an aP pre-school booster. We 
dissected unmodelled data for the IgG3 and IgG4 subclasses in the early and late 
phase of the induced response in sub-groups of schoolchildren with a  history of aP 
or wP priming and compared these responses to the unmodelled data of aP primed 
under-fours and wP primed adolescents (both groups not having received a pre-
school aP booster) (Fig. 6). 

wP primed and aP primed subjects displayed opposing trends in IgG3 and IgG4 
responsiveness. In the early phase, aP primed schoolchildren had lower geomean 
IgG3 levels and higher geomean IgG4 levels against all antigens than wP primed 
schoolchildren and adolescents, which was significant for IgG3-Ptx. Adolescents 
displayed significantly lower IgG4 responses against Ptx, FHA and Prn in the early 
phase, and significantly higher IgG3-OMV responses both early and late after B. 
pertussis exposure than children having received aP vaccinations (Fig 6). In the early 
phase, the (average) relative IgG3 and IgG4 subclass contribution against Ptx was 
0.8% and 18.3% for aP primed schoolchildren and 5.6% and 0.1% for adolescents 
respectively.
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Discussion 

Our study is the first to have applied a biexponential decay model to a high-
dimensional dataset of  B. pertussis specific Ig responses obtained from a large cohort 
of (ex) symptomatic pertussis cases. This greatly facilitated the comparison of early 
peak levels, decay patterns, maintenance and isotype or IgG subclass usage of Ig 
responses of various specificities after a clinical pertussis infection. Subsequently 
important differences were revealed in key features of responses within or between 
age groups. 

First, of all Ig-antigen decay patterns, most extended and steep waning was seen 
for IgG and IgA to Ptx, when age groups were combined. Waning of IgA levels was 
steeper than the waning of corresponding IgG levels to Ptx in all age groups, to Prn in 
all age groups except the (pre-) elderly and to FHA and Fim2/3 in the youngest three 
age groups. The relatively strong decline of IgG-Ptx, in line with earlier studies-26,32,38  
could be a possible marker of frailty of the human humoral response to B. pertussis, 
since high levels of IgG-Ptx may prevent symptoms of pertussis 16. Whether the 
fast decline of B. pertussis specific IgA-levels, consistent with the APERT study-39 
and a study by May et al 40 also signifies frailty is still unknown. High mucosal IgA 
levels against adhesins Fim2/3 and FHA may prevent colonization 41. Though in 
general serum IgA can trigger effector functions that may extinguish bacteria-18, 
a role in protection against B. pertussis has not been determined yet. Levels of 
IgG-Prn in our study showed a more protracted decrease, which could reflect the 
strong immunogenicity of Prn, also implied by highest IgG-Prn levels in the aP 
boosted schoolchildren and indirectly suggested by the emergence of Prn deficient 
strains-42,43. Unlike the study by Berbers et al where a monophasic mathematical 
model was used to describe pertussis IgG decay after infection or vaccination 32, 
we do not see a greater variability in the IgG-FHA and IgG-Prn peak levels than in 
IgG-Ptx peak levels. Highest variability in our study was found in the Ig response to 
Fim2/3, both in peak levels as well as when comparing Ig waning patterns among 
age groups. Notably, of all age groups, under-fours had highest year 3 decay factors 
for IgG to 3 out of 4 B. pertussis antigens. This indicates that in this youngest age 
group maintenance of serological protection is perhaps most limited, necessitating 
the use of booster vaccinations at the pre-school age. 

Second, IgG1 was the dominant IgG subclass elicited and maintained against most 
antigens in the B. pertussis specific response, likely contributing to effective immunity 
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against B. pertussis being one of the complement activating IgG subclasses. Yet, as 
a clear exception, the response against OMV was dominated by IgG3 (44.5%) and 
IgG2 (37%). This is in line with a recent study that compared humoral responses in 
mice induced by various pertussis vaccines including an OMV vaccine and pertussis 
infection; pertussis infected mice had a similar broad IgG subclass response against 
OMV 36. OMVs contain a considerable amount of lipo-oligosaccharide (LOS, a low 
molecular weight form of lipopolysaccharide; LPS), a known agonist for TLR4. The 
activation of both TLR4 and the B-cell receptor may lead to T-cell independent anti-
LPS IgG2 production 44,45. To our knowledge this is the first study to characterise 
human IgG subclass responses against (B. pertussis specific) OMV. The comparatively 
high proportion of IgG3 in the OMV specific IgG response is remarkable knowing 
that IgG3 dominated responses are rarely seen 21. Since of all IgG subclasses, IgG3 is 
the strongest complement activator, it could be argued that if OMV based vaccines 
were to be used, they would provoke not only a broad subclass response but also a 
powerful one. 

Third, several age group dependent features of serological responsiveness to the B. 
pertussis infection were identified, some related to the vaccine regimen changes that 
were implemented over the last decades in the Netherlands. One example are the 
higher medians for IgA to Ptx, FHA and Prn at all calculated time points in the response 
achieved with increasing age. This impact of age on pertussis specific IgA levels has been 
described before, with the observation that little or no response of IgA-Ptx was found 
in children < 12 years old 40,46. Similar to our study, Prince et al showed an association 
between age and IgA-Ptx, but not IgG-Ptx 47. Here we have shown a stepwise increase of 
IgA levels specific for multiple antigens with age, an effect we earlier observed in a study 
where  IgA-Ptx was used to help calculate the prevalence of pertussis reinfections-35. 
Since B. pertussis continues to circulate, the cumulative effect of repeated exposures 
to B. pertussis during a lifetime is most likely the cause of the increasing levels of IgA. 
However, increasing levels of IgG with age were observed to a (much) lesser extent, 
in line with our earlier work in a subsection of the SKI cohort 34. Another explanation 
for the increase of IgA levels conceivably lies in a shifted balance of IgA production 
and degradation that arises during aging, implied by the increase of IgA nephropathy 
(the deposition of IgA antibody in the glomeruli of kidneys) with age 48. Apart from 
reinforcing immune responses during infections, IgA under normal conditions has a 
role as an anti-inflammatory antibody that maintains homeostasis 49,50; hence high IgA 
levels in elderly do not necessarily signify a higher level of protection against infections. 
More research on the role of serum IgA in the protection against B. pertussis is entailed.
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Another example of age group dependency identified by the model are the very 
low IgG and IgA levels to Fim2/3 observed in the (pre-) elderly. The subjects in this 
age group did not receive pertussis vaccination in infancy; hence their responses 
were induced by natural infection only, surely by the proven symptomatic infection 
central in this study but likely also by (silent) pertussis infections earlier in life. B. 
pertussis can express Fim2, Fim3 or both antigens, and for each of these antigenic 
shifts have occurred over time 51,52, but natural infection has been shown to be poorly 
immunogenic for Fim, especially Fim3 26,53,54. Fim serotyping of clinical isolates from 
our SKI-cases (with diagnoses made between 1992 and 2012) is not available, yet 
it is unlikely that these involved only low immunogenic Fim3 strains. Apparently, 
life-long exposure to circulating strains in the (pre-) elderly does not generate 
strong Fim responsiveness in vitro, and having received a fimbriae-containing 
pertussis vaccine seems required, as was earlier suggested 53. In line with this, a 
small subgroup of under-fours (n=4) that were primed with an aP vaccine lacking a 
Fim2/3 component likewise showed minimal anti Fim2/3 responses after infection, 
while the under-fours primed in infancy with a Fim2/3 containing aP vaccine (n=30) 
showed high anti Fim2/3 responses after infection. Our adults and adolescents 
having been primed with wP (generated from B. pertussis strains producing both 
Fim2 and Fim3) displayed substantial IgG-Fim2/3 responses after natural infection. 
Remarkably, while the under-fours elicited almost no IgA responses to all other 
antigens, a moderate IgA-Fim2/3 peak level was predicted for this age group, that 
quickly decreased (12-fold by week 20). As anti-fimbriae antibodies have been 
shown to be important in protection against pertussis 9,10,55, the absence of these 
antibodies in both non-vaccinated (pre-) elderly and infants vaccinated with a non-
fimbriae containing aP might indicate a higher risk of a recurrent pertussis infection 
for these age groups than for age groups vaccinated in infancy with a Fim2/3 
containing pertussis vaccine. Implementing, where applicable, vaccination with 
a Fim2/3 containing vaccine both in primary series and in any booster situation, 
could perhaps partly improve the current suboptimal duration of protection after 
aP vaccination 4,5.However, as indicated below, further measures will be needed to 
optimize pertussis vaccination.

As a final example of an age group effect, the vaccination history impacted the 
IgG3 and IgG4 subclass responsiveness to aP vaccine antigens in the three younger 
age cohorts. Considerable IgG3 and IgG4 peak levels and steep waning factors 
were predicted by our biexponential model for Ptx, FHA and Prn in the three 
younger age groups. Remarkably, the unmodelled data showed a reciprocal trend 
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in responsiveness of IgG3 and the allergy associated IgG4 subclass in aP primed 
children and wP primed children and adolescents. Already in 1989, an increased 
IgG3-Ptx response was found in Sweden in naturally infected pertussis patients 
and not in aP vaccinated individuals 56. An Italian study similarly found practically 
undetectable levels of IgG3 produced by children vaccinated with aP while high 
responses were found in children with whooping cough previously vaccinated with 
a wP or a DT only vaccine 57. On the other hand, Hendrikx et al. found hardly any 
IgG3 responses in either healthy vaccinated or naturally infected children but did 
find increasing IgG4 levels in aP primed children with accumulating numbers of aP 
vaccinations 58. Consistent with our study, an acellular pertussis toxoid vaccine was 
found to induce both IgG1 and IgG4 antibodies 56. IgG4 antibodies are usually seen 
following prolonged immunization, and are associated with Th-2 skewing of the 
immune system. Vaccination with aP vaccines has been associated with Th-2 type 
T cell responses 59.  Switching to IgG4 could be regulated by IL-10 and other anti-
inflammatory cytokines signifying tolerance induction 21,25. Our data illustrate that 
the association between aP vaccination and IgG4 responsiveness remains imprinted 
in the immune response, even when recalled by natural infection. This information 
is important in the current discussion how to improve current (aP) vaccines or to 
develop third generation novel vaccines, steering the immune response towards 
a more protective Th-1 dominated type of immune response and with a more 
favourable (thus higher) IgG3/IgG4 ratio.

Some factors inherent to our study population or methodology may warrant caution 
in the interpretation of the data. While studying immune responses to a known natural 
B. pertussis infection in a large human cohort, earlier unknown exposures to live B. 
pertussis throughout life may have influenced the results. Although all our cases had 
a symptomatic pertussis infection, most had vaccinations before, but some received 
vaccinations after the infection. Sixty-two samples (18.7%) were of young patients, 
whose symptomatic infection was followed by one or more childhood pertussis 
vaccinations. We found that Ig levels obtained by the model when these specific cases 
were interpreted separately did not show great differences. Yet, we tend to agree 
that the way the immune response is primed early in life, either by a vaccination 
(aP or wP) or a natural infection,  impacts responsiveness later in life 60, and that 
this needs further investigation. Also, we modelled the dynamics of responses in our 
(ex-) cases at the level of five age cohorts defined by clear differences in vaccination 
background based on age, yet our two youngest age cohorts encompassed within-
cohort heterogeneity in vaccine types used (Fig.1 and supplementary table 1). 
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Differences in antigen composition in within-cohort used vaccines may have caused 
within-cohort variation in specificities, and, as shown in the sub-analysis of aP 
versus wP primed subgroups within the schoolchildrens’ age cohort, vaccine type 
impacted IgG3 and IgG4 responsiveness. Therefore modelled data for the more 
heterogeneous younger age cohorts should be interpreted with caution. While in 
general a Multiplex Immuno-assay has higher sensitivity than classical ELISAs 37, 
for several Ig-antigen combinations multiple samples had concentrations below the 
lower limit of detection. In order to still be able to evaluate these data we did not 
remove these points from the datasets but instead assigned them a model-based 
concentration in the order of this lower limit, to indicate their low responsiveness. 
For these datasets, modelled parameters and trends were interpreted with caution.  

In conclusion, the biexponential decay model enabled us to effectively capture 
critical features in the long-term kinetics of concomitant Ig responses ongoing after 
a symptomatic B. pertussis infection. The merit of this work is that it illustrates 
that across age groups, immunity to B. pertussis and waning thereof, involve 
diverging responses of intrinsically different Ig subtypes, which are dictated by 
immunogenicity profiles of antigens, and cohort factors such as age and vaccination 
history. Waning of B. pertussis specific immunity requires urgent attention with the 
growing awareness that pertussis affects all age groups and that current acellular 
vaccines fail to provide long lasting immunity. As novel intervention strategies in 
different age groups are becoming realistic scenarios, detailed benchmarking of B. 
pertussis immune responsiveness throughout life is of utmost importance. 



69

Age and vaccination history impact serological responses after B. pertussis infection.

3

Acknowledgements
We are grateful to participants and employees from the SKI-study, especially study 
nurses Lidian Izeboud and Catja van Haren, for their contribution. We thank medical 
doctors Florens Versteegh and Theo Verheij for helping recruit pertussis patients. 
Guy Berbers is kindly acknowledged for critically reading the manuscript. This 
research was financed by the Dutch Ministry of Health.

Author contributions
CACMvE and IvT designed the study and wrote the manuscript, IvT prepared figures. 
JAMvGvdB and BK performed the experiments. AABM designed the biexponential 
model, analysed data, prepared figures and participated in writing the manuscript. 
EAMS reviewed drafts of the manuscript. All authors read and approved the final 
manuscript. 

Additional Information
Competing financial interests: The authors declare no competing financial interests.



70

References

1. Tan, T., et al. Pertussis Across the Globe: Recent Epidemiologic Trends From 2000-2013. Pediatr 
Infect Dis J (2015).

2. Hewlett, E.L. & Edwards, K.M. Clinical practice. Pertussis--not just for kids. N Engl J Med 352, 
1215-1222 (2005).

3. Wendelboe, A.M., Van Rie, A., Salmaso, S. & Englund, J.A. Duration of immunity against pertussis 
after natural infection or vaccination. Pediatr Infect Dis J 24, S58-61 (2005).

4. Klein, N.P., Bartlett, J., Rowhani-Rahbar, A., Fireman, B. & Baxter, R. Waning protection after fifth 
dose of acellular pertussis vaccine in children. N Engl J Med 367, 1012-1019 (2012).

5. Witt, M.A., Arias, L., Katz, P.H., Truong, E.T. & Witt, D.J. Reduced risk of pertussis among persons 
ever vaccinated with whole cell pertussis vaccine compared to recipients of acellular pertussis 
vaccines in a large US cohort. Clin Infect Dis 56, 1248-1254 (2013).

6. Plotkin, S.A. Complex correlates of protection after vaccination. Clin Infect Dis 56, 1458-1465 
(2013).

7. Mills, K.H. Immunity to Bordetella pertussis. Microbes Infect 3, 655-677 (2001).
8. van Twillert, I., Han, W.G. & van Els, C.A. Waning and aging of cellular immunity to Bordetella 

pertussis. Pathogens and disease 73, ftv071 (2015).
9. Storsaeter, J., Hallander, H.O., Gustafsson, L. & Olin, P. Levels of anti-pertussis antibodies related 

to protection after household exposure to Bordetella pertussis. Vaccine 16, 1907-1916 (1998).
10. Cherry, J.D., Gornbein, J., Heininger, U. & Stehr, K. A search for serologic correlates of immunity to 

Bordetella pertussis cough illnesses. Vaccine 16, 1901-1906 (1998).
11. Carbonetti, N.H. Contribution of pertussis toxin to the pathogenesis of pertussis disease. 

Pathogens and disease 73, ftv073 (2015).12. Paddock, C.D., Pathology and pathogenesis of fatal 
Bordetella pertussis infection in infants. Clin Infect Dis 47, 328-338 (2008).

13. Carbonetti, N.H. Pertussis toxin and adenylate cyclase toxin: key virulence factors of Bordetella 
pertussis and cell biology tools. Future Microbiol 5, 455-469 (2010).

14. Fedele, G., Bianco, M. & Ausiello, C.M. The virulence factors of Bordetella pertussis: talented 
modulators of host immune response. Archivum immunologiae et therapiae experimentalis 61, 
445-457 (2013).

15. Locht, C., Coutte, L. & Mielcarek, N. The ins and outs of pertussis toxin. FEBS J 278, 4668-4682 
(2011).

16. Taranger, J., et al. Correlation between pertussis toxin IgG antibodies in postvaccination sera and 
subsequent protection against pertussis. J Infec Dis 181, 1010-1013 (2000).

17. Storsaeter, J., Hallander, H.O., Gustafsson, L. & Olin, P. Low levels of antipertussis antibodies plus 
lack of history of pertussis correlate with susceptibility after household exposure to Bordetella 
pertussis. Vaccine 21, 3542-3549 (2003).

18. Woof, J.M. & Kerr, M.A. The function of immunoglobulin A in immunity. J Pathol 208, 270-282 
(2006).

19. Davies, D.R. & Metzger, H. Structural basis of antibody function. Annual review of immunology 1, 
87-117 (1983).

20. Schroeder, H.W., Jr. & Cavacini, L. Structure and function of immunoglobulins. The Journal of 
allergy and clinical immunology 125, S41-52 (2010).

21. Vidarsson, G., Dekkers, G. & Rispens, T. IgG subclasses and allotypes: from structure to effector 
functions. Frontiers in immunology 5, 520 (2014).

22. Hutchins, W.A., Carlone, G.M. & Westerink, M.A. Elderly immune response to a TI-2 antigen: 
heavy and light chain use and bactericidal activity to Neisseria meningitidis serogroup C 
polysaccharide. J Infect Dis 179, 1433-1440 (1999).

23. Rijkers, G.T., Sanders, E.A., Breukels, M.A. & Zegers, B.J. Infant B cell responses to polysaccharide 
determinants. Vaccine 16, 1396-1400 (1998).



71

Age and vaccination history impact serological responses after B. pertussis infection.

3

24. Holme, D., et al. Neisseria meningitidis Group A IgG1 and IgG2 Subclass Immune Response in 
African Children Aged 12-23 Months Following Meningococcal Vaccination. Clin Infect Dis 61 
Suppl 5, S563-569 (2015).

25. Aalberse, R.C., Stapel, S.O., Schuurman, J. & Rispens, T. Immunoglobulin G4: an odd antibody. Clin 
Exp Allergy 39, 469-477 (2009).

26. Heininger, U., Cherry, J.D. & Stehr, K. Serologic response and antibody-titer decay in adults with 
pertussis. Clin Infect Dis 38, 591-594 (2004).

27. Hallander, H.O., Ljungman, M., Storsaeter, J. & Gustafsson, L. Kinetics and sensitivity of ELISA IgG 
pertussis antitoxin after infection and vaccination with Bordetella pertussis in young children. 
APMIS 117, 797-807 (2009).

28. Dalby, T., Petersen, J.W., Harboe, Z.B. & Krogfelt, K.A. Antibody responses to pertussis toxin 
display different kinetics after clinical Bordetella pertussis infection than after vaccination with 
an acellular pertussis vaccine. J Med Microbiol 59, 1029-1036 (2010).

29. Versteegh, F.G., et al. Age-specific long-term course of IgG antibodies to pertussis toxin after 
symptomatic infection with Bordetella pertussis. Epidemiol Infect 133, 737-748 (2005). 

30. Hallander, H.O., Gustafsson, L., Ljungman, M. & Storsaeter, J. Pertussis antitoxin decay after 
vaccination with DTPa. Response to a first booster dose 3 1/2-6 1/2 years after the third vaccine 
dose. Vaccine 23, 5359-5364 (2005).

31. Fry, N.K., et al. Modelling anti-pertussis toxin IgG antibody decay following primary and 
preschool vaccination with an acellular pertussis vaccine in UK subjects using a modified oral 
fluid assay. J Med Microbiol 62, 1281-1289 (2013).

32. Berbers, G.A., et al. A novel method for evaluating natural and vaccine induced serological 
responses to Bordetella pertussis antigens. Vaccine 31, 3732-3738 (2013).

33. Slifka, M.K., Antia, R., Whitmire, J.K. & Ahmed, R. Humoral immunity due to long-lived plasma 
cells. Immunity 8, 363-372 (1998).

34. van Twillert, I., et al. Age related differences in dynamics of specific memory B cell populations 
after clinical pertussis infection. PLoS One 9, e85227 (2014).

35. van Twillert, I., et al. The Use of Innovative Two-Component Cluster Analysis and Serodiagnostic 
Cut-Off Methods to Estimate Prevalence of Pertussis Reinfections. PLoS One 11, e0148507 
(2016).

36. Raeven, R.H., et al. Immunoproteomic Profiling of Bordetella pertussis Outer Membrane Vesicle 
Vaccine Reveals Broad and Balanced Humoral Immunogenicity. J Proteome Res 14, 2929-2942 
(2015).

37. van Gageldonk, P.G., van Schaijk, F.G., van der Klis, F.R. & Berbers, G.A. Development and 
validation of a multiplex immunoassay for the simultaneous determination of serum antibodies 
to Bordetella pertussis, diphtheria and tetanus. J Immunol Methods 335, 79-89 (2008).

38. Edelman, K., et al. Immunity to pertussis 5 years after booster immunization during adolescence. 
Clin Infect Dis 44, 1271-1277 (2007).

39. Le, T., et al. Immune responses and antibody decay after immunization of adolescents and adults 
with an acellular pertussis vaccine: the APERT Study. J Infect Dis 190, 535-544 (2004).

40. May, M.L., Doi, S.A., King, D., Evans, J. & Robson, J.M. Prospective evaluation of an Australian 
pertussis toxin IgG and IgA enzyme immunoassay. Clin Vaccine Immunol 19, 190-197 (2012).

41. Scheller, E.V., Melvin, J.A., Sheets, A.J. & Cotter, P.A. Cooperative roles for fimbria and filamentous 
hemagglutinin in Bordetella adherence and immune modulation. MBio 6, e00500-00515 (2015).

42. Martin, S.W., et al. Pertactin-negative Bordetella pertussis strains: evidence for a possible 
selective advantage. Clin Infect Dis 60, 223-227 (2015).

43. Zeddeman, A., et al. Investigations into the emergence of pertactin-deficient Bordetella pertussis 
isolates in six European countries, 1996 to 2012. Euro Surveill 19(2014).

44. Akira, S. & Takeda, K. Toll-like receptor signalling. Nature reviews. Immunology 4, 499-511 
(2004).

45. Findlow, H., et al. Immunoglobulin G subclass response to a meningococcal quadrivalent 
polysaccharide-diphtheria toxoid conjugate vaccine. Clin Vaccine Immunol 13, 507-510 (2006).



72

46. Wirsing von Konig, C.H., Gounis, D., Laukamp, S., Bogaerts, H. & Schmitt, H.J. Evaluation of a 
single-sample serological technique for diagnosing pertussis in unvaccinated children. Eur J Clin 
Microbiol Infect Dis 18, 341-345 (1999).

47. Prince, H.E., Lieberman, J.M. & Cherry, J.D. Age-related differences in patterns of increased 
Bordetella pertussis antibodies. Clin Vaccine Immunol 19, 545-550 (2012).

48. Duan, Z.Y., et al. Aging promotes progression of IgA nephropathy: a systematic review and meta-
analysis. Am J Nephrol 38, 241-252 (2013).

49. Kerr, M.A. The structure and function of human IgA. Biochem J 271, 285-296 (1990).
50. Leong, K.W. & Ding, J.L. The unexplored roles of human serum IgA. DNA Cell Biol 33, 823-829 

(2014).
51. Gorringe, A.R. & Vaughan, T.E. Bordetella pertussis fimbriae (Fim): relevance for vaccines. Expert 

Rev Vaccines 13, 1205-1214 (2014).
52. van Gent, M., Bart, M.J., van der Heide, H.G., Heuvelman, K.J. & Mooi, F.R. Small mutations in 

Bordetella pertussis are associated with selective sweeps. PLoS One 7, e46407 (2012).
53. Hallander, H.O., et al. Should fimbriae be included in pertussis vaccines? Studies on ELISA IgG 

anti-Fim2/3 antibodies after vaccination and infection. APMIS 117, 660-671 (2009).
54. Preston, N.W. & Carter, E.J. Serotype specificity of vaccine-induced immunity to pertussis. 

Commun Dis Rep CDR Rev 2, R155-156 (1992).
55. Mattoo, S. & Cherry, J.D. Molecular pathogenesis, epidemiology, and clinical manifestations of 

respiratory infections due to Bordetella pertussis and other Bordetella subspecies. Clin Microbiol 
Rev 18, 326-382 (2005).

56. Zackrisson, G., Lagergard, T. & Trollfors, B. Subclass compositions of immunoglobulin G to 
pertussis toxin in patients with whooping cough, in healthy individuals, and in recipients of a 
pertussis toxoid vaccine. J Clin Microbiol 27, 1567-1571 (1989).

57. Giammanco, A., et al. Analogous IgG subclass response to pertussis toxin in vaccinated children, 
healthy or affected by whooping cough. Vaccine 21, 1924-1931 (2003).

58. Hendrikx, L.H., et al. Different IgG-subclass distributions after whole-cell and acellular pertussis 
infant primary vaccinations in healthy and pertussis infected children. Vaccine 29, 6874-6880 
(2011).

59. Brummelman, J., Wilk, M.M., Han, W.G., van Els, C.A. & Mills, K.H. Roads to the development of 
improved pertussis vaccines paved by immunology. Pathogens and disease 73, ftv067 (2015).

60. Bancroft, T., et al. Th1 versus Th2 T cell polarization by whole-cell and acellular childhood 
pertussis vaccines persists upon re-immunization in adolescence and adulthood. Cell Immunol 
(2016).





4Chapter

Inonge van Twillert1, Axel A. Bonačić Marinović1, Jacqueline A. M. van 
Gaans-van den Brink1, Betsy Kuipers1, Guy A. M. Berbers1, Nicoline A.T. 
van der Maas1 , Theo J. M.Verheij2,  Florens G.A.Versteegh3,4, Peter F.M. 
Teunis1,5, and Cécile A.C.M. van Els1

1Centre for Infectious Disease Control, National Institute for Public Health and the Environment (RIVM), 
Bilthoven, the Netherlands, 2Julius Center Health Sciences and Primary Care, University Medical 
Center Utrecht, Utrecht, the Netherlands, 3Department of Pediatrics, Groene Hart Ziekenhuis, Gouda, 
the Netherlands, 4Ghent University Hospital, department of pediatrics, Ghent, Belgium, 5RSPH, Emory 
University, Atlanta, USA

PloS One. 2016 11(2): e0148507 



The use of innovative two-component 

cluster analysis and serodiagnostic cut-

off methods to estimate prevalence of 

pertussis reinfections



76

Abstract 

Bordetella pertussis circulates even in highly vaccinated countries affecting all age 
groups. Insight into the scale of concealed reinfections is important as they may 
contribute to transmission. We therefore investigated whether current single-
point serodiagnostic methods are suitable to estimate the prevalence of pertussis 
reinfection. Two methods based on IgG-Ptx plasma levels alone were used to 
evaluate the proportion of renewed seroconversions in the past year in a cohort 
of retrospective pertussis cases ≥ 24 months after a proven earlier symptomatic 
infection. A Dutch population database was used as a baseline. Applying a classical 
62.5 IU/ml IgG-Ptx cut-off, we calculated a seroprevalence of 15% in retrospective 
cases, higher than the 10% observed in the population baseline. However, this 
method could not discriminate between renewed seroconversion and waning of 
previously infection-enhanced IgG-Ptx levels. Two-component cluster analysis of 
the IgG-Ptx datasets of both pertussis cases and the general population revealed a 
continuum of intermediate IgG-Ptx levels, preventing the establishment of a positive 
population and the comparison of prevalence by this alternative method. Next, 
we investigated the complementary serodiagnostic value of IgA-Ptx levels. When 
modelling datasets including both convalescent and retrospective cases we obtained 
new cut-offs for both IgG-Ptx and IgA-Ptx that were optimized to evaluate renewed 
seroconversions in the ex-cases target population. Combining these cut-offs two-
dimensionally, we calculated 8.0 % reinfections in retrospective cases, being below 
the baseline seroprevalence. Our study for the first time revealed the shortcomings 
of using only IgG-Ptx data in conventional serodiagnostic methods to determine 
pertussis reinfections. Improved results can be obtained with two-dimensional 
serodiagnostic profiling. The proportion of reinfections thus established suggests a 
relatively increased period of protection to renewed infection after clinical pertussis.
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Introduction

Bordetella pertussis causes the respiratory infectious disease ‘whooping cough’ 
(pertussis) that has re-emerged as a public health issue since the 1990’s, affecting all 
age groups 1-3. Pathogen adaptation 4,5 and waning immunity after both vaccination 
and natural infection 6-8 are considered important causes. At present diagnosis is 
achieved by bacterial culture, polymerase chain reaction (PCR) and/or a serological 
test. The latter is the favoured method when diagnosis is performed > 3 weeks after 
onset 9. Pertussis serodiagnosis is based on determining immunoglobulin G (IgG) 
antibodies in serum or plasma against pertussis toxin (Ptx), the only antigen specific 
for B. pertussis. 

Seroconversion of IgG-Ptx to higher levels is used as a biomarker for recent infection, 
elevations being temporary due to subsequent decay 10,11. While formerly pertussis 
serodiagnosis relied on the evaluation of a fold-increase in IgG-Ptx levels in paired 
sera taken a few weeks apart, presently absolute single-point IgG-Ptx values are often 
evaluated against a predefined cut-off. In an EU Pertstrain group comparison study, 
a single cut-off with optimal sensitivity and specificity was determined to be in the 
range 60-75 IU/ml 12. An additional approach to single data point serodiagnostics 
are modelling based procedures that fit distribution mixtures and can refine the 
choice of diagnostic cut-offs. As recently reported, a dataset of fitted positive and 
negative clusters of IgG-Ptx from sera routinely submitted after disease onset from 
patients clinically suspected of pertussis, could indicate the proportion of true 
seroconversions 13. 

Post-infection enhancement of pertussis specific immune mechanisms, such 
as levels of circulating antibodies, reduces the risk of subsequent infection, yet 
acquired protection is not lifelong. Estimates for the duration of protection vary 
from 4-20 years 6,14,15, depending on surveillance settings, pertussis circulation, case 
definitions, and vaccinations. 

Because pertussis is endemic, repeat exposures and infections will occur 16, however 
at an unknown and likely underestimated rate, due to a- or mildly symptomatic 
cases-17. Gaining insight into the scale of such concealed reinfections is important, 
since they may contribute to transmission when presenting with nonspecific 
symptoms like a persistent cough 18,19. Also, comparison of  the estimated frequency 
of concealed reinfections in historic cases with the proportion of concealed 
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infections in the general population may generate relevant information in the current 
debate  regarding the duration of pertussis protective immunity after a previous 
(symptomatic) infection 20. Not known thus far is whether current single-point 
serodiagnostic methods can be used to establish rates of reinfection in previously 
proven symptomatic cases, which is challenging because of residual antibody decay.  

Here we addressed this question by using various methodologies, taking advantage 
of a unique sample collection of a large Dutch cohort of clinically symptomatic, 
confirmed (ex) pertussis cases, from the observational clinical study SKI 21,22. Plasma 
samples were taken at a known, early or late time point after standard laboratory 
diagnostics, and were in-house serologically tested using an innovative widely 
accepted multiplex-based immunoassay (MIA) 23,24. We asked whether (concealed) 
reinfections could be serodiagnosed in retrospective cases sampled >24 months 
after their proven symptomatic infection, based on single point IgG-Ptx values, 
either employing a predefined cut-off of 62.5 IU/ml for likelihood of infection in 
the previous year 10,23,25,26 or using mathematical modelling for seroclassification-13. 
Population data from the national PIENTER-2 serosurvey were applied as a 
reference. Furthermore, we explored whether elevated plasma levels of Ptx specific 
immunoglobulin A (IgA-Ptx) with diagnostic potential 27-29 but a shorter half-life 
than IgG 30,31, could improve methods to estimate the proportion of reinfections. 
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Subjects and Methods

Ethics Statement
This study was conducted according to the principles expressed in the Declaration 
of Helsinki. Participants were included from two studies. One study was a cross-
sectional observational study in Dutch symptomatic pertussis cases and household 
contacts (Specifieke Kinkhoest Immuniteit, SKI) approved by the accredited Review 
Board Stichting Therapeutische Evaluatie Geneesmiddelen (STEG), Almere, and 
further managed by the Medical Ethics Testing Committee, University Medical 
Centre Utrecht, (METC UMC Utrecht) (CCMO nr: NL16334.040.07). The other study 
was a cross-sectional population-based serosurveillance study in the Netherlands 
(PIENTER-2) approved by the Review Board Stichting Therapeutische Evaluatie 
Geneesmiddelen (STEG), Almere (clinical trial number: ISRCTN 20164309). All 
participants provided written informed consent for the collection of blood samples, 
the usage of a completed questionnaire, and the immunological analysis of samples. 
Informed written consent for minor participants was provided by both parents or 
guardians. 

Study populations
Participants from the SKI study consisted of 292 (ex-) pertussis cases, who had 
presented themselves with clinical symptoms to their physicians and whose 
pertussis infections were confirmed by standardized diagnostic PCR-, culture- or 
serology-based assays in accredited laboratories. SKI cases represented all ages, and 
donated blood at a known time interval after diagnosis. All SKI blood samples were 
collected between 2008 and 2012. Of one cohort of cases (n=194) blood was drawn 
within 24 months after the date of diagnosis, defined as “convalescent cases”. Within 
this cohort a subgroup of cases whose date of diagnosis was < 2 months before 
blood withdrawal was defined as “acute cases” (n=145). Of the other cohort of cases 
(n= 98) blood was drawn ≥ 24 months after confirmed symptomatic pertussis. These 
samples, together with second blood samples obtained from 39 acute cases ≥ 24 
months after their date of diagnosis, represented the “retrospective cases” (n=137). 
As illustrated in Figure 1, the total of 331 samples represented five categories of 
participants, under-fours, schoolchildren, adolescents, adults and (pre-) elderly, 
based on age and vaccination status. All SKI samples were given a parameter time 
after exposure (τ, in months), indicating the time passed between the date of the 
pertussis diagnosis or of a last pertussis vaccination (if applicable), whichever was 



Figure 1: Flowchart of SKI samples stratified according to age and vaccination status. Fourtyfour 
percent of all SKI samples were from male (ex-)cases. (1,2)*: first number: number of cases having τ <24 
months; second number: number of cases having τ ≥ 24 months.  aP1-4: acellular pertussis vaccination 
doses 1-4; aP5 : acellular pertussis preschool booster dose 5; wP1-4: whole cell pertussis vaccination doses 
1-4. According to the Dutch National Immunization Program (NIP) pertussis vaccine primary doses 1-4 
are given at 2,3,4, and 11 months of age, and the preschool booster dose 5 is given at 4 yrs of age.
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the more recent, and the date of blood sampling. As indicated in Figure 1, for 269 
blood samples, the date of diagnosis was the last known date of exposure to pertussis 
antigens (green and purple framed boxes); for 62 samples, a pertussis vaccination 
of participants had taken place between their clinical pertussis episode and blood 
withdrawal (orange framed boxes). The PIENTER-2 study cohort consisted of 
5740 subjects, randomly selected from the general Dutch population, excluding 
oversampled subcohorts from the original database 32. PIENTER-2 blood samples 
were obtained in 2006/2007. Pertussis epidemic years were contained in the time 
frames of both PIENTER-2, i.e. 2007, and the SKI study, i.e. 2008, 2011 and 2012, 
respectively, with on average 6050 yearly cases in the PIENTER-2 time frame versus 
7873 yearly pertussis notifications in the SKI time frame. 
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Blood sampling 
For the SKI study venous blood samples were collected using vacutainer cell 
preparation (CPT) tubes. Peripheral blood mononuclear cells (PBMC) and plasma 
were isolated using standard procedures. For the PIENTER-2 study venous blood 
samples were collected in serum tubes. Serum samples were isolated using standard 
procedures. Plasma and serum samples were stored at -80°C until testing.  

Serological assay
IgG-Ptx in SKI plasma samples was measured applying an in-house multiplex 
immunoassay described earlier 21,24, using Goat anti-human IgG, R-PE (Jackson 
ImmunoResearch, USA) as reporter antibody. IgA-Ptx levels were measured likewise, 
using Goat anti-human-IgA-PE (Southern Biotech, USA) as reporter antibody, with 
the exception that serum samples were prepared in the dilutions 1/50 and 1/500. 
Beads were coated with Ptx protein (Kaketsuken, Japan) and the International WHO 
pertussis standard (06/140) was used as reference, therefore units are given in IU/
ml. In our lab setting, these units are equivalent to the previously used ELISA units/
ml (EU/ml) derived from the FDA human reference preparations lot 3, 4 and lot 5  12.  
IgG-Ptx in PIENTER-2 serum samples was previously measured with the multiplex 
immunoassay and expressed in EU/ml, as the used in-house reference was calibrated 
against the FDA human reference lot 3 23.  Our IgG-Ptx (SKI and PIENTER-2 samples) 
and IgA-Ptx (SKI samples) data can be found in the supporting file: S1 table.

Two-component cluster analyses
Serological two-component cluster analysis (also known as binary mixed modelling) 
assumes that the population sample can be described as one distribution of 
seropositive concentrations (the sero-converted component) and one of seronegative 
concentrations (the baseline component). The logarithms of seronegative and 
seropositive concentrations are assumed to be normally distributed with averages 
µ0 and µ1, respectively, and standard deviations σ0 and σ1. The mixed probability 
density function then becomes p*Norm(µ1,σ1) + (1-p)*Norm(µ0,σ0), where p is the 
prevalence. The parameters µ1, µ0, σ1 and σ0 were estimated for IgG-Ptx and for 
IgA-Ptx by means of the maximum likelihood method using combined data from all 
cohorts from the SKI study. Given their prevalence is assumed close to 100%, the 
convalescent and acute cohorts were included to feed the seropositive concentrations 
components for IgG-Ptx and IgA-Ptx, respectively. Using the estimated µ0, σ0, µ1, 
and σ1 parameters for pertussis specific IgG-Ptx seronegative and seropositive 
concentration components, prevalence (p) was estimated by two-component cluster 
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analysis for the target IgG-Ptx data sets (retrospective SKI and PIENTER-2 data). 
Receiver operating characteristic (ROC) curves of the two-component distributions 
of IgG-Ptx and IgA-Ptx data sets of SKI, respectively, allowed the selection of model 
derived IgG-Ptx and IgA-Ptx cut-offs based on specificity and sensitivity to establish 
seroprevalence. Modelling was performed using software program “R”, version 3.1.2.

Seroprevalence estimation based on cut-off analyses
Seroprevalence in retrospective cases and in the PIENTER-2 cohort was calculated 
using the pre-defined cut-off value for IgG-Ptx of 62.5 IU/ml to determine the 
proportion of infections in the past 12 months 23. Alternatively, seroprevalence in 
retrospective cases was calculated by the use of a two-dimensional serodiagnostic 
profile that combined model-based experimental IgG-Ptx and IgA-Ptx cut-offs, 
optimized at 90% specificity. 



Figure 2: Reverse cumulative distribution curves of IgG-Ptx levels (IU/ml) measured in SKI and 
Pienter-2 cohorts. Shown are SKI acute cases, (red line), SKI retrospective cases (blue line) and the 
population sample PIENTER-2 (green line). The vertical line indicates the pre-defined cut-off level of 
62.5 IU/ml. The horizontal (dotted) coloured lines indicate the percentages of the respective cohorts 
above the cut-off.
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Results

Increased IgG-Ptx seroprevalence in retrospective pertussis 
cases based on a classic cut-off method
The IgG-Ptx antibody response profile of retrospective cases from the SKI study 
is depicted in a reverse cumulative response plot (Figure 2). Possible pertussis 
reinfected subjects are defined as the proportion of retrospective cases that 
displayed IgG-Ptx concentrations above the predefined cut-off level of 62.5 IU/ml 23. 
Fifteen percent (21 of 137) of retrospective cases met these criteria (median 80 IU/
ml, range 64-517 IU/ml, median time since known antigen exposure (τ): 47 months, 
range 24-135 months). This seroprevalence was higher than the 10% found for the 
population cohort PIENTER-2, comprising all age groups. (Figure 2). Of acute cases 
from the SKI study, 88% had plasma IgG-Ptx levels above the cut-off (median 218 
IU/ml, range 3-1815 IU/ml) (Figure 2). 



Figure 3: Levels of IgG-Ptx observed in time since last known pertussis antigen exposure in 
symptomatically infected cases of the SKI study. Cases were stratified according to age and vaccination 
status as is depicted in Figure 1. 
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To evaluate sero-responses of all SKI cases in more detail, individual IgG-Ptx levels 
were stratified according to exact τ (in months), age and vaccination history of the 
subject. A large variability in levels of IgG-Ptx can be seen in all cases (Figure 3). 
The twenty-one retrospective cases with IgG-Ptx level above the cut-off value of 62.5 
IU/ml include participants from all age groups, with diverse vaccination histories. 
However, a relatively large part of this group (n=12) consisted of children vaccinated 
with an acellular pertussis vaccine (aP) in the range 24-105 (median 44) months 
before blood sampling. 

Estimating IgG-Ptx seroprevalence in retrospective pertussis cases 
by a two-component cluster analysis 
Next, we studied whether the elevated seroprevalence in retrospective cases as 
compared to population data could be confirmed by two-component cluster 
analysis 13. When the model was fitted to IgG-Ptx data from all 331 SKI samples, two 
component distributions could indeed be identified (Figure 4A).  The corresponding 
ROC diagram shows sensitivity and specificity for a range of cut-offs (Figure 4B). The 
pre-defined IgG-Ptx cut-off of 62.5 IU/ml corresponded to a specificity of 82 % and 
sensitivity of 88.5 % in our model. 
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Figure 4: Two component cluster analysis of IgG-Ptx data sets from SKI and PIENTER-2. (A) Density 
distribution of IgG-Ptx (IU/ml) in samples obtained from all (ex-) pertussis cases in the SKI study (bars). 
Lines indicate the fitted negative (blue line), positive (red line) and combined (dotted black) components. 
(B) ROC curve for the model fitted in A. Se, sensitivity; 1-Sp, 1-specificity, ⊕: IgG-Ptx value corresponding 
to Sp=90%. (C) Density distribution of IgG-Ptx (IU/ml) in samples from retrospective cases (bars). Lines 
indicate the fitted negative (blue line) component. No positive component was found. Model parameter 
values for IgG-Ptx were not affected when taking out data from paired samples (data not shown). 
(D) Density distribution of IgG-Ptx (IU/ml) in samples from the PIENTER-2 population cohort (bars). The 
dotted blue line indicates the fitted negative component from the PIENTER-2 data. No positive component 
was found. The overlay of the negative component from the retrospective cases is given as the blue line. 
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When fixing µ (and σ) parameter values for the positive and negative components in 
this cluster model of all SKI IgG-Ptx data and applying these on retrospective cases 
only, the estimated prevalence was zero (Figure 4C), not confirming the proportion 
of reinfections based on the classical 62.5 IU/ml cut-off level. When performing two-
component cluster analysis for the PIENTER-2 IgG-Ptx data, no clustering in two 
components could be seen either (Figure 4D). Hence, in both the clinical SKI study 
and the PIENTER-2 population survey setting, high levels of IgG-Ptx, indicating the 
positive component of recently seroconverted samples, were not well separable 
from lower levels representing the negative component. The analyses rather 
showed one normally distributed component of IgG-Ptx concentrations in both data 
sets, however with a higher median for the fitted data from the retrospective cases, 
refuting the use of the single population base IgG-Ptx cut-off 62.5 IU/ml to estimate 
seroprevalence in historical symptomatic cases. 
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Figure 5: Two component cluster analysis of IgA-Ptx data from SKI cases. (A) Density distribution of 
IgA-Ptx (IU/ml) in samples obtained from all SKI cases (bars), including acute (τ < 2 months)  and non-
acute (τ >2 months) cases. Lines indicate the fitted negative (blue line) and positive (red line). (B) ROC 
curve for the model fitted in A and B. Se, sensitivity; 1-Sp, 1-specificity, ⊕ : IgA-Ptx value corresponding 
to Sp=90%. (C) Density distribution of IgA-Ptx (IU/ml) in samples from retrospective cases (bars). Lines 
indicate the fitted negative (blue line) component. No positive component was found. Model parameter 
values for IgA-Ptx were not affected when taking out data from paired samples (data not shown).
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Finding an alternative parameter for recent seroconversion using 
two-component cluster analysis of IgA-Ptx levels 
We then investigated whether IgA-Ptx has an added value in estimating proportions 
of reinfections in retrospective cases. When modelling Ptx specific IgA (IgA-Ptx) data 
from all SKI cases, samples from acute cases appeared to optimally fit the positive 
component of the model (Figure 5A). The corresponding ROC curve shows the 
sensitivity and specificity of the model for a range of cut-offs (Figure 5B). However, 
when applying the µ (and σ) parameter values obtained for the positive and negative 
components on the IgA-Ptx data from the retrospective cases only, zero prevalence 
was established (Figure 5C). 
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Applying model derived optimized IgG-Ptx and IgA-Ptx cut-offs to 
estimate the proportion of reinfections in retrospective SKI cases
Data from all SKI cases were then individually analysed in a two-dimensional (2D) 
IgG-Ptx and IgA-Ptx based serodiagnostic profile. For this  model-derived IgG-Ptx and 
IgA-Ptx cut-offs were identified, optimized on a specificity of 90%, i.e. 104 IU/ml  for 
IgG-Ptx  (with a sensitivity of 75 %) and 10.5 IU/ml for IgA-Ptx,(with a sensitivity of 
48 %) (Figure 6). As expected, convalescent cases had the highest IgG-Ptx and IgA-Ptx 
levels and represented for the larger part the IgG-PtxhiIgA-Ptxhi upper right quadrant 
(QII). Likewise, the IgG-PtxloIgA-Ptxlo lower left quadrant (QIV) represented primarily 
retrospective cases (τ ≥ 24 months): 126 of the 137 retrospective cases (92%) were 
located in this quadrant. The other retrospective cases, having either IgG-Ptx or 
IgA-Ptx levels or both above the newly defined cut-offs, were distributed over the 
remaining quadrants associated with different serological patterns occurring after 
seroconversion. Six retrospective cases (4.4 %) fell in the IgG-PtxloIgA-Ptxhi upper 
left quadrant (QI). Because of the high IgA component we suggest these samples to 
represent a recent seroconversion (hence reinfection) but sampled too early for the 
IgG component to have risen concomitantly. These six cases were all (pre-) elderly. 
One retrospective case (0.7 %) was located in QII. We suggest this case to represent 
a renewed infection as well but sampled at a time interval having allowed elevation 
of the IgG component. Finally, four (2.9 %) retrospective cases were located in the 
IgG-PtxhiIgA-Ptxlo lower right quadrant (QIII) for their elevated IgG-Ptx component 
only. This last profile can be interpreted in two ways: to reflect re-seroconversions 
of IgG-Ptx levels in the preceding year, however with the IgA-Ptx component already 
dropped below the cut-off. Alternatively, the profile might indicate slow decay 
of the IgG-Ptx component originated from the earlier diagnosed symptomatic 
pertussis episode. Taking a closer look at these last 4 cases; τ was relatively long 
(45-75 months; median 53 months) and the IgG-Ptx levels relatively high (142-311 
IU/ml; median 220 IU/ml), making these values less likely to indicate remaining 
decay. By applying the model-based cut-offs of IgG-Ptx and IgA-Ptx the prevalence of 
reinfections was therefore determined by adding quadrants I, II and III, giving 8.0% 
in retrospective cases.



Figure 6: Two-dimensional serodiagnostic profile of all samples from SKI cases according to levels 
of IgA-Ptx and IgG-Ptx. Blue circles and red triangles represent retrospective and convalescent cases 
respectively. Grey dotted line represents 62.5 IU/ml IgG-Ptx cut-off. Black dotted lines represent model 
based cut-offs at 10.5 IU/ml and 104 IU/ml for IgA-Ptx and IgG-Ptx respectively. Samples are divided 
in 4 quadrants; QI: IgG-PtxloIgA-Ptxhi, QII: IgG-PtxhiIgA-Ptxhi, QIII: IgG-PtxhiIgA-Ptxlo, QIV: IgG-PtxloIgA-Ptxlo. 
m=months
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Base levels of IgG-Ptx long term after symptomatic seroconversion
The observation that the median  IgG-Ptx level of the modelled PIENTER-2  population 
data was lower than its counterpart of retrospective cases (Figure 4D) could indicate 
that IgG-Ptx levels elevated after symptomatic infections do not drop back to 
population base-levels, but to an elevated post-infection base-line. To investigate 
this hypothesis time-shifted IgG-Ptx density distribution profiles from retrospective 
cases were compared to the density distribution of the PIENTER-2 population cohort. 
Not confirming the hypothesis, gradual decline towards the PIENTER-2 median IgG-
Ptx level was observed for retrospective cases when being selected on more distant 
time intervals after their symptomatic laboratory confirmed diagnosis: >24, >42,  
>60, months post-exposure, respectively (Figure 7). The negative component in the 
mixture curve of the SKI cohort with cases >60 months post exposure was almost 
equal to the PIENTER-2 curve. This indicated that decline of IgG-Ptx levels in ex-
pertussis cases is ongoing for at least 3,5 years.



A

B

C

Figure 7: Time shift analysis of the negative IgG-Ptx component of SKI retrospective cases and 
overlay with PIENTER-2 data. Left panels: Density distribution of IgG-Ptx (IU/ml) in samples obtained 
from retrospective cases (bars) having τ >24 months (A), τ >42 months (B) , or  τ >60 months (C), 
respectively. Lines indicate the fitted negative (blue line) and positive (red line). Right panels: Density 
distribution of IgG-Ptx (IU/ml) in samples obtained from the PIENTER-2 study (bars + dotted line), the 
blue line indicates the time shifted overlay of the retrospective cases indicated in the left panel.
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Discussion

Serodiagnostic methods for single point IgG-Ptx values using a previously defined 
cut-off and a two-component cluster model fall short in estimating the proportion 
of pertussis reinfections in previously symptomatically infected individuals. 
The continuum of intermediate IgG-Ptx levels between clear seropositive and 
seronegative opposites, observed in both retrospective and population datasets, 
is the main obstacle preventing these methods to work. This was the first major 
outcome of our analysis of the stand-alone IgG-Ptx dataset from (ex-) symptomatic 
pertussis cases in the SKI study. In this situation, values above a predefined cut-
off suffer the risk of being interpreted as new sero-conversions, while ongoing 
decay can be involved. This is the first study to demonstrate that the continuous 
distribution shape of the IgG-Ptx response prevents seroclassification for both 
retrospective cases and population data when using a population based cut-off and 
two-component cluster analysis. Hence, modelling of pertussis IgG-Ptx based sero-
responses by two-component cluster analysis and the use of cut-off values only 
seems to work well in the early diagnostic setting 13. Baughman et al. did propose 
a diagnostic IgG-Ptx cut-off in a US population survey by using a four component 
mixture model. However, moderate levels of IgG-Ptx were also seen, likely caused 
by either a gradual decay or recent infection or vaccination, and were defined as 
indeterminate for acute B. pertussis infection 33. 

As a second outcome of our study, we found that two-component mixture analysis 
of the IgG-Ptx data set combined with a second IgA-Ptx dataset, using data 
from both convalescent and retrospective cases, did help to extract meaningful 
knowledge from the continuum of seroresponses of retrospective cases. This 
included insight into their proportion of reinfections and the relatively long decay 
period in their IgG-Ptx levels, the latter being at least 3.5 years, which is longer than 
previously reported 11,34. 
Using our new cohort optimized 2D serological cut-offs, we estimated that the 
proportion of reinfections in the cohort of retrospective cases was 8.0 %. This 
lower (re)infection prevalence in earlier proven cases as compared to the general 
population was found despite the fact that the SKI study took place in a time frame 
with relatively more pertussis notifications on a year base than in the PIENTER-2 
time frame. This suggests that an even lower proportion of reinfections in the SKI 
cohort might have been anticipated, had the pertussis epidemiology matched. 
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Natural infection has been suggested to confer a longer period of protection by 
inducing qualitatively different immune mechanisms compared to vaccination 
only 6,35. This was recently supported in the baboon model, showing superior 
protection from colonisation and disease upon challenge in animals recovered from 
primary infection 36. We propose that the (slightly) lower occurrence of reinfections 
estimated for the retrospective SKI cases as compared to population prevalence 
might relate to a differential immune status as a result of their (additional) 
symptomatic natural infection. Evidence for this needs more study of prevalence 
and immunology in cohorts of proven ex-patients. The identified reinfected cases 
did not report recent pertussis symptoms, implying that reinfections are mostly 
asymptomatic. A direct 2D comparison of seroprevalence with the population test 
was not possible since IgA-Ptx data were not generated for PIENTER-2. 

Our model optimized cut-offs are comparable with literature. The IgG-Ptx cut-
off of 104 IU/ml approaches the 125 IU/ml cut-off for a infection in the past 
six months-11,23; however, we take our newly defined cut-off to evaluate sero-
reconversions in the past year. Our IgA-Ptx cut-off of 10.5 IU/ml lies in the range 
10-20 IU/ml, recommended by Guiso et al 37. Other studies also have pointed out 
the additional value of IgA-Ptx measurements in serodiagnostics 28,31,38,39; the 
notion being that exposure to B. pertussis antigens through infection will lead to 
both IgA-and IgG-Ptx production 30 while exposure by (aP) vaccination alone will 
generate IgG but less IgA to Ptx 40. However, this is the first cross sectional study of 
ex-pertussis cases that uses the faster decay of IgA-Ptx levels compared to IgG-Ptx 
levels, in combination with cut-offs optimized by two-component cluster analyses to 
determine a more credible estimate of the prevalence of reinfections in ex-pertussis 
cases than is possible when using a predetermined cut-off based solely on IgG-Ptx. 

The modelling procedures and comparison of IgG-Ptx density distributions from 
time-shifted retrospective cases with population data gave us valuable information 
on the decay rates of IgG-Ptx in symptomatic ex-pertussis cases. Noteworthy was the 
gradual shift of retrospective cases towards the base-line distribution of population 
data in 5 years’ time. Most studies on the decay of IgG-Ptx, both after infection and 
vaccination agree on an initial peak in antibody levels that is reached within a few 
weeks. The subsequent decline has been described to be  more or less exponential, 
involving a relatively fast decline 6-12 months after exposure 11,41,42. Alternatively, the 
decline could be biphasic: a rapid decay after the initial peak and a slow phase some 
months later, resulting in measurable antibody-levels lasting several years 31,34,43. 
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We observed a slow decay of IgG-Ptx in symptomatically infected cases, matching 
a biphasic shape. Although IgG-Ptx peak levels show large individual variation, we 
did find on average higher maximum IgG-Ptx levels in the SKI cohort compared to 
the PIENTER-2 cohort (containing symptomatic but mostly asymptomatic cases) 
when considering all samples with IgG-Ptx levels >62.5 IU/ml (data not shown). 
This could mean that symptomatically compared to asymptomatically infected cases 
reach higher IgG-Ptx levels in the acute phase and therefore take longer to decay to 
base levels. 

An additional cause for the relatively high IgG-Ptx levels in our retrospective cases 
could be previous vaccination. The SKI cohort has an oversampling of children, 
most of whom had their child-hood vaccinations. Recent vaccination can confound 
serological and oral fluid assays targeting anti-Ptx IgG antibodies as a marker of 
recent infection 34,44. While others recommend one year 37, we chose for retrospective 
cases a limit of at least 2 years between either date of diagnosis or last pertussis 
vaccination and date of blood sampling, in order to avoid vaccination effects or 
remaining decay from the initial infection. The decay patterns in the SKI IgG-
Ptx dataset show that this limit was most likely (still) too short.  For diagnostic 
purposes, in the circumstances of a natural infection preceding an aP vaccination we 
recommend the confounding period to be at least 3 years after vaccination. 

The use of our two-dimensional (2D) serodiagnostic profile  still has its limitations. 
QIII is a challenging quadrant, cases herein either reflect re-seroconversions of 
IgG-Ptx levels in the preceding year, with a declined IgA-Ptx component, or a slow 
decay of the IgG-Ptx component originated from an earlier pertussis exposure. Cases 
falling into this quadrant need to be evaluated separately to determine which of 
these is the most likely scenario. Also, the use of IgA-Ptx in serodiagnostics may have 
its restraints. Others have seen either little or no response of IgA-Ptx in children 
< 12 years old 31,45 or a stepwise increase of IgA-Ptx with age in pertussis cases 39. 
Although there are IgA-Ptx responders in all of the SKI age groups, our SKI data 
did confirm this latter trend. This was illustrated by QI in our 2D serodiagnostic 
profile only containing elderly (>52 years old) retrospective cases. While children 
may fail to raise detectable IgA-Ptx, elderly may have a higher maintenance of the 
IgA-Ptx response. Considering this age-effect, the 4.4% reinfections found in QI, and 
hence the total percentage of reinfections of 8.0 % in retrospective cases, could be 
an overestimation. On the other hand, an eventual incapacity in IgA generation in 
younger retrospective cases could lead to an underestimation of reinfections in this 
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2D analysis. This issue needs further investigation. Finally, the 2D profiling method 
for IgG-Ptx and IgA-Ptx evaluation in ex-cases needs to be further refined by careful 
calculation of confidence intervals and maximized specificity and sensitivity values 
for cut-off levels. Until then any reinfection estimate based on cut-offs should be 
taken with caution, even when combining two parameters.

In conclusion, our study first revealed the shortcomings of regular serodiagnostic 
IgG-Ptx based methods for the calculation of proportions of reinfections in former 
symptomatic pertussis cases. Applying a 2D profile of model based IgG-Ptx and 
IgA-Ptx cut-offs can help solve this problem to a certain degree. We suggest more 
research on the use of IgA-Ptx in serodiagnostics and to apply this in population 
studies. Ex-patients seem to be at lower risk for seroconversion than the general 
population, substantiating the hypothesis that a clinical symptomatic pertussis 
infection provides a relatively long period of protection to renewed infection.
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Abstract 

For a better understanding of the maintenance of immune mechanisms to Bordetella 
pertussis (Bp) in relation to age, we investigated the dynamic range of specific B cell 
responses in various age-groups at different time points after a laboratory confirmed 
pertussis infection. Blood samples were obtained in a Dutch cross sectional 
observational study from symptomatic pertussis cases. Lymphocyte subpopulations 
were phenotyped by flowcytometry before and after culture. Memory B (Bmem) cells 
were differentiated into IgG antibody secreting cells (ASC) by polyclonal stimulation 
and detected by an ELISPOT assay specific for pertussis antigens pertussis toxin 
(Ptx), filamentous haemagglutinin (FHA) and pertactin (Prn). Bp antigen specific IgG 
concentrations in plasma were determined using multiplex technology. The majority 
of subjects having experienced a clinical pertussis episode demonstrated high levels 
of both Bp specific IgG and     cell levels within the first 6 weeks after diagnosis. 
Significantly lower levels were observed thereafter. Waning of cellular and humoral 
immunity to maintenance levels occurred within 9 months after antigen encounter. 
Age was found to determine the maximum but not base-line frequencies of Bmem cell 
populations;  higher levels of Bmem cells specific for Ptx and FHA were reached in 
adults and (pre-) elderly compared to under-fours and schoolchildren in the first 
6 weeks after Bp exposure, whereas not in later phases.  This age effect was less 
obvious for specific IgG levels. Nonetheless, subjects’ levels of specific Bmem cells and 
specific IgG were weakly correlated. This is the first study to show that both age and 
closeness to last Bp encounter impacts the size of Bp specific Bmem cell and plasma 
IgG levels. 
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Introduction

Bordetella pertussis (Bp) causes the respiratory infectious disease ‘whooping cough’ 
(pertussis) which is especially hazardous for neonates. Wide spread introduction 
of vaccination programmes in the 1950’s resulted in a considerable decline in the 
incidence and severity of pertussis through protection of vaccinees and subsequent 
herd-immunity 1-3. Nevertheless pertussis has remained endemic and in the last 
decade a mounting number of pertussis notifications and hospitalized cases among 
adolescents, adults and elderly has been observed in well-vaccinated populations 4-6. 
These higher incidence rates are likely caused by a combination of factors. Firstly, 
primary protective immunity after either vaccination or natural infection is gradually 
lost within 5 to 10 years 7-11. Secondly, multiple studies examining the genomic 
content of circulating B. pertussis isolates have described pathogen adaptation to 
the vaccinated host 12-20. Lastly, the reduction of Bp circulation as a result of extensive 
vaccination coverage has led to less natural boostering of acquired immune 
mechanisms in vaccinees, leading to an increasing group of pertussis-susceptible 
adults. These have now become a source of transmission to vulnerable groups such 
as elderly and infants too young to be (fully) vaccinated. 

Both humoral and cellular immune mechanisms are associated with protection from 
pertussis disease 21. Pertussis infections as well as vaccination initially induce high 
levels of antibodies against pertussis specific antigens. The detection of specific 
serum antibodies is the most widely applied method to investigate host immunity 
as well as the seroprevalence of pertussis 22-25. Despite evidence for the contribution 
of antibody levels to all major vaccine antigens in resistance against pertussis 26-29, 
no serologic correlates of protection exist. In addition to antibody levels, memory 
B (Bmem) cells and CD4+ T cells have been identified to be important for protection 
against pertussis 30-32. In the absence of detectable serum antibodies, protection is 
often still maintained 33,34 implying a role for other key players of the immune 
system such as circulating Bmem cells that can rapidly proliferate and differentiate 
into antibody producing cells (ASC) upon encounter with antigen 35-37. 

Thus far, understanding on the prevalence of human pertussis specific Bmem cells has 
been mostly limited to vaccinated children. Hendrikx et al. found pertussis specific 
Bmem cells in three to nine year olds despite waning IgG-Ptx antibody levels-38. 
Pertussis booster vaccination was associated with a temporary rise of circulating 
Bmem  cells 39-41. However, little is known about Bmem cell responses across age groups. 
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The capability of the B cell compartment to respond to pertussis antigens may depend 
on age-related constrictions of the immune system, ranging from immatureness in 
new-borns to immunosenescence in elderly 42,43, but also on the circumstances of 
antigen encounter. 

The aim of the present study was to gain insight into the dynamic range of 
pertussis specific IgG and Bmem cell responses induced by symptomatic pertussis 
infection in various age groups. Both the effect of age and time elapsed since the 
pertussis infection on the quantitative outcome of the B cell response were studied. 
Patterns observed in the Bmem cell compartment were analysed in relation to 
humoral responses. 
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Subjects and methods

Ethics Statement
This study was conducted according to the principles expressed in the Declaration 
of Helsinki. The study was approved by the accredited Review Board STEG (Stichting 
Therapeutische Evaluatie Geneesmiddelen) and is currently managed by the 
METC UMC Utrecht (Medisch Ethische Toetsingscommissie Universitair Medisch 
Centrum Utrecht) (CCMO nr: NL16334.040.07). Practicability of the study in the 
collaborating hospitals was accorded by their Review Boards. All participants 
provided written informed consent for the collection of samples, the usage of a 
completed questionnaire regarding clinical symptoms and vaccination history, 
and the subsequent immunological analysis. Informed written consent for minor 
participants was provided by both parents of participants. 

Study population
For this study blood samples were obtained from one hundred seventy four 
participants as part of a cross-sectional observational study investigating pertussis 
specific immunity in the general Dutch population. The participants investigated 
herein were male (n= 67) and female (n=107) pertussis patients, aged between 10 
months – 83 years (median 15 years), recruited between January 2008 and December 
2012 at a known time interval after their laboratory confirmed symptomatic 
pertussis infection. Introduction of an acellular pertussis (aP) pre-school booster 
in the Netherlands was in 2001, the replacement of the whole cell pertussis vaccine 
(wP) series at 2, 3, 4 and 11 months of age with aP vaccination took place in 2005. 
For analysis, subjects were classified into five age groups, depending on both age 
and history of childhood pertussis vaccination: under-fours (u4s), schoolchildren 
(sch), adolescents (ado), adults (adu), and (pre-) elderly (eld) (for details see Table 
1). Subjects were also stratified based on the time period elapsed between last 
known date of exposure to pertussis antigen and date of blood sampling (time after 
exposure): [≤ 1.5 months], [1.6-8.9 months] and [≥ 9.0 months]. In 142 cases last 
known date of exposure was their date of diagnosis. For 32 out of 174 cases (in 
the under-fours, children and adolescent groups), last known date of exposure to 
pertussis antigen was their date of last vaccination, since they had their pertussis 
episode before the age of 4 and had received one or more pertussis vaccinations 
thereafter. In the same groups, 5 participants had received no pertussis vaccination 
at all for religious or ulterior motives. All (pre) elderly were born before pertussis 
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vaccination was implemented in the national immunization programme. Serological 
exclusion criteria were used for eligibility in the [≥ 9.0 months] time after exposure 
groups. Excluded from these groups were cases with Ptx specific IgG levels > 62.5 
IU/ml and time after exposure >24 months, indicative for an additional, more 
recent non-diagnosed exposure 25. Nine subjects recruited ≤ 1.5 months after their 
diagnosis donated a second blood sample 3.0-4.7 (median 3.8) years after diagnosis 
(for details see table 2), generating a total number of 183 blood samples. For cross-
sectional evaluation of time after exposure effects, acute samples from these nine 
subjects were excluded from biostatistical analyses. 

Pertussis antigens
P.69 pertactin (Prn) was recombinantly expressed and purified from E. coli as 
described previously 44. Pertussis Toxin (Ptx) and Filamentous Hemagglutinin (FHA) 
were both obtained from Kaketsuken, Japan. 

Isolation of peripheral blood mononuclear cells and plasma
Venous blood samples were taken by a trained nurse during home-visits and collected 
in vacutainer cell preparation tubes (CPT) containing sodium citrate (Becton 
Dickinson Biosciences, USA (BD)). Peripheral blood mononuclear cells (PBMC) 
and plasma were isolated from sample tubes by density gradient centrifugation 
according to manufacturer’s instruction and wash steps using RPMI-1640 (Gibco, 
USA) with 10% fetal bovine serum (FBS; Hyclone, USA). Isolated PBMC were frozen 
in 90% FBS (Hyclone) and 10% dimethyl sulfoxide (DMSO, Sigma) at -80°C overnight 
and stored at -135°C until testing. Plasma was stored at -80°.

Facs analysis of B cells
PBMC before and after 5 days of B cell differentiation were analysed by multicolour 
flow cytometry. Cells were incubated for 20-30 minutes with a mixture of PE labelled 
anti-human CD138, PerCP-Cy5.5 labelled anti-human CD19 and APC labelled 
anti-human CD27 (eBiosciences) and were subsequently analysed using the FACS 
Canto and FlowJo software. Results are depicted in bar charts as percentages of 
lymphocytes or of CD19+ B cells as indicated. The bars represent geometric means 
(GM) with 95% confidence interval (C.I.).
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B cell stimulation and B-cell ELIspot assay
The B cell stimulation assay and the pertussis specific B-cell ELIspot assay for 
human PBMC was developed based on methods described elsewhere 45 with minor 
modifications.

B cell stimulation 
PBMC were quickly thawed at 37°C, washed in RPMI 1640 containing 10% FBS, 
centrifuged and subsequently cultured for 5 days at 37 °C and 5% CO2 in AIM-V with 
albumax (Gibco, Invitrogen) supplemented with 10% FBS (Hyclone) and 50 µM 
β-mercaptoethanol (AIM-V+) at a concentration of 2 x106 cells/ml. To differentiate 
memory B cells into Antibody Secreting Cells (ASC) the medium was further 
supplemented with an optimized cocktail of polyclonal and specific stimuli, final 
concentrations of which were: 3 μg/ml CpG: ODN2006 (PTO modified 5’-TCG TCG 
TTT TGT CGT TTT GTC GTT- 3’)  Isogen Life Sciences, Maarssen, The Netherlands), 
10 ng/ml IL-10 (Calbiochem), 10 ng/ml IL-2 (Miltenyi Biotec, Auburn, USA) and 10 
ng/ml of the pertussis antigens Ptx, FHA and Prn. 

B-cell ELIspot assay
96-well high-protein-binding multiscreen HTS plates (Millipore, UK) were coated 
overnight at 4 °C (50 µl/well) with 50 ml PBS containing either 30µl/ml PTX, 20 μg/
ml FHA or 30 μg/ml Prn for enumerating antigen specific ASC and 10 μg/ml goat-
anti human-IgG (MP Biomedicals, Ohio, USA) to measure total IgG secreting cells 
as a positive control. Plates were blocked (200 µl/well AIM-V+ for 2 hours, 37 °C) 
and 2-fold serially diluted cultured PBMC suspensions were incubated at a starting 
concentration of 2*105 cells/well in AIM-V+ in duplicate wells overnight (100 µl/
well, 37 °C, 5% CO2).  Subsequently, plates were washed with 0.05% Tween-20 in 
PBS (PBS-TW) and incubated with 1: 5000 alkaline phosphatase-conjugated goat-
anti-human IgG (Sigma, UK) in 0.01% Tween20, 1% goat serum (ICN Biomedicals, 
USA) in PBS for 2-4 hours at 37 °C. After incubation, plates were washed with PBS-TW 
followed by washing with PBS before development with a ready-to-use 5-bromo-4-
chloro-3-indolylphosphate/nitrobluetetrazolium (BCIP/NBT, KPL, USA) solution for 
5-30 minutes at RT. Then plates were washed with water and allowed to dry. Spots, 
representing ASC, were counted using an Immunoscantm (CTL, Germany). Spots from 
at least two countable cell dilutions were used and expressed as geometric mean 
ASC per 105 plated cells. Negative control wells (wells not coated but incubated with 
cells in AIM-V+) were used to calculate background. These background spot numbers 
were subtracted from the antigen specific ASC. Resultsϻ are depicted using box-and-
whisker plots, with the whiskers representing the 5-95% confidence interval.
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Serology
To measure levels of specific human IgG antibodies against pertussis antigens 
Ptx, FHA, and Prn, we employed a human multiplex immunoassay (MIA) based 
on luminex technology developed by van Gageldonk et al. 46. Briefly, for each 
antigen, fluorescently labeled microspheres from a distinct bead region (Bio-Rad 
Laboratories, Hercules, USA) were activated  at 12.5*106 beads/ml with 5mg/ml EDC 
and 5mg/ml NHS (Pierce,USA) in PBS (Invitrogen, USA) and subsequently washed 
and resuspended in PBS containing 5 µg antigen/6.25*106 activated beads/250 µl. 
Antigens were allowed to bind (2 hours, RT, 25 rpm) and beads were subsequently 
washed and stored in PBS-0.05% sodium azide-1% BSA (Sigma-Aldrich, USA) at 
4 °C in the dark until use. We made use of the international standardized pertussis 
reference serum WHO NIBSC 06/140. Eight steps of 3-fold dilutions of the reference 
serum (1/30 to 1/65610) in PBS-3% BSA-0.1% Tween-20 (Merck, Germany) (PBS-
T20-BSA). Sera samples were prepared in two dilutions; 1/300 and 1/3600 in 
PBS-T20-BSA. Each dilution of serum (25 μl) was mixed with an equal volume of 
conjugated microspheres (4000 beads/region/well) in a 96-well multiscreen HTS 
filter plate (Low-protein binding, Millipore, USA) and incubated 45 minutes at RT. 
Then, beads were washed (PBS), and bound antibodies were detected by Goat anti-
human IgG, R-PE (Jackson ImmunoResearch, USA) in PBS. Analysis was performed 
with a Bio-Plex 100 in combination with Bio-Plex Manager software version 5 (Bio-
Rad Laboratories, USA). For each analyte, fluorescent intensity (FI) was converted 
to IU/ml by interpolation from a 5-parameter logistic standard curve (log-log) for 
every bead region/standard. Data were expressed in IU/ml in box-and-whisker 
plots on a log10 scale, with whiskers representing 5-95% C.I.

Statistical analysis
For data analysis and visualization of data R software (http://www.Rproject.org/) 
and GraphPad Prism (GraphPad Software version 6.02) were used.  Statistical 
significance of differences between age-groups in lymphocyte population 
percentages were analysed with the nonparametric Kruskal-Wallis Test and Dunn’s 
Multiple comparison test (Fig. 1A to 1E).  To determine significant differences in 
levels of specific Bmem or IgG, groups were compared using nonparametric Kruskal-
Wallis Test and post-hoc Tukey's honest significance test (HSD) (Figures 2-5). P 
values <0.05 were considered statistically significant. Correlations between specific 
levels of Bmem and IgG concentrations were determined with Spearman's rank 
correlation coefficient (Figure 6). Spearman r values with significant p values were 
interpreted as follows: ⍴< 0.2: none, ⍴ = 0.2-0.4: weak, ⍴= 0.4-0.6 moderate, ⍴= 0.6-
0.8: strong and ⍴>0.8 very strong correlation. 
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Results

Age related differences in frequencies of peripheral B cell 
fractions
Various studies have indicated total CD19+ B cells within lymphocytes to decrease 
and CD19+CD27+ Bmem cells within CD19+ B cells to increase with age 47-50. To assess in 
this study any age-related trends in lymphocyte subpopulations, we phenotypically 
studied several B cell populations in PBMC from all participants, directly after 
thawing. The fraction of CD19+ B cells in lymphocytes was highest in the under-fours 
with a geometric mean (GM) percentage of 14%, and lowest in the pre-elderly with a 
GM of 7 % (Figure 1A).  In the under-fours one fifth of CD19+ B cells were Bmem cells, 
co-expressing CD27+; this fraction increased with age to one third in adults and the 
elderly (Figure 1B). The GM percentage CD19+CD27+ Bmem cells in lymphocytes was 
between 2.5% and 3.5 % in all age-groups, except for the (pre-) elderly who had a GM 
of 2% (Figure 1C). This shows that although the fraction of CD19+CD27+ Bmem cells in 
the total lymphocyte population remains relatively stable in life, a higher percentage 
of CD19+ B cells has a memory phenotype in older age categories. The frequency 
of peripheral plasma cells, defined as CD19+CD27+CD138+ cells, showed a decrease 
with age, from (GM) 0.04% in the under-fours to 0.03 % in the schoolchildren, 
adolescents and adults and to 0.01% of all lymphocytes in the (pre) elderly 
(Figure 1D). To confirm that enrichment of Bmem cells was achieved by our B cell 
stimulation assay we also analysed cells phenotypically after 5 days of culture. We 
found that the fraction of CD19+CD27+ Bmem cells was enriched 3-5 fold (Figure 
1E), shown for one typical donor (Figure 1F). No significant differences in Bmem cell 
enrichment were found between age groups. 

Magnitude of pertussis specific B cell responses after clinical 
infection
To investigate the overall dynamic range of the pertussis specific B cell response 
following clinical infection, both in the humoral and the cellular compartment, 
we measured Bp specific IgG concentrations as well as  Bmem cell frequencies by 
MIA and B cell ELIspot assay, respectively. To identify trends related to closeness 
to infection, results were analysed per time after exposure for each of the three 
pertussis antigens Ptx, FHA and Prn. Clearly, both arms of the B cell response were 
most expanded for all antigens in the acute phase [<1.5 months]. Highest GM levels 
of specific IgG and Bmem cells found are 229.0, 319.4 and 99.3 IU/ml (Figure 2), and 
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C D

F

E

Figure 1: Flow cytometry analysis of B cell populations before and after culture.
Shown are bar charts of B cell frequencies of our five age groups with geometric means and 95% CI.  
Graphs show relative frequencies of total B cells (A) as well as memory B cells (C) and plasma cells (D) 
as percentage of all lymphocytes and memory B cells as percentage of all CD19+ B cells (B) per age group. 
The factor of enrichment of memory B cells due to in vitro stimulation is likewise shown per age-group 
(E) and exemplified by one donor in two flow cytometry dot plots (F). Age groups are designated as 
follows; u4s (under-fours), sch (schoolchildren), ado (adolescents), adu (adults) and eld ((pre-) elderly). 
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Figure 2: Pertussis specific IgG levels decrease with time.
Box plots of specific IgG concentrations of Ptx (left), FHA (middle) and Prn (right) in symptomatic cases 
in acute (≤1.5 months), intermediate (1.6-8.9 months) and maintenance phase (≥9 months) after the last 
known immunizing event.  Box plots show first and third quartiles and medians and whiskers represent 
5-95% CI. Below the x-axis geometric mean values are given for each group. 
^= p<0.1; * = p<0.05; **= p< 0.01; ***= p<0.001, ****= p<0.0001
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18.5, 39.6 and 8.8 ASC/105 PBMC for Ptx, FHA and Prn (Figure 3), respectively. Levels 
became significantly lower in the phases thereafter.  The serology data showed a 
significantly faster decline of IgG levels specific for Ptx than those specific for FHA 
and Prn (Figure 2). In contrast, Ptx specific Bmem cell frequencies decreased more 
slowly than FHA and Prn specific Bmem cell frequencies (Figure 3). The decline of 
FHA and Prn-IgG responses seemed delayed when compared to their corresponding 
Bmem cell responses; Bmem cell frequencies reached a baseline level in the intermediate 
phase [1.5-8.9 months] (Figure 3), while IgG levels showed lowest levels in the 
maintenance phase [>9.0 months] (Figure 2). GM maintenance levels of specific IgG 
and Bmem cells were 16.7, 49.6 and 23.6 IU/ml, and 8.2, 5.5 and 3.6 ASC/105 PBMC 
for Ptx, FHA and Prn, respectively. Antigen specific trends were not only observed 
in swiftness of the contraction but also in maximum size range.  When comparing 
the Bmem cell responses to antigens quantitatively, FHA recruited the highest levels, 
Ptx had an intermediate position and Prn engaged lowest levels, both in specific IgG 
and in numbers of specific Bmem cells per 105 PBMC (Figure 3). Base levels of Bmem 
cells reached in the intermediate phase persisted for many years thereafter, into the 
maintenance phase (Figure 3). 



Figure 3: Pertussis specific levels of Bmem decrease with time.
Box plots of specific Bmem frequencies of Ptx (left), FHA (middle) and Prn (right) in symptomatic cases in 
acute (≤1.5 months), intermediate (1.6-8.9 months) and maintenance phase (≥9 months) after the last 
known immunizing event. Box plots show first and third quartiles and medians and whiskers represent 
5-95% CI. Below the x-axis geometric mean values are given for each group. 
^= p<0.1; * = p<0.05; **= p< 0.01; ***= p<0.001, ****= p<0.0001
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Age related differences in specific IgG levels
To be able to determine if age impacts the dynamic range of the pertussis specific 
humoral compartment, Ptx, FHA, and Prn specific IgG levels in various phases after 
clinical infection were compared for under-fours, schoolchildren, adolescents, 
adults and (pre) elderly. In general, all age-groups had higher GM IgG levels for all 
antigens in the acute phase than in the maintenance phase. These differences were 
all significant, except for the under-fours with regard to all antigens, and the (pre-) 
elderly regarding FHA and Prn (Figure 4). Detected age effects concerned primarily 
the under-fours in the acute phase. The children in this cohort had significantly 
lower Ptx and FHA specific IgG levels than the older participants (Figure 4). For Prn 
the same trend was visible but this was not significant. After the acute phase, age 
no longer influenced IgG levels, except for the (pre) elderly who had  significantly 
higher FHA specific IgG levels compared to the under 4’s and the adolescent group in 
the maintenance phase. Noteworthy, in the maintenance phase, adolescents tended 
to have lower IgG levels for Ptx and Prn than schoolchildren; however this was only 
significant for Prn. 
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B
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Figure 4: Comparing pertussis specific IgG levels between age-groups and per time after exposure.
Box plots representing age stratified levels of Ptx-, (A)  FHA- (B)  and Prn- (C) specific IgG concentrations 
in acute (≤1.5 months), intermediate (1.6-8.9 months) and maintenance phase (≥9 months) after last 
known immunizing event. Age groups are designated as follows; u4s (under-fours), sch (schoolchildren), 
ado (adolescents), adu (adults) and eld ((pre-) elderly). Below the x-axis geometric mean values are given 
for each group.  ^= p<0.1; * = p<0.05; **= p< 0.01; ***= p<0.001, # =significantly lower than same age 
group in acute phase, ⏊ =significantly lower than same age group in intermediate phase
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Age related differences in specific Bmem frequencies
Then we studied whether age plays a role in the size range of the pertussis specific 
cellular compartment by comparing frequencies of Ptx, FHA, and Prn specific Bmem 
cells in the five age groups. Again, for each age-group responses in the three time 
after exposure phases were compared. Comparable to the specific IgG response, 
in all age-groups highest GM levels of pertussis specific Bmem cells were generally 
exhibited in the acute phase, though significance of differences with maintenance 
levels was not reached for Ptx in any age group, nor for FHA and Prn for under-fours 
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Figure 5: Age-related differences in pertussis specific Bmem cell levels in acute phase
Box plots representing age stratified levels of Ptx-, (A)  FHA- (B)  and Prn- (C)  specific Bmem frequencies in 
acute (≤1.5 months), intermediate (1.6-8.9 months) and maintenance phase (≥9 months) after last known 
immunizing event. Age groups are designated as follows; u4s (under-fours), sch (schoolchildren), ado 
(adolescents), adu (adults) and eld ((pre-) elderly). Below the x-axis geometric mean values are given for 
each group. ^= p<0.1; * = p<0.05; **= p< 0.01; ***= p<0.001, # =significantly lower than same age group 
in acute phase
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and schoolchildren (Figure 5). The Bmem cell response showed an age dependent 
effect that was also consistent with the IgG response; age affected maximum levels 
predominantly in the acute phase. More generically than the specific IgG response, 
detected levels of circulating specific Bmem cells increased not only when comparing 
under-fours with all other age-groups, but along the whole life-span until adulthood 
(Figure 5). Specific Bmem cell levels remained detectable for all antigens for many 
years after exposure and this was age-independent.
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Figure 6: Spearman correlations between pertussis specific Bmem and corresponding IgG levels.
Dots represent paired antigen specific Bmem cell frequencies and plasma IgG levels for Ptx (A), FHA (B) and 
Prn (C) for each participant.
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Correlations between antigen specific memory Bmem cells and 
circulating IgG antibodies
Levels of circulating specific IgG antibodies were analysed for their correlation 
with frequencies of corresponding Bmem cells. Assessing all data from all subjects 
collectively, the highest correlation was found for FHA, followed by Ptx and lastly 
Prn, as is shown in Figure 6. When stratified according to time after exposure we 
observed that the humoral and cellular compartments seemed interconnected to 
some degree, albeit not equally for all antigens in all phases (data not shown). A 
moderate correlation between IgG levels and Bmem cell frequencies was found for FHA 
in the acute phase (Spearman ⍴=0.58, p<0.001) as well as in the maintenance phase 
(Spearman ⍴= 0.47, p<0.01), but not in the intermediate phase. For Prn, a moderate 
correlation was found only in the acute phase (Spearman ⍴= 0.47, p<0.001). Ptx on 
the other hand showed no correlation between humoral and cellular B cell responses 
in the acute phase (Spearman ⍴= 0.19, p<0.09), but a weak correlation in the in the 
maintenance phase (Spearman ⍴= 0.37, p<0.002).

Table 2: Description of subjects sampled for longitudinal data

Subject Sex (male/female) Age at diagnosis (years) Age-group

HU16401 male 18.2 adolescents

GH16201 female 26.9 adults

HU15501 female 49.6 adults

SP16301 male 52.8 adults

HU20701 male 58.2 (pre) elderly

HU21101 female 61.9 (pre) elderly

HU20601 female 63.5 (pre) elderly

HU20101 male 64.3 (pre) elderly

HU21001 female 67.0 (pre) elderly
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Figure 7: Longitudinal analysis of levels of specific IgG and Bmem cells in nine pertussis patients. 
Antigen specific IgG levels at two time points per patient for Ptx (A), FHA (B) and Prn (C) and corresponding 
Bmem frequencies for Ptx (D), FHA (E) and Prn (F) are depicted.
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Longitudinal data of specific Bmem and IgG levels 
To verify whether the trends related to closeness to infection found per time after 
exposure phase in the cross-sectional analysis can also be observed on an individual 
basis, we determined levels of Bp specific IgG and Bmem cells in two longitudinal 
samples from nine individuals (Figure 7). The first sample was taken in the acute 
phase, on average 0.8 months [range: 0.4-1.0] after laboratory confirmed diagnosis 
of a symptomatic pertussis episode, and the second in the maintenance phase, on 
average 46 months [range: 36-56] after diagnosis (see table 2 for details). In general, 
the longitudinal data confirmed our cross-sectional data; both specific IgG levels and 
specific Bmem levels were higher at the first time-point than the second, for all three 
measured pertussis antigens. As an exception, one individual presented comparable 
IgG concentrations against Ptx and FHA at the second time point as in the acute 
phase, while the corresponding Bmem cell frequencies of this subject steeply declined. 
In contrast, another subject showed an increase in the Ptx specific Bmem cell response 
between the first and the second sampling point, while the corresponding level of 
IgG declined. In line with the cross-sectional data, highest specific IgG and Bmem cell 
levels in the nine individuals were found for FHA, followed by Ptx and lastly by Prn. 
Overall, we observed a considerable individual variation in the acute phase, and a 
more moderate individual variation in the maintenance phase.
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Discussion

In the present study dynamics of pertussis specific B cell responses were 
investigated for the first time in various age-groups comprising symptomatic (ex) 
pertussis patients. Both the impact of time since last exposure to antigen and age 
on quantitative serological and cellular parameters of B cell immunity were studied. 
The analysis of Bp specific responses yielded three main outcomes. Firstly, the size 
of the specific Bmem cell population is considerably inflated after a pertussis infection 
and declines thereafter. This is comparable to the decay of pertussis specific IgG 
levels, yet with antigen specific differences. The levels of Ptx specific IgG decline 
fast compared to those of FHA and Prn, while levels of Ptx specific Bmem cells decline 
more slowly when compared to FHA and Prn specific counterparts. Post-infection 
waning of Ptx-IgG levels has been described before 51-53. We found both cellular and 
humoral immune parameters wane to low but detectable maintenance levels, within 
9 months after antigen encounter. The longitudinal serological and Bmem cell data 
obtained from nine subjects confirmed our cross-sectional analysis. 

Studies researching pathogen specific Bmem cell levels in large cohorts after natural 
exposure are limited. Pinna et al. showed a progressive decrease of varicella zoster 
virus specific Bmem cells over a period of 17 years in one individual 54. Alam et al. 
compared cholera specific Bmem cell responses in naturally infected patients to 
responses in healthy vaccinated adults and found highest levels of cholera toxin 
B subunit specific Bmem cells at day 30 for both naturally infected subjects and 
vaccinees.  However, a decrease to baseline level occurred fastest in vaccinees 55.  
Studies investigating Bmem cell responses to human malaria parasites determined 
that Plasmodium falciparum can induce long lasting Bmem that are maintained 
for several years without re-exposure 56,57. For pertussis the size of the Bmem cell 
population has mostly been investigated in vaccination studies in children by 
Buisman and co-workers 38,40,58. Nine year olds, 5 years after the Dutch preschool 
(aP) booster, still showed GM levels of 3.2, 14.2 and 4.0 specific ASC when using 
purified B cells 40 and 1.6, 6.2 and 2.5 specific ASC per 105 PBMC for Ptx, FHA and Prn 
respectively, when PBMC were used as in our B ELIspot assay (Annemarie Buisman 
personal communication). These levels are comparable to the FHA specific levels of 
8.0 ASC per 105 PBMC and somewhat lower than the Ptx and Prn specific ASC of 5.7 
and 5.1 ASC per 105 PBMC respectively in our age group of infected schoolchildren 
in the maintenance phase. Whether natural infection truly induces higher levels of 
pertussis specific Bmem compared to vaccination needs further investigation. 
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Secondly, weak to moderate correlations were found between pertussis specific Bmem 
cell levels and corresponding serological values in an antigen-dependent manner. 
The strongest correlation was found for FHA, followed by Ptx and Prn. When analysed 
per time after exposure phase we found a moderate correlation in the acute phase 
for FHA and Prn, but not for Ptx. In the maintenance phase a correlation was found 
for FHA and Ptx but not for Prn. For none of the antigens a correlation was found in 
the intermediate phase. There is as yet no consensus in literature on whether levels 
of specific antibodies should correlate with corresponding levels of Bmem cells. In 
various antigen models correlations were described directly after immunisation 56, 
in others only in steady state conditions 59,60. Pre-existing Bmem cells will respond to 
renewed pathogen encounter in various ways. One part of Bmem cells will directly 
differentiate into short-lived plasma blasts, responsible for a fast anamnestic IgG 
response. Another part will (re) enter into a germinal centre reaction, leaving either 
as new Bmem cell progeny or as new long-lived plasma cells providing the long term 
IgG response 35,61-65. It is unknown what drives the relative ratio of these alternative 
fates. However, our finding of (weakly) correlating sizes of Bp specific humoral and 
Bmem cell compartments in the acute or maintenance phase after a natural infection 
confirms the notion that both types of recall responses have a common denominator, 
most likely the size of the pre-existing Bmem cell population.

Thirdly and most noteworthy, we found that age impacted the dynamic range of 
pertussis specific B cell responses. Our flow cytometry data confirmed age-related 
shifts in overall B cell populations. With increasing age, CD19+ B cells frequencies 
in lymphocytes declined, and the proportion of CD19+CD27+ Bmem cells within the 
CD19+ B cell population increased, as described by several other studies 47-50. Our 
study is unique regarding the large number and wide age range of symptomatic 
pertussis (ex) patients. We could thus uncover that age determines the maximum, 
but not the base-line size of Bmem populations. Higher levels of Bmem cell specific for 
Ptx, FHA and Prn, and to some extend this was also true for IgG, were reached when 
comparing older with younger age-groups in the acute phase, whereas not in the 
intermediate or maintenance phase. Hence at younger age in the acute phase, a lower 
frequency of specific Bmem cells was established, and in under-fours a lower peak 
level of specific IgG was seen. Our data suggest that the quantitative Bp specific B 
cell response is confined differently at the extremes of life. For post-infection Ptx-
serology, a tendency towards a higher peak and faster decline with increasing age 
was earlier noted by Versteegh et al. 51. 
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Various explanations can be considered to account for age effects in our data. The 
limited peak levels of Bp IgG and Bmem cell populations in the under-fours could 
reflect immatureness of their specific B cell compartment. These young children 
could also be poor responders to pertussis antigens, and therefore have become ill 
despite vaccination, as described by Taranger et al. 66.  The vaccine type of the primary 
series the under-fours received was an acellular pertussis vaccine (aP) whereas the 
other vaccinated groups had largely received whole-cell pertussis vaccine (wP). 
Hendrikx et al found that aP priming results in higher post-vaccination levels of 
pertussis specific IgG and Bmem cells than wP priming 39,67. Since our results show 
lowest Bmem levels in the aP primed under-fours, other factors than primary series 
must play a role in the age-effect. A more relevant factor seems to be the number 
of encounters with antigen, serially increasing with age. In steady state phase, 
Hendrikx et al. found higher levels of Bp specific IgG and numbers of Bmem cells in 
six and nine year olds, 2 and 5 years after their last vaccination, than in three and 
four year olds, 2 and 3 years after their last vaccination, respectively 38. Apart from 
age, the difference between the former and latter groups of children was a booster 
vaccination at 4 years. Also, later in life, the higher peak levels of circulating specific 
Bmem cells found in adults and (pre) elderly could be caused by more encounters with 
circulating Bp, each exposure producing a higher level of Bmem cells than the previous 
one. However, these higher Bmem cell levels did not co-occur with the capacity to 
raise higher peak levels of IgG. A larger Bmem cell compartment at higher age does 
not necessarily indicate more effective B cell immunity. Blomberg and coworkers 
showed that elderly have a reduced ability to generate high affinity antibodies and 
IgG1 and IgG3 responses against influenza A hemagglutinin 68,69. Failure to produce 
high affinity antibodies could also account for a prolonged expansion of the Bmem cell 
compartment, due to the absence of negative feedback of immune complexes on B 
cell proliferation 70. A study interrogating such qualitative aspects of B cell responses 
in our age cohorts is currently on going. FHA is a component of Bp shared with other 
Bordetellae and other pathogens (e.g. H. influenzae, M. pneumoniae 71,72). Therefore 
for FHA, higher GM levels of specific Bmem cells found in the maintenance phase in 
(pre) elderly compared to younger age-groups could be the result of cross-reactivity. 
Also, its relatively large molecular size and number of potential B cell epitopes could 
further add to the recruitment of higher numbers of specific Bmem cells compared to 
the other pertussis antigens. This makes FHA a strong sensor to detect cohort effects 
in B cell responses.
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While we largely attribute the established differences between the age-cohorts to 
biological age or encounters with live pathogens, we also observed an effect of the 
pre-school aP booster vaccination only received by the cohort of schoolchildren. 
This group had generally higher GM IgG levels than the older group of adolescents. 
For the three studied pertussis antigens this difference reached only significance for 
Prn, pointing out that Prn is perhaps the most immunogenic vaccine antigen. The 
downside of this could be the emergence of Prn-deficient B. pertussis strains that is 
currently on-going in countries which have a Prn containing aP vaccine 16,17,73.  

Knowing that B. pertussis is still circulating and that protective immunity to 
pertussis after vaccination wanes relatively fast, it is clear that symptomatic and 
asymptomatic infections will keep occurring throughout life. To obtain a longer 
duration of immunity to pertussis new vaccines will have to be developed. Studies 
increasing our knowledge on age related quantitative and qualitative trends in 
specific B cell memory responses are hereby imperative.
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Abstract

Pertussis is still occurring in highly vaccinated populations, affecting individuals 
of all ages. Long-lived Th1 CD4+ T cells are essential for protective immunity 
against pertussis. For better understanding of the limited immunological memory 
to Bordetella pertussis, we used a panel of Pertactin and Pertussis toxin specific 
peptides to interrogate CD4+ T cell responses at the epitope level in a unique 
cohort of symptomatic pertussis patients of different ages, at various time intervals 
after infection. Our study showed that pertussis epitope-specific T cell responses 
contained Th1 and Th2 components irrespective of the epitope studied, time 
after infection, or age. In contrast, the breadth of the pertussis-directed CD4+ T 
cell response seemed dependent on age and closeness to infection. Multi-epitope 
specificity long-term after infection was lost in older age groups. Detailed knowledge 
on pertussis specific immune mechanisms and their insufficiencies is important for 
understanding resurgence of pertussis in highly vaccinated populations.
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Introduction

Whooping cough or pertussis is an acute infection of the upper respiratory tract 
that is most severe in young children 1. The disease is caused by the Bordetella (B.) 
pertussis bacterium and infants worldwide are vaccinated against pertussis since 
the 1950’s. Despite high vaccination coverage, resurgence of pertussis was observed 
in many countries since the 1990’s, affecting not only non- or partially vaccinated 
neonates but also adolescent, adult and elderly vaccinees 2-7. Estimates of the duration 
of immunity against B. pertussis range from 4-12 years after vaccination and 4-20 
years after infection, indicating insufficient long-term effectiveness of pertussis-
specific adaptive responses 8. The emergence of new variants of B. pertussis may 
enhance waning effectiveness of pertussis immunity, due to increasing mismatch 
between vaccine- and circulating strains, in which polymorphisms in coding or 
promotor regions of important virulence factors and even functional deletion of 
vaccine antigens are found to occur 9-11. Therefore, a relative narrow response to 
only a few pertussis antigens present in acellular pertussis vaccines (aP), could also 
play a role in the current sub-optimal long-term immunity against pertussis and 
increased incidence of whooping cough 8,12. 

In addition to antibodies, pertussis-specific Th1 and Th17 type CD4+ T cells are 
essential for protective immunity against B. pertussis challenge in mice 13-21. Previous 
human studies indicate induction of Th1 and Th2 type pertussis-specific T cell 
responses after aP vaccination, while Th1 or Th17 type responses are seen after 
infection with B. pertussis 22-25. Besides the cytokine differentiation of the CD4+ T 
cell response, also the magnitude and finespecificity determines it’s effectiveness. A 
broad response in which pathogen-specific CD4+ T cells are responding to multiple 
epitopes and multiple antigens, is usually regarded important for protective 
immunity-26. Furthermore, optimal T cell memory potential is considered to 
involve good self-renewal capacity under steady state conditions and potent 
lymphoproliferative capacity in a recall response 27,28. 

Knowledge on the breadth and quality of pertussis-specific CD4+ T cell responses 
at the epitope level is important yet lacking. This is not in the least because healthy 
blood donors contain these cells at near or below detection limit. Most studies 
investigating pertussis-specific CD4+ T cell responses use PBMC from vaccinees 
and whole P.69 Pertactin (P.69 Prn) or Pertussis toxin (Ptx) vaccine antigens, 
which strictly speaking are not indicative for the breadth and quality of CD4+ T cell 
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response to single epitopes  22-25,29-31. In this study we interrogate quantitative and 
qualitative aspects of pertussis epitope specific CD4+ T cell responses in B. pertussis 
exposed individuals, to identify eventual biomarkers of waning immunity. Recently, 
we identified a panel of P.69 Prn and Ptx Subunit S1 (PtxS1) CD4+ T cell epitopes. 
In a unique clinical cohort of symptomatic pertussis patients, sampled at various 
time intervals after their laboratory confirmed diagnosis, and household contacts, 
we assessed the lymphoproliferative capacity, cytokine profile and epitope breadth 
of Prn- and Ptx-specific CD4+ T cell responses and these features were analyzed in 
relation to age and time since infection.
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Results

Specific T cell proliferation to Prn- and Ptx-peptides
Synthetic peptides representing four Prn and three Ptx CD4+ T cell-epitopes were 
selected in our peptide panel based on identification studies by our group and 
others (Table 1). The selected sequences are proven CD4+ T cell epitopes, since 
these were identified either by conventional T cell cloning procedures in our group 
or by others 32,33 and MHC class II blocking of those CD4+ T cell clones (Figure S1), 
or by unconventional peptide elution methods using affinity purified MHC class II 
molecules, operational in our group (Table 1). To analyze the immunogenicity of 
our peptide panel irrespective of clinical parameters, lymphoproliferative responses 
to these peptides were assed in PBMC from all participants in our clinical study 
(n = 91) including (ex-)patients and household contacts, since all these donors may 
be primed for these epitopes (due to infection or sub-clinical infection or vaccination) 
(Figure 1).  The responder frequencies to whole Prn or Ptx protein stimulation were 
75.8% and 85.7% (Figure 2A), respectively, indicating that in these participants Prn- 
and Ptx-epitope specific responses will be present. Based on binding motif analysis, 
all Ptx specific epitopes PtxS1141-158, PtxS1189-206, and PtxS1219-235, and P.69 Prn583-606 
had relatively high prediction scores for binding to multiple HLA–DR alleles, as 
compared to P.69 Prn7-30, P.69 Prn169-192 and P.69 Prn559-582 (Figure S2).  

Table 1. Prn- and Ptx-peptide panel
Epitope Sequence Identification Method References
P.69 Prn7-30 IVKTGERQHGIHIQGSDPGGVRTA CD4+ T cell clone 51

P.69 Prn169-192 LRDTNVTAVPASGAPAAVSVLGAS MHC class II elution van Els, unpubl. data
P.69 Prn559-582 PEAPAPQPPAGRELSAAANAAVNT CD4+ T cell clone van Els, unpubl. data
P.69 Prn583-606 GGVGLASTLWYAESNALSKRLGEL MHC class II elution van Els, unpubl. data
PtxS1141-158 IRRVTRVYHNGITGETTT CD4+ T cell clone van Els, unpubl. data 32,33 
PtxS1189-206 GTLVRIAPVIGACMARQA CD4+ T cell clone 33

PtxS1219-235 AGEAMVLVYYESIAYSF CD4+ T cell clone 32



Figure 1. Flowchart of study populations interrogated, as part of an observational study.
Symptomatic pertussis patients, and household contacts, were recruited based on the information of 
their laboratory confirmed diagnosis of B. pertussis infection provided by General Practitioners and 
Pediatricians. Subsets of participants were stratified based on study population, age and time after 
diagnosis (t.a.d.) to analyse their responsiveness for the different research questions. Median age in years 
(yrs) and median t.a.d. in months (mnths) are indicated.
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Lymphoproliferative analysis of PBMC nevertheless showed immunogenicity of all 
seven Prn- and Ptx-epitopes (Figure 2A). Since the S.I. of the [3H]thymidine assay 
has been found to correlate well with flowcytometric CFSE dilution and Blast 
analysis of proliferating T cell cultures, S.I. values reflect the magnitude of the T cell 
response 34,35. Responsiveness to single Prn or Ptx epitopes was found in 11.6% (P.69 
Prn583-606) to 33.3% (PtxS1141-158) of the participants responding to whole Prn or Ptx 
protein, respectively (Figure 2B). The responder frequencies to ≥ 1 Prn-epitopes 
and ≥ 1 Ptx-epitopes were 43.5% and 57.7% of the participants responding to Prn 
or Ptx protein, respectively (Figure 2B), indicating that our peptide panel does not 
cover the whole Prn and Ptx response. Overall, lymphoproliferative responsiveness 
to Ptx-epitopes is higher than to Prn-epitopes in our panel (Figure 2A). Although the 
synthetic peptide panel does not cover the whole Prn and Ptx response, our peptide 
panel is able to identify half of the Prn- and Ptx-responding donors (Figure 2B) and 
is therefore a useful tool to characterize Prn- and Ptx-specific CD4+ T cell responses 
at the single epitope specificity level. 

Influence of closeness to infection on the lymphoproliferative 
responsiveness to Prn- and Ptx-peptides
An important effective feature of pathogen specific CD4+ T cell responses is 
their maintenance in time. To analyze this cross-sectionally, epitope-specific 
lymphoproliferative responsiveness was studied in pertussis patients (Figure 1) as a 
function of time after diagnosis (Figure 3A). When given as S.I., lymphoproliferative 



Figure 2. Immunogenicity of the Prn- and Ptx-peptide panel. 
Fresh PBMC of (ex-)pertussis patients and household contacts (n = 91) were stimulated with 1 µM 
peptide or 1 µg/ml protein for 7 days and [3H]thymidine incorporation was assed in the last 18 hours. The 
responsiveness of participants to PHA was 100% (Data not shown). (A) Epitope specific responsiveness 
shown as Stimulation Index (S.I. = geomean CPM peptide/ geomean CPM medium) of (ex-)pertussis 
patients and their household contacts. Epitope specific responses with a S.I. ≥ 2 were regarded as 
positive. Lines indicate geometric means. (B) Responsiveness to the tested Prn- or Ptx- peptides (S.I. ≥ 2) 
in participants with proliferative responses to Prn (n = 69) or Ptx (n = 78) protein. 
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responsiveness to Prn-epitopes and whole Prn antigen measured from as early as 
0-1.5 months until years after diagnosis did not significantly alter, suggesting that 
the Prn-specific CD4+ T cell responses in our overall panel had a typical maintenance 
level, which seems stable for years (Figure 3A and B, left panels). Also, Ptx-epitope 
specific CD4+ T cell responses seemed to be stable over time (Figure 3A, right panel). 
Yet lymphoproliferative responses to whole Ptx-antigen were high shortly after 
infection and did significantly decrease with time elapsed after infection (Figure 
3B, right panel). Altogether, these results indicate that significant pertussis-specific 
CD4+ T responses can still be detected years after pertussis infection. In general, the 
magnitude of the proliferative responsiveness to the whole Ptx protein diminished 
with time after infection while the magnitude of whole Prn and Ptx- and Prn-epitope 
proliferative responses remained stable.
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Prn peptides Ptx peptides

Prn protein Ptx protein

Figure 3. Specific lymphoproliferative responsiveness to single Prn and Ptx peptides and 
whole protein. 
Fresh PBMC were stimulated with 1µM peptide or 1 µg/ml protein for 7 days and [3H]thymidine 
incorporation was assessed in the last 18 hours. (A) Epitope specific responsiveness shown as stimulation 
index (S.I. = geomean CPM peptide/ geomean CPM medium) of the proliferative responses from (ex-)
pertussis patients (n = 62) in correlation with months after diagnosis is plotted. The left panel shows the 
S.I. of P.69 Prn7-30, P.69 Prn169-192, P.69 Prn559-582 and P.69 Prn583-606 epitope responses. The right panel shows 
the S.I. of PtxS1141-158, PtxS1189-206, and PtxS1219-235 epitope responses. (B) Protein specific responsiveness 
to Prn (left panel) and Ptx (right panel) shown as S.I. of the proliferative responses from (ex-)pertussis 
patients (n = 62) in correlation with months after diagnosis is plotted. The regression lines and p-values 
are indicated and the slopes were tested to be equal to zero using a t-test.
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Cytokine profile of Prn- and Ptx-epitope specific T cell responses 
after pertussis infection
To assess the quality of the pertussis-specific CD4+ T cell responses and Th subsets 
involved, we analyzed in a multiplex assay the concentration of various T cell 
cytokines in the supernatants from day 6 PBMC cultures from all participants in 
our clinical study (Figure 1) with S.I. ≥ 2 to a peptide from our Prn- or Ptx- peptide 
panel (Figure 4A). Predominantly, IFNγ and TNFα (typical Th1 cytokines) and IL-
13 and some IL-5 (typical Th2 cytokines) were detected in the supernatants of the 
cumulative Prn-peptide responsive wells (Figure 4A). No significant epitope-specific 
IL-17 and IL-10 production was measured in responsive wells. Similar observations 
were made for the cumulative Ptx-peptide responsive wells (Figure 4B). 

Since we detected both Th1 and Th2 cytokines in the Prn- and Ptx-epitope specific 
responses, we were interested whether some epitope responses of individual 
patients were producing Th1 cytokines while others produced Th2 cytokines. We 
plotted the epitope-specific IFNγ/IL-13 responsiveness of individual pertussis 
patients (with an epitope proliferative response of S.I. ≥ 2) against time elapsed 
since diagnosis (Figure 4C) grouped as Prn peptide responses (Figure 4C, left panel) 
or grouped as Ptx peptide responses (Figure 4C, right panel). These data indicate 
that a mixed Th1/Th2 response to a single epitope can be detected in a single donor. 
Other dual Th1/Th2 cytokine combinations, i.e. IFNγ/IL-5, TNFα/IL-5 and TNFα/
IL-13, showed similar trends for both Prn- and Ptx peptide panels (data not shown). 
It is clear that although a small number of individuals’ epitope responses were 
Th1 only or Th2 only, the majority of the Prn- and Ptx-epitope responses in (ex-)
pertussis patients have both a Th1 and Th2 component (Figure 4C). Such dual Th1/
Th2 cytokine responsiveness was not dependent on time after infection (Figure 4C).

Hence, consistent mixed Th1/Th2 cytokine production was detected after PBMC 
stimulation with individual CD4+ T cell peptides, suggesting either that multiple 
clonal CD4+ T cell populations for a single specificity with either a Th1 or a Th2 
cytokine profile coexist, or that single pertussis-epitope specific CD4+ T cells are 
capable of producing Th1 and Th2 cytokines simultaneously. This was further 
investigated at the single cell level by Fluorospot, using frozen cells 36. Collective data 
from five tested participants known to respond to peptide stimulation indicate that 
CD4+ T cell populations specific for one single epitope are mixed in cytokine profile, 
with the majority of epitope-specific CD4+ T cells producing at one given moment 
either Th1 or Th2 cytokines (Figure 5A and B). In case IFNγ+IL-13+ double positive 
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Figure 4. Prn- and Ptx-epitope specific cytokine profiles in relation to time after infection. 
Supernatants were collected from PBMC cultures of (ex-)pertussis patients with S.I. ≥ 2 to the Prn- and Ptx-
peptide panel and cytokine concentrations were analyzed by luminex. (A and B) Cytokine concentrations 
in supernatants from  PBMC cultures of participants with positive proliferative responses (S.I. ≥ 2) after 
stimulation with various Prn- (A) or Ptx-peptides (B). (C) Red and blue bullets connect levels of Th1 
(IFNγ, red axis) and Th2 (IL-13, blue axis) cytokines (log10 transformed) found in single supernatants 
of epitope responses of individual (ex-)pertussis patients in relation to time after infection, overlapping 
lines were nudged for visualization. No significant trends between were observed between log(Th) and 
log(closeness to infection) (p-values: Prn peptides - IFNy: 0.064, Prn peptides - IL13: 0.090, Ptx peptides 
- IFNy: 0.126, Ptx peptides - IL13: 0.154).
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spots were detected, it comprised only a small (< 5%) percentage of the antigen-
specific IFNγ- and IL-13-producing cells of the five tested participants (Figure 5A). 
Together, supernatant analysis of pertussis epitope-specific PBMC stimulations 
indicate the presence of stable mixed Th1/Th2 cytokine profiles in time after 
infection. Thus, these pertussis epitope-specific CD4+ T cell responses are not fixed 
to one Th cytokine profile.
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Figure 5. Prn- and Ptx-epitope specific Th1/Th2 mixed cytokine responses. 
PBMC of peptide-responding participants (n = 5, indicated as #1 - #5) were stimulated with 1 μM 
individual Prn- or Ptx-peptides or medium, in the presence of anti-CD28 monoclonal (1 µg/ml) for 48 
hours at 370C. IFNγ+, IL-13+ and IFNγ+IL-13+ cells were identified with Fluorospot. (A) The average 
number of Prn and Ptx peptide-specific IFNγ+, IL-13+ and IFNγ+IL-13+ cells per 2x105 PBMC in five tested 
participants are indicated. (B) Example of Fluorospot wells obtained from a P.69 Prn7-30 and PtxS1141-158 
responsive participant.
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Multi-epitope specificity in pertussis-specific CD4+ T responses
Besides adding to the insight in the presence, quality and maintenance of single 
epitope-specific CD4+ T cells in (ex-)pertussis patients in general, our peptide panel 
may provide information on the breadth of the Prn- and Ptx-specific response at 
the single donor level. An overview of the distribution and an indication of the 
lymphoproliferative capacity of the Prn- and Ptx-epitope specific responses in the 
(ex-)pertussis patients and household contacts from our clinical study (Figure 1) 
is shown in Figure 6A. Only participants responding to at least one of the peptides 
in our peptide panel and responses with S.I.≥ 2 are indicated and categorized 
according to S.I. value. Participants and peptides were clustered on the number of 
positive responses. Among responders to any of the peptides (58,2% of 91 donors), 
most of the participants responded to 1 or 2 peptides (28.3% (15/53) and 37.7% 



Figure 6. Prn- and Ptx-epitope multispecificity in individual participants. 
Fresh PBMC were stimulated with 1 µM peptide for 7 days and [3H]thymidine incorporation was assed in 
the last 18 hours. Stimulation Index (S.I. = geomean CPM peptide/ geomean CPM medium) of participants 
(n = 91) was calculated. (A) Prn- and Ptx-epitope responses with S.I. ≥ 2 are indicated in blue for each 
individual participant. Participants and peptides were clustered on the number of positive responses, 
only participants responding to at least one of the peptides in our peptide panel are shown. The shades 
of blue indicate the magnitude (S.I. value) of the response (B) The combination of the clinical parameters 
age at blood donation and months after diagnosis in relation to responsiveness (Responsive = response 
with S.I. > 2) to the tested (B) Prn- (n = 4) and (C) Ptx-peptides (n = 3) are depicted for (ex-)pertussis 
patients (n = 62). The degree of Prn- and Ptx- epitope responsiveness (0, 1, 2, 3 or 4 epitopes) per patient 
are indicated in shades of gray. The numbers in the quadrant insert indicate the percentage and ratio 
of epitope responsiveness (red) versus no epitope responsiveness (black) in the corresponding study 
populations. The odds ratio (OR) gives an indication whether differences in the number of responses 
between recently infected and not recently infected persons depends on age. 
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(20/53) respectively) from our panel (Figure 6A). However, there were also donors 
that responded to more than 1 or 2 of the 7 peptides in our panel, indicating that at 
the donor level pertussis-epitope multispecificity does exist (Figure 6A).

Since we included (ex-)pertussis patients at various time points after B. pertussis 
infection and at various ages, the confirmed pertussis patients could be divided 
in recently infected (< 3 months after diagnosis) vs ex-pertussis (≥ 3 months after 
diagnosis) patients and based on their age (at time of blood sampling) (Figure 1). 
A patient was indicated an epitope-specific responder when S.I. of that response 
was ≥ 2. The odds ratio (OR) gives an indication whether differences in the 
number of responses between recently infected and not recently infected patients 
depends on age. In recently infected patients, the frequency of (multi-)Prn- or 
Ptx- epitope ‘responders’ is comparable in younger (< 30 years of age) vs older 
patients (Figure 6B and C). Notably, in young ex-pertussis patients the extent of Ptx-
epitope responsiveness is significantly higher than in older ex-pertussis patients 
(p = 0.0038) (Figure 6C). In fact, in young patients the percentage of (multi-)Ptx-
epitope ‘responders’ seems unaffected with time after infection. For the Prn-epitope 
responses, a similar trend was detected (p = 0.073) (Figure 6B). In the older ex-
pertussis patients no multi-epitope Prn- or Ptx-responsiveness was observed 
(Figure 6B and C). This indicates that waning immunity through loss of breadth 
of the pertussis response is more prominent in older ex-pertussis patients, while 
long-term persistence of multi-epitope responses for the Prn- and Ptx-peptide panel 
seems to occur in ex-pertussis patients of younger age. 
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Discussion

Analysis of B. pertussis-specific (memory) CD4+ T cell responses at the epitope-level 
can shed light on the basis of waning immunity against this pathogen. Therefore 
we selected four Prn- and three Ptx- CD4+ T cell epitopes and compared direct ex 
vivo lymphoproliferative capacity, quality and breadth of epitope-specific CD4+ T 
cell responses, cross-sectionally in various groups of (ex-)pertussis patients and 
household contacts. The selected peptide panel appeared a useful tool to characterize 
Prn- and Ptx-specific CD4+ T cell responses at the single specificity level, since all 
selected Prn- and Ptx-peptides were immunogenic (Figure 2) and subtle differences 
in the breadth of the pertussis specific response were identified (Figure 6B and 
C). Since the peptides used are proven CD4+ T cell epitopes (Table 1) and most 
responses contained typical combinations of CD4+ T cell cytokines (Figure 4A), CD4+ 
T cells are most likely the responder cells involved. Unfortunately, we did not have 
access to additional fresh patients’ material to perform CD4 blocking or depletion 
experiments to formally prove this assumption. In rare healthy donors with fresh ex 
vivo epitope responsiveness, we could block P.69 Prn7-30, PtxS1141-158 and PtxS1189-206 
specific lymphoproliferative responses and cytokine production by anti-CD4 mAbs 
or CD4 T cell depletion, but not by anti-CD8 mAbs or CD8 T cell depletion (Figure S3 
and S4), confirming our hypothesis. More donors responding to the other epitopes 
need to be identified to extend these blocking studies. 

Together the epitope responses detected in half of the Prn- and Ptx-protein responsive 
participants revealed various characteristics. First, we found that the percentage 
Ptx-peptide responsiveness was higher than the Prn-peptide responsiveness 
(Fig 2B and 6A). Furthermore, the Ptx-epitope specific responses showed higher 
proliferation capacity (S.I.) compared to Prn-epitope specific responses (Figure 
2A). The observation could be due to the binding strength of the peptides to HLA-
molecules. However, binding prediction of our peptide panel is only partially related 
with lymphoproliferative responsiveness. The Ptx-peptides, having the broadest 
coverage of HLA-DR alleles based on predicted bindingscores (Figure S1) indeed 
had the highest responsiveness in lymphoproliferation assays (Figure 2). Peptide 
Prn583-606, having the next broadest bindingscore in rank, did however yield the 
least responsiveness. Thus, predicted  binding strength to HLA is not the only factor 
determining immunogenicity. Protein expression, inter-peptide competition and 
differential peptide processing also play a role in antigen-presentation and therefore 
also dictate immunogenicity 37-39. Furthermore on the CD4+ T cell side, higher 
lymphoproliferative responsiveness can be due to higher precursor frequency or 
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intrinsic proliferative capacity of peptide-specific T cells, partly determined by TCR 
affinity and the competition between T cells for interaction with APCs 40,41. These 
issues might be addressed with the help of MHC class II peptide tetramers, some of 
which are currently under development.

Secondly, in contrast to the magnitude of Ptx-epitope specific proliferative 
responses, Ptx protein responsiveness is declining over time after infection 
(Figure-3). This outcome is likely due to the fact that the Ptx-protein response is 
the sum of an unknown number of epitope responses. Apparently, Ptx epitopes that 
are not included in the panel, seem to contribute especially to early responses after 
diagnosis. The time-dependent declining lymphoproliferative responsiveness to 
whole antigen was specific for Ptx, since lymphoproliferation to Prn seems quite 
stable. Natural boosting by sub-clinical pertussis infection might play a role in the 
different maintenance of Prn- and Ptx-specific memory CD4+ T cells. Since P.69 Prn is 
expressed by multiple Bordetella species and other infectious agents, the exposure 
to P.69 Prn might be more frequent than to Ptx 42,43. Furthermore, P.69 Prn and Ptx 
have different expression patterns in the B. pertussis infection, since P.69 Prn is 
a surface-associated molecule involved in the adherence phase of the bacteria to 
respiratory epithelial cells, and Ptx is an extracellular toxin expressed and released 
only after colonization. These differences may affect the exposure-duration and 
-environment of immune cells to the different antigens during sub-clinical pertussis 
infection, perhaps resulting in Prn-specific lymphoproliferative responses which 
are quite stable over time after infection, while the lymphoproliferative capacity 
of Ptx-protein responses are not. However, this phenomenon needs to be further 
elucidated.

Thirdly, we demonstrate that pertussis epitope-specific T cell responses contained 
a Th1 and a Th2 component irrespective of the epitope studied or time after 
infection (Figure 4). We hardly found any CD4+ T cells simultaneously producing 
Th1 and Th2 cytokines (Figure 5). However the fact that within a single epitope-
specificity distinct Th cytokine profiles are found, suggests some degree of flexibility 
in the pertussis-specific CD4+ T cell offspring. Recent genomic studies indicate 
that, although on a superficial level similar Th2 responses are observed, the gene 
expression network is different for pertussis-specific CD4+ T cells (induced by 
acellular pertussis vaccination) compared to e.g. allergen-specific CD4+ T cells. 
While the gene expression profile of atopy-specific CD4+ T cells are completely Th2, 
the gene expression profile of pertussis-specific CD4+ T cells is besides Th2 also 
Th1 44. Thus it seems that the pertussis response is not completely fixed and can 
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still be steered into a more favorable Th1 profile, which is important knowledge in 
view of vaccination strategies. Future research in murine pre-clinical models should 
elucidate the potential to re-program pertussis-specific T cell responses.

Finally, analysis of individual (ex-)pertussis patients revealed that multi-epitope 
specificity long-term after infection was lower in patients ≥ 30 yrs of age, than in 
patients < 30 yrs of age (Figure 6B and C). In general, vaccine type cannot account 
for these differences since both age groups received wP in their primary vaccination 
series according to the Dutch National Immunization Programme. However, patients 
older than 58 yrs of age, were born before wP vaccination was introduced. Therefore, 
it cannot be excluded that lack of priming by vaccination attributes to absence 
of multi-epitope specificity in three non-vaccinated older ex-pertussis patients. 
However, perhaps more likely, aging of the CD4+ T cell compartment could play a role 
in the lack of multi-epitope specificity in older ex-pertussis patients. Impairment of 
human CD4+ T cell responsiveness to stimulation was associated with higher age 45. 
Sharma et al showed phenotypical distinctions between pertussis-specific CD4+ T 
cells in vaccinated infants and adults. Compared to the pertussis-specific memory 
CD4+ T cells in infants, relatively more cells in adults were shown to have an end-
stage CCR7-CD27- differentiation memory phenotype 46. CCR7-CD27- memory CD4+ 
T cells have been associated with shorter telomeres and decreased proliferative 
capacity, compared to early-stage CCR7+CD27+ differentiated memory CD4+ T cells-47. 
Therefore, partial loss of anti-pertussis CD4+ T cell specificities with age, may reflect 
intrinsic immunosenescence. More research, including larger patients groups and 
single cell analysis tools, is needed to confirm and identify insufficiencies in the 
maintenance phase of the adaptive immune response to B. pertussis throughout life. 

In summary, our study provides more insight in the quality and maintenance of 
pertussis-specific CD4+ T cells in (ex-)pertussis patients. These data show that 
CD4+ T cells responding at the single epitope level to a common pathogen such as 
B. pertussis may comprise a Th1 and Th2 component, suggesting that responding 
cells are not fixed to one lineage and are characterized by flexibility. The breadth 
of the pertussis-specific CD4+ T cell response seems dependent on age and time 
after infection. Loss of multi-epitope specificity in memory pertussis CD4+ T cell 
responses could play a role in waning effectiveness of pertussis immunity in older 
age groups. These observations can have implications for vaccination strategies and 
vaccine development. Steering towards an anti-bacterial Th1 profile and improving 
the breadth and long-term proliferative capacity of pertussis CD4+ T cell responses 
may elongate immunity against pertussis.



141

Breadth of human pertussis CD4+ T cell responses

6

Materials and methods

Ethics Statement
This study was conducted according to the principles expressed in the Declaration 
of Helsinki. The study was approved by the accredited Review Board STEG (Stichting 
Therapeutisch Evaluatie Geneesmiddelen) and is currently managed by the 
METC UMC Utrecht (Medisch Ethische Toetsingscommissie Universitair Medisch 
Centrum Utrecht) (CCMO nr: NL16334.040.07). The practicability of the study in 
the collaborating hospitals was accorded by their Review Boards. All participants 
provided written informed consent for the collection of samples and subsequent 
analysis. Written informed consent for minor participants was provided by both 
parents of the participants.

Clinical cohort and isolation of PBMC
For this study blood samples were collected from ninety one volunteers as part 
of a cross-sectional observational study investigating pertussis specific immunity 
in the general Dutch population (NVI-243,  NL16334.040.07). The participants 
were symptomatic pertussis patients recruited at a known time interval after 
their laboratory confirmed pertussis infection based on the diagnosis information 
provided by General Practitioners and Pediatricians, and household contacts of 
symptomatic patients within one month of diagnosis. Peripheral blood mononuclear 
cells (PBMC) were isolated from blood samples on the day of blood collection by 
centrifugation in Vacutainer cell preparation tubes (CPT, Becton and Dickinson) 
containing sodium citrate. PBMC were used directly, except in indicated cases after 
cryopreservation (in 80%FCS/20%DMSO). For analysis, participants were stratified 
according to study population (confirmed pertussis patients; household contacts), 
age (< 30 yrs of age; ≥ 30 yrs of age) and/or time after diagnosis ( t.a.d.< 3 mnths; 
t.a.d. ≥ 3 mnths), respectively, as summarized in Figure 1. All patients included in 
the study received a primary serie of whole cell vaccine (wP) according to the Dutch 
National Immunization Programme, except voluntarily non-vaccinated patients (n 
= 2 in the group < 30 yrs of age and t.a.d. ≥ 3 mnths) and patients born before 1953 
(n-= 7 in the group ≥ 30 yrs of age and t.a.d. < 3 mnths, and n = 3 in the group < 30 
yrs of age and t.a.d. > 3 mnths).
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Prn and Ptx antigens and peptides
Recombinant B. pertussis P.69 Prn1 (Prn) was expressed and purified from an E. 
coli construct as described in literature 48. Purified B. pertussis Ptx was purchased 
commercially (Kaketsuken, Japan). Molecular weight and purity of these antigens 
were verified using SDS-PAGE, and the presence of detectable impurities of E. coli 
LPS in P.69 Prn or B. pertussis LOS in Ptx, respectively, was ruled out in a Limulus 
Amebocyte Lysate (LAL) test (hence endotoxin levels were < 0.015 EU/ml). Synthetic 
Prn and Ptx peptides, encompassing CD4+ T cell epitopes from P.69 Prn1 and PtxS1 
source proteins, respectively, were prepared by FMOC solid phase synthesis using 
a SYRO II simultaneous multiple peptide synthesizer (MultiSyntech GmbH, Witten, 
Germany). The purity and identity of the synthesized Prn and Ptx peptides was 
assessed by reverse phase high performance liquid chromatography (HPLC) and 
was > 70% pure. 

In silico prediction of epitopes
ProPred, a MHC class II binding prediction server, locates within a protein 
sequence promiscuous binding regions by common HLA-DR alleles (http://www.
allelefrequencies.net) 49. The aminoacid sequences of P.69 Prn1 and PtxS1 were 
submitted to the server and the predicted binding scores of the selected Prn- and 
Ptx-peptides were identified.

Proliferation assay 
The presence of proliferating epitope-specific CD4+ T cells was assessed by [3H]
thymidine incorporation. Freshly isolated PBMC (105 cells per well in 96-well round-
bottom plates) were stimulated with individual synthetic peptides representing Prn 
and Ptx epitopes at 1 µM (Table 1), whole Prn or Ptx protein at 1 µg/ml (3 or 6 wells 
per condition), PHA at 1 µg/ml as a positive control and medium (AIM-V (Gibco)/ 
2% human AB serum (Sanbio/Harlan)) as negative control for 6 days at 37ºC. At 
day 6, 100 µl supernatant volumes per well were removed for cytokine analysis. 
Then 0.5 μCi [3H]thymidine was added to the culture 18 hours before harvesting 
the cells and [3H]thymidine incorporation was determined as counts per minute 
(CPM) with LKB/Wallac 1205 Betaplate Liquid Scintillation Counter. Every sample 
investigated showed proliferation to PHA, indicating good viability and polyclonal 
T cell responsiveness. The stimulation index (S.I.) was calculated for all responses 
as [geomean CPM of 3 or 6 wells in the presence of peptide or protein/ geomean 
CPM of 3 control wells in the presence of medium only]. For the categorization as a 
positive epitope-specific response an S.I. ≥ 2 was considered as a cut-off. 
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Cytokine profiling
Concentrations of cytokines in culture supernatants representative for epitope-
specific lymphoproliferative responses were determined using Bio-plex human 
Th1/Th2 and Th17 cytokine luminex kits (Bio-rad), according to manufacturer’s 
instructions. For this, individual wells representing a donor’s PBMC culture in 
the presence of a single peptide were first scored for lymphoproliferation, and 
supernatants from wells with S.I. ≥ 2 were analyzed. Supernatants were taken at 
day 6 after in vitro restimulation. Day 6 supernatant is optimal for analyzing Th 
cytokines, except for the early cytokine IL-2 and IL-4 (own obervations). Data 
acquisition was performed on a Biorad Bio-Plex200. Background cytokine levels 
released in the presence of medium only were subtracted from cytokine levels 
released after peptide stimulation.

Fluorospot
Using frozen PBMC, cytokine production of Prn- and Ptx- epitope-specific CD4+ 
T cells was also determined in a dual IFNγ/IL-13 Fluorospot (Mabtech). The five 
participants analyzed in Figure 5, were selected based on positive epitope response 
and availability of PBMC. Frozen PBMC (2x105 cells per well in 96-well fluorospot 
plates) were thawed and stimulated (in quadruplicate) with 1 μM individual Prn- 
or Ptx-peptides or medium (AIM-V (Gibco)/ 2% human AB serum (Sanbio/Harlan), 
in the presence of anti-CD28 monoclonal (1 µg/ml) for 48 hours at 370C. At 48h, 
plates were developed according to the manufacturer’s protocols. Plates were 
analyzed on an AID iSpot reader using AID ELISpot software (AID diagnostika). 
Specific cytokine producing cells were determined by calculating [spots peptide 
stimulated wells – average spots medium control wells]. Fluorospot is suitable for 
detection of rare cells 36.

Statistical analysis
For data visualization GraphPad Prism (GraphPad Software) and R software 
(http://www.R-project.org/) was used. Differences in S.I. were analyzed with the 
nonparametric Mann-Whitney U test (Figure 2A). The association between the S.I. of 
proliferative responses and closeness to infection was assessed by linear regression, 
where the log(S.I.) was taken as the response variable and log(closeness to infection) 
was taken as explanatory variable, respectively. The slope of the regression line 
was tested to be equal to zero using a t-test (Figure 3). The association between 
the cytokine responses and closeness to infection was assessed by linear regression, 
where the log(Th1) or log(Th2) was taken as the response variable and log(closeness 
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to infection) was taken as explanatory variable, respectively. The trend was tested 
to be equal to zero using a t-test (Figure 4C). The odds ratio was calculated using 
Bayesian logistic regression 50, where the number of responders was taken as the 
response variable and time after infection (< 3 months and ≥ 3 months), age (< 30 
years and ≥ 30 years) and their interaction as explanatory variables. The odds ratio 
of the interaction term is shown in Figure 6B and C.
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Figure S1. P.69 Prn7-24 and PtxS1141-158 activate specific human CD4+ T cell clones in a HLA-DR 
restricted manner.
P.69 Prn- (A) and PtxS1-peptide (B) specific proliferation was determined by [3H]thymidine incorporation  
after 2 days of stimulation with various concentration of peptides (Left panels) in the presence or absence 
of  α-HLA-DR or α-HLA-DQ monoclonal antibodies (Right panels). [3H]thymidine incorporation was 
determined as counts per minute (CPM) with LKB/Wallac 1205 Betaplate Liquid Scintillation Counter. 
The stimulation index (S.I.) was calculated as [mean CPM in the presence of peptide/ mean CPM in the 
presence of medium only].
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Supplementary Figures:



Figure S2. ProPred HLA-DR binding prediction for Prn- and Ptx-peptides. 
The amino acid sequence of P.69 Prn and PtxS1 were submitted to the ProPred MHC class-II binding peptide 
prediction server. The peptides of the Prn and Ptx panel are shown in the order of their immunogenicity 
in Figure 6A, and the amino acid sequence with predicted binding to HLA-DR are displayed in the figure. 
For each HLA-DR allele a score is calculated for the predicted binding of that sequence, the colors indicate 
the strength of the predicted binding (as a percentage of the highest score that can be achieved by that 
HLA–DR allele).
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Figure S3. P.69 Prn169-192-specific proliferation and cytokine production in PBMC is CD4-dependent.
Freshly isolated PBMC (105 cells per well in 96-well round-bottom plates) were stimulated with P.69 
Prn169-192-peptide at 1 µM (6 wells per condition) in the presence or absence of  α-CD4 or α-CD8 monoclonal 
antibodies (both 1:300 ascites with an average antibody concentration of 3-5 mg/ml), and medium 
(AIM-V (Gibco)/ 2% human AB serum (Sanbio/Harlan)) for 6 days at 37ºC. At day 6, 100 µl supernatant 
volumes per well were removed and pooled for cytokine analysis. (A) [3H]thymidine incorporation was 
determined as counts per minute (CPM) with LKB/Wallac 1205 Betaplate Liquid Scintillation Counter. 
Epitope-specific lymphoproliferative responses are shown in two donors (B) Concentrations of cytokines 
in culture supernatants were determined using Bio-plex human Th1/Th2 and Th17 cytokine luminex kits 
(Bio-rad), according to manufacturer’s instructions. The epitope-specific cytokine responses are shown 
in two donors.  *p<0.05  
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Figure S4. Primarily CD4+ T cells produce cytokines in response to PtxS1-peptides and protein.
Freshly isolated PBMC were depleted for CD4+ or CD8+ cells by magnetic cell separation (MACS, Miltenyi 
Biotec) and resulting cell populations were viable and > 95% pure as determined by Flowcytometry. Cells 
were stimulated (105 cells per well in 96-well round-bottom plates) with PtxS1-peptides at 1 µM or Ptx 
protein at 1 µg/ml (6 wells per condition), and medium (AIM-V (Gibco)/ 2% human AB serum (Sanbio/
Harlan)) for 6 days at 37ºC. At day 6, 100 µl supernatant volumes per well were removed and pooled for 
cytokine analysis. Concentrations of cytokines in culture supernatants were determined using Bio-plex 
human Th1/Th2 and Th17 cytokine luminex kits (Bio-rad), according to manufacturer’s instructions. The 
epitope-specific cytokine responses are shown in two donors.  
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Abstract 

The upsurge of pertussis in children as well as in adults in vaccinated populations 
questions the prevalence and functionality of cellular immunity to B. pertussis 
throughout age groups. Here we compared magnitude and function of B. pertussis 
specific T cell responses between cohorts of youngsters (7-15 years) and adults 
(25-56 years), early and late after a clinically symptomatic pertussis infection.  
All cases were vaccinated with whole cell pertussis (wP) vaccine in infancy. After 
stimulation of PBMC with pertussis antigens, the presence of IFN-g producing cells 
and of Th1, Th2, Th17 and Treg type cytokine responses was demonstrated in both 
groups. Youngsters reached higher Ptx specific cellular frequencies and selectively 
had higher IL-2 and Th1 and Th2 type cytokine responses, yet with similar Th1/
Th2 cytokine ratio’s, compared to adults. Ptx was the dominant antigen in the IFN-γ 
response of youngsters, whereas FHA was dominant in adults. Irrespective of age, T 
cells produced more TNF-α and less IL-2 to Prn than to Ptx and FHA. A history of an 
additional acellular pertussis pre-school booster vaccination in wP-primed young 
(ex-) cases induced a shift of cellular IFN-γ responses towards FHA, and enhanced 
specific IFN-γ and IL-10 levels and diminished specific IL-2 levels, strengthening 
the Th1/Th2 signature of responses. These findings support the hypothesis that B. 
pertussis specific Th differentiation profiles established in wP-primed cohorts are 
stable in life, but that age and boosting can drive ongoing maturation, with loss of 
certain cytokines and shifts in antigen profiles. 
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Introduction

The incidence of pertussis, a human-specific respiratory disease caused by the Gram-
negative bacterium Bordetella pertussis, is rising worldwide in all age-groups, despite 
high vaccination coverage 1. Neither natural infection nor vaccination provides life-
long protection 2,3 however, recently it became clear that current acellular pertussis 
(aP) vaccines are protecting less well in the long term than previously used whole-cell 
pertussis (wP) vaccines 4-6. Also, since vaccination was introduced, B. pertussis has 
adapted to the vaccinated host by antigenic drift 7, increasing Pertussis Toxin (Ptx) 
production 8 or shutting off vaccine antigen expression, exemplified by the current 
appearance of Pertactin (Prn)-deficient strains 9-11. Therefore, the perception is that 
the initially acquired host immune mechanisms can indeed exert selective pressure 
on the pathogen, but that there is poor maintenance with time. 

Besides antibodies and memory B (Bmem) cells, CD4+ T cells of the Th1 and Th17 
types are implied in the effective control of pertussis. This is related to their role, 
as accumulating evidence in preclinical models indicates, in IFN-γ production and 
macrophage activation, and IL-17 mediated neutrophil recruitment and activation, 
respectively 12-15 (reviewed in 16).  These types of specific T cell responses are 
observed more after wP vaccination and infection than after aP vaccination 15,17-20. In 
contrast, priming the infant’s immune system with aP vaccines, lacking TLR4 ligands, 
induces rather a Th2 dominated type of CD4+ T cell response 17,21,22. This response 
protects against disease but does not seem to be the optimal differentiation profile 
for protection against infection, as deduced from preclinical models 14,15,23.

Hence the ratio between functionally different Th1, Th2 and Th17 cytokines 
produced by B. pertussis antigen-specific human CD4+ T cells is often interpreted 
to reflect the distinct nature of innate signals present at the time these T cells were 
primed and to serve as an indication for the relative effectiveness of a subject’s 
memory immune response to B. pertussis. Moreover, according to models for linear 
CD4+ T cell maturation, the presence or absence of certain cytokines can also indicate 
the progress in memory status of CD4+ T cells along a particular Th differentiation 
path 24,25. Depending on the innate conditions during their priming, activated CD4+ 
T cells initially acquire lineage specific functional properties, such as multiple 
effector functions and homing features. With ongoing differentiation CD4+ T cells 
may eventually lose the capacity to produce IL-2 and to self-renew, but may also gain 
regulatory properties such as the production of IL-10. Whether a particular profile 
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in the cytokine response to B. pertussis, once established in early childhood, remains 
stable in terms of functionality and fitness when challenged later in life is currently 
unknown. Aging has been shown to reduce the magnitude and maintenance of 
cytokine responses in other pathogen models 26-28. Therefore, it can be hypothesized 
that the relatively poorly maintained CD4+ T cell response to B. pertussis is impacted 
by age as well. 

To advance our basic understanding of the stability of CD4+ T cell differentiation 
profiles to this volatile pathogen, we here systematically compared B. pertussis 
specific cytokine responses of PBMC from youngsters (7-15 years) and adults (25-
56 years), sharing a wP primary vaccination series in infancy, in the early and late 
phase after a clinically symptomatic B. pertussis infection. To assess the effect of an 
aP booster at pre-school age on cytokine differentiation profiles, an additional group 
of young wP primed and aP boosted (ex-) cases was studied in parallel.
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Subjects and methods

Ethics Statement
Participants were included from a cross-sectional observational study in Dutch 
symptomatic pertussis cases and household contacts (Specifieke Kinkhoest 
Immuniteit; SKI) 29,30. This study was approved by the accredited Review Board STEG, 
followed by management of the METC UMC Utrecht (CCMO nr: NL16334.040.07). All 
participants provided written informed consent for the collection of samples, the 
usage of a completed questionnaire regarding clinical symptoms and vaccination 
history, and the subsequent immunological analysis. Informed written consent for 
minor participants was provided by both parents of participants. This study was 
conducted in compliance with the principles of the Declaration of Helsinki.

Study population 
Participants consisted of 87 clinically symptomatic (ex) pertussis patients from 
the SKI study who donated blood at a known time interval after their laboratory 
confirmed diagnosis. The participants (male; n=37 and female; n=50) were 
recruited between January 2008 and December 2012. For analysis, subjects were 
classified into a young group (aged between 7 and 15 years, n=50), referred to as 
youngsters, and an adult group (aged between 25 and 56 years, n=37). All subjects 
were primed with wP as infants. A subgroup of youngsters (n=29) was boosted 
with an aP vaccine at the age of 4 years. Young and adult subjects were further 
subcategorized according to the time period elapsed between their date of clinical 
pertussis diagnosis and date of blood sampling, defined as time after exposure (τ, in 
months), into two phases; early phase: τ= 0.3-3.9 months, and late phase: τ = 8.0-
83.2 months. For the subgroup of n=7 aP boosted younger cases sampled in the 
late phase, the time after exposure indicated the time elapsed between their date 
of last vaccination and date of blood sampling, since they had experienced clinical 
pertussis before the last aP booster at age 4 years. A detailed description of age, τ 
and vaccination history of subgroups is given in Figure 1. Late phase cases were 
excluded on serological criteria,  having a Ptx specific IgG level more than 62.5 IU/
ml , indicative for an additional, non-diagnosed exposure 31,32.  

Pertussis antigens
P.69 pertactin (Prn) was recombinantly expressed and purified from E. coli as 
described previously 33. Pertussis Toxin (Ptx) and Filamentous Hemagglutinin (FHA) 
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were both obtained from Kaketsuken, Japan. Presence of E. coli LPS or B. pertussis 
LOS was ruled out (< 0.015 EU/ml) based on Limulus Amebocyte Lysate (LAL) 
testing. 

Blood sampling 
Venous blood samples were collected in vacutainer cell preparation tubes (Becton 
and Dickinson) for the isolation of peripheral blood mononuclear cells (PBMC) 
using standard procedures. Isolated PBMC were frozen at -80°C overnight and then 
stored at -135°C. 

T-cell stimulation
The T cell stimulation assay was developed based on methods described elsewhere-34 
with minor modifications. Briefly, PBMC were quickly thawed at 37°C and cultured 
for 5 days in 96-well U-bottom plates at 3.0 x 105 viable cells/well in replicate wells 
per condition in AIM-V medium (Gibco, Invitrogen, USA) containing 5% human AB 
serum (Harlan, UK) (AIM-V+) only (negative control), or in the presence of 5 µg/ml 
of Ptx (heat-inactivated), FHA or Prn, or of 5 µg/ml of pokeweed mitogen (Sigma 
Chemicals, USA) (positive control). After 5 days, culture supernatants were collected 
and stored at -80 °C for subsequent quantification of cytokine levels. Depending on 
the amount of PBMC at least one B. pertussis antigen was tested.

IFN-γ ELIspot assay
After culture, stimulated cells were transferred to anti-human IFN- (Mabtech, 
Sweden) coated ELIspot plates (Millipore, USA) at a starting concentration of 1.4 x 105 
cells/well and serially diluted in twofold. Plates were incubated for approximately 
20 hours at 37 °C in a CO2 incubator, then after four washing steps and one cell-lysing 
step, incubated with 1 µg/ml anti-human IFN- (Mabtech), followed by peroxidase 
labeled extravidin (Sigma) and BCIP/NBT (KPL, USA). After development, the plates 
were air-dried at room temperature prior to analysis of spot numbers, assessed by 
an automatic computer-assisted ImmunoScan-Pro reader (CTL Europe, Germany).

Cytokine multiplex bead-based immunoassay 
Concentrations of the cytokines IL-2, IFN-γ, TNF-α, IL-5, IL-13, IL-17A (indicated as 
IL-17 throughout the manuscript) and IL-10 were determined in supernatants of day 
5’s cultures using a commercial multiplex bead-based immunoassay kit according to 
manufacturer’s instructions (Bio-Rad, USA) and expressed in pg/ml. Measurements 
and data analysis were performed with a Bio-Plex 200, using Bio-Plex Manager 



159

T cell immunity to B. pertussis alters with age

7

software. Three signature cytokine ratios were calculated per antigen per subject, 
based on day 5 concentrations of cytokines in U/ml: (1) a Th1/Th2 ratio, being the 
quotient of [IFN-γ]/[IL-13]; (2) Th1 effector function  ratio [TNF-α]/[IFN-γ] and (3) 
a Th1 maturation ratio [TNF-α]/[IL-2].

Immunodominance of antigens
Immunodominance of antigens in the IFN-γ ELIspot response per age group 
per early or late phase of the response was based on calculating per subject the 
following percentage: ([number of IFN-γ spot forming cells specific for a given 
antigen]/[summed number of IFN-γ spot forming cells for all three antigens])*100, 
and averaging the calculated percentages per antigen per age group and per phase 
of the response. 
Immunodominance of antigens in the TNF-α response per age group per early 
or late phase of the response was based on calculating per subject the following 
percentage: ([level of TNF-α produced in response to a given antigen]/[summed 
level of TNF-α produced in response to all three antigens])*100, and averaging the 
calculated percentages per antigen per age group and per phase of the response. 
Relative immunodominances of B. pertussis antigens in the overall IFN-γ ELIspot 
and TNF-α responses were visualized in piecharts.

Statistical analysis 
For data analysis and visualization of data GraphPad Prism (GraphPad Software 
version 6.04) were used.  Statistical significance of differences in ELISPOT data and 
cytokine levels between time after exposure phases within age groups (Figs. 2, 3, S1), 
in cytokine levels between pertussis antigen stimulations (Figs. 5, S2), and between 
Th1-cytokine ratio’s  (Fig. 6) were analysed with the nonparametric Kruskal-Wallis 
Test and Dunn’s Multiple comparison test. To determine significant differences 
between age groups within each time after exposure phase, groups were compared 
using the Mann Whitney two-tailed t-test (Figs. 2, 3, 4, S1). P values <0.05 were 
considered statistically significant.



Figure 1: Flow diagram of the study population. wP(1-4) = four whole cell pertussis vaccinations in 
infancy, aP(5)= acellular pre-school booster vaccination. τ= time in months since last pertussis antigen 
exposure. Indicated per subgroup are numbers of subjects and range (median) of age and τ. #: all seven 
subjects had pertussis infection before last vaccination
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Results

Young cases have a higher frequency of Ptx specific IFN-γ 
producing cells in the early phase after clinical pertussis
To investigate age dependency in the prevalence of B. pertussis specific T cell 
responses, we first compared frequencies of antigen-specific IFN-γ producing cells 
of in vitro stimulated PBMC cultures of two different age groups of (ex-) cases all 
having a background of primary wP vaccination in infancy.  The younger age group 
consisted of 21 youngsters ranging in age from 11- 15 years (median 12), the older 
age group of 38 adults , ranging in age from 25 to 56 years (median 45 years) (Fig.1). 
To assess natural waning of in vivo stimulated T cell responses in these groups, 
responses in early or late phase after clinical pertussis infection were compared. 
Correspondingly, IFN-γ levels measured in culture supernatants were analyzed. 

Youngsters exhibited a significantly higher frequency of specific IFN-γ producing 
cells to Ptx in the early phase than adults (Fig.2A). In contrast, adults had higher 
geometric mean (GM) frequencies of specific cells to FHA than younger cases, in both 
phases of the response, though this trend was not significant. For Ptx stimulated 
cells, significant waning was observed in the youngsters and a waning trend was 
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Figure  2: B. pertussis specific IFN-γ responses in youngsters and adults upon clinical infection. 
Frequencies of IFN-γ producing cells measured by ELIspot (A) and levels of IFNγ measured by cytokine 
luminex (B) are illustrated for two age groups in two phases of the response. PBMC were in vitro 
stimulated with Ptx (top panels), FHA (middle panels) and Prn (lower panels), as indicated, in wP primed 
youngsters (open) and adults (grey), in early phase (circles and plain bars) and late phase (triangles and 
patterned bars) after last known pertussis exposure. Symbols show individual cases while lines and bars 
indicate geometric means. **=p< 0.01, * = p<0.05; # = significantly lower compared to the early phase.
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also observed in adults for Ptx and FHA stimulated cells. In contrast, Prn showed 
no waning pattern for either group, nor age related differences. The dynamics of 
IFN-γ producing cell frequencies were corroborated by the IFN-γ levels of 5-days 
culture supernatants for all antigen stimulations (Fig. 2B). Immunodominance of 
the antigens in cellular responses varied between the two age groups. Ptx was the 
dominant antigen recognized in youngsters, and FHA in adults, respectively, in both 
phases of the response. In both age groups this antigen dominance was reduced in 
the late response to the benefit of Prn (Fig. 3).



Figure 4: Cytokine levels of wP primed youngsters and adults. Shown from top to bottom are IL-2, 
TNF-α, IL-5 IL-13, IL-17 and IL-10 in supernatants of PBMC in vitro stimulated with Ptx (left panels), FHA 
(middle panels) and Prn (right panels) in wP-primed youngsters (white bars) and adults (grey bars), in 
early (plain bars) and late phase (patterned bars) after last known pertussis exposure. Dots show individual 
cases while bars indicate geometric means. * = p<0.05; **= p< 0.01; ***= p<0.001, # significantly lower 
compared to the early phase. ^ = difference between early and late phase: p<0.1 (trend towards waning). 

Figure 3: Immunodominance of antigens in frequencies of total IFN-γ spot forming cell responses.
Immunodominance of antigens expressed as percentage of total number of IFN-γ spot forming cells in 
wP-primed youngsters in early (left top pie chart) and late (right top pie chart) phase and in wP-primed 
adults in early (left lower pie chart) and late (right lower pie chart) phase.  
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Youngsters achieve higher T-cell cytokine levels and adults show 
more cytokine waning after clinical pertussis infection  
An important feature of T cell immunity to B. pertussis is the overall quality of the 
cytokine profile of the response. Therefore we extended our analysis of pertussis 
specific T cell responses in youngsters and adults to the comparison of levels of other 
Th1 (IL-2, TNF-α), Th2 (IL-5, IL-13), Th17 (IL-17) and regulatory (IL-10) cytokines. 
In general, youngsters exhibited higher geomean cytokine levels than adults in both 
early and late phase after pertussis infection. Differences found between adults 
and youngsters depended on the antigen specificity of the T cells. Youngsters had 
significantly higher levels of IL-5, IL-13 and TNF-α and IFN-γ (with near significance 
for IL-2) to Ptx than adults in the early phase. In addition, youngsters had significantly 
higher levels of IL-5, IL-13 and TNF-a (with near significance for IL-10) to Prn or 
FHA in the late phase than adults (Fig. 4).
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Youngsters showed significant waning between time frames for the Ptx induced 
IFN-γ and IL-10 (Figs. 2B and 4). In adults, waning was significant for FHA induced 
IL-17 and the Th2 cytokines IL-5 and IL-13.

Signature cytokine profiles are maintained with age and are 
antigen specific
Both youngsters and adults have cytokine responses of all Th types (Fig. 3). To 
determine whether there are age related changes in the multi-functionality of the 
cytokine profiles of young and adult cases, we compared three signature cytokine 
ratios, (1) the IFN-γ/IL-13 Th1/Th2 ratio, (2) the TNF-α/IFN-γ Th1 effector function 
and (3) the TNF-α/IL-2 Th1 maturation ratio, between age groups. Similar signature 
cytokine ratios were observed in the early phase between youngsters and adults, 
indicating an overall stable differentiation profile during life (Figs. 5A, B and C). 
Cytokine ratios in the late phase showed the same trends as early phase ratios (data 
not shown), indicating that differentiation profiles are equally preserved during 
waning of a response. Remarkably, cytokine ratios with TNF-α as the numerator (Fig. 
5A and B) showed a strong antigen specific effect, being consistently higher for Prn 
than for Ptx and FHA in both age groups. The geometric mean (GM) of the TNF-α/
IFN-γ ratio for Prn for responses of all groups combined was significantly higher 
(2.63) than the corresponding GMs for Ptx (0.27) and FHA (0.35).

In light of the high TNF-α/IFN-γ and TNF-α/IL-2 ratios for Prn, we compared the 
antigen immunodominance of the TNF-α response between and within the age 
groups. For both youngsters and adults Prn was the dominant TNF-α inducing antigen 
in early and late phases (≥53%), followed by FHA and then Ptx, the contribution of 
Ptx being lower in youngsters than in adults (Fig. 5D).

Responses of aP-boosted youngsters resemble adult responses
We observed that younger cases were able to elevate higher frequencies of IFN-γ 
producing Ptx specific T cells and had selective higher pertussis specific cytokine 
levels than adults. To investigate the effect of the currently given aP pre-school 
booster on wP-primed individuals on functionality of responses, we next tested 
in vivo stimulated T cell responses in a cohort of young (ex-)cases being wP 
primed in infancy and aP boosted at the age of 4, for comparison. Reminiscent of 
the responses in the adults, frequencies of IFN-γ producing T cells in aP-boosted 
youngsters were significantly lower to Ptx, and (nearly significantly) higher to FHA, 
when compared to the non-boosted youngsters. The two groups of youngsters did 



Figure 5: Cytokine signature ratios determined for early phase in wP-primed age groups. Signature 
cytokine ratios for IFN-γ/IL-13 (Th1/Th2 ratio) (A), TNF-α/ IFN-γ (Th1 effector function ratio) (B) and 
TNF-α/IL-2 (Th1 maturation ratio) (C) are shown for youngsters (white shapes) and adults (grey shapes) 
for Ptx (circles), FHA (triangles) and Prn (squares), as indicated. Symbols show individual cases while 
lines indicate geometric means. Immunodominance of antigens expressed as percentage of total of the 
TNF-α response in wP-primed youngsters (top pie charts) and adults (lower pie charts), in early (left pie 
charts) and late (right pie charts) (D).  
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not display any differences in the Prn specific cellular response Fig. 6A). Likewise, 
immunodominance of antigens in aP boosted youngsters was also reminiscent of the 
pattern in adults, FHA being the dominant antigen in both the early phase and late 
phase of the cellular response (Fig. 6B).  

Of all cytokine responses investigated, aP-boosted youngsters had significantly 
higher IFN-γ and IL-10 levels to FHA but significantly lower IL-2 and IL-13 levels to 
Ptx in the early phase, compared to non-boosted counterparts (Fig. S1), marking a 
more advanced stage of maturation with less proliferation potential. To investigate 
whether the aP booster had an effect on overall profiles of specific cytokine 
responses we next compared the three cytokine ratios of the early phase between 
the 2 younger age groups. In wP-primed youngsters who were aP-boosted, IFN-γ/
IL-13 Th1/Th2 ratios were enforced for two antigens, the TNF-α/IFN-γ Th1 effector 
function  ratio was reduced for one antigen, and all TNF-α/IL-2 Th1 maturation 



Figure 6: The effect of an aP booster on cellular and cytokine responses of wP-primed youngsters.
Frequencies of IFN-γ producing cells specific for Ptx (left), FHA (middle) and Prn (right panels) in wP 
primed youngsters (white) and wP primed youngsters having received an aP pre-school booster (red) 
in early phase (circles) and late phase (triangles) after last known pertussis exposure. Lines indicate 
geometric means. * = p<0.05; # = significantly lower compared to the early phase (A). Immunodominance 
of antigens expressed as percentage of total number of IFN-γ producing T cells in wP-primed, aP-boosted 
youngsters in early (left pie chart) and late (right pie chart) phase (B). Cytokine ratios determined for 
early phase in wP primed + aP boosted youngsters (C). Immunodominance of antigens expressed as 
percentage of total of the TNF-α response in wP-primed aP-boosted youngsters in early (left pie chart) 
and late (right pie chart) phase (D).  

A

B

C
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ratios remained unaltered, as compared to non-boosted counterparts (Fig. 6C). The 
immunodominance of Prn in the TNF-α response in the aP-boosted versus the non-
boosted group was slightly lower in the early phase, ie. 42% versus 53%, but similar 
in the late phase, i.e. 59.3% versus 61.6%, respectively (Fig. 5D and Fig. 6D).
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Discussion

Our study revealed that multifunctional T cell responses can be detected in both young 
and adult (ex)-pertussis cases with a history of wP priming, indicating the prevalence 
of diverse Th types of CD4+ T cell memory. Though infection and wP priming have 
been predominantly been associated with a Th1 type of response-17,35-37, our data 
clearly indicate the presence of a more mixed Th1/Th2 type profile. In addition, 
based on Th1/Th2 ratio and two other signature cytokine ratios we found the Th 
differentiation of B. pertussis specific CD4+ T cell responses to be similar between 
the two age groups, advocating that cytokine profiles are maintained during aging.

However, age did impact two aspects of the CD4+ T cell response, namely the 
magnitude of responses in early and late phase after B. pertussis infection and the 
immunodominance of antigen recognition. Youngsters mounted a significantly 
higher number of Ptx specific IFN-γ  producing cells and had higher IL-2, Th1 and 
Th2 type cytokine levels for Ptx in the early phase and had higher TNF-α and Th2 
specific responses to Prn or FHA in the late phase than adults. Ptx was the dominant 
antigen in the cellular IFNg-γ response of the youngsters, while the FHA response 
was dominant in adults.  The higher peak levels of IL-2 found in younger cases soon 
after diagnosis suggest a greater proliferative and self-renewing capacity of juvenile 
T cells. These age related differences could be due to immunosenescence that may 
occur already in relatively young adults. For instance in a cohort of 18-49 year olds 
influenza specific vaccine elicited T cell responses were shown to become less diverse 
and less cross-reactive with age 38,  a trend which extended  into shorter lived T cell 
responses in a cohort of elderly (≥ 70 years old) vaccinees 26.  In addition, adults 
in our study may have encountered B. pertussis antigens more frequently through 
natural exposure, considering the existing circulation. Repeated encounters with B. 
pertussis could possibly lead to end-stage differentiation memory CD4+ T cells with 
a CCR7-CD27- phenotype, associated with shorter telomeres and less proliferative 
capacity than early-stage CCR7+CD27+ memory CD4+ T cells 39. The former subset 
is known to accumulate with age 40. In our present study, we did not perform flow-
based or telomere analysis due to limited numbers of PBMC. In future studies flow-
based phenotyping should be addressed, preferably on fresh samples. Our study 
however corroborates with previous work on pertussis epitope-specific CD4+ T cell 
responses 29. Herein we demonstrated in a cohort of predominantly other (but also 
wP-primed) SKI cases that, at the epitope level, Prn and Ptx specific T cell responses 
contain both Th1 and Th2 components regardless of the time after infection, or 
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age. Yet T cell multi-epitope specificity was retained long-term after infection in the 
younger (<30 years), but was partially lost in the older (>30 years) age group. When 
these data were re-analysed based on  lymphoproliferation to whole proteins (Ptx, 
Prn), strong responsiveness was generally lost with time more prominently in the 
higher age group compared to the younger age group 41.

The responses from an additional young cohort wP-primed in infancy and having 
received a pre-school aP booster showed similarities with responses in wP-primed 
adults. Cellular IFN-γ responses were skewed towards FHA immunodominance, FHA-
specific IFN-γ levels were elevated and Ptx-specific (proliferation driving) IL-2 levels 
were diminished in the early phase compared to the non-boosted youngsters. Different 
from responses in non-aP-boosted (wP-primed) youngsters as well as in wP-primed 
adults, the regulatory cytokine IL-10 was enhanced in FHA and Prn responses early 
after infection in aP-boosted (wP-primed) youngsters. In general, these data support 
the notion that an additional aP booster dose vaccination, reminiscent of natural 
aging, may drive more end-stage differentiation and regulation in the pertussis T cell 
response. This appears in line with flow-based data from De Rond et al. who showed 
a shift towards a more end-differentiated phenotype of B. pertussis specific memory 
CD4+ T cells in 4 year old wP-primed children after a booster with an aP vaccine 42. 
Notably, in the same study aP priming versus wP priming was found to be associated 
with a larger fraction of end-differentiated specific CD4+ T cells in 4 year olds. In our 
study the IFNg-γ/IL-13 Th1/Th2  ratio of early phase responses in the aP- boosted 
youngsters was re-enforced, indicating that the Th1 dominated profile associated 
with wP priming remains stable and is even strengthened when followed with an aP 
booster (years) before infection with B. pertussis. This persistence of a Th1 bias has 
been described before in wP-primed adolescents and adults receiving an aP vaccine 
booster 43,44. Compared to cellular and cytokine responses in 9 year olds who were 
wP-primed and aP-boosted at 4 years of age but were not infected 45, our wP-primed 
and aP-boosted youngsters  had higher responses in the late phase (data not shown). 
This indicates that a clinical pertussis infection acts as an additional strong booster 
of T cell responses.

Our analyses also revealed that the immunodominance of pertussis antigens 
depend on the age and boosting history of a cohort. Ptx was the dominant antigen 
in the IFNg-γ response of the (non-boosted) wP-primed youngsters, while the FHA 
response was dominant in aP-boosted and wP-primed youngsters and in wP-primed 
adults. Notably, regardless of the cohort, T cells produced higher levels of TNF-α and 
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lower levels of IL-2 to Prn than to Ptx or FHA. We could confirm such higher TNF-α/ 
IFNg-γ Th1 effector function ratio for Prn in other (ex-) pertussis cases from earlier 
work 29 (data not shown). Prn is a well-known constituent of various aP vaccines 
46 but has also been shown to confer protection when used on its own in mouse 
models-47,48. Mice immunized with recombinant Prn were protected from B. pertussis 
in a challenge model and demonstrated high TNF-α serum, while mice immunized 
with recombinant fimbriae 2 and recombinant fimbriae 3 did not 48. Moreover, levels 
of anti-Prn antibodies were related to protection in younger cases after household 
exposure to B. pertussis 49. The emergence of Prn deficient strains is indicative for its 
strong immunogenicity. 

Although IFN-γ plays is known to play an important role in the defence against 
B. pertussis 14,50,51, we suggest that the high levels of Prn associated TNF-α could 
exert immune pressure in an antigen specific manner. TNF-α is known to recruit 
polymorphonuclear cells to the site of inflammation, co-stimulate the activation of 
effector T cells, and provoke apoptotic cell death 52,53. According to linear models of 
the Th1 type CD4+ T cells differentiation pathway, TNF-α may be an early effector 
molecule, but could also be lost in further stages of differentiation of memory 
CD4+ T cells 24,25. Prn specific T cells, producing more TNF-α than PTX and FHA 
specific T cells, may therefore represent a distinct stage in this Th1 differentiation 
pathway, and might have a different capacity of killing B. pertussis infected cells (e.g. 
macrophages)-24,25. Unfortunately, we did not implement TNF-α ELISpot analysis in 
our study due to limited cell numbers. To our knowledge a TNF-α effector mechanism 
in association with Prn has not been explored before. In addition, T cells to Prn seemed 
to produce less IL-2 than T cells with other specificities, further suggesting that Prn 
specific T cells may have differentiated less into a central memory phenotype with 
self-renewing capacity but rather into a strong effector memory phenotype. More 
research at the single cell level is necessary to elucidate the conceivably distinct role 
of Prn in pertussis immunity.

The (cellular) correlates of protection for pertussis are yet unknown. However, it can 
be speculated that in view of their higher cytokine levels observed in this study, both 
early and late after symptomatic pertussis,  together with their broader pertussis 
specific epitope-reactivity in our earlier work 29, youngsters may have a longer 
duration of protective immunity after natural infection than adults. Aging appears 
to accelerate the waning pattern that has generally been observed for human 
B. pertussis CD4+ T cell responses 41, possibly based on a next step in the linear 
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differentiation process of originally primed CD4+ T cells. Notably, both increasing 
age and an additional aP vaccine booster doses diminished IL-2 responsiveness, 
suggesting that subsequent in vivo encounters with antigen reduce fitness of the T 
cell compartment.  In light of these observations, we plead for a careful consideration 
of the use of pertussis booster vaccinations. Providing multiple stimuli, by high 
dosage of pertussis antigens and manifold vaccinations may drive the pertussis 
specific CD4+ T cells to end-differentiation. To achieve superior protection against 
pertussis it may be beneficial to economize on the number of booster vaccinations. 
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Supplementary Figure

Fig. S1: The effect of aP boosting on cytokine levels of wP-primed youngsters. 
Shown from top to bottom are levels of IFN-γ, IL-2, IL-13 and IL-10 (in pg/ml) in supernatants of PBMC 
in vitro stimulated with Ptx (left panels), FHA (middle panels) and Prn (right panels), as indicated, in wP 
primed youngsters (white bars) and wP-primed and aP-boosted youngsters (red bars), in early (plain 
bars) and late phase (patterned bars) after last known pertussis antigen exposure. Dots show individual 
cases while bars indicate geometric means. * = p<0.05; **= p< 0.01; ***= p<0.001, # significantly lower 
compared to the early phase, ⏊ significantly higher compared to the early phase. 
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Summary

The current call for change in pertussis vaccines and/or vaccination strategies has 
spurred research on B. pertussis specific immune responses, both humoral and cell 
mediated.  In this thesis, several approaches to study specific immune responses to 
the coccobacillus B. pertussis in (ex-) clinical symptomatic whooping cough patients, 
participants of the Specifieke Kinkhoest Immuniteit (SKI) study in the Netherlands 
between 2008 and 2012, are described. Our overarching ambition was to deepen 
the knowledge of B. pertussis specific immune responses after natural infection 
in humans.

Chapter 2 provides an overview of literature over the last three decades describing 
the waning patterns of human cellular immune responses to B. pertussis induced by 
whole cell pertussis (wP) and/or acellular pertussis (aP) vaccination and/or natural 
infection, and their relation to age. Remarkably, we observed that B. pertussis specific 
cellular research had until recently focused much more on (memory) T cells than on 
(memory) B cells. Furthermore, the majority of studies reviewed had investigated 
short-term responses after vaccination in children, e.g. to determine differences 
in magnitude or Th type of responses associated with wP priming or aP priming, 
respectively. Nevertheless, overall the waning pattern in B. pertussis specific T cell 
responses appeared less overt compared to B cell responses, while in both arms of 
B. pertussis specific cellular immunity aging effects exist.

In Chapter 3, we applied a biexponential decay model to compare infection-induced 
immunoglobulin (Ig) levels specific to various B. pertussis antigens, among five age 
groups of the full SKI cohort of 289 (ex-) pertussis patients. The model disclosed 
various exciting differences in levels and kinetics of B. pertussis specific Ig (sub) 
classes, related to antigen type and age group. The model confirmed faster waning of 
IgG-Ptx levels compared to IgG levels against other pertussis antigens. Analysis of the 
IgA response against all antigens revealed an important age related effect, namely 
that IgA levels increase with age. Regarding IgG subclasses, IgG1 was the prevailing 
subclass in response to most antigens, except in the response to B. pertussis specific 
Outer Membrane Vesicles (OMV), in which IgG2 and IgG3 responses dominated. 
Interestingly, vaccination history played a substantial role in post-infection Ig 
responses. This was illustrated by low responsiveness to Fim2/3 in unvaccinated 
(pre-) elderly, and by an association of wP vaccination with IgG3 and aP vaccination 
with IgG4 responses early after infection in children and adolescents.



180

In Chapter 4, extensive efforts were made to solve the puzzle of high IgG-Ptx 
levels in sera of (ex-) patients, years after their confirmed pertussis episode. We 
concluded that using the IgG-Ptx cut-off of 62.5 IU/ml, suggestive of an infection in 
the preceding year 1-3, yielded an unlikely high prevalence of pertussis reinfections. 
Two-component cluster analysis that works in the early diagnostic setting 4 could 
also not be applied in our cohort of (ex-) symptomatic pertussis cases, since no clear 
positive and no clear negative population was observed, but rather a continuum 
of intermediate IgG-Ptx levels. When we then made use of complementary IgA-
Ptx levels and modelled datasets that included values of cases both early and late 
after pertussis infection, we obtained improved cut-offs for both IgG-Ptx and IgA-
Ptx.  Using these cut-offs two-dimensionally, we established a lower prevalence of 
pertussis reinfections compared to the seroprevalence of infections in the general 
Dutch population, substantiating the notion that natural infection leads to a relatively 
longer period of protective immunity. 

Whereas in Chapter 3 research on the impact of age group factors and antigen 
specificity on B. pertussis specific B cell responses was confined to the humoral 
compartment, in Chapter 5 we expanded our investigations to B. pertussis specific 
memory B (Bmem) cells in a cohort of 174 (ex-) pertussis patients. High levels of 
B. pertussis B cell responses were demonstrated within 6 weeks after diagnosis. 
These levels waned to low but detectable levels within 9 months. We found, with 
increasing age, higher frequencies of B. pertussis Bmem cells in the early phase post-
infection, a pattern that was not entirely matched by an equal increase of specific 
IgG levels with age. Under-fours who had an aP priming vaccination history, showed 
lowest B cell responses to B. pertussis. This could relate to the fact that under-fours 
had the fewest encounters with B. pertussis antigens compared to older age groups. 
Also, it could reflect an immatureness of the B cell compartment of the under-fours 
with poor responsiveness to vaccine antigens. Trends in Bmem cell responses were 
also impacted by antigen specificity. An observed antigen specific difference was 
the faster decay of IgG-Ptx compared to IgG-FHA and IgG-Prn, while on the other 
hand overall levels of Ptx specific Bmem cells declined more slowly than their FHA and 
Prn specific counterparts. In addition, FHA recruited the highest peak numbers of 
specific Bmem cells, followed by Ptx and then Prn. 

In Chapter 6, B. pertussis epitope specific T cell immunity was investigated in a 
panel of over 60 (ex-) pertussis patients at various times after diagnosis and 28 
household members, using synthetic peptides representing known MHC class II 
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restricted Prn and Ptx specific epitopes. Ptx-peptide responsiveness was observed 
to be higher than for Prn-peptides, in proliferative capacity as well as in cytokine 
production. Overall the magnitude of both Ptx- and Prn-epitope and Prn protein 
specific proliferative responses was maintained in time after infection while Ptx 
protein responsiveness declined in time. Surprisingly, even though all participants 
had a wP vaccination history, presumed  to prime for predominantly a Th1 type 
of immunity, the responses were multifunctional, containing both a Th1 and Th2 
component with minor contributions of the regulatory cytokine IL-10 and of IL-17A. 
When comparing two age groups, one ≤ 30 (median 14) years and one  > 30 (median 
50) years of age, multi-epitope specificity long term after infection was lower in the 
older age group, revealing a potential aging effect of the CD4+ T cell compartment.

We extended our research on the impact of age in B. pertussis specific T cell immune 
responses in Chapter 7, again in SKI cases of two age groups, 50 youngsters between 
7 and 15 years and 37 adults between 25 and 56 years old, having experienced a 
clinical symptomatic B. pertussis infection with a history of wP vaccination. In line 
with Chapter 6, we found Th1, Th2, Th17 and Treg type of cytokine responses 
when tested to whole antigens in both age groups. The waning of Ptx specific 
frequencies of IFN-γ producing cells in youngsters was consistent with the Ptx 
specific lymphoproliferation lost in time that we described in Chapters 2 and 6. 
Adults in general had lower Ptx specific cellular frequencies and lower IL-2 and 
Th1 and Th2 type cytokine responses compared to youngsters, corroborating with 
the effect of aging on specific lymphoproliferation found in Chapter 6. Remarkably, 
youngsters and adults showed similar Th1/Th2 cytokine ratio’s in their responses. 
Counterintuitively, the Th1 component of this ratio was enhanced in an additional 
group of youngsters that, apart from being wP primed in infancy and having 
undergone a clinical infection, had also received an pre-school booster dose of 
aP vaccine, that is associated with Th2 type immunity. This suggests that once 
established in infancy, a Th type profile is not quickly driven to a Th2 profile by an 
aP booster dose. Ptx was the dominant antigen in the IFN-γ response of youngsters, 
whereas FHA was dominant in adults and in the aP-boosted youngster group. In 
several aspects, the T cell responses from the aP boosted youngsters showed striking 
resemblances to the adult responses, which could indicate that both chronological 
age and/or a totting up of antigen exposure can drive linear maturation of responses 
that may lead to T cell exhaustion.  A remarkable antigen specific effect was that 
irrespective of age or vaccination history, Prn specific T cells produced more TNF-α 
and less IL-2 than their Ptx and FHA counterparts.  
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Strengths of this thesis & recommendations 

In this thesis, we made use of observational research using a cohort of clinical (ex-) 
symptomatic pertussis patients. Notwithstanding the fact that the studied subjects 
showed large individual variation in their immune responses, and had diverse 
vaccination histories, we have contributed extensively in gaining more knowledge on 
B. pertussis specific immunity in several areas. We had various original approaches 
to acquire this knowledge.

To start with, in the field of serology we took advantage of state of the art MIA 
technology to measure levels of IgA, IgG and IgG1, IgG2, IgG3 and IgG4 in serum 
against multiple B. pertussis antigens, gathering a comprehensive database from 
which we could extract valuable information (Chapter 3). Innovative is that we did 
not only look at responses against the classical pertussis vaccine antigens Ptx, FHA, 
Prn and Fim2/3 but also against B. pertussis specific OMV. With all other antigens 
eliciting IgG1 dominated responses, OMV were exceptional in provoking an IgG3 and 
IgG2 dominated response. Naturally occurring OMV are produced by most Gram-
negative bacteria, they function as a transport system and as a decoy for the host 
immune system 5,6. They contain many proteins and lipo-proteins that originate from 
the outer-membrane of the bacterium. The high amount of LOS that is also present 
in the outer membrane likely accounts for the high IgG2 response. The high levels 
of IgG3-OMV however were remarkable, since IgG3 dominated responses are not 
often observed 7. So far, responses against B. pertussis specific OMV have only been 
measured in mouse studies 8-10 and in vitro using a whole human blood assay-10 . 
Knowing that B. pertussis produces OMV in vivo during the course of a natural human 
pertussis infection 11 and that OMVs are considered  promising pertussis vaccine 
candidates 9,10,12,13, we recommend measuring anti-OMV Ig responses in future 
human B. pertussis infection studies. Our work could then serve as a benchmark. 

In B. pertussis specific T cell immunity, we likewise expanded on the usage of the 
classical vaccine antigens by using peptides to measure B. pertussis specific CD4+ T 
cell responses at the epitope level. In this way, we were able to detect loss of anti-
pertussis multi-epitope specificity with increasing age long-term after infection 
(Chapter 6). Much is still to be discovered in this field by the use of other immunogenic 
B. pertussis peptides, some of which were discovered by immunoproteomic 
approaches 14 or by in silico prediction methods 15,16, though many of them still have 
to be exposed. 
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A second creativity in our work was the use of mathematical models. In Chapter-4, 
we first established that current serodiagnostic methods to establish reinfection 
prevalence in cohorts of previous clinical patients are unsuitable. In light of the 
current upsurge of pertussis, more knowledge on attack rates and duration of 
protective immunity is imperative; therefore, a trustworthy serodiagnostic method 
would be very valuable. We therefore developed a new serodiagnostic tool, namely 
two-dimensional (2D) profiling, to calculate the prevalence of pertussis reinfections.  
We realise that this 2D profiling method has its limitations, considering the impact 
of age on IgA levels. An improved 2D profile could be developed with new IgA-Ptx 
(and conceivably IgG-Ptx) cut-offs that apply to designated age groups. Another 
mathematical model we applied was the simple but effective biexponential decay 
model of Chapter 3. Although mathematical models have been used before in B. 
pertussis specific serological decay studies 17-20, our serological study is unique 
in the comprehensiveness of the data we generated and studied. Employing the 
biexponential decay model, we could easily compare multiple Ig responses against 
multiple B. pertussis antigens.  

A third novelty was the SKI study itself. Setting up a clinical study of this size using 
a cohort of (ex-) clinical symptomatic pertussis patients and their household contacts 
was quite challenging. Of all patients, a date of diagnosis (laboratory confirmed) 
was known. However, the exact date of the actual infection with B.pertussis cannot 
be determined in an observational human study. Since symptoms will vary in 
patients (e.g. more severe in children than in adults), the date of diagnosis may 
be closer to the date of actual infection in some patients than in others. With all 
immunological tests we applied, we also had to take into account the large individual 
variation of the participants, not in the least caused by their diverse vaccination 
histories. At the same time, the SKI study is also the strength of this thesis. In a 
large cohort (near to 400 participants), multiple immunological responses could be 
investigated in symptomatic human (ex) pertussis cases. Since B. pertussis specific 
immunity is most durable after natural infection 21 it is imperative to know what 
this infection-induced immunity looks like in humans, and use that knowledge to 
develop improved vaccines. Setting up a large clinical study whereby humans are 
subjected to B. pertussis infection under controlled conditions will likely provide 
even more useful information. An international consortium has presently set up the 
Periscope (PERtussIS COrrelates of Protection Europe) project that will undertake 
such investigations 22.
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Inherent to the SKI study that encompassed participants of all ages, was the fact 
that participants had diverse vaccination histories. This gave us the chance to 
assess the impact of these priming events (or of their absence) on the subsequent 
development of pertussis infection related immune responses. Hereby we found 
that after clinical pertussis infection, only aP vaccinated children showed pertussis 
specific IgG4 responses and that participants not having had a Fim2/3 containing 
vaccine (elderly born before the implementation of anti-pertussis vaccination  and 
children having received an aP vaccine without a Fim2/3 component) showed 
minimal IgG-Fim2/3 responses (Chapter 3). We also found that the Th type of 
immune responses of wP-primed youngsters, boosted at 4 years with an aP vaccine, 
was comparable to the response of unboosted wP-primed youngsters (Chapter-7), 
suggesting that a Th1 bias implemented after wP priming in infancy 15,23 and a 
natural B. pertussis infection, persists. More interesting perhaps is the question 
whether the Th2 dominated responses induced by aP vaccination in infancy 24-28 can 
be steered to more favourable Th1type of responses, by new pertussis (booster) 
vaccines. Preliminary data in a mouse model presented by Kingston Mills at the 11th 
International Bordetella Symposium suggested however that this is not the case 29. 
More research is required to answer that question for the human situation. In our 
studies in Chapter 5, we have not investigated the impact of a particular priming 
history on the B. pertussis specific Bmem cell response after symptomatic pertussis 
infection. Yet, Buisman and coworkers have established that wP or aP priming in 
infancy has a long term effect on the magnitude of Bmem cell responses specific for 
aP vaccine antigens. When cohorts of aP and wP primed 6-year-old children were 
evaluated two years after the pre-school booster, faster waning of B. pertussis 
specific Bmem levels was suggested in aP-primed compared to wP-primed children 30. 
Additional studies on B. pertussis specific Bmem responses in children having received 
an additional aP booster at 9 years is ongoing (van der Lee et al, unpublished).

What had changed (as opposed to the preserved Th type) in the cohort of wP-primed 
and aP-boosted youngsters compared to non-boosted wP-primed youngsters, 
was the antigen immunodominance of the response of B. pertussis specific T cells, 
being Ptx dominated in the non-boosted group and FHA dominated in the boosted 
group.  This latter pattern closely resembled the antigen immunodominance of T 
cell responses in the wP-primed adult group (Chapter 5). Examining B. pertussis 
specific B cell responses in a subset of the SKI cohort, we likewise found some 
antigen specific differences. Here we found that while Ptx specific IgG levels wane 
faster, Ptx specific Bmem cell levels showed the slowest decay compared to their 
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FHA and Prn specific counterparts. The question why Ptx specific responses show 
differences compared to FHA and Prn induced responses may partly be explained 
by the fact that the hosts ‘sees’ Ptx at a later stage than FHA and Prn; the latter two 
being adhesins that the bacterium uses to attach to mucosal epithelial cells of the 
host, while Ptx is released later during infection. In addition, Ptx is the only antigen 
specific for B. pertussis. Prn is found in other Bordetellae  such as B. parapertussis, 
and FHA is a component found in both other Bordetellae  as well as in pathogens like 
H. influenzae and M. pneumoniae. The remarkable antigen specific effect we found 
of Prn specific T cells producing more TNF-α and less IL-2 than their Ptx and FHA 
counterparts (Chapter-7) definitely needs follow-up. In future studies, FACS based 
assays may shed light on whether Prn specific T cells have a differentiation state that 
is distinct from other pertussis antigen specific T cells. Also, TNF-α ELIspot assays 
may add in elucidating this phenomenon. 

Two more characteristics of the SKI study are very relevant in this thesis. The first is 
the fact that the SKI study comprises of pertussis patients at various phases after 
their pertussis infection, ranging from less than a month to more than 10 years after 
clinical diagnosis. Having such a wide range of time points after infection, we were 
able to describe waning patterns, both in B. pertussis specific B and T cell responses. 
Comparing B and T cell dynamics, we found that in general B. pertussis specific Bmem 
cell responses show a relatively fast decay. After approximately 9 months both the 
humoral and cellular immune parameters  had declined to low (yet still detectable) 
levels (Chapter 5). B. pertussis specific T cells on the other hand showed less obvious 
waning (Chapters 6 and 7). This is in line with the studies of the Buisman group that 
showed robust B. pertussis specific T cell immunity in children, several years after 
vaccination 28,30-32.  Upon infection, T cells are engaged before B cells. It could be that 
even the acute blood samples of the SKI study, taken within a month after clinical 
diagnosis, might have missed the B. pertussis specific T cell ‘peak’. Alternatively, in 
the early phase of the infection, the majority of B. pertussis T cells could reside in the 
tissues and not in peripheral blood; peripheral blood T cell levels would accordingly 
not portray the complete dynamics of B. pertussis specific T cells. 

Whether the more observable waning of B cells implies that B cell immunity becomes 
limiting first in protective immunity to B. pertussis remains to be answered. There 
is still a lot to be learned regarding B. pertussis specific B cells. We found that the 
frequency of specific Bmem cells increased with age in the early phase of the disease. 
However, it is unlikely that elderly have superior B cell immune responses against 
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B. pertussis compared to younger cohorts. It could be that with increasing age, 
antibodies of lower affinity are produced 33, thereby perhaps reducing the impact 
of the antibodies in the negative feedback loop inhibiting proliferation of antigen 
specific B cells, and hence prolonging the expansion of the Bmem cell compartment 34. 
Notable was that the increase of B. pertussis specific Bmem cell levels with age was not 
matched by an equal increase in corresponding antibody levels. In the framework 
of this thesis, we did not perform functionality investigations of B. pertussis specific 
antibodies, such as avidity studies, in which functional affinity of antibody- antigen 
binding is measured.  There are conflicting studies whether antibody levels correlate 
with avidity indices. An Egyptian study found that in healthy, wP-vaccinated children 
and adolescents levels of anti-B. pertussis antibodies waned with growing age, while 
the avidity increased, reaching a plateau in 6-8 year olds, in a pattern showing 
complete independence of avidity on antibody concentration 35. In a Dutch study on 
the contrary, B. pertussis specific avidity indices followed corresponding antibody 
levels in wP-primed children  having received a second aP booster at the age of 9 
years 36. In the current debate about the lack of enduring protective immunity 
provided by aP vaccines, it is relevant to know if natural infection induce B. pertussis 
specific antibodies that are of superior quality. A Finnish study concluded that 
levels of IgG-Ptx and avidity index were indeed higher after natural infection than 
after booster vaccination with aP vaccine (Boostrix) in adolescents and adults 37. 
Investigations on functionality of B. pertussis specific antibodies is ongoing in our 
department using SKI-samples from three age groups, i.e. 7-14 year olds, 18-24 
year olds and 45-55 year olds, in opsonophagocytosis assays and serum bactericidal 
assays. Preliminary results indicate that with increasing age, phagocytic activity and 
levels of bactericidal antibodies decrease in (ex-) pertussis patients (Hovingh et al, 
unpublished data, and 38.

A knowledge gap to be filled regarding the elevation and waning of B. pertussis specific 
T cells is the differentiation state of B. pertussis T cells in pertussis-infected humans. 
In a vaccination study, de Rond et al. showed an impact on the differentiation state 
of T cells of children being primed either with aP or wP vaccine. aP priming led to 
more effector memory and terminally differentiated CD4+ T cells than wP primimg, 
possibly reflecting a shorter potential of long lasting immunity 32. A Belgian study 
reported comparable frequencies of effector memory T cells in aP and wP-primed 
preadolescents (all participants having received an aP booster), however with more 
wP-primed than aP-primed children having functional  B. pertussis specific cytokine 
responses 39. Hypothetically, research on the differentiation state of B. pertussis 
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specific T cells of unvaccinated (ex-) pertussis patients may reveal higher frequencies 
of naïve and central memory T cells compared to aP vaccinated individuals, which 
could then (partly) explain the longer duration of protective immunity after natural 
infection. However, in reality, the majority of (ex-) pertussis patients will have 
received pertussis vaccinations in infancy that will likely cloud the results. 

The second feature in the design of the SKI study essential for this thesis, was the 
large variation in participants’ ages, ranging from 0.5 to 89 years. Consequently 
we could find age related effects in B. pertussis specific immunity, in both humoral 
(Chapters 3 and 4), and cellular immunity, both in the B cell (Chapter 5) and T cell 
(Chapters 6 and 7) compartments.  Apart from immunosenescence, when defined 
as immune responses becoming weaker qualitatively and quantitatively with 
increasing age 40,41, we believe that an increasing number of pathogen encounters 
and the vaccination history play a major role in aging effects. Interestingly, Carr et 
al. found that the cellular composition of the immune system was indeed greatly 
impacted by age, but also by cohabitation, i.e. parents sharing a house 42. Possible 
biological mechanisms that account for this phenomenon could be convergence 
of microbiomes, possibly via direct transmission 43-45. Being in a close relationship 
may result in ‘spousal concordance’, i.e. sharing a person’s diet (which can also 
influence gut microbiome), smoking behaviour, alcohol intake and exercise levels. 
In addition, close proximity allows for an easy transmission of bacterial and viral 
pathogens, including cytomegalovirus (CMV). Although the SKI study contained 
several household contacts, we did not collect stool from these subjects to study 
microbiome effects on B. pertussis specific immunity. Neither did we investigate 
the role of CMV and gender, known to impact immunity 42,46-48. The ECDC (European 
Centre for Preventing of Disease) annual epidemiological report of 2011 stated that 
based on pertussis notifications in Europe, females were slightly more affected (5.86 
per 100 000) than males (4.99 per 100 000) for all the age groups, with a male-to-
female ratio of 0.85:149.  In the Netherlands, marginally more males than females 
were found to have IgG-Ptx levels ≥ 62.5 EU/ml in a large seroprevalence study 1. 
How gender can influence immunity to B. pertussis remains to be discovered, yet it is 
likely not a crucial determining factor. Given that CMV infection has been associated 
with an expansion of late-differentiated T-cell subsets 46,47, we recommend to take 
CMV status into account in future studies, for example when investigating the 
differentiation state of B. pertussis specific T cells. 
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Future perspectives
Gaining more knowledge about B. pertussis specific immunity in humans is ultimately 
about helping to advance new vaccines or vaccination strategies. New strategies are, 
for instance, alternative vaccination schemes (more or less time between vaccine 
doses or more or less vaccinations), adult boosters, and maternal vaccination. 
Maternal vaccination has been described to be beneficial for infants 50-52 but has not 
been implemented in many countries yet. Since immunity induced by aP vaccination 
is not as long-lasting as immunity induced by wP vaccination and both do not induce 
the more durable immunity induced by a natural infection (which is also not life-
long), a new vaccine must at the very least induce the type of immune responses that 
appear in humans after a natural infection. 
A third generation vaccine would ideally:
• Contain a broader panel of antigens than current aP vaccines, preventing 

strain adaptation
• Contain lower doses of antigen to prevent exhausted immune responses
• Induce effective Th1, possibly Th17 (and less so Th2) type of immune 

responses
• Generate mucosal immunity, e. g. IgA producing B cells and tissue resident 

CD4+ T cells

Candidate pertussis vaccines are first evaluated in preclinical animal models, mostly 
mouse and more recently baboon models. A problem with these models is that the 
level of protection is usually measured shortly after vaccination 53. Therefore, early 
biomarkers that could predict long-term immunity, in animals as well as in humans 
would be valuable.  For example, the memory phenotype and homing characteristics 
of CD4+ T cells can be prognostic: central memory T cells are described to be 
important for long-term immunity 54-56. In other infectious diseases follicular helper 
T cells 57,58  and tissue resident memory T cells 59,60 have been suggested to be 
important for long-term immunity; we would recommend investigating their role in 
immunity against B. pertussis. 

In addition, the use of MHC class II-tetramers, specific for epitopes of B. pertussis 
antigens, investigating ex vivo CD4+ T cell memory phenotypes on a single cell base 
can be expanded, as has been done by our group based on an immunodominant 
Prn-specific epitope 61,62. This method however, has no high-throughput potential 
to study waning of B. pertussis specific T cell immunity in large cohorts because of 
HLA polymorphism. The recently described cytokine independent AIM (activation 
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induced marker) assay may be more widely applicable to detect and characterize 
pertussis specific CD4+ T cells. In this straightforward flow cytometry based assay, 
PBMC are stimulated for 24 hours with peptide pools, and antigen-positivity is 
established using the expression of CD25 and OX40 16.

Lastly, systems vaccinology could help in identifying new early biomarkers that 
predict the outcome of the adaptive immune response after vaccination. It is a 
relatively new approach, that provides detailed insight into immune responses, 
at the proteome and transcriptome level, induced by a pathogen or a vaccine 
candidate-63,64. Recent studies employing system vaccinology revealed various 
molecular and cellular immunological processes in response to live B. pertussis 
infection in mice that may assist in evaluating new candidate vaccines 8,65. 

In the earlier mentioned Periscope project experimental human and baboon B. 
pertussis challenge models will be implemented to identify immune signatures that 
predict protection against colonization and/or disease. These signatures will then 
be compared to innate, cellular and mucosal immune responses in both aP- and 
wP-vaccinated participants of clinical trials that will encompass several age groups, 
using novel functional antibody and cellular assays. A new approach for example 
is that by collecting lung-washes of human volunteers mucosal IgA levels will be 
assessed as a measurement of mucosal immunity. 

Investigators wishing to advance novel vaccine candidates, such as the live 
attenuated wP-vaccine BPZE1 and B. pertussis specific OMV, will hopefully benefit 
from knowledge gathered from research on B. pertussis specific immune responses 
in humans, as described in this thesis and future studies as will be performed in the 
Periscope project.  Until new, improved (third generation) vaccines are implemented; 
alternative vaccination strategies may be required. Limiting the total number 
of aP vaccinations given in childhood, yet protecting young infants by maternal 
vaccination, is possibly the best option for now, considering the shortcomings of 
current aP vaccines.
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Kinkhoest
Kinkhoest is een besmettelijke luchtweginfectie die wordt veroorzaakt door de 
bacterie Bordetella pertussis. De ziekte begint met milde hoest- en niesbuien. 
Daarna worden de hoestbuien langduriger en heftiger, met gierende ademhaling 
(in het Engels aangeduid met whoops, vandaar de Engelse benaming whooping 
cough) die vaak leidt tot overgeven. De hoestbuien worden daarna langzaamaan 
minder hevig, maar kunnen meer dan drie maanden blijven optreden. Kinkhoest 
komt in alle leeftijdscategorieën voor, maar is het gevaarlijkst voor baby’s. Ieder jaar 
belanden in Nederland ongeveer 100-200 kinderen met kinkhoest in het ziekenhuis. 
Dit zijn voornamelijk baby’s tot drie maanden bij wie de ziekte ook het ernstigst 
verloopt; door het hoesten kunnen ze in ernstige ademnood komen, wat kan leiden 
tot hersenaandoeningen en in zeldzame gevallen de dood. 

Kinkhoestvaccinatie
Er bestaan verschillende vaccins tegen kinkhoest. Het eerst ontwikkelde (rond 1930) 
vaccin is het zogenaamde whole cell (‘heel cel’) kinkhoest (wK) vaccin, dat bestaat 
uit door hitte en/of formaldehyde gedode hele bacteriën. Dit vaccin is heel effectief, 
o.a. door de aanwezigheid van het lipo-oligosaccharide (LOS) molecuul dat een sterke 
stimulator is van het immuunsysteem. Helaas zorgt hetzelfde molecuul voor relatief 
veel bijwerkingen (lokale zwelling op plaats van injectie en koorts), die in ernst 
toenemen met het aantal vaccinaties die je krijgt en de leeftijd waarop je gevaccineerd 
wordt. In de westerse wereld is men daarom geleidelijk overgegaan op het veiligere 
acellulaire kinkhoest (aK) vaccin, dat bestaat uit één tot vijf gezuiverde eiwitten 
van de kinkhoestbacterie. Deze aK vaccins worden ook wel de tweedegeneratie 
kinkhoest vaccins genoemd. Ze geven goede bescherming tegen de ziekte, maar 
recent onderzoek heeft uitgewezen dat deze bescherming minder lang duurt (~4-7 
jaar) dan de bescherming die geboden wordt na vaccinatie met het wK vaccin (~5-14 
jaar). In minder ontwikkelde landen wordt het wK vaccin nog wel gebruikt, aangezien 
het veel goedkoper te produceren is dan het aK vaccin. Inmiddels zijn derdegeneratie 
kinkhoest vaccins in ontwikkeling. Een voorbeeld hiervan in een levend verzwakt 
kandidaat vaccin, genaamd BPZE1, dat bestaat uit verzwakte kinkhoestbacteriën, en 
idealiter als neusspray gegeven gaat worden. Deze bacteriën kunnen zich kortstondig 
in de luchtwegen nestelen, waardoor er immuunresponsen op gang komen die de 
gevaccineerde bij een ‘echte’ infectie zullen beschermen. Omdat deze verzwakte 
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bacteriën zich niet kunnen reproduceren, is het vaccin veilig voor de gevaccineerde. 
In Nederland krijgen kinderen met 2, 3, 4 en 11 maanden de primaire kinkhoest-
vaccinatie serie. Vlak voor hun vierde verjaardag krijgen ze een ‘booster’.

Epidemiologie
In de jaren 40 en 50 is er wereldwijd begonnen met vaccinatie tegen kinkhoest. Dit heeft 
geleid tot een rigoureuze afname in het aantal kinkhoestgevallen. Wereldwijd ontving 
in 2015 ongeveer 86% van alle kinderen drie kinkhoestvaccinaties (schatting van de 
Wereld Gezondheid Organisatie, WHO). Desondanks is kinkhoest nooit weg geweest, 
ook niet in landen met een hoge vaccinatiegraad. Sinds medio jaren 90 is in veel 
westerse landen zelfs een stijging te zien van het aantal ziektegevallen, met om de 2-4 
jaar een epidemie. In 2014 bijvoorbeeld was kinkhoest met 9029 meldingen de meest 
gemelde infectieziekte in Nederland. Sinds de introductie van kinkhoestvaccinatie 
is er een verschuiving gekomen in de leeftijd van kinkhoestgevallen. Vroeger kregen 
vooral jonge kinderen (tot ~5jaar) kinkhoest, nu is dat verschoven naar tieners, maar 
ook volwassenen krijgen het. Tieners en volwassenen krijgen vaak een lichtere vorm 
van kinkhoest, waarbij ze niettemin een bron van besmetting kunnen vormen voor 
(deels) ongevaccineerde pasgeborenen. 

Wetenschappers hebben de afgelopen jaren verschillende oorzaken geopperd om de 
‘wederopstanding’ van kinkhoest te verklaren. Eén suggestie is dat de bacterie zich 
aanpast onder vaccinatiedruk en zich telkens vernieuwt. Het immuunsysteem, dat de 
oude vorm heeft leren herkennen tijdens vaccinatie, herkent de nieuwe vorm minder 
goed en kan niet adequaat reageren. Een andere verklaring is dat de afweer tegen 
kinkhoest hoe dan ook afneemt in de tijd; ook na het doormaken van een natuurlijke 
infectie kun je kinkhoest een tweede keer krijgen. Dat het aK vaccin een minder lange 
bescherming geeft dan het wK vaccin hoeft geen reden te zijn voor de opleving van 
kinkhoest; die is namelijk al begonnen voor de introductie van het aK vaccin. Aangezien 
de beschermingsduur na vaccinatie (aK en wK) korter is dan na een doorlopen 
kinkhoestinfectie, zullen ontwikkelaars van derdegeneratie kinkhoest vaccins een 
vaccin moeten produceren dat afweerreacties (immuunresponsen) opwekt die beter 
lijken op de immuunresponsen die optreden na een natuurlijke infectie.

Immuunsysteem
Het immuunsysteem bestaat uit twee delen; het aspecifieke (aangeboren) deel 
en het adaptieve (verworven) deel, die met elkaar samenwerken. Afweercellen 
van het aspecifieke immuunsysteem reageren als eerste op ziekteverwekkers 
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(pathogenen zoals bacteriën en virussen) en pakken ze aan. Als dat niet afdoende 
is, zal het adaptieve immuunsysteem het overnemen, bestaande uit immuuncellen 
zoals B cellen en T cellen. Belangrijke cellen, onderdeel van het aspecifieke 
immuunsysteem, zijn antigeen presenterende cellen (APCs). Deze cellen slaan 
alarm na het herkennen van pathogenen, nemen ze op en presenteren kleine kleine 
stukjes van de pathogeeneiwitten (antigenen) op hun celoppervlak. Het bekendste 
antigeen van kinkhoest is pertussis toxine (Ptx), het enige antigeen dat alleen bij de 
B. pertussis bacterie voorkomt en onderdeel is van alle aK vaccins. Gepresenteerde 
antigenen worden specifiek herkend door T cellen die daarop kunnen reageren. T 
cellen worden onderverdeeld in verschillende categorieën. CD8+ (cytotoxische) T 
cellen kunnen geïnfecteerde cellen en tumorcellen opruimen. Met betrekking tot 
kinkhoest zijn CD4+ T cellen, ook wel T helper (Th) cellen genoemd, belangrijker. Th 
cellen worden ingedeeld op basis van de cytokines die ze produceren na activatie 
door een APC.  Th1 en Th17 cellen zijn relevant voor bescherming tegen kinkhoest, 
deze typen cellen worden opgewekt door wK vaccins en door een natuurlijke 
infectie. aK vaccins wekken naast Th1 ook Th2 cellen op,  die geassocieerd worden 
met allergieën. 

Geactiveerde B cellen kunnen zich ontwikkelen tot plasmacellen, die grote 
hoeveelheden antilichamen kunnen uitscheiden. Deze antilichamen, ook wel 
antistoffen of immunoglobulinen (Ig) genoemd, kunnen specifiek binden aan 
antigenen en daarbij helpen om pathogenen te bestrijden. Er zijn verschillende 
typen immunoglobulinen, waarvan het meest voorkomende IgG is. Het 
adaptieve imuunsysteem zorgt na het opruimen van ziekteverwekkers ook 
voor een immunologisch geheugen. Na een infectie (of een vaccinatie) blijven er 
geheugen(memory)-cellen over die ervoor zorgen dat je bij een tweede ‘ontmoeting’ 
met hetzelfde pathogeen niet of minder ziek wordt. B-geheugen cellen worden 
Bmem en T-geheugen-cellen worden Tmem cellen genoemd.

Dit proefschrift
Om meer te weten te komen van immuunresponsen die voorkomen na een natuurlijke 
infectie hebben we een observationele, klinische studie opgezet, de “Specifieke 
Kinkhoest Immuniteit (SKI) studie. In deze studie, die liep van 2008 tot 2012, zijn 
uiteindelijk ~300 (ex-) kinkhoestpatiënten geïncludeerd en ~90 huishoudcontacten 
van deze patiënten. Het betrof patiënten variërend in leeftijd van 0 tot 90 jaar die 
een symptomatische (d.w.z. met klinische klachten) kinkhoestinfectie hadden 
doorgemaakt. Voor deze studie werd bloed van ze afgenomen, recent na diagnose, of 
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op midden of lange termijn erna (tot maximaal ~15 jaar). Dit bloed gebruikten we 
om met behulp van allerlei immunologische testen, antistofniveaus en B en T cellen 
te analyseren.

Met deze studie streefden we ernaar onze kennis van de afnemende immuniteit tegen 
B. pertussis te vergroten en te onderzoeken of leeftijd en vaccinatiegeschiedenis een 
rol spelen in de immuniteit die opgewekt wordt door een natuurlijke infectie.
In serologie-onderzoek wordt gekeken naar immunoglobuline-niveaus in het 
bloed die gericht zijn tegen een bepaald antigeen van een pathogeen. Binnen 
het serologieveld hebben we voor kinkhoest een (wiskundig) bi-exponentieel 
vervalmodel ontwikkeld om Ig niveaus (IgG, IgA en subklassen van IgG), die specifiek 
gericht zijn tegen 5 verschillende kinkhoestantigenen te kunnen vergelijken in 
uiteenlopende leeftijdsgroepen (hoofdstuk 3). Deze leeftijdsgroepen werden 
gekenmerkt door zowel leeftijd als vaccinatiegeschiedenis (bijvoorbeeld geen 
vaccinatie, wK of aK vaccinatie) van de deelnemers.  Het model onthulde dat het 
antigeen, de leeftijd en de vaccinatiegeschiedenis bepalend waren voor zowel de 
anti-kinkhoest antistofniveaus als de manier waarop deze niveaus dalen in de tijd, 
na een natuurlijke kinkhoestinfectie. Een voorbeeld waarbij vaccinatiegeschiedenis 
een rol speelde was dat vlak na de kinkhoestinfectie kinderen die met aK waren 
gevaccineerd hogere IgG4 niveaus lieten zien dan kinderen die met wK waren 
gevaccineerd, die op hun beurt weer hogere IgG3 niveaus lieten zien dan de aK 
gevaccineerde kinderen.

Vervolgens onderzochten we of het mogelijk was het aantal re-infecties met 
kinkhoest te berekenen in de groep (ex) kinkhoestpatiënten binnen de SKI studie 
(hoofdstuk 4). Een re-infectie wil zeggen dat iemand die een bepaalde infectie heeft 
gehad dezelfde infectie nog eens doormaakt. Dit gebeurt bij kinkhoest vaker dan 
bij sommige andere pathogenen, zoals bij mazelen waar een over het algemeen 
een levenslange immuniteit optreedt na een infectie. Een tweede kinkhoestinfectie 
verloopt vaak milder, maar is wel relevant omdat de geïnfecteerde een bron van 
besmetting kan zijn voor baby’s. We ontdekten dat twee huidige methodes, beide 
gebaseerd zijn op serologie-onderzoek en IgG-Ptx niveaus, niet betrouwbaar zijn. 
We ontwikkelden een nieuwe, aannemelijkere methode waarbij we ook gebruik 
maakten van de IgA-Ptx niveaus van de SKI deelnemers. Hiermee ontdekten we 
dat er weliswaar re-infecties plaatsvinden, maar dat als je een symptomatische 
kinkhoestinfectie hebt doorgemaakt, je wel een minder grote kans hebt een 
(volgende) kinkhoestinfectie te krijgen.
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Onze andere onderzoeken richtten zich op het uitpluizen van B. pertussis specifieke 
cellulaire immuunmechanismen na een natuurlijke infectie. Dat wil zeggen: hoe 
gedragen kinkhoest specifieke B en T cellen zich (hoofdstuk 5, 6 en 7). Vaak is er kort 
na een infectie een ‘piek’ in het aantal cellen, waarop het aantal cellen daarna in de 
tijd  zal dalen. Interessant is bijvoorbeeld wat die piek-niveaus zijn, hoe het patroon 
van daling eruit ziet en of er verschillen zijn in zowel piekniveaus als dalingspatronen 
tussen leeftijdsgroepen. 

We vonden dat leeftijd een andere rol speelde bij Bmem cellen dan bij Tmem 
cellen. Bij het analyseren van kinkhoest specifieke Bmem cellen zagen we dat hoe 
ouder de patiënt was, hoe hoger de piekniveaus waren (hoofdstuk 5). De kwaliteit 
van kinkhoest-specifieke Tmem cellen, gemeten aan de hand van multi-epitoop 
specificiteit nam juist af met toenemende leeftijd (hoofdstuk 6). Opvallend was dat 
jongeren voor Ptx specifieke T cellen en voor sommige cytokines hogere niveaus 
hadden dan volwassenen (beide groepen hadden als baby het wK vaccin ontvangen), 
terwijl ze wel vergelijkbare Th1/Th2 cytokine ratio’s hadden na de kinkhoestinfectie 
(hoofdstuk 7). Bij jongeren die naast de wK vaccinatie in de primaire serie een aK 
booster vaccinatie kregen op vierjarige leeftijd, verschoof deze ratio niet naar de 
Th2 kant; wat er op kan wijzen dat als de immuniteit eenmaal ingeprint is in de 
kindertijd, deze niet snel zal verschuiven. De T cel responsen van de groep van 
jongeren die de aK booster had ontvangen hadden veel overeenkomsten met de 
responsen van de volwassenen. Dit kan betekenen dat zowel ouder worden als het 
vaker krijgen van een (booster) kinkhoest vaccinatie, kan zorgen voor maturatie van 
die responsen, wat in het ongunstigste geval zorgt voor uitputting van de respons. 
Dit pleit voor een behoedzame afweging bij het bepalen van het aantal kinkhoest-
vaccinatiedoses. Het zou zelfs beter kunnen zijn één kinkhoestvaccinatie minder te 
geven in de primaire serie. 

Het onderzoek in dit proefschrift heeft bijgedragen aan het vermeerderen van kennis 
over humane immuunresponsen na een natuurlijke kinkhoest infectie. Dit soort 
kennis zal kunnen fungeren als een blauwdruk bij verder immuniteitsonderzoek, 
wat essentieel is bij het ontwikkelen van een verbeterd/nieuw kinkhoest vaccin. 



202



203

Curriculum vitae

Curriculum vitae

Inonge van Twillert was born in Lusaka, Zambia on the 20-th of April 1975. She 
started pre-university education at Girls’ High School Harare in Zimbabwe in 1988 
and finished it at the Hervormd Lyceum Zuid in Amsterdam in 1994. After obtaining 
the Propaedeutic diploma Science and Policy at Utrecht University she switched to 
studying Biotechnology at Wageningen University in 1997. Incorporating several 
subjects from the Medical Biology program of the University of Amsterdam, she 
obtained her Master of Science (Free Program) degree in 2004. During this study 
she performed two research projects and one internship. The first research project 
was conducted at the Department of Clinical Genetics at the Amsterdam Medical 
Centre (AMC). Under the supervision of Prof. Dr. Connie Bezzina she screened 4 
candidate genes in patients with Brugada Syndrome.  During the second research 
project, she investigated the association of Dopa Decarboxylase gene markers with 
Attention Deficit Hyperactivity Disorder (ADHD) at the Neuro-psychiatric Genetics 
Lab, Trinity College Dublin, Ireland under the supervision of Prof. Michael Gill. After 
finishing her internship at Amsterdam Molecular Therapeutics (AMT, now UniQure), 
she starting working as a research technician, initially at AMT, later at the Leiden 
University Medical Centre at the department of  Clinical Oncology. In September 
2008 she started her PhD project at the Netherlands Vaccine Institute (NVI) under 
the supervision of Dr. Cécile van Els and Prof. Dr. Claire Boog. Later, the research 
departments of the NVI merged into the National Institute for Public Health and the 
Environment (RIVM) and supervision was continued by Dr. Cécile van Els and Prof. 
dr. Lieke Sanders, resulting in this thesis. As of November 2015, she is working at 
Kiadis Pharma, currently as a clinical research scientist.

Inonge is married to Thijs Sanderink and together they have three children:  Sasha, 
Tine and Hugo.



204



205

List of Publications

List of Publications

I. van Twillert, A.A. Bonačić Marinović, B. Kuipers, J.A.M. van Gaans-van den Brink, E. A.M. Sanders 
and C.A.C.M. van Els. Impact of age and vaccination history on long-term serological responses after 
symptomatic B. pertussis infection, a high dimensional data analysis. Scientific Reports (2017) (7) 40328)

I. van Twillert, A. A. Bonačić Marinović, J.A.M.van Gaans-van den Brink, B. Kuipers, G. A. M. Berbers, N.A.T. 
van der Maas, T. J. Verheij, F.G.Versteegh, .P. F.M. Teunis and C. A.C.M. van Els. The Use of Innovative Two-
Component Cluster Analysis and Serodiagnostic Cut-Off Methods to Estimate Prevalence of Pertussis 
Reinfections. PloS One (2016) 11(2): e0148507

I. van Twillert, W. G. H. Han, C.A.C.M. van Els Waning and aging of cellular immunity to B. pertussis. FEMS 
Pathogen and Disease (2015) 73(8): ftv067

L. de Rond, RM Schure, K. Öztürk, G.A.M. Berbers, E.A.M. Sanders, I.van Twillert, M. Carollo, F. Mascart, C. 
M. Ausiello, C.A.C.M. van Els, K. Smits and AM Buisman Identification of pertussis specific effector memory 
T-cells in preschool children. Clinical Vaccine Immunology (2015): CVI.00695-14

I. van Twillert, J. A.M. van Gaans-van den Brink, M.C.M. Poelen, K. Helm, B. Kuipers, M. Schipper, C.J.P. 
Boog, T. J. M. Verheij, F. G.A. Versteegh and Cécile A.C.M. van Els. Age related differences in dynamics of 
specific memory B cell populations after clinical pertussis infection. PLoS One (2014) 9(1): e85227

W. G. H. Han, I. van Twillert, M. C. M. Poelen, K. Helm, J. van de Kassteele, T. J. M. Verheij, F. G. A. Versteegh, 
C. J. P. Boog, C. A. C. M. van Els. Loss of multi-epitope specificity in memory CD4+ T cell responses to B. 
pertussis with age. PLoS One (2013) 8(12): e83583



206



207

Dankwoord

Dankwoord

Natuurlijk, dit proefschrift was nooit afgekomen zonder de steun van 
Thijs! En zonder de steun van m’n ouders en verdere familie ook niet! 

Maar daarover later meer.

Collega’s
De meeste waardering en dankbaarheid qua wetenschappelijke begeleiding heb ik 

vanzelfsprekend voor mijn copromotor Cécile. Je bent er altijd voor me geweest. 
Ik hoop niet dat ik je al te veel grijze haren heb bezorgd in dit promotie-traject dat 
net wat langer uitpakte dan gepland;) Ik waardeer jouw tomeloze enthousiasme 

voor immunologie enorm en het feit dat je altijd positief blijft. Aangezien onze 
schrijfstijlen nogal verschillen, hebben we behoorlijk wat verhitte discussies 
gehad, waar ik overigens veel van heb geleerd. Ik denk dat ik inmiddels wat 

‘wetenschappelijker’ schrijf, jij misschien met wat kortere zinnen J. Bedankt ook 
voor het feit dat ik altijd welkom was bij je thuis, om ‘s avonds of in weekenden te 

overleggen (in combinatie met heerlijk eten!)

Claire, bedankt voor je rol als promotor in het begin van mijn aio-traject. We 
hadden niet vaak overleg, maar ik ging altijd met een energiek gevoel weg na onze 

gesprekken. 
Lieke, heel erg bedankt voor het oppakken van de rol van promotor na Claire. 

Verfrissend om met jou over de artikelen te praten. En bedankt voor ons gesprek 
over je passie volgen op werkgebied... Ik stel je adviezen en je steun erg op prijs! 
Wanda, na jouw komst op het NVI werd mijn aio-baan echt leuker. Interessante 

gesprekken, fijne lunch- en koffiepauzes, veel gelachen, zeker ook met de 
rest van de toen nog NVI-ers in de oude koffiekamer (en wat een fantastisch 

volleybalteam J). Bedankt daarvoor! 
Ook dank voor alle gezellige tijden, alle andere oud-kamergenootjes: Floris, Rachel, 
Mieke, Yvonne, Jurriaan, Wai Ming, Thamar (hoop op mooie films van je), Marieke 

H. (bedankt voor de laatste loodjes-tips), Jolanda B., Sietske (m’n enige student, 
was leuk hè, samen buffers maken;) ), en Els (sterkte met afronden!). Elise, mede-

kinkhoest-aio, jij ook succes met alles afschrijven.

Dan ook veel dank voor de andere ‘SKI-ers’: Jacqueline, altijd heel fijn om met je 
te werken in het lab, bedankt voor al je hulp, het meedenken en gezellig gekeuvel. 
Kina, ik vond het heel fijn om samen de Child-Innovac-experimenten te doen! En 
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bedankt voor al het uitwerken van de FlowJo-data…Je bent een supertoffe collega. 
Veel succes met Kina’s Kitchen! Martien en Betsy, jullie ook erg bedankt voor al het 

pipetteerwerk, quality control, analyseren en plaatjes maken. Ook bedankt voor 
jullie belangstelling in mijn leven buiten het RIVM. Zonder de ervaring en inzet van 

mijn mede-SKI-ers was dit boekje niet tot stand gekomen. 

Dank aan de oud NVI-ers van Intravacc (o.a. mede-aio’s Afshin en René) en voor 
heel Centrum IIV, speciaal voor Harry, Marion, Ronald, Josine, Jelle, Teun, Elena, 

Nynke, en de (relatief) nieuwe aio’s (Marieke van der H, Iris, Josien, en Eric) en Rob 
bij wie ik in m’n laatste schrijf-fase geregeld in de kamer erbij plofte, dank voor de 

gastvrijheid. Nora, succes met jouw (kinkhoest) promotie! 
Dank aan Marianne van Stipdonk en Debbie van Baarle die (telkens) weer groen 

licht gaven om mij als externe door te laten gaan. 

Axel, super bedankt voor al je tijd! Modellen draaien, de eindeloze discussies, mee-
schrijven etc. Het was niet altijd gemakkelijk, maar we hebben nu wel mooi twee 

gezamenlijke artikelen. En in de tussentijd heb je Nederlands geleerd, great! 
Thanks to all the Child Innovac collegues! Kaat, Julie, Françoise, Camille, Maria, 

Clara, Giorgio, Maja, Rigmor, Annemarie, Lia, Rose-Minke and all the others. 
Harmonizing protocols was quite a challenge, but I enjoyed all the Child Innovac 

meetings. Let’s hope for the best for BPZE1.

In plaats van een Child Innovac-boekje is het een SKI-boekje geworden. Veel dank 
aan alle SKI-deelnemers! Van jong tot oud, jullie hebben allemaal belangeloos bloed 

en tijd gedoneerd, zodat er meer kennis over kinkhoest zou komen. Ook bedankt, 
SKI-verpleegkundigen Lidian en Catja, betrokken artsen, waaronder Theo Verheij 
en Florens Versteegh en onze good clinical practice expert Deborah Kleijne. Guy, 

bedankt voor je kritische blik op hoofdstuk 3.
Ook ben ik alle IIV-ondersteuners o.a. Karin, Anke S. en natuurlijk Maud 

erkentelijk! Leden van de  beoordelingscommissie: bedankt voor jullie tijd.

Veel dank aan de behandelaars van het.Handencentrum in Utrecht, die me hebben 
geholpen, na tien maanden lang niet meer te kunnen typen, mijn handen ‘RSI’-vrij 

te maken (hoewel die term eigenlijk uit den boze is, it’s all in your head! J) 

Mijn huidige collega’s van Kiadis: veel dank voor de belangstelling èn dat ik tijd kreeg 
om de promotie echt af te kunnen maken.
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Familie & vrienden
Uit de club van vrouwen-die-promoveren-en-3-kinderen-hebben: Debora, je bent 

een voorbeeld voor me geweest. Je gaf me inspiratie om door te gaan. Bedankt 
daarvoor! Nu op naar meer weekendjes weg J.  Jennifer, bedankt voor je liefde en 

vriendschap.  Fijn om in hetzelfde schuitje te zitten! 2017 wordt een mooi jaar voor 
ons allebei. 

Ine, dank dat je er bent! Ik heb straks weer tijd om wat vaker jouw kant op te 
komen.

Andere vrienden en buren (met name Jacobien & Martijn) veel dank voor 
luisterende oren en inspringen met kinderopvang.

Henny en Lisette: ik ben heel erg dankbaar dat ik zulke lieve schoonouders heb. 
Jullie zijn een enorme steun geweest, heel erg bedankt voor alle oppashulp, hulp 

tijdens onze verbouwing, fijne telefoontjes etc., etc.! 
Mijn siblings en aanhang: Marieke & Adrien, Gitte & Jeroen, Wouter & Saskia. 

Ndatenda maningi! Bedankt voor het meevoelen, meelezen en het blijven 
motiveren. Jullie weten het wel: You got a tight connection to my heart.

Verdere (schoon) familie die meeleefde: bedankt voor alle interesse en de 
morele support!

Mijn geweldige ouders Klaas en Reiny, (paranimf en reserve-paranimf). The hour 
that the ship comes in is finally here! Bedankt voor het altijd stimuleren om verder 

te gaan, altijd achter me te staan, altijd op te willen passen, me te adviseren bij 
allerlei kwesties en me altijd te steunen. Ik ben ook heel trots op jullie! 

Sasha, Tine en Hugo, lieve schatjes: jullie kennen me bijna niet anders dan dat ik 
een soort hoest-ziekte onderzoek. Waardoor ik vaak ’s avonds en in weekenden 

achter de computer kruip om lappen tekst in te tikken en vreemde plaatjes te 
maken. Vanaf nu heb ik echt weer meer tijd voor jullie. Misschien dat ik met die 

computer niet helemaal stop, hoogste tijd dat ik wat (baby) fotoboeken ga maken…

Thijs: Ik kan wel een poging doen te beschrijven wat je allemaal voor me hebt 
gedaan, maar dan is er nog een boekje nodig. Jouw tijd is nu gekomen, ga die 

verrekijker maar eens oppoetsen en je vrienden waarschuwen. Hopelijk kom je wel 
geregeld weer thuis, want ik ben nogal aan je gehecht….Je bent de beste (z.o.z.). 
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If not for you

If not for you 
Babe, I couldn't find the door 

Couldn't even see the floor 
I'd be sad and blue 

If not for you 
 

If not for you 
Babe, I'd lay awake all night 

Wait for the mornin' light 
To shine in through 

But it would not be new 
If not for you 

 
If not for you 

My sky would fall 
Rain would gather too 

Without your love I'd be nowhere at all 
I'd be lost if not for you 
And you know it's true 

If not for you
My sky would fall

Rain would gather too
Without your love I’d be nowhere at all

Oh! what would I do
If not for you

 
If not for you 

Winter would have no spring 
Couldn't hear the robin sing 
I just wouldn't have a clue 

Anyway it wouldn't ring true 
If not for you


